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Preface 

This thesis (Habilitationsschrift) highlights the findings of my research activities 
along the West Antarctic continental margin and the southern Pacific Ocean in the 
past fifteen years. The studies have focussed on reconstructions of the geodynamic 
and tectonic evolution, the sedimentary processes from the continental shelves to the 
deep sea, and the glaciomarine transport and deposition mechanisms. All studies 
have been directed towards an improved understanding of the paleoenvironmental 
context of this region, which has gained increasing attention for its role in 
paleoclimate and ice sheet dynamics. Other research activities (e.g., work on Large 
Igneous Provinces and non-Antarctic continental margins) and several years spent 
abroad (Australia) with different research foci interrupted a consecutive continuation 
of this project. However, my research activity in this region has gained increased 
momentum, in particular in the last eleven years, due to new opportunities for 
collecting large essential datasets, which have enabled me and my working group to 
perform a more thorough synthesis of the geological evolution and processes of this 
region. 

Most of the studies were supported by institutional funding of the Alfred Wegener 
Institute (AWI) before the Helmholtz Association was founded, and through the AWI 
Research Programs MARCOPOLI and PACES as part of AWI institutional funding 
through the Helmholtz Association. Additional funding has been provided by the 
Deutsche Forschungsgemeinschaft (DFG) through the following projects: 
• DFG project GO-724/2-1 and GO-724/2-2 “Plate-dynamics of the Southeast 

Pacific (PLASOPAZ)” (P.I’s.: Gohl & Miller) within the DFG “Normalverfahren”. 
 

• DFG project GO-724/3-1 “Reconstruction of the glacial-marine sedimentation in 
the Amundsen Sea (SEDAMUND)” (P.I.: Gohl) within the DFG Priority Program 
1158 “Antarktisforschung mit vergleichenden Untersuchungen in arktischen 
Eisgebieten”. 

 

• DFG project GO-724/9-1 and GO-724-9-2 “Sensitivity of Quaternary West 
Antarctic Ice Sheet advances and retreats in Pine Island Bay (SEQWAIS-PIB)” 
(P.I’s.: Gohl & Uenzelmann-Neben) within the DFG Priority Program 1158 
“Antarktisforschung mit vergleichenden Untersuchungen in arktischen 
Eisgebieten”. 

 

• DFG project GO-724/10-1 “Circum-Antarctic stratigraphy and paleobathymetry: 
development of grid-based simulations (CASP)” (P.I.: Gohl) within the DFG 
Priority Program 1158 “Antarktisforschung mit vergleichenden Untersuchungen in 
arktischen Eisgebieten”. 

 

• DFG project GO-724/13-1 “Coupling of lithospheric dynamics, surface processes 
and ice-sheet evolution – constraints from Marie Byrd Land, West Antarctica” 
(P.I’s.: Spiegel, Lisker, Gohl) within the DFG Priority Program 1158 
“Antarktisforschung mit vergleichenden Untersuchungen in arktischen 
Eisgebieten”. 

• DFG project GO-724/14-1 “Interrelations of tectonic deformation and surface 
erosion with West Antarctic Ice Sheet dynamics” (P.I’s.: Spiegel, Gohl, Kaul, 
Lisker) within the DFG Priority Program 1158 “Antarktisforschung mit 
vergleichenden Untersuchungen in arktischen Eisgebieten”. 
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This thesis is composed of six main chapters after the list of contents, this preface 
and a summary: In Chapter 1, an introduction to the research topic, the region, 
expeditions and data acquisition is given. Chapter 2 consists of a summary and 
synthesis of the 24 papers relevant to this thesis, arranged into four themes. In 
Chapter 3, I discuss the outlook and suggestions for future research. Chapter 4 
acknowledges various persons and organisations I am grateful to. Chapter 5 
includes a list of additional references cited in the previous chapters (incl. other own 
papers not included as part of this thesis). Chapter 6 is the appendix and contains all 
24 papers, grouped according to the four themes of Chapter 2. Each sub-chapter 
begins with a statement of the author contributions to the paper. Of all publications 
included here, 5 papers are first- or single-authored by myself, and to 19 papers (4 of 
which are two-authored) I made essential contributions as co-author in the form of 
text passages, figures, datasets, fieldwork or interpretations and discussions. I 
deselected further 25 first- and co-authored papers from being included in this thesis. 
These (marked with a *) are listed in the additional references of Chapter 5. Although 
these papers are relevant to the project, the results in these are either better 
represented in other papers of this thesis, or my contributions to these are rather 
minor. All published papers underwent a thorough peer-review process. 
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Summary / Zusammenfassung 
 
West Antarctica is one of the most fascinating and challenging regions for studying 

the relationship and interplay of geodynamic, tectonic, and sedimentation processes 
as well as past and present ice-sheet dynamics. Its mostly rift-related tectonic 
evolution, driven by yet largely enigmatic mantle-dynamic processes, led to a 
topographic and morphological setting for a dominantly submarine-based ice sheet 
that is highly sensitive to climate change and ocean warming. Originally an 
assemblage of various Palaeozoic and Mesozoic crustal blocks and mobile belts, 
West Antarctica’s transformation into the worldwide second largest continental rift 
system began when subduction at the East Gondwana margin partially stalled and 
the New Zealand micro-continent separated from Antarctica in the mid-Cretaceous. 
Crustal extension continued in West Antarctica in various phases creating major rift 
basins of thin crust, but partial uplift also occurred with the Marie Byrd Land dome 
event by an intercepting mantle plume. Cretaceous rifting and continental breakup as 
well as later stages of West Antarctic Rift System activities formed the basement 
architecture of the major embayments of the Ross Sea, Amundsen Sea and 
Bellingshausen Sea, which have acted as prominent outlet regions for the West 
Antarctic Ice Sheet. 

The onset of early ice caps and glaciers likely occurred in highly elevated ranges 
already in the early Cenozoic, but seismic and sediment core records indicate that 
first glaciers and ice-streams reached the costs and inner shelves not before the 
Oligocene. A palaeotopographic model of Antarctica, derived from a study on 
offshore/onshore sedimentary erosion-transport-deposition mass balance, indicates 
that an early continuous West Antarctic Ice Sheet may have formed on a land-
surface higher than today and above sea level in the early Oligocene. 

Seismic and sediment records from the continental shelves and rises of the West 
Antarctic margin demonstrate that most of the terrigenous sedimentary volume 
deposited has been glacially transported with a minor fraction in a transitional phase 
between the Oligocene and early Miocene, and the majority in a full glacial phase 
since the mid-Miocene. Massive glacially driven prograding sequences are 
responsible for the build-up of shelf extensions towards the deep ocean. Sediment 
drifts characterize the continental rise and indicate that strong ocean-bottom currents 
have been active already since the Oligocene. Warm circum-polar deep water, that 
follows a path along the deeply incised glacial troughs on the shelf, has been 
identified as the prominent mechanism for melt processes at the glacier’s grounding 
zones and beneath ice-shelves. This seems to be a process in particular 
characteristically for the Amundsen Sea Embayment where grounded ice retreated 
relatively fast from is maximum extent on the outer shelf during the last glacial 
maximum at about 20 thousand years ago to the innermost shelf until the early 
Holocene. The remarkable present rapid retreat of glaciers in the Amundsen Sea 
sector, which may lead to a future collapse of the West Antarctic Ice Sheet, is a 
consequence of recurring warm bottom-water incursions exploiting incised pathways 
formed mainly by tectonic processes. 

This habilitation thesis is largely a synthesis of 24 selected publications resulting 
from many years of focussed research on the geodynamic, tectonic and pre-glacial to 
glacial sedimentary processes of the Pacific margin of West Antarctica. 
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Die Westantarktis ist eine der faszinierendsten und herausfordernden Regionen 
für Studien über die Beziehungen und Wechselwirkungen von geodynamischen, 
tektonischen und sedimentären Prozessen sowie der Eisschilddynamik der 
Vergangenheit und Gegenwart. Ihre meist rift-basierende tektonische Entwicklung, 
getrieben durch weiterhin ungeklärte manteldynamische Prozesse, haben zu einer 
topografischen und morphologischen Ausprägung geführt, die einen primär unter 
dem Meeresspiegel aufsitzenden und dadurch auf Klimaänderungen und 
Ozeanerwärmung empfindlich reagierenden Eisschild ermöglicht. Ausgehend von 
einer ursprünglichen Collage aus paläozoischen und mesozoischen Krustenblöcken 
und Orogenen begann die Veränderung der Westantarktis in das weltweit 
zweitgrößte kontinentale Grabenbruchsystem mit dem Ende der Subduktionstätigkeit 
entlang des Kontinentalrandes von Ost-Gondwana und dem Aufbruch zwischen dem 
neuseeländischen Mikrokontinent und der Antarktis in der Kreide. Die Dehnung der 
westantarktischen Kruste setzte sich in unterschiedlichen Phasen fort und führte zur 
Ausbildung von diversen Riftbecken über dünner Kruste. Eine teilweise Hebung der 
Kruste fand unter Marie-Byrd-Land als Folge einer Mantelplume-Aktivität statt. 
Sowohl die Riftprozesse und der kontinentale Aufbruch in der Kreide als auch 
spätere Aktivitäten des westantarktischen Riftsystems sind verantwortlich für die 
Bildung des Grundgebirges der großen Einbuchtungen in den Sektoren des 
Rossmeeres, des Amundsenmeeres und des Bellingshausenmeeres, die als 
prominente Ausflussregionen des westantarktischen Eisschildes agieren. 

Erste Eiskappen und Gletscher sind in Hochlagen wahrscheinlich schon im frühen 
Känozoikum aufgetreten, aber seismische Daten und Sedimentkerne belegen, dass 
Gletscher und Eisströme die Küsten und inneren Kontinentalschelfe nicht vor dem 
Oligozän erreichten. Ein paläotopografisches Modell der Antarktis, welches über eine 
Massenbilanz unter Einbindung von Erosions-, Transport- und 
Ablagerungsprozessen zwischen Festland und Ozean abgeleitet wurde, zeigt auf, 
dass ein erstes geschlossenes westantarktisches Eisschild im frühen Oligozän auf 
einer Landoberfläche gebildet wurde, die höher als heute und über dem 
Meeresspiegel lag. 

Analysen von seismischen Daten und Sedimentkernen von den kontinentalen 
Schelfen und der anliegenden Tiefsee liefern Hinweise, dass der Großteil der 
terrigenen Ablagerungen von glazialen Prozessen transportiert wurde, wobei der 
kleinere Anteil aus einer vorglazialen-glazialen Übergangsperiode zwischen dem 
Oligozän und dem frühen Miozän und der größere Anteil aus der überwiegend 
glazialen Periode seit dem mittleren Miozän stammt. Mächtige glazial-getriebene 
progradierende Sequenzen sind verantwortlich für die großräumige Erweiterung der 
äußeren Schelfe. Driftssedimente charakterisieren den Kontinentalfuß und zeigen, 
dass starke Ozeanbodenströmungen schon seit dem Oligozän aktiv gewesen sind. 
Warmes zirkumpolares Tiefenwasser, das seinen Weg über den Schelf durch tief 
eingeschnittene glaziale Tröge findet, ist als primärer Mechanismus für 
Schmelzprozesse an den Aufsatzzonen der Gletscher und an der Unterseite der 
Schelfeise erkannt. Dieser Prozess scheint insbesondere für das Amundsenmeer 
eine entscheidende Rolle zu spielen, denn aufliegendes Eis hat sich relativ schnell 
bis zum innersten Schelf bereits nach dem Ende des glazialen Maximums vor ca. 
20000 Jahren bis zum frühen Holozän zurückgezogen. Die bemerkenswerten 
rapiden Rückzüge der Gletscher im Amundsenmeersektor, die möglicherweise zu 
einem zukünftigen Kollaps des westantarktischen Eisschildes führen können, sind 
eine Konsequenz aus wiederholten Warmwassereinträgen entlang von 
bathymetrischen Trögen und Vertiefungen, deren Ausprägung primär durch 
tektonische Prozesse bestimmt wurden. 
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Diese Habilitationsschrift besteht größtenteils aus einer Synthese von 24 
ausgewählten Publikationen aus vielen Jahren fokussierter Forschung über die 
geodynamischen, tektonischen und sedimentären Prozesse des pazifischen 
Kontinentalrandes der Westantarktis. 
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1  Introduction 

1.1 The Pacific realm of West Antarctica 

 Ranging from the western Antarctic Peninsula to the Ross Sea sector, the 
southern Pacific realm of West Antarctica (Figure 1) has experienced a diverse 
tectonic and geological development, which has come under increased attention as it 
holds the key to understanding one of the most dynamic ice sheets. Due to difficult 
sea-ice conditions and, therefore, lack of permanent or temporary research stations, 
the western Bellingshausen Sea and Amundsen Sea region was little explored until 
the early-1990s, apart from occasional visits by US-American, Russian, Japanese 
and Norwegian vessels. These visits included early geological sampling from 
outcrops of coastal areas and nunataks of Marie Byrd Land, Thurston Island, 
Ellsworth Land and Palmer Land revealing a complex geological history and various 
phases of past volcanism. Geophysical data and geological samples from the 
continental shelves, rise and abyssal plain were restricted to a few sites covered with 
magnetic, single-channel seismics as well as pre-site surveying for the Deep Sea 
Drilling Project (DSDP) Leg 35 drilling campaign in the Bellingshausen Sea in 1974. 
This drilling campaign recovered marine sediments from Late Cretaceous and 
Oligocene times for the first time in this region, although the records remained largely 
incomplete because of spot coring applied (Hollister & Craddock, 1976). 

 
Figure 1. Overview map of West Antarctica and the South Pacific. Bathymetry is from 
the International Bathymetry Chart of the Southern Ocean (IBCSO) project (Arndt et al., 
2013) and topography incl. ice cover is from BEDMAP-2 (Fretwell et al., 2013). Arrows 
mark main ice flows and hashed lines delineate ice divides. WAIS stands for West 
Antarctic Ice Sheet and ASE is Amundsen Sea Embayment. 

 
The rising number of marine geoscientific expeditions from the mid-1990s until 

present have resulted in an advanced knowledge and understanding of the crustal 
and sedimentary architectures and processes of the West Antarctic margin of the 
Pacific. Moreover, the sub-ice landscape of sub-marine level beneath central areas 
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of the West Antarctic Ice Sheet, which seems to be responsible for its dynamic 
behavior in times of climate change, is recognized as a result of the dominant 
geodynamic and tectonic processes generating the continent-scale West Antarctic 
Rift System. 

1.2 Geodynamics, tectonics, sedimentation and ice sheet history 

Early plate-tectonic reconstructions based on seafloor spreading symmetries and 
on a few rock type correlations already placed the New Zealand micro-continent 
opposite West Antarctica as part of the eastern margin of the Gondwana super-
continent dominated by the Proto-Pacific subduction. Until the 1980s, the processes 
and location of the breakup of New Zealand (with its eastern submarine plateaus) 
from West Antarctica remained enigmatic. It is currently common understanding that 
the mid-Cretaceous collision of the Hikurangi Plateau with the Chatham Rise of New 
Zealand ended the subduction at the Proto-Pacific–New Zealand margin and initiated 
continental rifting, and later breakup, between West Antarctica and the New Zealand 
micro-continent. However, the question on the exact location, where along the 
subduction margin the continental rift initiated, has remained unsolved. 

Ship-borne and helicopter-borne magnetic measurements along ship-tracks 
revealed the ages of the oceanic crust in large parts of the southern Pacific. Mapping 
of isochrones helped identify the transition from a rifted type passive margin of the 
Amundsen Sea and Marie Byrd Land to a converted convergent-type to non-rifted 
type passive margin of the Bellingshausen Sea and Antarctic Peninsula. The concept 
of an independent Bellingshausen Plate verified by geophysical data, indications for 
an active role of the West Antarctic Rift System and records on magmatic and 
volcanic processes have resulted in self-consistent models of the tectonic and 
geodynamic evolution of this region. At the same time, new data from seismic 
profiling, swath-bathymetric surveying, sub-bottom profiling and sediment coring 
have revealed sedimentation patterns, geomorphological bedforms and deposition 
chronologies to constrain dynamic glacial processes from the early glaciation of West 
Antarctica to the ice retreat since the last glacial period. The current understanding of 
the region’s development shows how tightly linked the dynamics of the largely 
submarine-based West Antarctic Ice Sheet is with the tectonic history of the 
continental margin and its hinterland. 

A general hypothesis has guided my motivation to focus most of my research 
activities in this region: The geodynamic and tectonic evolution of West Antarctica 
and its margin has controlled the glacial processes from their initiation to the current 
rapid ice sheet retreat. My published research work on data analyses and models 
presented in this thesis lays the basis for testing this hypothesis. 

1.3 Expeditions and data acquisition 

 Most of the research work in this thesis is based on geophysical and geological 
data collected during five expeditions to the South Pacific and the West Antarctic 
continental margin with the German research icebreaker Polarstern between 1994 
and 2010 (Figure 1), in which I participated as head of the geophysics team or as 
chief-scientist: 
 During AWI’s first visit to the South Pacific on RV Polarstern expedition ANT-XI/3 
(1994), geophysical reconnaissance surveying and geological probing were 
conducted along the continental margins of the Bellingshausen Sea and eastern 
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Amundsen Sea. These data – particularly from extensive seismic profiling – led to a 
first series of publications on the tectonic and sedimentary architecture of this margin. 
A three-day immobility of the vessel stuck in heavy sea-ice in the northern Pine 
Island Bay prevented further work in this relatively unexplored embayment in that 
season, but ignited my motivation for later expeditions dedicated to this area in 
particular. 
 The success of the 1994 expedition prompted a follow-up with expedition ANT-
XII/4 (1995) to the central Bellingshausen Sea targeting the suspected Eltanin 
asteroid impact area, the paleoceanographic conditions of the deep sea and the 
presumed tectonic lineaments beneath a dominant gravity anomaly system in the 
western Bellingshausen Sea between the De Gerlache Seamounts and Peter I 
Island. 
 Expedition ANT-XVIII/5a (2001) was dedicated to geophysical surveying and 
sediment sampling in the Bellingshausen Sea and eastern Amundsen Sea in order to 
obtain sedimentary and paleoceanographic records from the deep sea, to dredge 
hard-rock samples from the Marie Byrd Seamounts and to target the extent of the 
Eltanin asteroid impact. Due to failure of the seismic compressor, the seismic 
program had to be cut short, but managed to record an important linkage profile 
between the prior existing seismic network of the central Bellingshausen Sea off the 
Antarctic Peninsula and the few existing seismic lines of the eastern Amundsen Sea. 
With helicopter-borne magnetic surveying, the mapping of magnetic ocean-spreading 
anomalies along the continental margin could be extended. 
 The Amundsen Sea Embayment with its Pine Island Bay was the main destination 
of expedition ANT-XXIII/4 (2006). Due to ice conditions on the eastern shelf, only the 
western Amundsen Sea Embayment shelf could be entered first. Later, an opening 
ice gateway allowed access to the polynyas of the eastern shelf and Pine Island Bay 
off the Pine Island Glacier, so far a rare opportunity for any research vessel in this 
area. The ship time on the shelf was used to collect a first set of seismic lines, 
sediment cores, helicopter-magnetic survey data and to support a rock-sampling and 
geodetic program on the coastal mainland. Later during the cruise, hard-rock 
samples were collected from the Marie Byrd Seamounts, sediments were cored and 
seismic data were recorded from the continental rise of the Amundsen Sea. 
 Expedition ANT-XXVI/3 (2010) was mainly aimed to collect geoscientific and 
oceanographic data and samples from the Amundsen Sea Embayment. The cruise 
schedule with port-calls in Wellington (New Zealand) and Punta Arenas (Chile) 
opened the first-time opportunity for continuous seismic profiling from the Ross Sea 
to the eastern Amundsen Sea and, thus, linking both embayments seismo-
stratigraphically. Extremely favourable sea-ice conditions allowed extensive seismic 
surveying, sediment core sampling and oceanographic measurements in the 
Amundsen Sea Embayment. Helicopter-magnetic surveying complemented and 
extended the magnetic anomaly grid produced from the 2006 survey. With helicopter 
support, the land-based rock sample collection for cosmogenic isotope and 
thermochronological studies and the geodetic measurement program was extended. 
 Additional data acquired during expeditions with the US research vessel Nathanial 
B. Palmer, the British research ship James Clark Ross and the Swedish research 
icebreaker Oden between 1993 and 2010 complemented a number of the published 
analyses and model interpretation. 
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2  Synthesis of publications  

The results of geodynamic, tectonic, sedimentary and glaciomarine processes and 
reconstructions are presented in 24 peer-reviewed publications. Arranged into four 
themes (Chapters 2.1 to 2.4), I summarize and synthesize the main results of these 
studies. Citations of own publications, that form the main part of this thesis, are 
marked with bold letters. Publications listed in Chapter 5 Additional References are 
cited with normal font letters. 

2.1 Geodynamic reconstruction of the South Pacific 

The mid-Cretaceous continental margin of East Gondwana, which included 
present-day West Antarctica and the New Zealand micro-continent, was dominated 
by the subduction of the proto-Pacific until, at about 100 Ma, the volcanic Hikurangi 
Plateau collided with the margin north of today’s Chatham Rise. In the aftermath of 
this collisional event, at least three distinct major tectonic activities can be identified 
to have played a decisive influence on the formation of the West Antarctic margin of 
the South Pacific (Figure 2). 

Subduction lasted until about 97-95 Ma at the Gondwana margin of eastern Marie 
Byrd Land (Kipf et al., 2012), followed by an early divergence of the Pacific and 
Antarctic plates which led to rifting and crustal extension between Chatham Rise and 
the Amundsen Sea Embayment as early as 90 Ma (Larter et al., 2002; Eagles et al., 
2004a; Wobbe et al., 2012). Storey et al. (1999) suggested that a mantle plume may 
have driven the initial rifting and spreading between West Antarctica and New 
Zealand. The first phase of crustal extension can be related to capture of part of the 
Phoenix plate by the Antarctic plate following the collision of the Hikurangi Plateau, 
and the establishment of a proto-Pacific – Antarctic plate margin in the Bounty 
Trough and Great South Basin of New Zealand. Rifting possibly continued within the 
Great South Basin between the Campbell Plateau and the South Island of New 
Zealand until its abandonment in favour of a new extensional locus to the south, 
forming the earliest oceanic crust between Campbell Plateau and Marie Byrd Land 
by 84-83 Ma. Seafloor magnetic anomalies adjacent to Marie Byrd Land near the 
Pahemo Fracture Zone indicate full-spreading rate during chrons C33–C31 (80–68 
Ma) of 60 mm/yr, increasing to 74 mm/yr at C27 (62 Ma), and then dropping to 22 
mm/yr by C22 (50 Ma) (Wobbe et al., 2012). Spreading rates were lower to the west. 
This second phase of Pacific–Antarctic extension may have followed the close 
approach of the Charcot–Pacific ridge to this earlier margin and capture of the 
Charcot plate by the Antarctic plate (Eagles et al., 2004a). The extension, and 
subsequent separation, of New Zealand and West Antarctica dominate the tectonic 
signature of the Marie Byrd Land margin and the Amundsen Sea Embayment. West 
of the Antipodes Fracture Zone, the 145 km wide continent–ocean transition zone 
(COTZ) of the western Marie Byrd Land sector resembles a typical magma-poor 
margin (Gohl, 2008; Wobbe et al., 2012). Farther east, the COTZ of the eastern 
Marie Byrd Land sector is even broader and complex with abundant evidence for 
volcanism (Gohl, 2008; Wobbe et al., 2012). 

From about 84 Ma, the Bellingshausen Plate (Figure 2) moved independently 
south of the Pacific and Antarctic Ridge on the southern flank of the Pacific–Antarctic 
Ridge (Eagles et al., 2004a, Eagles et al., 2004b; Wobbe et al., 2012). After 80 Ma, 
the Bellingshausen plate converged with an oceanic part of the Antarctic plate to its 
east, while its motion simultaneously caused rifting in continental Antarctica to the 
south. 
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Figure 2. Schematic summary of relevant phases of the reconstructed plate-kinematic 
development in the South Pacific region off West Antarctica from 100 to 22 Ma, using 
plate rotation parameters from Eagles et al. (2004a). Illustrated are the collision of 
Hikurangi Plateau with Chatham Rise of New Zealand at around 100 Ma, the breakup 
between New Zealand and West Antarctica at 90–80 Ma, the development of the 
Bellingshausen Plate and the subsequent volcanism (Kipf et al., 2014) along the West 
Antarctic margin. Double lines mark spreading ridge plate boundaries, single solid lines 
mark other plate boundary types, and dashed lines in West Antarctica illustrate 
lineaments of the West Antarctic Rift System (Eagles et al., 2009b; Gohl et al., 2013a). 
Abbreviations are: SNS South Island New Zealand, HIK Hikurangi Plateau, CP 
Campbell Plateau, CR Chatham Rise, GSB Great South Basin, BS Bollons Seamount, 
BT Bounty Trough, WA West Antarctica, MBL Marie Byrd Land, AP Antarctic Peninsula, 
ASE Amundsen Sea Embayment, WARS West Antarctic Rift System, PAC Pacific 
Plate, PHO Phoenix Plate, BP Bellingshausen Plate, MBS Marie Byrd Seamounts (red 
area marks volcanic activity of the shield phase), DGS De Gerlache Seamounts, PI 
Peter I Island, DGGA De Gerlache Gravity Anomaly (suture of ridge jump of 
Phoenix/Bellingshausen plate boundary at about 61 Ma). 
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Alongside this extensional episode, the eastern margin of the Bellingshausen plate 
was shortened by up to 200 km of convergence in the north, and by decreasing 
amounts farther south, along a collision zone that formed by reactivation of a 
transform fault along the western edge of the part of the Charcot plate that had been 
inherited by the Antarctic plate. This eastern transpressional boundary of the 
Bellingshausen Plate lies along the Bellingshausen Gravity Anomaly lineament (Gohl 
et al., 1997; Eagles et al., 2004a). Around 61 Ma, the Bellingshausen plate ceased 
to have any independent rotation when a major plate reorganisation occurred in the 
South Pacific (e.g. Larter et al., 2002; Eagles et al., 2004a; Eagles et al., 2004b). 
The Pacific–Antarctic plate system inherited the set of long offset transform faults 
from the Pacific–Bellingshausen system, and spreading changed direction and 
decreased in rate soon afterwards. The southern sector of the Pacific–Antarctic ridge 
saw an increase in the number of transform faults that may be related to the 
spreading rate decrease. The former Bellingshausen Plate’s western boundary 
passes through the today’s region of the Marie Byrd Seamounts, north of the 
Amundsen Sea Embayment. Although a discrete southern plate boundary has been 
depicted running from the seamounts onto the shelf and mainland (Eagles et al., 
2004a; Eagles et al., 2004b), its true nature – possibly a distributed boundary zone – 
is still poorly identified. 

Analyses of volcanic rocks from the Marie Byrd Seamounts yield formation ages of 
65 to 56 Ma which is well after the generation of the Pacific-Antarctic Ridge at this 
location. In Kipf et al. (2014) we propose that this HIMU material initially accreted to 
the base of continental lithosphere during the pre-rifting stage of Marie Byrd 
Land/New Zealand in order to explain the observed intraplate volcanism in the 
Amundsen Sea in the absence of a long-lived hotspot. Continental insulation flow 
may be the most plausible mechanism to transfer the sub-continental accreted plume 
material into the shallow oceanic mantle. Crustal extension at the southern 
Bellingshausen Plate boundary may have triggered the adiabatic rise of this material 
to form the Marie Byrd Seamounts (Kipf et al., 2014). Other isolated seamounts in 
the southernmost Pacific are most likely related to preserved zones of lithospheric 
weakness as we propose for the De Gerlache Seamounts and Peter I Island 
(Figure 1) along the De Gerlache Gravity Anomaly (Hagen et al., 1998; Hagedorn et 
al., 2007; Kipf et al., 2014). 

The later plate-kinematic development of the South Pacific oceanic crust in this 
region was dominated by seafloor spreading at the Pacific–Antarctic and Antarctic–
Phoenix ridges and the progressive subduction of the Phoenix plate beneath the 
western Ellsworth Land and Antarctic Peninsula margins east of the Bellingshausen 
Gravity Anomaly (e.g. Larter et al., 2002; Gohl, 2008 and refs. therein; Eagles et al., 
2009a). Segments of spreading centres forming at the trailing edges of the Phoenix 
plate periodically collided with the subduction zone along the Antarctic Peninsula, 
resulting in the partial destruction of the Antarctic–Phoenix Ridge, which ceased to 
operate shortly before its north-easternmost three segments could collide with the 
Antarctic margin (Figure 2). After these collisions, slab windows should have formed 
beneath the margin of the Antarctic Peninsula, which may explain the occurrences of 
alkaline volcanism (Eagles et al., 2009a). 

2.2 Tectonics of the continental margin of West Antarctica and the West 
Antarctic Rift System 

A consecutive series of convergent and divergent processes dominate the present 
tectonic signature of the Pacific continental margin of West Antarctica (Figure 2). At 
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least three main phases of tectonic deformation occurred along the Marie Byrd Land 
and western Ellsworth Land/Thurston Island margin, consisting of (1) distributed 
rifting events parallel to the continental breakup front, (2) the influence of the 
Bellingshausen Plate motion with a southern plate boundary through the Marie Byrd 
Seamount province and the Amundsen Sea Embayment, and (3) activities of early 
branches of the eastern West Antarctic Rift System. 

The rifted continental margin of West Antarctica exhibits a stunning diversity in 
crustal characteristics as revealed by our geophysical data. In Wobbe et al. (2012), 
we can show that its style varies from a narrow rifted, most likely magma-poor (non-
volcanic) margin along western and central Marie Byrd Land. The margin nature 
changes off eastern Marie Byrd Land and off the Amundsen Sea Embayment such 
that the shelf widens, the continental crust is largely extended and magmatism was 
abundant. Seismic and gravity data reveal that the crust is up to 29 km thick beneath 
the inner Amundsen Sea Embayment shelf and thins to 10-14 km at the continental 
rise. A seismic high-velocity layer at the base of the lower crust of the shelf indicates 
a margin-wide process of magmatic underplating whose thickness varies up to a 
maximum of 10 km (Kalberg and Gohl, 2014). The present data do not allow being 
specific about the cause for this underplating, which can be either a result from the 
initial continental breakup process, or from hot mantle upwelling hypothesized as 
cause for the Marie Byrd Land uplift (e.g. LeMasurier and Landis, 1996; Sieminski et 
al., 2003), or from magmatism associated with the Marie Byrd Seamount province 
(Kipf et al., 2014). A superposition of any of these processes seems to be likely. 

The location of Pine Island Bay in the Amundsen Sea Embayment (Figure 1) has 
led several researchers to suggest that it hosts a major crustal boundary between the 
Marie Byrd Land block to the west and the Thurston Island/Ellsworth Land blocks to 
the east. These blocks are suggested to have moved with respect to each other 
during the Late Cretaceous New Zealand – West Antarctic separation and perhaps 
also in early Mesozoic or Paleozoic times (e.g. Dalziel and Elliot, 1982; Storey, 1991; 
Grunow et al., 1991). However, direct geophysical or geological evidence of the 
presence of such a boundary is still missing until today. 

Instead, conceptual models inferred that Pine Island Bay and the eastern 
Amundsen Sea Embayment host faults and basins of the West Antarctic Rift System 
(Dalziel, 2006). In Müller et al. (2007) and Eagles et al. (2009b), we apply plate-
kinematic rotations between East and West Antarctica and demonstrate how, at 
times between 48 and 26 Ma, the West Antarctic Rift System east of its Ross Sea 
domain operated in either dextral strike-slip or extensional motion through the region 
to the south and east of the Amundsen Sea Embayment, connecting eventually to a 
Pacific-Phoenix-East Antarctic triple junction via the Byrd Subglacial Basin and the 
Bentley Subglacial Trench of Marie Byrd Land (Figure 3). There are indications for an 
early West Antarctic Rift System extension in western Marie Byrd Land in the mid-
Cretaceous (e.g., McFadden et al., 2010), but its eastern continuation is less well 
understood. Offshore geophysical data (Gohl et al., 2007, 2013a,b) reveal that the 
eastern Amundsen Sea Embayment shelf and its Pine Island Bay host tectonic 
lineaments and sedimentary basins presumably formed by the West Antarctic Rift 
System. We infer from potential field and seismic data analyses that an eastern arm 
of an early manifestation of the rift exists in the north-south striking zone of thinned 
crust in Pine Island Bay (Gohl et al., 2013a,b). Our projected north-south strike 
direction of a rift branch in Pine Island Bay differs from an east-west directed rift 
identified for the narrow basin underlying the Pine Island Glacier by Jordan et al. 
(2010), but it is likely that a distributed system of offsetting faults accommodate the 
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regional stress regime. The setting of basement troughs and quasi-linear topographic 
trends, observed from the BEDMAP2 subglacial topographic map of Antarctica 
(Fretwell et al., 2013), infer such a hypothesis. My concept and model of a distributed 
rift axis system extending from the Amundsen Sea Embayment to the western 
margin of the southern Antarctic Peninsula is also consistent with Bingham et al.’s 
(2012) interpreted association of the Ferrigno Rift, which is inland of Eltanin Bay of 
the southern Bellingshausen Sea, with the West Antarctic Rift System (Figure 3). 

 
Figure 3. Tectonic outline of the West Antarctica Rift System with identified subglacial 
rift valleys (black hashed lines), other structural basement lineaments (black solid lines) 
and predicted plate motion vectors (symbols and references are noted below map) and 
inferred East-West Antarctic plate boundary (red hashed line). Present subglacial 
topography is from BEDMAP-2 (Fretwell et al., 2013) and bathymetry is from IBCSO 
(Arndt et al., 2013). Blue and blue-greenish colors denoting areas below present sea 
level. 

 Current ice flow pattern overlain on the recently updated bedrock topography 
(Fretwell et al., 2013) of West Antarctica and the pattern of deeply incised troughs of 
the Amundsen Sea and Bellingshausen Sea continental shelves largely linked to 
tectonic lineaments, demonstrate how glacial flow directions are closely linked to a 
pre-conditioned system of rift flanks and tectonically controlled subglacial valleys. If 
the rifts were active in the Neogene, enhanced geothermal heat flux linked to crustal 
extension and magma leakage along fault zones would probably occur beneath parts 
of the West Antarctic Ice Sheet. This would lead to excess generation of subglacial 
meltwater, which in turn would lubricate the bedrock, accelerate ice flow and increase 
ice sheet thinning in interglacial and particular warm periods. 
 

2.3 Sediment transport and deposition along the Pacific continental margin of 
West Antarctica 

Numerous seismic profiles and other geophysical data were collected by AWI to 
build seismostratigraphic, glacial-marine sedimentation and paleo-ocean current 
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models of the continental rise and shelf of the Pacific margin of West Antarctica (e.g., 
Scheuer et al., 2006a,b; Scheuer et al., 2006c; Uenzelmann-Neben et al., 2007; 
Weigelt et al., 2009; Uenzelmann-Neben and Gohl, 2012, 2014; Hochmuth and 
Gohl, 2013; Gohl et al., 2013b; Lindeque et al., submitted). Sediment transport and 
deposition processes are strongly affected by periods of various glacial activities 
since the initial onset of Antarctic glaciation. Since ice sheets first advanced onto the 
continental shelves around West Antarctica, alternations of glacial and interglacial 
periods have had a major influence on the sediment supply across the shelf and into 
the deep sea. The patterns of deposition of late Cenozoic sediments along the slope 
and rise of the West Antarctic continental margin reflect interaction between the 
effects of ice sheet fluctuations, mass transport processes and bottom currents. 
However, the West Antarctic margin exhibits strong variations in sedimentation 
pattern and processes between its South Pacific sectors. For instance, the high 
sediment deposition rate on the Bellingshausen Sea continental rise implies an 
increase of sediment supply to the rise due to frequent advances of grounded ice on 
the shelf in the Pliocene and Quaternary, which is contrary to a decrease of the 
sediment deposition rate since Pliocene times on other sites of the margin (Scheuer 
et al., 2006a). 

The seismic sediment record of the Amundsen Sea continental rise provides 
insight into the sedimentation processes from pre-glacial to glacial times, with 
indications for varying ocean-bottom circulation, early ice sheet growth and 
intensification towards the present icehouse regime. Key seismic shorizons reveal a 
remarkably continuous sedimentation record from the Ross Sea shelf to the rise and 
farther along the West Antarctic margin to the Amundsen Sea and Bellingshausen 
Sea. Seismic units constitute a Cretaceous to Eocene pre-glacial sequence (79-
34 Ma), an Eocene to mid-Miocene transitional sequence (34-15.5 Ma), and a mid-
Miocene to Quaternary full glacial sequence (15.5-0 Ma). The top pre-glacial 
boundary horizon correlates with a dominant unconformity of the Ross Sea shelf and 
is interpreted as the signature of first arrivals of grounded ice on the continental 
shelves. The top transitional boundary is interpreted as the onset of the full-glacial 
regime with intensified ice sheet advances onto the outer shelves in the Oligocene 
and early Miocene. The central-western Amundsen Sea continental rise basin 
contains up to 4 km thick sediments in its center near the Endeavour Fracture Zone. 
Seismic facies geometry analysis suggests Paleocene–Eocene bottom-current 
activity, late Eocene shelf grounding of the West Antarctic Ice Sheet, and no 
apparent difference in the deep-sea sediment transport processes or temporal shift in 
deposition between the Amundsen Sea and Ross Sea (Lindeque et al., submitted). 

Sediment drifts or contourite features are often associated with an intensification of 
ocean-bottom current activity (e.g. Uenzelmann-Neben, 2006; Rebesco et al., 2014). 
Such drift bodies are abundant along the continental rise of West Antarctica. Drifts 
deposits from Eocene-Oligocene times are observed for the eastern Amundsen Sea 
rise (Figure 4), indicating early seasonal sea-ice generation even before the early 
Miocene onset of major Antarctic glaciation with ice grounded across parts of the 
shelf at this part of the continental margin (Uenzelmann-Neben & Gohl, 2012, 
2014). In glacial times, deposition centers shifted between different loci on the rise 
due to changes in major ice-stream directions and ice-flow intensities across the 
Amundsen Sea Embayment shelf (Uenzelmann-Neben & Gohl, 2014). 
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Figure 4. Examples of interpreted seismic records showing distinct reflectivity pattern 
and unconformities that are related to the intensification of glacially dominated sediment 
transport and deposition periods in the Miocene and Plio/Pleistocene. A major tectonic 
suture the western Bellingshausen Sea is the likely cause that a giant sediment drift (a) 
was formed at this location. Sediments west of it relate to sequences identified from the 
eastern Amundsen Sea continental rise (b) (Uenzelmann-Neben & Gohl, 2014). East of 
the suture, the sedimentation pattern changes and horizons can be correlated to the 
ODP Leg 178 sites off the western Antarctic Peninsula. Unconformity RU1 may be 
related to the basement uplift of this suture. 

 
Despite the lack of any drill site in the Amundsen Sea, sedimentation processes in 

the pre-glacial to glacial transition and those by glacial grounded advance and retreat 
periods seem to have occurred in an almost simultaneous fashion in when comparing 
seismic records from the Ross Sea and Amundsen Sea embayments, the two major 
outlet basins of the West Antarctic Ice Sheet (Gohl et al., 2013b). However, it 
remains unclear whether timing is the same, or whether glacial retreat periods vary 
between the embayments. The few presently remaining narrow ice shelves of the 
Amundsen Sea Embayment indicate that this sector is prone to longer ice retreat 
periods than other Antarctic shelves, possibly a persistent effect of ocean and 
atmospheric circulation patterns in the southern Pacific. This hypothesis, however, 
needs to be tested by analyses of suitable drill cores. 
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2.4 Glaciomarine processes on the shelf of the Amundsen Sea Embayment 
and their relationship to past ice sheet dynamics 

The reconstruction of the dynamic history of Antarctic Ice Sheet expansion and 
retreat since the onset of Southern Hemisphere glaciation improves our 
understanding of ice sheet growth and melting processes and thus predictions of 
future ice sheet behavior. Due to the fact that the West Antarctic Ice Sheet (WAIS) 
has a lower elevation than the East Antarctic Ice Sheet and most of its base is 
grounded below sea level, the WAIS is likely to have been more sensitive to changes 
in atmospheric and oceanographic conditions (e.g. Joughin and Alley, 2011). The 
WAIS volume corresponds to an equivalent of 3-5 m eustatic sea level change 
(Bamber et al., 2009; Fretwell et al., 2013), and about one third of it is stored in 
drainage basins that discharge through outlet glaciers onto the Amundsen Sea 
Embayment. The largest drainage systems are those of the Pine Island and Thwaites 
glaciers, which are known for their current flow acceleration, fast retreat, rapid 
thinning and high basal melt rates of floating ice at their termini that exceed those of 
any other Antarctic outlet glacier outside the Antarctic Peninsula (e.g. Rignot et al., 
2011; Pritchard et al., 2012; Joughin et al., 2012). The incursion of warm Circum-
Polar Deep-Water (CDW) into the deeply incised glacial troughs of the shelves has 
been recognized as the major mechanism for subglacial melt (Thoma et al., 2008; 
Joughin et al., 2012). The important question is how the WAIS has behaved in times 
when the climatic conditions were close or similar as observed today or in the near 
future. 

Past expansion and retreat of grounded and floating ice across the continental 
shelf of the Amundsen Sea Embayment must have left signals and traces of glacial 
sediment accumulation, transport and erosion. Thus, our studies of the sedimentary 
architecture and characteristics of the Amundsen Sea Embayment margin provides 
clues of past ice sheet advance-retreat cycles and help improve constraints for 
paleo-ice dynamic models of the WAIS since early glacial periods (e.g. Gohl et al., 
2013b). The Amundsen Sea Embayment is our preferred study area for 
understanding the past West Antarctic Ice Sheet dynamics, because ice sheet 
discharge into this embayment is entirely sourced from the WAIS and unaffected 
from the dynamics of other ice sheets. 

Observations of sub- and proglacial bedforms in multi-beam swath bathymetry 
surveys, such as mega-scale lineations and grounding zone wedges, indicate that 
grounded ice expanded onto the middle to outer shelf during the last glacial 
maximum (Lowe and Anderson, 2002; Dowdeswell et al., 2006; Evans et al., 2006; 
Larter et al., 2009, 2014; Graham et al., 2009, 2010; Jakobsson et al., 2012; Klages 
et al., 2013, 2014, 2015). The retreat of the ice sheet from the Amundsen Sea 
Embayment shelf since the last glacial maximum is documented in both these swath-
bathymetric records and sedimentary facies sequences recovered in cores (e.g. 
Hillenbrand et al., 2010, 2013; Jakobsson et al., 2011; Kirshner et al. 2012; Nitsche 
et al., 2007, 2013; Nitsche et al., 2015a,b) and is consistent with results from 
cosmogenic exposure dating studies (Johnson et al., 2008, 2014; Lindow et al., 
2014). According to these studies, most of the grounded ice had retreated to the 
inner shelf already by the early Holocene. 
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Figure 5. Example of glaciated shelf sequence by seismic imaging. The image (a) is 
from the eastern Amundsen Sea Embayment shelf and shows glacially dominated 
stacked layers on top of numerous truncational unconformities generated by advancing 
grounded ice. (b) illustrates a segment of this seismic record that corresponds 
surprisingly well in terms of seismic characteristics and unconformities with a seismic 
record (c) from the eastern Ross Sea shelf where strata was drilled and dated by DSDP 
Leg 28 (e.g. De Santis et al., 1999). By jump correlation to Ross Sea shelf records, 
seismic units of the Amundsen Sea shelf are Early Cretaceous (?) for ASS-1, Late 
Cretaceous to Oligocene (?) for ASS-1, Early/Middle Miocene for ASS-3, Middle 
Miocene for ASS-4, late Miocene to Early Pliocene for ASS-5, and Plio/Pleistocene for 
ASS-6. ASS-u1 to ASS-u5 are major unconformities. 

The earliest recorded multi-channel seismic reflection data from the Amundsen 
Sea Embayment show that at 104° W the outer shelf and slope sediments have 
undergone both progradational and aggradational deposition probably since the 
Middle Miocene (Nitsche et al., 2000). Aggradation dominated the strata geometry in 
younger stages. The network of seismic profiles reveal oceanward inclined sediment 
sequences on the middle shelf north of bedrock cropping out on the inner shelf 
(Figure 5) (Lowe and Anderson, 2002; Gohl et al., 2013b). The dipping strata typical 
for Antarctic shelves are possibly of Cretaceous to Miocene age and buried by 
aggradational, less consolidated strata of supposedly Pliocene-Pleistocene age 
(Gohl et al., 2013b). Several unconformities separate the dipping strata and 
represent phases of subglacial erosion. While most of the inner shelf of Pine Island 
Bay is void of major sedimentary cover, as observed in seismic and acoustic 
subbottom profiles (Lowe and Anderson, 2002; Gohl et al., 2013b; Nitsche et al., 
2013) and inferred from magnetic data (Gohl et al., 2013a), a few small and shallow 
basins are observed close to its eastern shore (Uenzelmann-Neben et al., 2007) and 
close to the front of Pine Island Glacier (Nitsche et al., 2013). Oceanward dipping 
mid-shelf strata north of outcropping basement are observed in seismic data from the 
Dotson-Getz Trough collected in 1999 and 2006 (Graham et al., 2009; Weigelt et al., 
2009; Weigelt et al., 2012) and exhibit alternating sequences of low and high 
reflectivity, which Weigelt et al. (2009) interpret as episodes of major glacial 
advances and retreat in the Miocene. 

In Gohl et al. (2013b) we showed that at least 4 km of pre-glacial strata have 
been eroded from the present inner shelf and coastal hinterland by glacial processes. 
Six major sedimentary units separated by five major erosional unconformities are 
distinguished from bottom to top on the Amundsen Sea Embayment shelf (Figure 5). 
At least one unconformity results from a major truncational event by glacial advance 
to the middle and outer shelf, which was followed by several episodes of glacial 
advance and retreat as observed from smaller-scale truncational unconformities. 
Some of the eroded sediments were deposited as a progradional wedge that extends 
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the outer shelf by 25 to 65 km oceanward of the pre-glacial shelf-break (Hochmuth 
and Gohl, 2013; Gohl et al., 2013b). We compare the observed seismic 
characteristics with those of other Antarctic shelf sequences and assign stratigraphic 
ages from Early Cretaceous to Pleistocene/Holocene only by seismic jump 
correlation due to lacking drill information. Buried grounding zone wedges in the 
upper sedimentary unit on the outer shelf suggest pronounced warming phases and 
ice sheet retreats during the early Pliocene, as observed for the Ross Sea shelf and 
predicted by palaeo-ice sheet models (Gohl et al., 2013a), Our data also reveal that 
on the middle and outer shelf the flow-path of the Pine Island-Thwaites paleo-ice 
stream system has remained stationary in the central Pine Island Trough since the 
earliest glacial advances, which is different from the Ross Sea shelf where glacial 
troughs shifted more dynamically. 
 

3  Outlook and perspectives 

 Although an enormous progress has been made in the last years in our 
understanding of the geodynamic, tectonic, sedimentary and glacial development of 
West Antarctica, many scientific questions and challenges remain. Some of these are 
summarized in the following: 

- Was the initial separation between New Zealand and West Antarctica 
accompanied by crustal hyper-extension of the Chatham Rise and Amundsen 
Sea Embayment conjugates? 

- Has the West Antarctic Rift System developed as a continuation of the 
separation between New Zealand and Antarctica? And what has sustained such 
enduring mantle processes from the Cretaceous to the present? 

- What is the extent and intensity of any sub-glacial volcanic activity in West 
Antarctica? 

- What were the environmental and climatic conditions of West Antarctica in the 
Cretaceous to Eocene greenhouse period? 

- Was ice sheet expansion related to crustal uplift in Marie Byrd Land? 
- When did the WAIS first expand onto the continental shelves? 
- How did the WAIS respond the last times when Earth’s atmosphere contained 

more than 400 ppm CO2 and when global temperature was similar or higher than 
today? Did the WAIS completely or partly collapse, and what was its contribution 
to sea-level change? 

- How have the Antarctic Circumpolar Current and Circumpolar Deep Water incursions 
onto the continental shelf controlled the stability of the marine ice sheet margins? 

Some of the scientific questions are currently being addressed in publications of 
my PhD students that have been submitted and are still in review, or are being 
prepared for submission. In Wobbe et al. (submitted), we study anomalies in the 
derived residual bathymetry of the southern Pacific and along the West Antarctic 
margin with implications for dynamic topography effects by mantle processes. The 
uplift of Marie Byrd Land is investigated using seismic data and gravity modelling 
paired with thermochronological constraints from fission-track data (Kalberg et al., in 
preparation; collaboration with C. Spiegel of Univ. Bremen). Kalberg and Gohl (in 
preparation) reveal details of the basement tectonics and crustal characteristics of 
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the Amundsen Sea shelf by integrating gravity, magnetic and seismic data and 
models. Continuous seismic data between the Ross Sea and Amundsen Sea 
embayments, acquired during RV Polarstern expedition ANT-XXVI/3 in 2010, enable 
Lindeque et al. (two papers in preparation) to correlate the main pre-glacial, 
transitional and full glacial sedimentary units over a large area along the West 
Antarctic margin and between the two main glacial outflow embayments. The result 
of this is a set of sediment thickness grids and a characterisation of the major glacial 
deposition centres. 

Major questions and challenges will also be addressed in upcoming expeditions 
and planned future projects: 
- An RV Sonne cruise (SO-246) to the eastern margin of Chatham Rise (New 
Zealand) is scheduled for early 2016 to investigate the marginal crust of the Rise, 
which is conjugate to the Amundsen Sea margin of West Antarctica, using deep 
crustal seismic, magnetic and gravity surveying. A petrological sampling program is 
conducted by our collaboration partners K. Hoernle and R. Werner of GEOMAR. 
- An RV Polarstern expedition is scheduled for February and March 2017 
(postponed from early 2015), during which we – in collaboration with MARUM and 
the British Antarctic Survey – will utilise the MeBo seabed drilling system of MARUM 
to drill cores from up to 70 m long holes along a transect on the Amundsen Sea 
Embayment shelf and in Pine Island Bay. The objectives are to recover sediments 
from presumably Late Cretaceous to Quaternary ages that will help constrain the 
palaeo-environmental and glacial history of this central part of West Antarctica. We 
also plan to conduct a series of temperature gradient measurements in sediments to 
derive geothermal heat-flow in collaboration with H. Villinger and N. Kaul of Univ. of 
Bremen. 
- Drilling information is rare along the West Antarctic margin and the Southern 
Pacific, which is the reason for some of the large uncertainties in stratigraphic ages, 
paleoenvironmental conditions and paleo-ice sheet dynamics. With IODP proposal 
839-Full (by Gohl et al.), we argued for a strong case to conduct deep drilling in the 
Amundsen Sea Embayment. This proposal has been exceptionally well evaluated 
with an ‘excellent rating’ by the IODP Science Evaluation Panel and external 
reviewers, and is now forwarded to the Joides Resolution Facility Board for possible 
scheduling. Likewise, IODP proposal 732-Full2 (by Channel et al. incl. Gohl), aiming 
to drill into the sediment drifts of the Bellingshausen Sea rise, is also at the JR 
Facility Board for possible scheduling. In the Ross Sea, the IODP proposal 751-Full2 
(McKay et al.) is still being reviewed at this stage, and a possible re-submission of an 
ANDRILL Coulman High proposal is likely. Drilling targets of all these proposals 
would generate samples and data from ice-proximal to ice-distal locations that will 
provide invaluable constraints on reconstructing the West Antarctic Ice Sheet history 
at varies time scales and resolution. 
- Planned future projects include seismic and seismological studies of the West 
Antarctic Rift System in the western Ross Sea in collaboration with the Korean Polar 
Research Institute (KOPRI), and new geophysical surveys along the Bellingshausen 
Sea margin and Eltanin Bay to provide data for tectonic as well as glacio-marine 
sedimentation analysis in this part of West Antarctica. 

 

 



Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 
 

	  

20	  

4  Acknowledgments 

This project and thesis would not have been possible without the opportunities for 
collecting geophysical data and geological samples from the West Antarctic 
continental margin and the South Pacific. I want to sincerely thank the masters and 
crews of RV Polarstern expeditions ANT-XI/3, ANT-XII/4, ANT-XVIII/5a, ANT-XXIII/4 
and ANT-XXVI/3 as well as the scientific teams who joined me on these expeditions. 
Gratefully acknowledged are also the masters, crews, chief-scientists and science 
teams of various other expeditions to the Bellingshausen Sea and Amundsen Sea 
with RV Nathaniel B. Palmer (USA), RRS James Clark Ross (UK) and IB Oden 
(Sweden). Some of the data and samples collected during these expeditions were 
greatly beneficial with analyses having been used in some publications of this thesis. 

I highly appreciate the support of my colleagues in the Department of Geosciences 
at AWI, my Diploma/MSc students, doctoral candidates and postdocs of the last 20 
years, and my collaboration partner in various aspects of the project. Of my 
colleagues in the Geophysics Section at AWI, I want to thank in particular Heinz 
Miller who initially brought me to the West Antarctic margin and into the fascinating 
region of Pine Island Bay on my first Polarstern cruise in 1994, Wilfried Jokat who 
supported me in continuing with this project and with always challenging and fruitful 
discussions, and Gabriele Uenzelmann-Neben whose excellent understanding of 
seismo-stratigraphy led to various joint expeditions and publications. Rainer 
Gersonde and Gerhard Kuhn from the Marine Geology Section at AWI are gratefully 
acknowledged for their support in joint expeditions and projects over many years. 
Without many of my former and current diploma/MSc and doctoral students, namely 
Frank Nitsche, Carsten Scheuer, Jan Grobys, Nicole Grobys, Astrid Denk, Katharina 
Hochmuth, Florian Wobbe, Ansa Lindeque and Thomas Kalberg, as well as my 
former postdocs Graeme Eagles and Estella Weigelt, many of the publications in this 
thesis would not have been possible. I thank all of you for the great and productive 
time! A large number of collaboration partner helped producing many of the results in 
these papers. I want to name in particular Robert Larter, Claus-Dieter Hillenbrand, 
Alistair Graham and James Smith from the British Antarctic Survey (UK), Frank 
Nitsche from Lamont Doherty Earth Observatory (USA), Dietmar Müller from 
University of Sydney (Australia), Bryan Davy and Rupert Sutherland from GNS 
Science (New Zealand), and Dmitry Teterin and Gleb Udintsev from Vernadsky 
Institute of Geochemistry (Russia). 

I also would like to thank the Department of Geosciences (FB 5) of the University 
of Bremen for giving me the opportunity to become engaged in teaching. I have been 
enjoying this occasional change from the research routine. 
 Since my early days at AWI, my wife Angelika Barthel has had to put up with me 
going on long polar and non-polar expeditions, and I want to thank her for her 
understanding, support and love. 

 

5  Additional references 
(incl. other own papers not included as part of this thesis) 

The list includes references cited in Chapters 1 to 3 in addition to those included as 
part of this thesis. 



Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 
 

	  

21	  

Asterisks * mark 25 cited own papers of which I am first author or co-author and 
which are relevant to the project but are not included as part of this thesis, because 
the results in these papers are better presented in those papers that are part of this 
thesis, or in which my contribution is rather minor (exception is submitted manuscript 
by Lindeque et al.). 

Arndt, J. E., Schenke, H.-W., Jakobsson, M., Nitsche, F.O., Buys, G., Goleby, B., 
Rebesco, M., Bohoyo, F., Hong, J.K., Black, J., Greku, R., Udintsev, G., Barrios, 
F., Reynoso-Peralta, W., Taisei, M., Wigley, R. (2013). The International 
Bathymetric Chart of the Southern Ocean (IBCSO) Version 1.0—A new 
bathymetric compilation covering circum-Antarctic waters. Geophysical Research 
Letters, 40, 3111–3117, doi:10.1002/grl.50413. 

Bamber, J.L., Riva, R.E.M., Vermeersen, B.L.A., LeBrocq, A.M. (2009). 
Reassessment of the potential sea-level rise from a collapse of the West Antarctic 
Ice Sheet. Science, 324, 901-903, doi:10.1126/science.1169335. 

Bingham, R.G., Ferraccioli, F., King, E.C., Larter, R.D., Pritchard, H.D., Smith, A.M., 
Vaughan, D.G. (2012). Inland thinning of West Antarctic Ice Sheet steered along 
subglacial rifts. Nature, 487, 468-471, doi:10.1038/nature11292. 

Cande S.C., Stock, J.M., Müller, R.D., Ishihara T. (2000). Cenozoic motion between 
East and West Antarctica. Nature, 404, 145-150. 

*Cunningham, A.P., Larter, R.D., Barker, P.F., Gohl, K., Nitsche, F.O. (2002). 
Tectonic evolution of the Pacific margin of Antarctica – 2. Structure of Late 
Cretaceous – early Tertiary plate boundaries in the Bellingshausen Sea from 
seismic reflection and gravity data. Journal of Geophysical Research, 107(B12), 
2346, doi:10.1029/2002JB001897. 

Dalziel, I.W.D. (2006). On the extent of the active West Antarctic rift system. In: 
Siddoway, C.S., Ricci, C.A. (Eds.), Proceedings of Workshop on Frontiers and 
Opportunities in Antarctic Geosciences, Terra Antartica Reports 12, Terra 
Antartica Publications, Siena, Italy, pp. 193–202. 

Dalziel, I.W.D., Elliot, D.H. (1982). West Antarctica: problem child of Gondwanaland. 
Tectonics, 1, 3-19. 

De Santis, L., Prato, S., Brancolini, G., Lovo, M., Torelli, L. (1999). The Eastern Ross 
Sea continental shelf during the Cenozoic: implications for the West Antarctic ice 
sheet development. Global and Planetary Change, 23, 173-196. 

Dowdeswell, J.A., Cofaigh, C.Ó., Anderson, J.B. (2006). Morphology and 
sedimentary processes on the continental slope off Pine Island Bay, Amundsen 
Sea, West Antarctica. Geological Society of America Bulletin, 118, 606–619. 

*Eagles, G., Gohl, K., Larter, R.D. (2004b). Life of the Bellingshausen plate. 
Geophys. Res. Lett., 31, L07603, doi:10.1029/2003GL019127. 

Evans, J., Dowdeswell, J.A., Cofaigh, C.Ó., Benham, T.J., Anderson, J.B. (2006). 
Extent and dynamics of the West Antarctic Ice Sheet on the outer continental shelf 
of Pine Island Bay during the last glaciation. Marine Geology, 230, 53–70. 

Fretwell, P. & 59 co-authors (2013). Bedmap2: improved ice bed, surface and 
thickness datasets for Antarctica. The Cryosphere, 7, 375-393. 



Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 
 

	  

22	  

*Gohl, K., Nitsche, F., Miller, H. (1997). Seismic and gravity data reveal Tertiary 
interplate subduction in the Bellingshausen Sea, southeast Pacific, Geology, 25, 
371-374. 

*Gohl, K., Nitsche, F., Vanneste, K., Miller, H., Fechner, N., Oszko, L., Hübscher, C., 
Weigelt, E., Lambrecht, A. (1997). Tectonic and sedimentary architecture of the 
Bellingshausen and Amundsen Sea Basins, SE Pacific, by seismic profiling. In: 
The Antarctic Region: Geological Evolution and Processes, by Ricci, C.A. (ed.), p. 
719-723, Terra Antartica Publication, Siena. 

*Graham, A.G.C., Larter, R.D., Gohl, K., Hillenbrand, C.-D., Smith, J.A., Kuhn, G. 
(2009). Bedform signature of a West Antarctic palaeo-ice stream reveals a multi-
temporal record of flow and substrate control. Quaternary Science Reviews, 28, 
2774-2793, doi:10.1016/j.quascirev.2009.07.003. 

*Graham, A.G.C., Larter, R.D., Gohl, K., Dowdeswell, J.A., Hillenbrand, C.D., Smith, 
J.A., Evans, J., Kuhn, G. (2010). Flow and retreat of the Late Quaternary Pine 
Island-Thwaites palaeo-ice stream, West Antarctica; Journal of Geophysical 
Research – Earth Surfaces, 115, F03025, doi:10.1029/2009JF001482. 

Granot, R., Cande, S., Stock, J., Damaske, D. (2013). Revised Eocene-‐Oligocene 
kinematics for the West Antarctic rift system. Geophys. Res. Lett., 40, 
doi:10.1029/2012GL054181. 

Grunow, A.M., Kent, D.V., Dalziel, I.W.D. (1991). New paleomagnetic data from 
Thurston Island: Implications for the tectonics of West Antarctica and Weddell Sea 
opening. Journal of Geophysical Research, 96, doi:10.1029/91JB01507. 

Hillenbrand, C.-D., Smith, J.A., Kuhn, G., Esper, O., Gersonde, R., Larter, R.D., 
Maher, B., Moreton, S.G., Shimmield, T.M., Korte, M. (2010). Age assignment of a 
diatomaceous ooze deposited in the western Amundsen Sea Embayment after the 
Last Glacial Maximum. Journal of Quaternary Science, 25, 280-295, 
doi:10.1002/jqs.1308. 

*Hillenbrand, C.-D., Kuhn, G., Smith, J.A., Gohl, K., Graham, A.G.C., Larter, R.D., 
Klages, J. P., Downey, R., Moreton, S.G., Forwick, M., Vaughan, D.G. (2013). 
Grounding-line retreat of the West Antarctic Ice Sheet from inner Pine Island Bay. 
Geology, 41, 35-38, doi:10.1130/G33469.1. 

*Hagedorn, B., Gersonde, R., Gohl, K., Hubberten, H.-W. (2007). Petrology, 
geochemistry and K/Ar age constraints of the eastern De Gerlache Seamount 
alkaline basalts (Bellingshausen Sea, southeast Pacific). Polarforschung, 76 (3), 
87-94. 

*Hagen, R.A., Gohl, K., Gersonde, R., Kuhn, G., Völker, D., Kodagali, V.N. (1998). A 
geophysical survey of the De Gerlache Seamounts: preliminary results, Geo-
Marine Letters, 18, 19-25. 

*Hillenbrand, C.-D., Kuhn, G., Smith, J.A., Gohl, K., Graham, A.G.C., Larter, R.D., 
Klages, J.P., Downey, R., Moreton, S.G., Forwick, M. & Vaughan, D.G. (2013). 
Grounding-line retreat of the West Antarctic Ice Sheet from inner Pine Island Bay. 
Geology, 41, 35-38, doi:10.1130/G33469.1. 

Jakobsson, M., Anderson, J.B., Nitsche, F.O., Dowdeswell, J.A., Gyllencreutz, R., 
Kirchner, N., Mohammad, R., O’Regan, M., Alley, R.B., Anandakrishnan, S., 
Eriksson, B., Kirshner, A., Fernandez, R., Stolldorf, T., Minzoni, R., Majewski, W. 
(2011). Geological record of ice shelf break-up and grounding line retreat, Pine 



Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 
 

	  

23	  

Island Bay, West Antarctica. Geology, 39, 691-694, doi:10.1130/G32153.1. 
Jakobsson, M., Anderson, J.B., Nitsche, F.O., Gyllencreutz, R., Kirshner, A.E., 

Kirchner, N., O’Regan, M., Mohammad, R., Eriksson, B. (2012). Ice sheet retreat 
dynamics inferred from glacial morphology of the central Pine Island Bay Trough, 
West Antarctica. Quaternary Science Reviews, 38, 1-10, 
doi:10.1016/j.quascirev.2011.12.017. 

*Johnson, J.S., Bentley, M.J., Gohl, K. (2008). First exposure ages from the 
Amundsen Sea embayment, West Antarctica: the late Quaternary context for 
recent thinning of Pine Island, Smith and Pope Glaciers; Geology, 36, 223-226, 
doi:10.1130/G24207A.1. 

*Johnson, J.S., Bentley, M.J., Smith, J.A., Finkel, R.C., Rood, D.H., Gohl, K., Balco, 
G., Larter, R.D., Schaefer, J.M. (2014). Rapid thinning of Pine Island Glacier in the 
early Holocene. Science, 343, 999-1001, doi:10.1126/science.1247385. 

Jordan, T.A., Ferraccioli, F., Vaughan, D.G., Holt, J.W., Corr, H., Blankenship, D.D., 
Diehl, T.M. (2010). Aerogravity evidence of a major crustal thinning under the 
Pine Island Glacier region (West Antarctica). Bulletin of the Geological Society of 
America, 122, 714-726, doi:10.1130/B26417.1. 

Joughin, I., Alley, R.B. (2011). Stability of the West Antarctic ice sheet in a warming 
world. Nature Geoscience, 4, 506-513. 

Joughin, I., Alley, R.B., Holland, D.M. (2012). Ice-sheet response to oceanic forcing. 
Science, 338, 1172-1176. 

*Kipf, A., Mortimer, N., Werner, R., Gohl, K., van den Bogaard, P., Hauff, F., 
Hoernle, K. (2012). Granitoids and dykes of the Pine Island Bay region, West 
Antarctica. Antarctic Science, 24(5), 473-484, doi:10.1017/S0954102012000259. 

Kirshner, A.E., Anderson, J.B., Jakobsson, M., O’Regan, M., Majewski, W., Nitsche, 
F.O. (2012). Post-LGM deglaciation in Pine Island Bay, West Antarctica. 
Quaternary Science Reviews, 38, 11-26, doi:10.1016/j.quascirev.2012.01.017. 

*Klages, J.P., Kuhn, G., Hillenbrand, C.-D., Graham, A.G.C., Smith, J.A., Later, R.D., 
Gohl, K. (2013). First geomorphological record and glacial history of an inter-ice 
stream ridge on the West Antarctic continental shelf. Quaternary Science Reviews, 
61, 47-61, doi:10.1016/j.quascirev.2012.11.007. 

*Klages, J.P., Kuhn, G., Hillenbrand, C.-D., Graham, A.G., Smith, J.A., Larter, R.D., 
Gohl, K., Wacker, L. (2014). Retreat of the West Antarctic Ice Sheet from the 
western Amundsen Sea shelf at a pre- or early LGM stage. Quaternary Science 
Reviews, 91, 1-15, doi:10.1016/j.quascirev.2015.02.017. 

*Klages, J.P., Kuhn, G., Graham, A.G.C, Hillenbrand, C.-D., Smith, J.A., Nitsche, 
F.O., Larter, R.D., Gohl, K. (2015). Palaeo-ice stream pathways and retreat style 
in the easternmost Amundsen Sea Embayment, West Antarctica, revealed by 
combined multibeam bathymetry and seismic data. Geomorphology, 
doi:10.1016/j.geomorph.2015.05.020. 

*Larter, R.D., Cunningham, A.P., Barker, P.F., Gohl, K., Nitsche, F.O. (2002). 
Tectonic evolution of the Pacific margin of Antarctica – 1. Late Cretaceous tectonic 
reconstructions; J. Geoph. Res., 107(B12), 2345, doi:10.1029/2000JB000052. 

*Larter, R.D., Anderson, J.B., Graham, A.G.C., Gohl, K., Hillenbrand, C.-D., 
Jakobsson, M., Johnson, J.S., Kuhn, G., Nitsche, F.O., Smith, J.A., Witus, A., 
Bentley, M.J., Dowdeswell, J.A., Ehrmann, W., Klages, J.P., Lindow, J., Ó 



Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 
 

	  

24	  

Cofaigh, C., Spiegel, C. (2014). Reconstruction of changes in the Amundsen Sea 
and Bellingshausen Sea sector of the West Antarctic Ice Sheet since the Last 
Glacial Maximum. Quaternary Science Reviews, 
doi:10.1016/j.quascirev.2013.10.016. 

LeMasurier, W.E., Landis, C.A. (1996). Mantle-plume activity recorded by low relief 
erosion surfaces in West Antarctica and New Zealand. Geological Society of 
America Bulletin, 108, 1450-1466. 

*Lindeque, A., Gohl, K., Henrys, S., Wobbe, F., Davy, B. (submitted paper). Seismic 
stratigraphy along the Ross Sea to Amundsen Sea continental rise: A cross-
regional record of pre-glacial to glacial processes of the West Antarctic margin, 
Palaeogeography, Palaeoclimatology, Palaeoecology.  

*Lindow, J., Castex, M., Wittmann, H., Johnson, J.S., Lisker, F., Gohl, K., Spiegel, C. 
(2014). Glacial retreat in the Amundsen Sea sector, West Antarctica – first 
cosmogenic evidence from central Pine Island Bay and the Kohler Range. 
Quaternary Science Reviews, 98, 166-173, doi:10.1016/j.quascirev.2014.05.010. 

Lowe, A.L., Anderson, J.B. (2002). Reconstruction of the West Antarctic ice sheet in 
Pine Island Bay during the Last Glacial Maximum and its subsequent retreat 
history. Quaternary Science Reviews, 21, 1879-1897. 

Matthews, K.J., Williams, S.E., Whittaker, J.M., Müller, R.D., Seton, M., Clarke, G.L. 
(2015). Geologic and kinematic constraints on Late Cretaceous to mid Eocene 
plate boundaries in the southwest Pacific. Earth-Science Reviews, 
doi:10.1016/j.earscirev.2014.10.008. 

McFadden, R.R., Teyssier, C., Siddoway, C.S., Whitney, D.L., Fanning, C.M. (2010). 
Oblique dilation, melt transfer, and gneiss dome emplacement. Geology, 38(4), 
375-378, doi:10.1130/G30493.1. 

*Nitsche, F.O., Gohl, K., Vanneste, K., Miller, H. (1997). Seismic expression of 
glacially deposited sequences in the Bellingshausen and Amundsen Seas, West 
Antarctica, in: Geology and Seismic Stratigraphy of the Antarctic Margin 2, by 
Barker, P.F. and Cooper, A.K. (eds.), Antarctic Research Series, Vol. 71, p. 95-
108, American Geophysical Union, Washington, DC. 

*Nitsche, F.O., Larter, R.D., Gohl, K., Graham, A.G.C., Kuhn, G. (2015a). Crag and 
tail features on the Amundsen Sea continental shelf. In: Dowdeswell, J.A., Canals, 
M., Jakobsson, M., Todd, B.J., Dowdeswell, E.K., Hogan, K.A (Eds.), Atlas of 
Submarine Glacial Landforms: Modern, Quaternary and Ancient, The Geological 
Society, London. 

*Nitsche, F.O., Larter, R.D., Gohl, K., Graham, A.G.C., Kuhn, G. (2015b). Bedrock 
channels in Pine Island Bay, West Antarctica. In: Dowdeswell, J.A., Canals, M., 
Jakobsson, M., Todd, B.J., Dowdeswell, E.K., Hogan, K.A (Eds.), Atlas of 
Submarine Glacial Landforms: Modern, Quaternary and Ancient, The Geological 
Society, London. 

Pritchard, H.D., Ligtenberg, S.R.M., Fricker, H.A., Vaughan, D.G., van den Broeke, 
M.R., Padman, L. (2012). Antarctic ice-sheet loss driven by basal melting of ice 
shelves. Nature, 484, 502-505, doi:10.1038/nature10968. 

Rebesco, M., Hernández-Molina, F.H., Van Rooij, D., Wåhlin, A. (2014). Contourites 
and associated sediments controlled by deep-water circulation processes: State-
of-the-art and future considerations. Marine Geology, 352, 111-154, 
doi:10.1016/j.margeo.2014.03.011. 



Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 
 

	  

25	  

Rignot, E., Mouginot, J., Scheuchl, B. (2011). Ice flow of the Antarctic ice sheet. 
Science, 333, doi:10.1126/science.1208336. 

*Scheuer, C., Gohl, K., Udintsev, G. (2006c). Bottom-current control on 
sedimentation in the western Bellingshausen Sea, West Antarctica. Geo-Marine 
Letters, doi:10.1007/s00367-006-0019-1. 

Sieminski, A., Debayle, E., Leveque, J.J. (2003). Seismic evidence for deep low-
velocity anomalies in the transition zone beneath West Antarctica. Earth and 
Planetary Science Letters, 216, 645-661. 

Storey, B.C. (1991). The crustal blocks of West Antarctica within Gondwana: 
reconstruction and break-up model. In: Thomson, M.R.A., Crame, J.A., Thomson, 
J.W. (editors), Geological Evolution of Antarctica, pp. 587-592. Cambridge 
University Press, Cambridge. 

Storey, B.C., Leat, P.T., Weaver, S.D., Pankhurst, R.J., Bradshaw, J.D., Kelley, S. 
(1999). Mantle plumes and Antarctica–New Zealand rifting: evidence from mid-
Cretaceous mafic dykes. J. Geol. Soc. London, 156(4), 659-671, 
doi:10.1144/gsjgs.156.4.0659. 

Thoma, M., Jenkins, A., Holland, D., Jacobs, S. (2008). Modelling Circumpolar Deep 
Water intrusions on the Amundsen Sea continental shelf, Antarctica. Geophysical 
Research Letters, 35, L18602, doi:10.1029/2008GL034939. 

Uenzelmann-Neben, G. (2006). Depositional patterns at Drift 7, Antarctic Peninsula: 
along slope versus down-slope sediment transport as indicators for oceanic 
currents and climatic conditions. Marine Geology, 233, 49-62. 

*Weigelt, E., Uenzelmann-Neben, G., Gohl, K., Larter, R.D. (2012). Did massive 
glacial dewatering modify the sedimentary structures on the Amundsen Sea 
Embayment shelf, West Antarctica? Global and Planetary Change, vol. 92-93, p. 
8-16, doi:10.1016/j.gloplacha.2012.04.006. 

 



Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 
 

	  

26	  

 
 
 



Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 
 

	  

27	  

 

6  Appendix of publications 
 
 

6.1 Geodynamic reconstruction of the South Pacific 
 

Publication 6.1.1: 
Eagles, G., Gohl, K., Larter, R.D. (2004a). High-resolution animated tectonic 
reconstruction of the South Pacific and West Antarctic margin. Geochemistry, 
Geophysics, Geosystems (G3), v. 5, no. 7, doi:10.1029/2003GC000657. 
 
Author contributions: This study is result of a postdoc project applied for by Gohl and 
funded by the Deutsche Forschungsgemeinschaft. Gohl developed the idea of gridded 
plate-kinematic rotations and contributed with magnetic data from expeditions ANT-XI/3 
(1994), ANT-XII/4 (1995) and ANT-XVIII/5a (2001). Eagles (postdoc) compiled the data, 
developed the model and wrote most of the paper. Gohl and Larter contributed to the model 
and discussion. 

 
  

 



High-resolution animated tectonic reconstruction of the
South Pacific and West Antarctic Margin

Graeme Eagles and Karsten Gohl
Alfred Wegener Institute for Polar and Marine Research, Postfach 120161, D-27515 Bremerhaven, Germany
(geagles@awi-bremerhaven.de)

Robert D. Larter
British Antarctic Survey, High Cross, Madingley Road, Cambridge, CB3 0ET, UK

[1] An animated reconstruction shows South Pacific plate kinematics between 90 and 45 Ma, using the
satellite-derived gravity anomaly field, interpolated isochrons and plate rotation parameters from both
published and new work on marine geophysical data. The Great South Basin and Bounty Trough, New
Zealand, are shown as the earliest Pacific–Antarctic plate boundary that opened before 83 Ma. The
earliest true Pacific–Antarctic seafloor formed within the eastern parts of this boundary, but later and
farther west, seafloor formed within its Antarctic flank. After 80 Ma, the Bellingshausen plate
converged with an oceanic part of the Antarctic plate to its east, while its motion simultaneously
caused rifting in continental Antarctica to the south. The Pacific–Bellingshausen spreading center
developed a set of long offset transform faults that the Pacific–Antarctic plate boundary inherited
around chron C27 when the Bellingshausen plate ceased to move independently as part of a Pacific-
wide plate tectonic reorganization event. Southwest of these transforms the Pacific–Antarctic Ridge
saw an increase in transform-fault segmentation by �58 Ma. One of the long offset Pacific–
Bellingshausen transforms, referred to as ‘‘V,’’ was modified during the C27 reorganization event when
a Pacific–Antarctic–Phoenix triple junction initiated on its southern edge. Eastern parts of ‘‘V’’ started
to operate in the Pacific–Phoenix spreading system, lengthening it even more, while its western parts
operated in the Pacific–Antarctic system. This complicated feature was by-passed and deactivated by
ridge axis propagation to its northwest at �47 Ma. We interpret our animation to highlight possible
connections between these events.

Components: 11,268 words, 11 figures, 1 table, 1 animation.

Keywords: plate tectonics; plate reconstructions; Pacific Ocean; Antarctica.
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1. Introduction

[2] In this paper, we present an animated
reconstruction of gridded, satellite-derived
free-air gravity data, and use it as a tool to

describe the tectonic history of an important
region for global tectonics: the South Pacific
and its West Antarctic margin. The animation
displays events that are described in the liter-
ature, as well as some new interpretations, and
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it gives a self-consistent view of the region’s
tectonics.

1.1. Gridded and Animated
Reconstructions

[3] Detailed data sets of free-air gravity anoma-
lies, derived from satellite altimetry over the
world’s oceans [e.g., McAdoo and Laxon, 1997;
Sandwell and Smith, 1997] (Figure 1), illustrate
in detail the plate tectonic fabric of the ocean
floor, including the fracture zones (FZs) formed
at transform faults (TFs), and the traces of triple
junction (TJ) migration. Tectonic histories
derived from such gridded data are most directly
and meaningfully illustrated by reconstruction
of the data themselves. Such ‘‘state of the art’’
reconstructions have already been produced
for the South Pacific [Marks and Stock, 1997;
McAdoo and Laxon, 1997]. Figure 2 shows that
a static reconstruction using gridded gravity data
can have the following advantages over a static
line drawing (vector) reconstruction: (1) there is a
massive increase in the number of reconstructed
features, (2) the reconstruction of gridded data is
largely free of selection pressure because
the choice of ‘‘significant’’ features is confined
to the identification of often already well-
constrained ancient plate boundaries within
which all data are reconstructed, (3) gridded
reconstructions explicitly show areas of underlap
(compare the Phoenix plate in the two parts of
Figure 2; the gray underlap area in the gridded
reconstruction clearly shows its destruction at the
West Antarctic margin subduction zone, which is
not obvious from the vector reconstruction), and
(4) reconstructed gridded data are amenable
for further quantitative analysis, already in
paleocoordinates.

[4] Animated reconstructions are powerful and
valuable tools that give viewers a rapid
grasp of a tectonic history with which they
may be unfamiliar, and a full appreciation of
the continuity of plate motion models. They
also permit an appreciation of long time
series geological data in their paleogeograph-
ical context. Like snapshot reconstructions,
animated reconstructions can use vector or
gridded data.

[5] The PLATES group (http://www.ig.utexas.
edu/research/projects/plates/plates.htm#recons),
Reeves and Sahu [1999] (http://kartoweb.itc.nl/
gondwana/), and Hall [2002], for example, pres-

ent animated reconstructions of large volumes of
vector data, many digitized from grids, that
successfully illustrate global and more detailed
regional tectonic models. Gaina et al. [1998a,
1998b] (http://www.es.usyd.edu.au/geology/
people/staff/dietmar/Movies/tasman.html) present
an animated reconstruction of gridded satellite-
derived gravity data for the Tasman Sea region.
Vector animations have the advantage of lower
data volumes, and therefore lower data transfer
rates are required to view them, but they suffer
some of the same drawbacks as static line
drawing reconstructions. In particular, the work
associated with digitizing large numbers of fea-
tures is time consuming and unavoidably
involves interpretations and selections that can
never fully be documented by the human digi-
tizer. With ongoing increases in computer speed,
reconstruction and animation of gridded data
becomes both feasible and desirable, and can
be achieved with a similar or smaller amount
of human effort.

1.2. Tectonic Introduction

[6] The West Antarctic continent (Figure 1) hosts
an important example of a continental margin that
has changed from an active to a passive setting,
and is a crucial yet poorly known link in the Late
Cretaceous and Tertiary global plate circuit. The
early to mid-Cretaceous proto-Pacific margin of
Gondwana was a subduction zone, until Chatham
Rise started to separate from it late within the
Cretaceous Normal Polarity Superchron (CNS;
118–83 Ma). Subsequently, Campbell Plateau
also separated from the Antarctic margin during
the reversed part of chron C33 (83–79.1 Ma),
leaving a rifted continental margin bordering the
Amundsen and westernmost Bellingshausen seas
(Figure 1) [Larter et al., 2002]. A spreading center,
that was in morphological continuity with the
Pacific–Antarctic ridge in the eastern Amundsen
Sea, separated a small plate, known as the Belling-
shausen plate [Stock and Molnar, 1987; Stock et al.,
1996], from the Pacific plate until its incorporation
into the Antarctic plate around chron C27 (�61Ma)
[Cande et al., 1995]. The ‘‘Bellingshausen’’ parts of
the ridge are thought to have been the first to form,
before chron C34y (83 Ma), although the Belling-
shausen plate probably did not come into existence
until shortly afterward [Eagles et al., 2004]. The
Bellingshausen plate had slow convergent and di-
vergentmarginswithAntarctica [Heinemann et al.,
1999; Cunningham et al., 2002; Larter et al., 2002].
Further east, the plate facing the West Antarctic

Geochemistry
Geophysics
Geosystems G3G3

eagles et al.: animated tectonic reconstruction 10.1029/2003GC000657

2 of 21

Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 29



margin was the Phoenix (also called Aluk, or Drake)
plate. The Phoenix plate’s divergent boundaries with
the Pacific, Bellingshausen and Antarctic plates
have changed over time [Cande et al., 1982, 1995;

McCarron and Larter, 1998; Larter and Barker,
1991], but its southeastern boundary was continu-
ously a subduction zone where it was being over-
ridden by the Antarctic Peninsula. The Phoenix

Figure 1
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plate’s later history has seen most of it lost as seg-
ments of the Antarctic–Phoenix ridge successively
converged with the Antarctic Peninsula from south-
west to northeast. This continued until around chron
C2A (�3.3 Ma), when the last remnant of the
Phoenix plate was incorporated into the Antarctic

plate [Larter and Barker, 1991; Livermore et al.,
2000].

[7] Between the Bellingshausen and Phoenix sec-
tors, a small fragment of the oceanic lithosphere at
the margin may have formed on the southern side

Figure 1. (top) Buff, areas already existing at 90 Ma; bright yellow, lithosphere formed on the Pacific plate; bright
green, West Antarctic plate; purple, Bellingshausen plate; light yellow, formed on Pacific plate but transferred to
Antarctic plate; light green, formed on the Farallon plate and transferred to the Antarctic plate; gray, formed on the
Phoenix plate and transferred to the Antarctic plate; light purple, formed on the Bellingshausen plate and transferred
to the Pacific plate; orange, formed on the Charcot plate. AE, Amundsen Embayment; ANP, Antarctica Peninsula;
AS, Amundsen Sea; AT, Adare Trough; BGA, Bellingshausen Gravity Anomaly; BP, Bounty Platform; BS,
Bellingshausen Sea; BSm, Bollons Seamount; BSt, Bransfield Strait; BT, Bounty Trough; CP, Campbell Plateau; CR,
Chatham Rise; DGGA, De Gerlache Gravity Anomaly; DGSM, De Gerlache Seamounts; EANT, East Antarctica;
HEN, Henry Trough; HUD, Hudson Trough; HP, Hikurangi Plateau; HuFZ, Humboldt FZ; HzFZ, Heezen FZ; IT,
Iselin Trough; MBL, Marie Byrd Land; MFZ, Menard FZ; NEFZ, northern parts of Emerald FZs; NZ, New Zealand;
OT, Osbourn Trough; PAR, extinct Phoenix–Antarctic ridge; PIB, Pine Island Bay; PII, Peter I Island; RSE, Ross Sea
Embayment; SAM, South America; SEFZ, southern parts of Emerald FZs; TI, Thurston Island; TFZ, Tharp FZ; UFZ,
Udintsev FZ; V, FZ ‘‘V’’; and X, Y, Z, gravity lineaments of Larter et al. [2002]. Oblique Mercator projection
centered on 137.5�W, 65�S and with 74�W, 60�S on the oblique equator. (bottom) Satellite derived free-air gravity
anomalies in the study region [Sandwell and Smith, 1997; McAdoo and Laxon, 1997] (high-pass filtered to remove
>1500 km wavelength anomalies and retain those <500 km).

Figure 2. (a) Snapshot line reconstruction of the West Antarctic margin at chron C34y, from Mayes et al. [1990].
The label for an Aluk plate has been changed to PHO (Phoenix plate) and that for the Bellingshausen plate has
been removed to avoid confusion. (b) Equivalent snapshot gridded free-air gravity reconstruction, with data from
the BEDMAP compilation [Lythe et al., 2000] included onshore Antarctica. Graticule interval: 10�. Mercator
projection.

Geochemistry
Geophysics
Geosystems G3G3

eagles et al.: animated tectonic reconstruction 10.1029/2003GC000657

4 of 21

Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 31



of a CNS-age spreading center between the Pacific
plate and the Charcot plate, a fragment of the
Phoenix plate. The last remnant of the Charcot
plate became fused to the West Antarctic plate
when its subduction beneath the West Antarctic
margin stalled as part of the plate tectonic reorga-
nization that resulted in formation of the rifted
margins further west [Larter et al., 2002].

[8] The West Antarctic subcontinent itself has
undergone extension in numerous small basins.
Many of these basins are parts of the West Ant-
arctic rift system that started to separate West
Antarctica from East Antarctica early in the Ter-
tiary [Behrendt et al., 1991]. Examples of such
basins are the Adare Trough, that proceeded to
seafloor spreading [e.g., Cande et al., 2000], and
basins of the Ross Sea Embayment. Others may
be related to local complications to regional
tectonics, like Bransfield Strait [e.g., Barker and
Austin, 1998] and the Powell Basin [Eagles and
Livermore, 2002].

2. Method

2.1. Finite Rotations

[9] All finite rotations for reconstruction of the
various plate pairs are shown in Table 1 and all
dates are from the magnetic reversal timescale of
Cande and Kent [1995]. In some cases, it was
necessary to extrapolate parameters in order to
generate a 90 Ma finite rotation. These finite
rotations were then expressed with respect to a
fixed West Antarctica, and interpolated for integer
numbers of millions of years between 1 and 90.

[10] Larter et al.’s [2002] fit of Chatham Rise to
the West Antarctic margin at 90 Ma, an age
estimated by extrapolation of spreading rates back
to the continental margins NE of the Udintsev FZ,
implicitly defines the opening of Bounty Trough.
New Zealand’s South Island, east of the Alpine
Fault, is kept fixed to Chatham Rise. From chron
C34y (83 Ma) onward, the Pacific plate is taken to
include Chatham Rise, Campbell Plateau, and the
Bounty Trough, and the Pacific plate finite rota-
tions are taken from Cande et al. [1995], an
unpublished manuscript by Joann Stock et al.
(from which Larter et al. [2002] list some rota-
tions), and Larter et al. [2002].

[11] A captured fragment of the Pacific plate exists
north of FZ ‘‘V’’ (Figure 1) [Cande et al., 1982].
Its growth and movement prior to capture are
calculated by reversing an interpolated Pacific–

West Antarctic finite rotation for 47.6 Ma (by
which the central and southern parts of the Henry
and Hudson ridge propagation scars (Figure 1) are
reconstructed to one another) and then adding each
of the 61–48 Ma Pacific–West Antarctic finite
rotations (the oldest part of the captured fragment
formed at chron C27). Thus the fragment is
described as fixed to the West Antarctic plate since
its capture at 47.6 Ma, and moving at earlier times
about Pacific–West Antarctic stage rotations in the
West Antarctic reference frame. The part of the
captured crust that formed at the Pacific-Farallon
ridge is treated similarly, except that we use a
46.7 Ma interpolated Pacific–Antarctic finite rota-
tion to reconstruct the northern parts of the Henry
and Hudson troughs.

[12] Most of the Bellingshausen–Pacific finite
rotations come from the unpublished manuscript
by J. Stock et al. reported by Larter et al. [2002].
The rotations’ origin is in an inversion of seafloor
spreading data using Chang’s [1987] implementa-
tion of the technique of Hellinger [1981]. Eagles et
al. [2004] report two new rotations in the Belling-
shausen sector of the South Pacific, made by visual
fitting of FZs and anomalies C34y and C33o as
seen in new aeromagnetic data, and use them to
demonstrate independent movement of the Belling-
shausen plate since around C33o. Movements of
fragments of the Bellingshausen plate, captured by
the Pacific plate by ridge jumps around anomalies
C33 and C32 [Eagles et al., 2004], are described
by constructing a Bellingshausen–Pacific–West
Antarctic circuit with finite rotations generated
from reversed interpolated Bellingshausen–Pacific
finite rotations at the times of the modeled ridge-
jumps, to which are added finite rotations at older
times until the ages of the oldest parts of the two
captured fragments.

[13] The Bollons Seamount is treated as having
moved in the Pacific–West Antarctic system, but
to have been transferred from the Antarctic to the
Pacific plate just after 79 Ma [Sutherland, 1999;
Eagles et al., 2004]. We calculated a new finite
rotation to reconstruct the Bollons Seamount to a
gap within the reconstructed Campbell Plateau–
Antarctica boundary, because using an interpolated
79 Ma Pacific–Antarctic rotation instead resulted
in some lateral overlap between the seamount and
Campbell Plateau.

[14] The finite rotation parameters for the Phoenix
plate come from Eagles [2003] for periods since
15 Ma and from an unpublished inversion similar
to that reported by Eagles [2000] for times before
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Table 1. Finite Rotation Parameters Used for the Animation Processa

Latitude Longitude Angle Age Chron Source

Pacific Plate With Respect to Bellingshausen Plate
71.38 �55.57 44.90 61.28 C27 Cande et al. [1995]
70.43 �56.55 46.35 63.80 C28r Stock et al. (unpublished manuscript)
70.88 �51.01 52.48 67.70 C30r Stock et al. (unpublished manuscript)
71.40 �42.69 59.57 71.50 C32n.1r Stock et al. (unpublished manuscript)
70.98 �41.28 62.70 73.60 C33y Stock et al. (unpublished manuscript)
70.57 �34.34 72.30 79.08 C33o Eagles et al. [2004]

Pacific Plate With Respect to West Antarctic Plate
64.25 �79.06 0.68 0.39 C1 Cande et al. [1995]
67.03 �73.72 2.42 3.58 C2A Cande et al. [1995]
67.91 �77.93 5.42 6.27 C3A Cande et al. [1995]
69.68 �77.06 7.95 9.64 C4A Cande et al. [1995]
71.75 �73.77 10.92 12.82 C5A Cande et al. [1995]
73.68 �69.85 15.17 16.73 C5C Cande et al. [1995]
74.72 �67.28 19.55 24.12 C6C Cande et al. [1995]
74.55 �67.38 22.95 28.75 C10 Cande et al. [1995]
74.38 �64.74 27.34 33.55 C13 Cande et al. [1995]
74.90 �51.31 34.54 43.79 C20 Cande et al. [1995]
74.52 �50.19 37.64 47.91 C21 Cande et al. [1995]
73.62 �52.50 40.03 53.35 C24 Cande et al. [1995]
71.38 �55.57 44.90 61.28 C27 Cande et al. [1995]
70.55 �55.72 47.00 63.80 C28r Stock et al. (unpublished manuscript)
68.94 �55.52 49.60 67.74 C30r Stock et al. (unpublished manuscript)
69.33 �53.44 51.05 68.74 C31 Cande et al. [1995]
67.10 �57.40 50.48 71.50 C32n.1r Stock et al. (unpublished manuscript)
66.72 �55.04 53.74 73.62 C33y Stock et al. (unpublished manuscript)

Campbell Plateau With Respect to West Antarctic Plate
65.58 �52.38 63.07 83.00 C34y Larter et al. [2002]

Chatham Rise With Respect To West Antarctic Plate
64.06 �49.94 67.99 90.00 FIT Larter et al. [2002]

Bollons Seamount With Respect to West Antarctic Plate
66.28 �54.36 58.52 79.00 FIT this study

Pacific Plate With Respect to Hot Spots
72.000 �80.000 21.000 23.6 Not given Yan and Kroenke [1993]
69.446 �73.652 25.553 30.8 Not given Yan and Kroenke [1993]
67.742 �66.178 33.386 43.0 Not given Yan and Kroenke [1993]
52.375 �79.290 42.427 65.0 Not given Yan and Kroenke [1993]
47.507 �80.108 48.900 74.0 Not given Yan and Kroenke [1993]

Phoenix Plate With Respect To West Antarctic Plate
�68.07 �91.96 1.83 5.23 C3 Eagles [2003]
�69.21 �97.32 3.07 6.57 C3A Eagles [2003]
�68.98 �90.41 5.85 8.07 C4 Eagles [2003]
�69.77 �92.17 7.94 9.31 C4A Eagles [2003]
�69.98 �94.12 11.23 10.95 C5 Eagles [2003]
�70.23 �96.68 13.38 12.40 C5A2 Eagles [2003]
�70.02 �94.97 18.94 14.61 C5AD Eagles [2003]
�70.03 �79.68 20.75 16.73 C5C Eagles (unpublished data)
�70.64 �71.93 22.08 20.13 C6 Eagles (unpublished data)

East Antarctic Plate With Respect to West Antarctic Plate
�18.15 �17.85 �0.7 33.55 C13 Cande et al. [2000]
�18.15 �17.85 �1.7 43.79 C20 Cande et al. [2000]
�18.15 �17.85 �1.7 53.3 C24o Cande and Stock [2004]
�18.15 �17.85 �2.2 61.1 C27 Cande and Stock [2004]
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then. We use total reconstruction rotations for the
Pacific plate with respect to the hot spots [Yan and
Kroenke, 1993], in a circuit with Cande et al.’s
[1995] parameters, to generate parameters for
movements between the Louisville hot spot and
the West Antarctic plate. We estimated the present-
day position of the hot spot, whose trace since
�12 Ma is not obvious [Wessel and Kroenke,
1997], by using these parameters to project dated
seamounts of the Louisville ridge [Watts et al.,
1988] forward in time. The estimated present-day
position of the hot spot (134.9�W, 51.5�S) was then

rotated by the Hot spots–West Antarctica rotations
to give the Louisville hot spot’s position for every
1 m.y. interval since 90 Ma.

[15] We use finite rotations for movements
between East Antarctica and South America
[Nankivell, 1997], Australia [Tikku and Cande,
2000], the eastern South Tasman Rise [Royer and
Rollet, 1997] and Challenger Plateau/central Lord
Howe Rise [Gaina et al., 1998a] in order to place
the gridded animation in its paleogeographical
context. These plate movements must be adjusted

Table 1. (continued)

Latitude Longitude Angle Age Chron Source

South America Plate With Respect to East Antarctic Plate
81.80 �33.55 0.63 2.58 C2Ay Nankivell [1997]
81.63 �17.17 2.57 9.74 C5y Nankivell [1997]
79.15 �17.17 5.53 19.05 C6y Nankivell [1997]
75.38 �12.33 7.67 25.82 C8y Nankivell [1997]
74.98 �4.31 10.13 33.06 C13y Nankivell [1997]
76.47 1.81 12.09 38.43 C18y Nankivell [1997]
77.55 10.52 13.66 42.54 C20y Nankivell [1997]
78.14 11.80 14.74 46.26 C21y Nankivell [1997]
79.30 59.56 22.54 65.58 C30y Nankivell [1997]
77.78 53.96 23.92 71.07 C32y Nankivell [1997]
77.73 55.63 25.22 73.62 C33y Nankivell [1997]
77.61 61.48 27.81 79.08 C33Ry Nankivell [1997]
77.36 64.44 29.64 83.00 C34y Nankivell [1997]

Lord Howe Rise/Challenger Plateau With Respect to Australia
�14.19 �49.59 0.723 53.3 C24o Gaina et al. [1998a]
�15.93 �46.53 2.112 55.8 C25y Gaina et al. [1998a]
�16.93 �43.77 3.792 57.9 C26o Gaina et al. [1998a]
�4.65 �48.49 4.432 61.2 C27o Gaina et al. [1998a]
�4.71 �47.32 5.168 62.5 C28y Gaina et al. [1998a]
�0.19 �49.63 5.461 64.0 C29y Gaina et al. [1998a]
�3.99 �48.20 6.735 65.6 C30y Gaina et al. [1998a]
�9.04 �45.54 8.83 67.7 C31y Gaina et al. [1998a]
�9.53 �42.8 12.937 73.6 C33y Gaina et al. [1998a]
4.5 �42.26 16.61 90.00 FIT Gaina et al. [1998a]

East Antarctica With Respect to Australia
13.45 33.92 20.52 33.6 C13o Royer and Rollet [1997]
14.32 31.75 23.77 40.1 C18o Royer and Rollet [1997]
15.07 31.78 24.55 43.0 C20o Tikku and Cande [2000]
14.00 33.34 24.70 46.0 C21y Tikku and Cande [2000]
10.39 35.59 25.15 53.0 C24o Tikku and Cande [2000]
9.95 36.52 25.55 61.0 C27y Tikku and Cande [2000]
9.48 37.02 26.13 71.0 C32y Tikku and Cande [2000]
5.13 39.80 26.57 79.0 C33o Tikku and Cande [2000]
2.05 40.79 27.12 83.0 FIT Tikku and Cande [2000]

Eastern South Tasman Rise With Respect to Australia
�48.23 133.46 0.17 65.6 C30y Royer and Rollet [1997]
�48.23 133.46 2.47 73.6 C33y Royer and Rollet [1997]
�48.23 133.46 5.17 83.0 C34y Royer and Rollet [1997]
�48.23 133.46 8.62 95.0 FIT Royer and Rollet [1997]

a
Where parameters are quoted from cited references, the precisions used are as given in those references except those from the unpublished Stock

et al. manuscript, which are quoted as by Larter et al. [2002]. All the rotations are right-handed.
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in order to take account of what is known of
post-90 Ma movements between East and
West Antarctica and in New Zealand. However,
reconstructions of the Ross Sea region are the
subject of controversy, and in view of the lack of
consensus on a set of finite rotations there, we
have restricted the gridded data reconstruction to
those plates linked to West Antarctica via a
circuit of long spreading ridge plate boundaries.
Outside this circuit, movements are shown
simply using outlines defined from free-air
gravity data, and present-day coastlines.

[16] For the adjustment of these movements, East–
West Antarctica rotations are taken from Cande et
al. [2000] and Cande and Stock [2004], who
describe movements in the Adare Trough and
basins in the Ross Sea Embayment between chrons
C20 and C8, and between chrons C27 and C24. We
do not use the finite rotation of Marks and Stock
[1997] (derived from closure of the Iselin Trough
and alignment of the Emerald FZs) because this
implies convergence, not divergence, between East
and West Antarctica between C27 and C24. This
rotation may instead only apply to a microplate that
bore the Iselin Bank. The finite rotations we use are
based on the closure of reconstruction misfits on
short lengths of oceanic plate boundaries, and
hence are not tightly constrained. Nonetheless,
when combined with Cande et al.’s [1995] and
Tikku and Cande’s [2000] rotations, they do
produce a finite rotation for reconstruction of
the Emerald basin that is within the estimated
uncertainties of a finite rotation [Sutherland,
1995] derived from reconstruction of the margins
of that basin. Although Wood et al. [2000] show
that southwestern parts of New Zealand were
tectonically quiet between Late Cretaceous rifting
in the Tasman Sea and Eocene opening of the
Emerald Basin, it is not possible to rule out pre-
C27 movements in New Zealand or between East
and West Antarctica. For simplicity, prior to C27,
we fix East Antarctica and West Antarctica
together and leave the boundary within New
Zealand free.

[17] Finally, some small basin opening events
within West Antarctica (e.g., Bransfield Strait
and Powell Basin) are not shown as part of the
animation.

2.2. Generating the Animation:
Assumptions, Method, and Limitations

[18] Our animation uses many reconstruction
parameters derived from inversions of magnetic

isochron and FZ data, and so is obliged to
illustrate the consequences of the assumptions
of the inversions. These inverse techniques may
omit information from FZs formed at long offset
(>200 km) TFs, either on the assumption that
they do not behave passively in changing kine-
matic settings [e.g., Shaw and Cande, 1990] or
for reasons of technical unsuitability [Hellinger,
1981]. There are observations to support the
assumption that some long offset TFs do not
behave passively [Cande et al., 1988; Müller and
Roest, 1992]. An opposing opinion holds that
FZs from long offset TFs are the most reliable
indicators of plate motion because they exert a
strong influence on it. In this view, shorter offset
TFs are more likely to behave nonpassively. If,
instead, we had chosen to illustrate reconstruc-
tions that favor long offset FZ data (e.g., the
visual fit-derived reconstructions of Mayes et al.
[1990]) our animation would have been con-
strained to illustrate the migratory responses of
short-offset TFs to plate motion changes.

[19] To generate the animation, we digitized a
set of 471 masks covering whole plates or parts
of plates (Figure 3). These masks show the
outlines of surviving crust of single plates, at
1 m.y. intervals, between 90 and 1 Ma. The
masks parallel the nearest known magnetic
anomaly isochrons [Cande et al., 1989] and
are offset along FZs interpreted from the gravity
data. Where there are no magnetic anomaly data,
or their azimuths are poorly-constrained, we
generate synthetic age points using interpolated
finite rotations to grow synthetic flow lines from
seed-points of known age, and assume that
isochrons through these points strike normal to
the FZs.

[20] It is important to remember that interpolation
of isochrons and rotations is sensitive to dating
and magnetic timescale errors. Interpolation
is also sensitive to some assumptions made
implicitly when interpolating rotations and iso-
chrons: firstly that seafloor spreading was
continuous, and secondly that it was symmetrical
about and, thirdly, perpendicular to, ridge crest
segments. The assumption of continuity is rea-
sonable because the reconstruction anomalies
used are in quite short time steps, and their
rotation parameters define synthetic FZs that are
good matches to real ones in gravity data.
However, for interpolation of magnetic isochrons,
the assumption of symmetrical spreading is often
less than reasonable and, if the interpolated stage
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is a long one, it could introduce significant
inaccuracy into the animation. Oblique spreading
is uncommon, and its presence can be tested for,
crudely, by comparing the free-air anomaly grid,
that often shows an isochron-parallel fabric, to
the digitized masks.

[21] The finished masks are the framework for a
set of ninety grid files of rotated data that are
used to illustrate the steps in the animation. First,
each mask is used to extract data from a com-
posite grid file of Bellingshausen Sea and South
Pacific free-air gravity anomalies [Sandwell and
Smith, 1997; McAdoo and Laxon, 1997]. The grid
file is generated simply, by adding over comple-
mentary amplitude ramps in the regions where the
two published grids overlap. Any other grid file
of suitable extent could, of course, be used. The
extracted data are reformatted, rotated, and rere-
gistered to new geographic grids using a combi-
nation of GMT [Wessel and Smith, 1998] and
purpose-written FORTRAN routines and shell
scripts.

[22] The reconstructed grid files are used as the
bases of color frames for animation. Onshore in
West Antarctica, the only significant region of
land in the reconstructed region, we substitute
the BEDMAP subice topography data set [Lythe
et al., 2000]. Selected land areas, mask outlines
(to define the reconstructed plate boundaries) and
isochron data from Cande et al. [1989] are
reconstructed with the same set of rotation
parameters and overlaid. The isochron data
should coincide with the rotated masks at the
divergent plate boundaries for reconstruction
times that are near to the ages of mapped
reversal anomalies. In fact, this is not always
the case because our interpretation of divergent
boundary segmentation is based on the free-air
anomaly expression of FZs, but the compilation
of magnetic anomaly isochrons we use [Cande et
al., 1989] is often based on sources that predate
the widespread use of satellite altimetry data. An
updated compilation of magnetic anomaly iso-
chrons for the region that is also compatible with
the segmentation evident from FZs in satellite

Figure 3. Plate masks on which the animation is based. Yellow, Pacific plate; blue, (West) Antarctic plate; mauve,
Bellingshausen plate; light yellow, formed on Pacific plate but transferred to Antarctic plate; light blue, formed on the
Farallon plate and transferred to the Antarctic plate; lilac, formed on the Bellingshausen plate and transferred to the
Pacific plate; gray, formed on the Phoenix plate and transferred to the Antarctic plate (also Campbell Plateau,
Chatham Rise, and Bollons Seamount masks). Numbers indicate the age of the masks (in Ma). Projection as in
Figure 1.
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free-air gravity would improve the usefulness of
isochron data overlaid on the grid reconstructions
in the individual frames.

3. Results

[23] Animation 1 shows the parts of the animation
covering the times discussed in this section (90–
45 Ma). Animation 1 shows a ‘‘traffic light’’
symbol in its top-right corner that shows red in
frames where finite rotations for the gridded part of
the reconstruction are interpolated, amber where
they are estimated from fits of continental outlines,
and green where they are based on fits of both
magnetic isochrons and FZ data. Below, we
describe Animation 1 with reference to figures
showing still frames from important epochs. The
figures are annotated in order to enable readers to
refer more easily to the text, whereas the equivalent
frames in the animation are not. We present the
frames from oldest first to youngest last, but it
should be remembered that the two oldest recon-
structions (90 and 83 Ma) are more speculative than
the younger ones, because they are based on rather
less well-constrained rotations based on seafloor
fabric and visual fits of the continental margins.

3.1. Earliest Movements: 90--83 Ma

[24] The 90 Ma ‘‘complete fit’’ reconstruction in
Figure 4 is based closely on that of Larter et al.
[2002], and can be compared to that of Sutherland
[1999]. The Osbourn Trough (OT) lies in the far
north of the reconstructions. Although Billen and
Stock [2000] proposed that OT was a spreading
center that ceased activity at �72 Ma, this was
based on magnetic anomaly profiles that were too
short to be unequivocal, and is not consistent with
the effective elastic thickness of the lithosphere
calculated from the loading effect of nearby sea-
mounts of the Louisville chain [Watts et al., 1988].
Lonsdale [1997] and Larter et al. [2002] suggest
instead that OT was part of the Pacific–Phoenix
ridge that stopped spreading at �105 Ma, based
on regional palaeomagnetic, geological and plate
kinematic considerations. To the south, the Hikur-
angi Plateau, which is likely to be a thickened
oceanic crustal igneous province, is juxtaposed
today with Chatham Rise, which may indicate that
a collision between them was responsible for
extinction of OT [Mortimer and Parkinson,
1996]. Such an event would have accreted the
Phoenix plate ocean floor south of OT to the
Antarctic plate and, subsequently, necessitated a
single new Pacific–Antarctic plate boundary to

replace the Pacific–Phoenix boundary at OT and
the Phoenix–Antarctic subduction zone. This plate
boundary could have taken the form of extension
of Zealandia, in the manner first suggested by
Luyendyk [1995], and we show it as the opening
of Bounty Trough and the Great South Basin. This
depiction is broadly consistent with the subsidence
and depositional history of the Great South Basin
[Carter, 1988; Cook et al., 1999] and with studies
of Bounty Trough [Davy, 1993; Cook et al., 1999].
Current work in western and central Bounty
Trough is investigating whether seafloor spreading
occurred there [Gohl, 2003].

[25] The animation shows simple southward con-
vergence of the Charcot plate with the Antarctic
margin in the period 90–84 Ma [Larter et al.,
2002]. Three gravity anomaly lineations, that
Larter et al. [2002] termed X, Y, and Z and
discussed in the context of the Charcot plate, are
labeled, although we do not show anomaly X as a
ridge-trench TF as those authors did. The Charcot
plate’s convergence is illustrative only in the
absence of reliable indicators of relative move-
ments, but it highlights the possible existence of
a long ridge-trench TF along the plate’s western
edge. This TF, along which gravity anomaly Y may
have formed, was later the location of convergence
at the BGA [Larter et al., 2002]. The setting of the
Charcot plate fragment thus echoes that of the
Phoenix plate fragment that is now welded to the
Antarctic plate in Drake Passage [Larter and
Barker, 1991], and present-day convergent motions
across the Shackleton FZ [Thomas et al., 2003]
make it a useful analogue to the embryonic BGA.
If Lonsdale [1997] and Larter et al. [2002] are
correct in their assessment of OT as part of the
Pacific–Phoenix ridge, then we can surmise
that the Charcot plate must have converged more
rapidly with the Antarctic plate than the Phoenix
plate did, because of the subsequent development
of gravity anomaly Z and its left-handed offset of
anomaly C34y.

[26] The 83 Ma (�C34y) frame is shown in
Figure 5. This reconstruction is also based on one
of Larter et al.’s [2002] reconstructions, and can be
compared to that of Mayes et al. [1990]. Larter et
al. [2002] suggest that it is possible the timing of
breakup was influenced by propagation of the
Charcot–Pacific ridge into the gently extending
Zealandia region. Hence we show the Pacific–
Antarctic ridge as first becoming active in this
frame, when extension in the Bounty Trough and
Great South Basin ends. Western parts of the
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Pacific–Antarctic ridge are only just about to form
between the Campbell Plateau and Marie Byrd
Land, �400 km inside the Antarctic flank of the
older Bounty Trough/Great South Basin margin.
We show the changeover as a simple jump of the
entire locus of extension at 83 Ma, but a diachro-
nous changeover could explain the lineament be-
tween the Bounty Platform and Campbell Plateau
as a short-lived continental transform (dashed line
in Figure 5).

[27] In both Figures 4 and 5, Bounty Trough, the
Amundsen Embayment’s coast, Pine Island Bay
and the subglacial beneath Pine Island Glacier can
be seen to be colinear features that approximate
small circles about a pole nearby to the south.
Hence it may be that these features are all lengths
of a continental strike-slip zone (a rift zone would
follow a great circle trend) that predated extension
in the Bounty Trough region. This hypothetical
strike-slip zone could be related to strain partition-
ing in response to oblique subduction or to a much
older structure.

3.2. Seafloor Spreading: 83-76 Ma

[28] The 76 Ma (mid-chron C33) frame is shown in
Figure 6. Larter et al. [2002] suggest the onset of

independent movement of the Bellingshausen plate
shortly after this time, at about 74 Ma, based on a
change in strike of the Udintsev FZ, and two FZs
northeast of it. However, Eagles et al. [2004]
demonstrate Bellingshausen plate movement for
times before 74 Ma, and relate these changes in
FZ strike to the appearance of the long offset Tharp
FZ on the Bellingshausen–Pacific ridge at this
time. Hence a Bellingshausen plate is shown with
an eastern boundary running through the Belling-
shausen Gravity Anomaly (BGA). The plate’s
southern boundary is more speculatively located,
on the bases of its possible identification in seismic
reflection data near the Antipodes FZ [Heinemann
et al., 1999] and that post-C33y Bellingshausen–
Antarctic movements appear to close Peacock
Sound tightly [Larter et al., 2002]. The boundary
may instead have been confined to the oceanic
crust north of Thurston Island (as considered by
Stock et al. [1996]), or have occurred further into
the Antarctic continent [Larter et al., 2002].

[29] The Heezen TF has an offset of �200 km,
which starts to appear in the animation after 80 Ma.
Anomaly Z fades out in the region just north of the
Heezen and Tharp FZs. Watts et al. [1988] and
Larter et al. [2002] show Z as the trace of a TJ

Figure 4. Animation frame for 90 Ma. Red four-point star, TJ; blue fill, continental blocks (defined from satellite-
free-air gravity); gray fill, simplified present-day coastlines not in the West Antarctic plate subcircuit (see text).
BEDMAP data onshore Antarctica, as in Figure 2; no attempt has been made to define the later plate boundary
between West and East Antarctica. Labels as in Figure 1 plus CHA, surviving fragment of Charcot plate; FAR,
Farallon; PAC, Pacific plate; PHO, Phoenix. Projection as in Figure 1, graticule interval 10�.

Geochemistry
Geophysics
Geosystems G3G3

eagles et al.: animated tectonic reconstruction 10.1029/2003GC000657

11 of 21

Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 38



between the Pacific, Phoenix and a third plate.
Eagles et al. [2004] use magnetic anomaly profiles
to show how the TJ migrated along a transfrom at
Z and into the region now occupied by the Heezen
FZ, and how this transform changed its offset sense
and started to lengthen at about 80 Ma. They
suggest that independent motion of the Belling-
shausen plate was related to the appearance of long
offset TFs in response to this change. Hence, in this
frame (76 Ma), the third plate is the Bellingshausen
plate, and the Heezen TF is growing between a
northeastern fast spreading Pacific–Phoenix ridge
segment and a slower southwestern Pacific–
Bellingshausen one.

[30] A Phoenix–Bellingshausen–Antarctic TJ lies
not far south of this TJ. The Bellingshausen–
Phoenix plate boundary would have been very
short at this stage and, by composition of a
Bellingshausen–Pacific–Phoenix circuit for the
stage C34y–C27o (Figure 7a), is likely to have
been divergent [McCarron and Larter, 1998]
(Figure 7b). The Phoenix –Bellingshausen–
Antarctic TJ falls near the north end of a triangular
region of underlap between the Bellingshausen
plate and the captured Charcot fragment of the
Antarctic plate [Larter et al., 2002]. This triangular
region represents surface area that no longer exists
at the present-day—parts of Bellingshausen plate
lithosphere that were compressed and thrust

beneath the Antarctic plate. Gohl et al. [1997]
and Cunningham et al. [2002] identified the
BGA as a buried inactive compressional zone from
seismic reflection data and gravity data modeling:
it is the ‘‘trench’’ arm of the TJ. The animation
shows �200 km of horizontal shortening at the
northern BGA, decreasing southward to zero
southeast of Thurston Island near where the
contemporary Bellingshausen–Antarctic stage pole
lies, after this frame.

[31] The frame shows a third TJ, the Bellingshau-
sen–Pacific–Antarctic triple junction, in the region
of the Marie Byrd seamounts as ridge–ridge–ridge
type, although the Bellingshausen–Antarctic arm
may not have undergone true seafloor spreading
due to its very slow divergence rate. Heinemann et
al. [1999] identified buried topography in the
region that they interpreted as a crossing of the
Bellingshausen–Antarctic plate boundary graben,
but this could also be interpreted as the TJ trace
formed by the presence of a slow spreading arm on
a ridge–ridge–ridge triple junction [Mitchell and
Parson, 1993].

3.3. Seafloor Spreading: 76-68 Ma

[32] The 68 Ma (mid-chron C31) frame is shown in
Figure 8. The triangular underlap to the east of the
BGA has been greatly reduced by active conver-

Figure 5. Animation frame for 83 Ma. Projection, graticule, symbols, and labels as for Figures 1 and 4.
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gence since the preceding (76 Ma) frame. This
convergence occurs as a consequence of rotation of
the Bellingshausen plate, relative to the Antarctic
plate before chron C31, about stage poles nearby to
its SE. The rotation is appropriate, as it corrects the
FZ misfits presented by McAdoo and Laxon’s
[1997] gridded reconstruction as evidence for Bel-
lingshausen plate motion. We show continued
rifting at the Bellingshausen–Antarctic boundary
in Peacock Sound.

[33] In this frame, the Tharp TF can be seen to
have an offset of �250 km, in contrast to a
much shorter offset before. The animation shows
this offset to be the result of SE-directed jumps
of the Pacific–Bellingshausen ridge at �74 and
�70 Ma [Eagles et al., 2004]. These events
transferred large parts of the Bellingshausen plate
to the Pacific plate. The Heezen TF simulta-
neously shortens due to each of these jumps,
but immediately after each it resumes lengthening
because it continues to host the Phoenix–Pacific–
Bellingshausen TJ. The ridge jumps might have
been a response to increasing stress on the length-
ening Heezen TF arm of the TJ, which probably had
an unstable geometry.

[34] The Udintsev TF is also lengthening in this
frame, and does so between 74 Ma and 65 Ma, in
response to along-strike variations in spreading
asymmetry at the Bellingshausen–Pacific spread-
ing center [Stock et al., 1996; Larter et al., 2002].
This lengthening accompanies that of the Heezen
TF that hosted the Phoenix–Pacific–Bellingshau-
sen TJ, and immediately follows the introduction
of the Tharp TF into the Bellingshausen–Pacific
spreading center by a ridge jump.

[35] There is no known evidence north of the BGA
for shortening between the Bellingshausen and
Antarctic plates. The Phoenix–Bellingshausen–
Antarctic TJ could instead have existed to the
southeast in the now-subducted region east of the
captured Charcot fragment, perhaps migrating, as
shown, along a transform on its NE facing edge
and possibly even as far as the subduction zone at
the Antarctic margin.

3.4. Seafloor Spreading: 68-61 Ma

[36] Figure 9 shows the reconstruction frame for
61Ma (near the end of chronC27). TheBellingshau-
sen plate is shown to have ceased independent
motion as part of a suite of changes that occurred

Figure 6. Animation frame for 76 Ma. Projection, graticule, symbols, and labels as for Figures 1 and 4 plus BEL,
Bellingshausen plate; MBS, Marie Byrd Seamounts.
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around Antarctica at about that time that may
have included, or was shortly followed by, the
onset of movements between East and West
Antarctica [Cande et al., 1995; Müller et al.,
2000; Cande and Stock, 2004]. Hence the under-
lap on the BGA no longer exists and no Belling-
shausen plate boundaries are shown.

[37] The De Gerlache Gravity Anomaly (DGGA)
extends north of the BGA as far as FZ ‘‘V’’. Larter
et al. [1999] show how magnetic anomaly patterns
suggest that the DGGA represents a scar from
initiation of an Antarctic–Phoenix ridge after
extinction of the Bellingshausen plate during the
chron C27 tectonic reorganization. We show this
new Antarctic–Phoenix ridge, with its crest geom-
etry based on later isochron offsets east of the
DGGA. In the previous sections, we noted the
presence of the Pacific–Phoenix–Bellingshausen
TJ, and its traces, in the region to the north of the
BGA, and here we suggest that one of these traces
may have formed a suitable target for the initiation
of the new plate boundary there. Gohl et al. [1997]
propose that this line was influential yet again later,
as the DGGA formed a sublithospheric channel or
upwelling locus for Miocene volcanism at Peter I
Island [Prestvik and Duncan, 1991] and the De
Gerlache Seamounts [Hagen et al., 1998].

[38] The animation shows that the Heezen TF stops
lengthening and, north of it, the TF on ‘‘V’’ starts
lengthening, at �64 Ma (young end of chron C29).
These observations are subject to the correctness of
the picks in Cande et al.’s [1989] compilation that
come from Cande et al. [1982]. These workers
interpret the observations to indicate northward
movement of the Phoenix–Pacific–Bellingshausen
TJ from the Heezen TF to TF ‘‘V’’ at 64 Ma. The
Heezen TF thus acted as a simple, long offset,
Bellingshausen–Pacific ridge transform after
64 Ma.

[39] Figure 9 shows the backtracked Louisville hot
spot, as a red five-pointed star, that first appears in
the animation at 73 Ma. The hot spot moves SE
with respect to the Pacific plate during the course
of the animation, tracking the line of free-air
anomalies associated with the Louisville seamount
chain. Where a located seamount’s age is known,
the animation shows it as an orange triangle
symbol (as in Figure 9). The animation frames
show all the gravity anomalies associated with
seamounts on crust older than their age, rather than
all those older than the age of the frame. It must be
remembered that the ‘‘seamount’’ gravity anoma-
lies SE of the hot spot are most likely not to have

existed at the time of the frame being viewed. This
failing is one area in which future versions of the
animation could be significantly improved.

3.5. Seafloor Spreading: 61-55 Ma

[40] The 55 Ma (chron C24n.3) frame is shown in
Figure 10. ‘‘V’’ finds itself in a new setting after
the events at around C27. The West Antarctic–
Pacific–Phoenix TJ, at the northern tip of the new
Antarctic–Phoenix ridge along theDGGA,migrated
ESE along ‘‘V’’ from about 91.5�W, 58.8�S. ‘‘V’’
hence underwent a diachronous transition between
two settings: east of the TJ it operated in the
Phoenix–Pacific system, but west of the TJ it
was the site of a new West Antarctic–Pacific plate
boundary. ‘‘V’’ was also lengthening all the time
due to the spreading rate difference between the
Pacific–Antarctic and Pacific–Phoenix ridges at
its NWand SE ends, respectively. The nature of the
West Antarctic–Pacific boundary on ‘‘V’’ is diffi-
cult to predict because it is difficult to define its
preexisting trace as a Phoenix–Pacific feature due
to complicated free-air anomalies and sparse mag-
netic anomaly data east of the DGGA. We illustrate
a situation in which the Antarctic–Phoenix ridge
tip propagates northward to stay in contact with a
TJ migrating along a ‘‘V’’ drawn through one of
the northernmost free-air anomaly troughs in the
area, which retains a strike-slip character. We
interpret the SE-trending free-air anomaly troughs
to the south of this as FZs formed on the Antarc-
tic–Phoenix ridge. If we had chosen to draw ‘‘V’’
in a more southerly position, then we could inter-
pret the free-air anomaly features as rugged topog-
raphy formed at, or north of, a reactivated
transpressional ‘‘V’’.

[41] Following chron C27, Pacific–West Antarctic
spreading gradually rotated into a slightly more
WNW azimuth than its previous NW one, and a
substantial drop in spreading rate is demonstrable
from finite rotations between C27 and C25/C24
[Mayes et al., 1990; Cande et al., 1995]. Our
animation shows the Pacific–Antarctic ridge’s
responses to these changes. In the SW sector of
the ridge, the previous set of 4 medium or short
offset, mostly left-stepping TFs is replaced by 2–
3 times as many short offset, right-stepping TFs, as
noted by Cande et al. [1995]. In drawing our
masks, we have assumed that the process involved
was symmetrical and involved simultaneous ridge
crest subsegmentation and rotation of the subseg-
ments. If these assumptions are correct, the anima-
tion suggests the TF population increase was

Geochemistry
Geophysics
Geosystems G3G3

eagles et al.: animated tectonic reconstruction 10.1029/2003GC000657

14 of 21

Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 41



Figure 7. Estimation of relative Bellingshausen–Phoenix and Antarctic–Phoenix plate movements. (a) A Pacific–
Phoenix stage pole for C34y–C27, in the Phoenix plate reference frame, is calculated by reconstructing parts of the
83 Ma (�C34y) and 62 Ma (�C27) Pacific plate masks (fit shown by green and blue lines, rotation of 30.15� about
pole at 126.5�W, 17.2�S). Red dashed lines are segments of small circles about this stage pole, compared to free-air
anomaly fabric in the area created by Pacific–Phoenix spreading during that stage. (b) Stage pole from Figure 7a used
in the Pacific–Phoenix–Bellingshausen plate circuit to calculate Phoenix–Bellingshausen and Phoenix–Antarctic
plate motions, for which �1 m.y. long vectors are shown as red and green arrows, respectively. The base map is the
62 Ma reconstruction frame with a 5� graticule interval. Mercator projections.
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complete by �58 Ma (chron C26), when the full
set of short-offset TFs can be seen for the first time.
Similar increases have been documented from the
South Atlantic [Cande et al., 1988] between
anomalies C30 and C20, and from the Weddell
Sea [Livermore and Hunter, 1996] near anomaly

M4. In both cases, the FZ population increases
have been related to spreading rate reductions. A
mantle response, involving a change from 2D to
3D mantle upwelling, has been hypothesized as the
reason for this connection between decreased
spreading rates and increased FZ density [Phipps

Figure 8. Animation frame for 68 Ma. Projection, graticule, symbols, and labels as for Figures 1 and 4 plus red
five-point star, backtracked position of the Louisville Hot spot; J, Segment of PACBEL ridge crest that jumped to the
SE at �70 Ma.

Figure 9. Animation frame for 61 Ma. Projection, graticule, symbols, and labels as for Figures 1 and 4 plus DG, De
Gerlache Gravity Anomaly and De Gerlache Seamounts; orange triangle, dated sample from Louisville seamount
chain (to the nearest 1 m.y. interval [Watts et al., 1988]).
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Morgan and Parmentier, 1995]. If such a con-
nection is envisaged for the South Pacific, the
sudden spreading rate decrease that is visible
by between chrons C27 and C25/C24 in pre-
dictions from published finite rotations may be
more accurately dated to just before chron
C26.

[42] The response of the Pacific–Antarctic ridge to
the changes around C27 was different further
north. In this frame, the amplitudes of the most
recently formed parts of linear ridge-trough gravity
anomalies marking the Udintsev, Tharp and Hee-
zen TFs are markedly increased. The first appear-
ance of the higher amplitudes along the FZs is also
around anomaly C26 and appears to be indepen-
dent of the different offset lengths of the TFs.
Hence we think it is unlikely that the pattern is a
result of differential thermal subsidence across the
TFs, and suggest instead that it may be the result of
transpression across these three long transforms,
introduced during the rotation of Pacific–Antarctic
relative motion that followed the C27 reorganiza-
tion event.

3.6. Seafloor Spreading: 55-46 Ma

[43] The 46 Ma (reversed part of chron C20) frame
is shown in Figure 11. The long offset Phoenix–
Pacific TF on ‘‘V’’ no longer exists, having been
bypassed by northward propagation of the Pacific–
Antarctic ridge through �15 m.y. old Pacific plate
lithosphere from a starting point over 1000 km

northwest of the final position of the West Antarc-
tic–Pacific–Phoenix TJ [Cande et al., 1982;
Mammerickx and Sandwell, 1986]. This event
formed a new Pacific–Antarctic spreading corridor
between ‘‘V’’ and the Menard TF, changed the
Farallon–Pacific–Phoenix TJ at the southeastern
end of the Humboldt FZ to a Farallon–Antarctic–
Phoenix one, and created a new Pacific–Antarctic–
Farallon TJ at the Menard TF.

[44] The northward propagation of the Pacific–
Antarctic ridge that formed the southern and cen-
tral parts of the Henry and Hudson troughs passed
through lithosphere that had formed at the Pacific–
Phoenix ridge just prior to C27, and so the path of
propagation may have been influenced by features
that had developed in response to the C27 event.
The reconstructed northern parts of the Henry and
Hudson troughs are rotated by some 25�–30�,
clockwise, with respect to their more southerly
parts, and border anomalies C24–C21 formed
between the Farallon and Pacific plates [Cande
et al., 1982]. Propagation here is thus likely to
have exploited a Farallon–Pacific FZ. Although
the active part of ‘‘V’’ was over 1000 km
long by the time of propagation, it is tempting
to speculate that the build up of stress on it
was not alone enough to set off the propaga-
tion event, because propagation did not occur
until the northern tip of the Antarctic–Phoenix
ridge, south of ‘‘V’’, and the southern tip of the
Pacific–Phoenix ridge, north of it, coincided,
and the Pacific–Phoenix ridge south of ‘‘V’’

Figure 10. Animation frame for 55 Ma. Projection, graticule, symbols, and labels as for Figures 1 and 4.
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was juxtaposed with Pacific plate lithosphere
formed during the C27 reorganization.

[45] Isochron-parallel free-air gravity lows cross,
or partially cross, the ‘‘V’’–Menard corridor east
of the Hudson trough, in the region of crust
that was captured. Cande et al’s [1982] profile
11 shows a double peaked magnetic anomaly
C26 that coincides with the most westerly
of these troughs, suggesting that some limited
accretion may have occurred at it. It is
possible that these features record failed west-
ward Pacific–Phoenix ridge jumps or failed
attempts to initiate a microplate in the ‘‘V’’–
Menard corridor, attempts to maintain ‘‘V’’ as
active, by shortening its offset.

4. Discussion: Pre-90 Ma Events North
of Chatham Rise

[46] The Hikurangi Plateau has been suggested as a
conjugate feature to the �123 Ma [Mahoney et al.,
1993] Manihiki Plateau Large Igneous Province
that was separated from it by OT spreading, and
OT has been suggested to have been part of the
Pacific–Phoenix ridge that was inactivated at
�105 Ma [Lonsdale, 1997; Larter et al., 2002].
If this was the case, it would require half spreading
rates of �90km/m.y., which are reasonable when
compared to those estimated for the Pacific–
Phoenix ridge in the same time period [Larson et

al., 2002]. However, a Manihiki-Hikurangi plateau
fit would not be possible if the intervening seafloor
all appeared as part of the Pacific–Phoenix ridge
because it requires overall NNE-oriented relative
movements, whereas Pacific–Phoenix movement
was N- to NNW-oriented in the same time frame,
according to abyssal hill fabric [Larson et al.,
2002]. However, if NNE motion had occurred, it
gives an opportunity to understand gravity anom-
aly X other than as a long offset trench-ridge
transform, whose long offset is hard to explain in
the context of approach of the Charcot plate to
the trench when anomaly Y already fills such a
role. In fact, anomaly X is crosscut by anomaly
Y at �165.5�W, 31.6�S, and Y seems to have
formed after migration of the Pacific–Phoenix
ridge away from the extinct OT feature after the
Hikurangi Plateau–Chatham Rise collision at
�105 Ma [Larter et al., 2002]. Hence it may
be that X initially formed during movements that
predate Y, between the Pacific plate and another
plate to the south. Specifically, X may be in part
a conjugate feature to the transtensional Manihiki
Scarp [Stock et al., 1998] that formed after the
Pacific–Phoenix ridge jumped to the Manihiki
Plateau at �119 Ma [Larson et al., 2002]. A TJ
between the Pacific, Phoenix and this third plate
may have passed along the scarp before turning
west as the Pacific–Phoenix ridge propagated
west to form the ancestor to the OT. The area
of seamounts between the southern end of the

Figure 11. Animation frame for 46 Ma. Projection, graticule, symbols, and labels as for Figures 1 and 4 plus black
arrows are isochron-parallel troughs in the captured crust north of ‘‘V’’.
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Manihiki scarp and the Tonga trench at �19�S
may contain this TJ trace.

5. Summary

[47] Reconstructions made with gridded data are a
way of making paleotectonic maps with detailed
coverage, and relatively free of interpretation or
selection by the paleocartographers, available to
the geoscientific community. Animated recon-
structions are powerful tools that enable presen-
tation and discussion of paleogeography and plate
tectonic histories. Our animation of reconstruction
models of plate tectonic motions presents the
established tectonic framework of the southern
Pacific region in a widely accessible form. The
animation, like any reconstruction technique, is
confined to be interpreted within the constraints
imposed by the starting assumptions of the ani-
mation method, and of the procedures used to
derive rotation parameters, and by the data. None-
theless, the animation allows us to illustrate
events that are described in existing publications,
as well as some new ones, and to connect them
all as parts of the evolution of a single large
ocean basin.

[48] The mid Cretaceous South Pacific margin of
Gondwana was later modified by extension. A first
phase of extension before chron C34y can be
related to capture of part of the Phoenix plate by
the Antarctic plate following collision of the Hikur-
angi Plateau, and the establishment of a proto
Pacific–Antarctic plate margin in the Bounty
Trough and Great South Basin. A second phase
of Pacific–Antarctic extension, between Campbell
Plateau and Marie Byrd Land, may have followed
the close approach of the Charcot–Pacific ridge to
this earlier margin around chron C34y, and capture
of the Charcot plate by the Antarctic plate. The
thus-formed mid-ocean ridge was soon afterward
seeded with long offset transform faults that
formed in relation to the onset and progress of
independent movements of the Bellingshausen
plate, itself possibly a result of the Pacific–
Phoenix ridge having overtaken the Pacific–Ant-
arctic ridge. These movements necessitated yet
another extensional episode within Antarctica that
may have opened Peacock Sound or other features
such as Pine Island Bay between chrons C33o and
C27. All of these separate Antarctic extensional
plate margins may have reactivated separate
lengths of a single preexisting strike-slip plate
boundary or structural trend.

[49] Alongside this last extensional episode, the
eastern margin of the Bellingshausen plate was
shortened by up to �200 km of convergence in
the north, and by decreasing amounts further south,
along a collision zone that formed by reactivation
of a transform fault along the western edge of the
part of the Charcot plate that had been inherited by
the Antarctic plate. Around chron C27, the Bel-
lingshausen plate ceased to have any kinematic
identity, the Pacific –Antarctic plate system
inherited the set of long offset transform faults
from the Pacific–Bellingshausen system, and
spreading changed direction and decreased in rate
soon afterward. The southern sector of the Pacific–
Antarctic ridge saw an increase in the number and
a reversal in the offset sense of some transforms
that may be related to the spreading rate decrease.

[50] The long offset transform at ‘‘V’’ was not
simply inherited by the Pacific–Antarctic plate
system around C27, because it was intersected by
the northern tip of a new Antarctic–Phoenix ridge
that appeared SW of it. The thus-formed Phoenix–
Pacific–Antarctic triple junction migrated south-
eastward along the southwestern side of ‘‘V’’. The
exact results this would have had are hard to
predict because of equivocal data: but overall
‘‘V’’ grew ever longer while its northwestern parts
were progressively transferred into the Antarctic–
Phoenix system. Eventually, this complicated fea-
ture was bypassed by northeastward propagation of
the Pacific–Antarctic ridge at its northwestern end.
The scene was thus set for the later development
of the region that was dominated by seafloor
spreading at the Pacific–Antarctic and Antarctic–
Phoenix ridges and the progressive subduction of
the Phoenix plate beneath the Antarctic Peninsula.
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Abstract

An animated reconstruction shows South Pacific plate kinematics, in the reference frame of West Antarctica, between 55 Ma and the present-
day. The ocean floor in the region formed due to seafloor spreading between the Antarctic, Pacific, Phoenix and Nazca plates (a plate formed by
fragmentation of the Farallon plate early in Oligocene times). The Pacific–Antarctic Ridge remained fairly stable throughout this time, migrating
relatively northwestwards, by various mechanisms, behind the rapidly-moving Pacific plate. The Nazca and Phoenix plates also moved quickly,
but relatively towards the east or southeast, and were subducted in these directions beneath the South American and Antarctic plates. Segments of
spreading centres forming at the trailing edges of the Nazca and Phoenix plates periodically collided with these subduction zones, resulting in the
total destruction of the Nazca–Phoenix spreading centre and the partial destruction of the Nazca–Antarctica spreading centre (the Chile Ridge)
and Antarctic–Phoenix Ridge, which ceased to operate shortly before its northeasternmost three segments could collide with the Antarctic margin.
Following collision of segments of the Chile Ridge, parts of the Antarctic plate underwent subduction at the Chile Trench. After these collisions,
slab windows should have formed beneath both the South American and Antarctic convergent margins, and the animation shows occurrences of
alkaline volcanism that have been, or can newly be, related to them. Further occurrences of alkali basalts, at the margins of the Powell Basin and,
more speculatively, James Ross Island, can be related to the formation of a slab window beneath them following the collision of segments of the
South America–Antarctica spreading centre in the northwest Weddell Sea.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Late Cretaceous and early Tertiary plate kinematic
history of the Southwest Pacific was complicated and involved
independent movements of a small oceanic plate (Stock and
Molnar, 1987; Stock et al., 1996; Eagles et al., 2004a), sub-
duction and the consequences of its cessation (Larter et al.,
2002), and a major plate-tectonic reorganization around chron
C27 (∼61 Ma) (Cande et al., 1995).

Further north and east (Fig. 1), and during later times, the
situation was somewhat simpler. The Phoenix plate underwent
subduction beneath the Antarctic Peninsula at its southeastern
⁎ Corresponding author. Tel.: +44 1784 443890; fax: +44 1784 471780.
E-mail address: g.eagles@gl.rhul.ac.uk (G. Eagles).

0040-1951/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.tecto.2007.10.005
boundary, with which segments of the Antarctic–Phoenix ridge
periodically collided leading to near-total destruction of the
Phoenix plate (Larter and Barker, 1991). During much of
Paleogene times, Antarctica underwent extension as the West
Antarctic rift system slowly moved East Antarctica apart from
West Antarctica, which we assume here included the Antarctic
Peninsula (Behrendt et al., 1991; Cande et al., 2000). In addition
to this, a complex of oceanic basins developed in the Scotia Sea
at the region's eastern extremity, where west-directed subduc-
tion of the South American plate resulted in slow eastwards
motion of an arc plate, as seen from Antarctica (Eagles et al.,
2005). In the northeast of the study area, the Farallon plate
moved rapidly eastwards towards a subduction zone at the
western margin of South America (Cande and Leslie, 1986). At
its southern and western edges, new seafloor material accreted
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Fig. 1. Prominent lineaments interpreted from gravity anomalies of the southern Pacific, illustrating places referred to in the introduction. ANP: Antarctic Peninsula,
APR: Antarctic–Phoenix Ridge, SAM: South America. Present-day plate boundaries are shown as bold grey lines.
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to the Farallon plate at its margins with the Pacific, Antarctic
and Phoenix plates (Cande et al., 1982). At about 23 Ma, the
Farallon plate broke up into two smaller plates (Meschede and
Barckhausen, 2000) the southern of which, Nazca, continued to
subduct at the southern Chile Trench.

From time to time, ridge crests and/or transform faults
collided with the subduction zones at the east of the region,
changing the identity of the overriding plate and, with it, the rate
and azimuth of relative plate motion. As a result, subduction
either ceased, or changed in such a way that the subducted slabs
momentarily or permanently disappeared from the depths they
had previously occupied below the overriding plates, forming
so-called slab windows. Worldwide, the formation of slab
windows has been related to the presence of alkaline volcanism
on the overriding plates in those locations lacking features that
are usually taken as independent evidence for extension or
mantle plumes, to which such volcanism is otherwise usually
attributed (Thorkelson and Taylor, 1989). Because these rocks
contain little or no trace of contamination by subduction-related
processes, it is thought that they originate when mantle material
that had previously been trapped beneath the slab rapidly
ascends into the volume vacated by the slab, and undergoes
decompression melting.

Here we review together the plate tectonic history of the
southern Pacific Ocean and the alkaline volcanism at its
convergent margins, using a high resolution animation of plate
kinematics illustrated by its oceanic free-air gravity anomalies
(McAdoo and Laxon, 1997; Sandwell and Smith, 1997).

2. Method

Eagles et al (2004b) describe the creation of a set of grid files
showing reconstructed gravity anomalies and the BEDMAP
sub-ice topography data set (Lythe et al., 2000) that are used as
the bases of colour frames for an animation concentrating on the
period 90–45 Ma. In addition to these, for this new animation
we have included gridded data showing the onshore topography
of South America (Smith and Sandwell, 1996), and gravity data
showing the formation of the Powell Basin and motion of the
Nazca plate east of the Chile Ridge. To do this we used rotation
parameters for Antarctica–Nazca and Powell Basin relative
motions taken from Tebbens and Cande (1997) and Eagles and
Livermore (2002). Small motions of the Hudson microplate
(Eakins, 2002), and the Selkirk, Friday, and other microplates at
the margins of the Nazca plate (Tebbens and Cande, 1997;
Tebbens et al., 1997) are not depicted as there are no rotations
published to describe them, although the incorporated micro-
plates are shown after their extinctions.

As in the earlier study, we show reconstructed plate
boundaries and isochron data from Cande et al. (1989) as
vector data overlaid on the individual frames. All magnetic
anomalies are dated based on the magnetic reversal timescale of
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Cande and Kent (1995). To these vector data, here, we add data
showing the occurrence of alkali basalts that have been, or can
be, related to the formation and presence of slab windows. In
South America, these are shown as either violet-filled point
locations or outcrop patterns, and each location persists in the
animation for all times between the oldest and youngest
published radiometric ages for the occurrence. In Antarctica,
where outcrop is limited or alkaline volcanism is known from
dredged seafloor samples, we only show point data. The
published ages are of varying vintage and reliability, with both
K–Ar (particularly in Antarctica) and Ar–Ar dating methods
having been used. Where no published dates exist, we have
assigned outcrops ages that are the same as the nearest dated
occurrences. Where the locations of rocks with published dates
are not precisely given, we have assigned the ages to the nearest
Fig. 2. Reconstruction animation frame for 48 Ma, made with respect to a fixed We
figures labelled with identities of bordering plates: ANT: Antarctica, FAR: Farallon,
defined using satellite-free-air gravity), pale gray fill: simplified present day coastlin
(Smith and Sandwell, 1997) are shown onshore West Antarctica and South America.
and East Antarctica. Oblique Mercator projection centred on 137.5°W, 65°S and wi
Fracture Zone, PACANT: Pacific–Antarctic Ridge, PACPHO: Pacific–Phoenix Rid
mapped occurrence of alkaline volcanic rocks that we found in
the literature.

3. Results

A QuickTime movie shows the parts of the animation
covering the period 55 Ma to the present day. The first
10 million years of the animation also appear in Eagles et al's
(2004b) contribution. The animation shows a ‘traffic light’
symbol in its top-right corner that shows red in frames where
finite rotations for the gridded part of the reconstruction are
interpolated and green where they are based on fits of both
magnetic isochrons and fracture zone data. Below, we describe
the animation with reference to still frames from important
epochs. The figures are annotated in order to enable readers to
st Antarctica. Red four-point star symbol: triple junctions, in this and following
NAZ: Nazca, PAC: Pacific, PHO: Phoenix. Blue fill: continental shelves (edges
es. BEDMAP sub-ice topography ( Lythe et al., 2000) and surface topography
No attempt has been made to define the plate boundary between West Antarctica
th 74°W, 60°S on the oblique equator. Graticule interval 10°. HuFZ: Humboldt
ge, V: Fracture Zone “V”.
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refer more easily to the text, whereas the equivalent frames in
the animation are not.

3.1. Aftermath of a tectonic reorganisation: 55–46 Ma

The 48 Ma (chron C20r) reconstruction is shown in Fig. 2.
A very long offset transform fault, now visible as the fracture
zone “V”, has reached its greatest length. The animation shows
how this feature grows longer between segments of the Pacific–
Antarctic Ridge, at its northwestern tip, and the Phoenix–
Pacific Ridge, at its southeastern tip. Subsequently, at 47–
46 Ma, the transform is deactivated when the Pacific–Antarctic
ridge propagates through ∼15 m.y. old Pacific plate lithosphere
at its western end (Cande et al., 1982; Mammerickx and
Sandwell, 1986). This event formed a new Pacific–Antarctic
spreading corridor between “V” and the Menard transform fault,
changed the Farallon–Pacific–Phoenix triple junction at the
southeastern end of the Humboldt Fracture Zone to a Farallon–
Antarctic–Phoenix one, and created a new Pacific–Antarctic–
Farallon triple junction at the Menard transform fault. Further
south on the Pacific–Antarctic Ridge, a corrugated seafloor
pattern can be seen to have just come into existence, which has
been related to a decrease in spreading rates occurring during a
plate tectonic reorganization at 61 Ma (Eagles et al., 2004b).
This event is the latest in a series of events whose consequences
are northeastwards lengthening of the Pacific–Antarctic plate
boundary.
Fig. 3. Animation frame for 40 Ma. Projection, graticule, symbols and labels as for F
Fracture Zone, TTF: transform fault forming the Tula Fracture Zone. Dotted lines: a
3.2. Slab window south of the Tula Fracture Zone: 40 Ma

In the period after 46 Ma, lengthening of the Pacific–
Antarctic plate boundary continues by migration of a stable
ridge–ridge–ridge triple junction between the Pacific, Antarctic
and Farallon plates (Fig. 3). The Antarctic–Farallon–Phoenix
triple junction, further south, migrates NE. In the period 35–
25 Ma, a large change in relative motions occurs between the
Farallon and Antarctica plates. This can be seen in the
orientation of fracture zones formed on the Farallon–Antarctic
plate boundary, which changes from N–S to almost E–W. This
event expresses changes that occurred in the relative motions of
the Pacific and Farallon plates in the run-up to the disintegration
of the Farallon plate into the Cocos and Nazca plates by the
initiation of spreading on the Galapagos Ridge at about 23 Ma
(Meschede and Barckhausen, 2000). The Nazca–Antarctic and
Pacific–Antarctic plate boundaries propagate rapidly north-
wards at about 21 Ma, in the process capturing an area of the
seafloor that is thought to have formed at a ridge crest
microplate south of the Valdivia fracture zone (Tebbens and
Cande, 1997).

In the northeast, seafloor of the Farallon (and later Nazca)
plate subducts beneath South America. As this seafloor no
longer exists, it cannot be represented in the animation and
appears there as unfilled grey space. Here, we refer to space like
this as ‘underlap’. Further south, the earliest collisions between
segments of the Antarctic–Phoenix Ridge and the subduction
igs. 1 and 2, plus AI: Alexander Island, AP: Antarctic Peninsula, HzFZ: Heezen
pproximate limits of selected slab windows (see text for details).
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zone at the West Antarctic margin occur starting at around
44 Ma, to the south of the transform fault whose action formed
the Tula Fracture Zone (McCarron & Larter, 1998). In this
setting, the Antarctic plate was both the trailing plate and the
overriding plate, meaning that subduction ought to have
stopped after each collision. Consistent with this scenario,
calc–alkaline flows and intrusions over and into accretionary
prism rocks of the LeMay Group on Alexander Island, all of
which can be related to the subduction, cease at about the same
time as the ridge crest–trench collisions (Hole, 1988). By
halting subduction, each collision should also have contributed
to the growth of a slab window beneath the southern parts of the
Antarctic Peninsula and Alexander Island. We show the
approximate shape of this slab window, assuming subduction
at an angle of 45° and no deformation of the downgoing slab,
with a dotted line in Fig. 3 and later figures. The animation,
however, shows that alkaline volcanism is not known from
above this window until 25 m.y. later, in the form of Miocene-
aged lamprophyre dykes on Alexander Island (Smellie et al.,
1988).

3.3. Slab window beneath Powell Basin: 35–20 Ma

Powell Basin, at the northern tip of the Antarctic Peninsula,
opened as a result of the slow eastward movement of the upper,
arc, plate to the ancestral South Sandwich–Discovery Trench
with respect to Antarctica, as shown by differences in spreading
Fig. 4. Animation frame for 27 Ma. Projection, graticule, symbols and labels as for
Microcontinent.
rates between the West Scotia and South American–Antarctic
ridges (Eagles et al., 2005; Fig. 4). Barker et al (1982) show that
this subduction zone, whose present-day successor is to be
found at the South Sandwich Trench, reached at least as far
south as the southern edge of the South Orkney Microcontinent,
a continental crustal fragment that bears the South Orkney
Islands on the basin's eastern flank. A bathymetric ridge about
100 km southeast of the microcontinent, with highs named Jane
Bank and Discovery Bank, is interpreted as the extinct
Discovery arc that formed above the subduction zone.
Subduction ceased as segments of the South-American–
Antarctic Ridge in the northern Weddell Sea collided with, or
ceased operating just outboard of, the Discovery arc, starting as
early as chron C6 (20 Ma) in the SWand most recently at chron
C3 (6 Ma) in the northeast (Barker et al., 1982, 1984). The
animation shows the active parts of the spreading centre as a
black line in the northern Weddell Sea. The cessation of
subduction east of the Powell Basin resulted in the basin's
extinction by around 20 Ma (Eagles and Livermore, 2002).

These ridge crest–trench collisions would have resulted in
the development of a slab window beneath the South Orkney
Microcontinent because, as was the case on the western side of
the Antarctic Peninsula, the overriding and trailing plates in the
subduction system were, by these times, identical: the Antarctic
plate. Consistent with the development of such a slab window,
dredge samples from the western margin of the South Orkney
Microcontinent yielded young (0–4.5 Ma) alkali basalts that
Figs. 2 and 3, plus PB: Powell Basin, SN: Seal Nunataks, SOM: South Orkney
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Barber et al (1991) found to be geochemically closely
comparable to those reported from further south on the
Antarctic Peninsula (Smellie et al., 1988). The timing of the
start of slab window development here is rather difficult to
assess, because the slow spreading rates in the northern Weddell
Sea make it difficult to model magnetic profiles running up to
the extinct subduction zone with any confidence. If the ages
given above are reliable, the time lag between the start of slab
window development in the southeast and the eruption of the
dredged alkali basalts in Powell Basin is about 15 m.y.

3.4. Slab windows beneath Cape Horn and north of the Tula
Fracture Zone: 20–4 Ma

Following 20 Ma, and the northward propagation of the
Pacific–Antarctic and Nazca–Antarctic ridges, the Valdivia
transform fault lengthens rapidly by several hundred kilometres
between the two northern ridge tips. This process ends at about
13 Ma, when the Nazca–Antarctic ridge propagates northwards
to the Chile transform fault (beyond the northern edge of the
figures and animation), in the process trapping the core of a
further ridge-crest microplate, the Friday microplate (Tebbens
and Cande, 1997). During the same period, the animation shows
how the northeastern tip of the Antarctic–Phoenix ridge very
obliquely approaches, and eventually collides with, the south-
ernmost part of the Chile Trench. Before collision, this tip
Fig. 5. Animation frame for 20 Ma. Projection, graticule, symbols and labels as for
BFZ: Biscoe Fracture Zone, C: Fracture Zone ‘C’, CH: Cape Horn, CT: Chile T
VTF: transform fault forming the Valdivia Fracture Zone.
would have been the site of a Nazca–Phoenix–Antarctica triple
junction, to the east of which a Nazca–Phoenix spreading centre
would have existed and may have been undergoing subduction
beneath southernmost South America (e.g. Larter and Barker,
1991). This process should have formed a slab window between
the subducting slabs attached to the diverging Nazca and
Phoenix plates, to which it is possible to relate the 18.8–
18.2 Ma alkali basalts of Packsaddle Island and the Hardy
Peninsula, near Cape Horn (Puig et al., 1984). If this is
appropriate, the same publication's reported occurrence of
∼21 m.y. old calc–alkaline volcanic rocks also on Hardy
Peninsula leads us to conclude that the ridge crest would have
been subducted some time between 21 and 19 Ma. Fig. 5, the
reconstruction for 20 Ma, accordingly shows the Nazca–
Phoenix spreading centre immediately south of the Chile
Trench. With the possible exception of the area lying today
immediately west of Elephant Island, all of the seafloor added to
the Phoenix plate at this spreading centre seems to have been
subducted, meaning there is little chance of being able to
independently confirm or refute the proposed presence and
action of the slab window caused by its collision.

All this time, and afterwards, accretion continued at the
Antarctic–Phoenix Ridge, and the Phoenix plate continued to
be subducted beneath the Antarctic Peninsula (Larter and
Barker, 1991;Livermore et al., 2000; Eagles, 2003). This
situation inevitably led to further ridge crest–trench collisions
Figs. 2–4 plus Anv: Anvers transform fault and fracture zone, ArP: Argo Point,
rench, D: Dredge 138, Hero: Hero Fracture Zone, TFZ: Tula Fracture Zone,
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like those described southwest of the Tula Fracture Zone, but
because of the long-offset on the Tula transform fault the first of
these later collisions dates from around 20 Ma (Fig. 5). The
animation shows the shortening of this offset as the ridge crest
northeast of the Tula Fracture Zone migrates towards the
subduction zone in the period 40–20 Ma, the ensuing collisions,
and the related occurrences of alkali basalts at ‘Dredge 138’
(recent) Argo Point (1.0 Ma) and Seal Nunataks (4.0 Ma—
recent). Like the Alexander Island occurrences further south,
these rocks postdate the opposing ridge crest–trench collisions,
in these cases between the Biscoe, Anvers, C, and Hero fracture
zones and by 15 m.y., 5.9–5.5 m.y., and 2.4–0 m.y. (Hole and
Larter, 1993; Larter et al., 1997).

3.5. Collisions at the Chile Trench: 15 Ma—present

The animation illustrates how seafloor of the Farallon/Nazca
plates was consumed at the Chile Trench, in the form of the
narrowing of the underlap between the oldest surviving Nazca
seafloor and the collisional margin of South America.
Following collisions of segments of the Nazca–Antarctic
plate boundary (the Chile Ridge) with the trench, which started
in mid Miocene times in the south and are ongoing at the Chile
Triple Junction today, the Antarctic plate followed the Nazca
plate into subduction. Because of this subduction of Antarctic
seafloor, we can only show the southern segments of the Chile
Ridge as a dotted line crossing the underlap in the animation
Fig. 6. Animation frame for 7 Ma. Projection, graticule, symbols and labels as for Fi
Trench. Violet disks and shapes: alkaline volcanism localities.
during the period 20–1 Ma (Fig. 6). The animation shows how
segments of this ridge crest collided periodically with the Chile
Trench and entered the subduction zone, starting in the south
before 15 Ma.

Following these collisions, a slab window formed beneath
Patagonia due to the differential rates of subduction; the
Antarctica plate converges with South America more slowly
than the Nazca plate does, and presumably sinks more slowly
into the asthenosphere too. That a slab window did form is
consistent with the widespread Miocene alkaline volcanic rocks
(Ramos and Kay, 1992; D'Orazio et al., 2000; 2001; 2004;
Gorring et al., 1997). The slab window is mapped approxi-
mately in Fig. 6, using the same assumptions as for the slab
window beneath the Antarctic Peninsula. The animation shows
that, unlike most occurrences on the Antarctic Peninsula, the
Patagonian alkaline volcanic rocks are much more closely
related in time with the presence of the slab window. The
differences in delay times might most simply be related to the
erosion of older alkali basalt occurrences by ice sheets on the
Antarctic Peninsula and/or their burial beneath ice and younger
flows in long lived complexes. One observation consistent with
these possibilities is that where ridge-crest–trench collisions
have occurred more recently off the northern Antarctic
Peninsula, the oldest known alkaline volcanism tends to occur
after a smaller time lag. Alternatively, Hole et al (1995)
suggested the time lags observed for the Antarctic Peninsula
alkaline volcanism may be meaningful in terms of the geometry
gs. 2–5 plus BS: Bransfield Strait, JRI: James Ross Island, SST: South Shetland
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of the slab window, with more delayed occurrences occurring
over the ‘subducted transform’ edges of the window. Similar
relationships have not, however, been reported in Patagonia.

The animation shows occurrences of Miocene alkaline
volcanic rocks in southern Patagonia that pre-date the collisions
that initiated slab-window opening, or that occur north of the
Chile Triple Junction. Because they could not have formed by
upwelling through the post-15 Ma Nazca–Antarctica slab
window, these occurrences have been related to supra-slab
processes (as summarised by D'Orazio et al., 2004). Further
alkali basalt complexes, dating back through Oligocene and
Eocene times, are widespread north of the present-day Chile
Triple Junction as far as 43°S, and have been related to a slab
window formed between the Farallon and Phoenix slabs as the
spreading centre between these plates was subducted off Chile
(Ramos and Kay, 1992). This collision is poorly known but, by
assuming the spreading centre had no large offsets, Cande and
Leslie (1986) suggested it migrated rapidly southwards during
Eocene times from 43°S to Tierra del Fuego, leaving subduction
of the Farallon Plate in its wake. Earlier, we showed that a
Nazca–Phoenix ridge-crest–trench collision probably occurred
off Cape Horn at around 18 Ma, suggesting the Farallon/Nazca–
Phoenix slab window may have developed more widely and
lingered beneath Patagonia longer than previously thought,
perhaps making it possible to relate some of the proposed ‘supra-
slab’ volcanics to a slab window after all.

4. Discussion: James Ross Island volcanism and
slab windows

At James Ross Island, alkaline volcanism dating from
7.1 Ma to recent times cannot be related to a ridge crest–trench
collision at the western margin of the Antarctic Peninsula, as the
Antarctic–Phoenix Ridge northeast of the Hero Fracture Zone
never reached the South Shetland Trench (Hole et al., 1995).
Because of this, those authors suggested that the James Ross
Island Volcanic Group is not slab-window related, but instead
the result of decompression melting that occurred when slab
rollback induced asthenospheric flow into the region below a
pre-existing rift basin. Flow may instead have occurred around
the edges of the very narrow late-stage Phoenix slab, as Barker
and Austin (1998) suggested played a role in the initiation of
trench rollback and back-arc extension in Bransfield Strait.

Alternatively, we suggest that the James Ross Island Volcanic
Group could be related to the slab window that formed below
Powell Basin after ridge-crest–trench collisions in the northern
Weddell Sea. This possibility is hard to assess with any rigour due
to the sparsity of geophysical data in the northwestern corner of
the Weddell Sea, which makes it difficult to pinpoint the western
limit of the extinct subduction zone there, and the lack of
information relating to the relative positions of the South
American and Phoenix slabs in the asthenosphere below the
northeastern Antarctic Peninsula (Robertson Maurice et al.,
2003). Nonetheless, evidence for a Maastrichtian–Paleogene
calc–alkaline volcanic source nearby to the east of James Ross
Island (Lomas and Dingle, 1999) supports the idea that west-
directed subduction may indeed have introduced a slab into the
asthenosphere very close by, making the later opening of a slab
window a possibility that should be taken into account for the
James Ross Island Volcanic Group.

5. Summary

An animated reconstruction shows the post-Eocene plate
tectonic development of the southern Pacific Ocean.

• The animation depicts known ridge crest trench collision
events at the margins of South America and the Antarctic
Peninsula along with known occurrences of alkali volcanism,
and is consistent with published studies that connect these
observations with the concept of decompression melting in
slab windows.

• The occurrence of 18 m.y. old alkali volcanism near Cape
Horn prompts us to suggest that a slab window formed there
following collision of part of a Nazca–Phoenix spreading
centre with the southernmost Chile Trench, although no
seafloor record of this event remains.

• The animation prompts us to relate the formation of a slab
window beneath the northeastern Antarctic Peninsula, as
suggested by seafloor data, to alkali volcanism in the Powell
and, more speculatively, James Ross basins.
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ABSTRACT

Antarctica was the centerpiece of the Gondwana supercon-
tinent. About 13,900 km of Antarctica’s 15,900-km-long 
continental margins (87 percent) are of rifted divergent type, 
1600 km (10 percent) were converted from a subduction 
type to a passive margin after ridge-trench collision along 
the Pacific side of the Antarctic Peninsula, and 400 km (3 
percent) are of active convergent type. In recent years the 
volume of geophysical data along the continental margin of 
Antarctica has increased substantially, which allows differ-
entiation of the crustal characteristics of its continent-ocean 
boundaries and transitions (COB/COT). These data and geo-
dynamic modeling indicate that the cause, style, and process 
of breakup and separation were quite different along the 
Antarctic margins. A circum-Antarctic map shows the crustal 
styles of the margins and the location and geophysical char-
acteristics of the COT. The data indicate that only a quarter of 
the rifted margins are of volcanic type. About 70 percent of 
the rifted passive margins contain extended continental crust 
stretching between 50 and 300 km oceanward of the shelf 
edge. Definitions of the COT and an understanding of its 
process of formation has consequences for plate-kinematic 
reconstructions and geodynamic syntheses.

INTRODUCTION

About 13,900 km of the 15,900-km-long continental margins 
of the Antarctic plate are of rifted divergent type, 1600 km 
were converted from a subduction-type to a passive margin 
after ridge-trench collision along the Pacific side of the Ant-

arctic Peninsula, and 400 km are of active convergent type. 
The structure and composition of continental margins, in 
particular those of rifted margins, can be used to elucidate the 
geodynamic processes of continental dispersion and accre-
tion. The margins of Antarctica have mostly been subject to 
regional studies mainly in areas near research stations in the 
Ross Sea, Prydz Bay, Weddell Sea, and along the Antarctic 
Peninsula near national research facilities. In recent years—
mainly motivated by the United Nations Convention on the 
Law of the Sea—large volumes of new offshore geophysical 
data have been collected, primarily along the East Antarctic 
margin. For the first time this provides the opportunity to 
make a comprehensive analysis of the development of these 
continental margins over large tracts of extended continental 
crust that were previously unknown. The coverage of circum-
Antarctic multichannel seismic lines from the Antarctic 
Seismic Data Library System for Cooperative Research 
(SDLS) of the Scientific Committee on Antarctic Research 
(SCAR) (Wardell et al., 2007) (Figure 1) is, with the excep-
tion of some areas in the central Weddell Sea, off western 
Marie Byrd Land and off the Ross Sea shelf, dense enough 
for quantifying basement types and volcanic and nonvolca-
nic characteristics of the margins. The track map (Figure 1) 
shows that deep crustal seismic data, necessary for a com-
plete and accurate characterization of the marginal crust to 
upper mantle level, are still absent over most margins.

In this paper I first present a compilation of the struc-
tural types of the circum-Antarctic continental margins 
based on a review of relevant published data of diverse types 
together with new data. Then I contemplate implications of 
the knowledge of margin crustal types and properties for 
plate-kinematic and paleobathymetric reconstructions and 
for isostatic response models.
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FIGURE 1 Overview map of Antarctica 
and surrounding ocean floor using a com-
bined BEDMAP (bedrock topography with 
ice sheet removed) (Lythe et al., 2001) and 
satellite-derived bathymetry grid (McAdoo 
and Laxon, 1997). White areas on the con-
tinent are below sea level if the ice sheet is 
removed (without isostatic compensation). 
Yellow lines mark boundaries between the 
six crustal breakup sectors of respective 
conjugate continents in this paper. Red 
lines show the tracks of offshore multichan-
nel seismic profiles of the SCAR Seismic 
Data Library System (SDLS) (compiled by 
M. Breitzke, AWI). Black lines mark the 
locations of offshore deep crustal seismic 
refraction profiles. WS = Weddell Sea sec-
tor; DML = Dronning Maud Land sector; 
EL = Ellsworth-Lambert Rift sector; WL 
= Wilkes Land sector; MBL = Marie Byrd 
Land sector; APE = Antarctic Peninsula-
Ellsworth Land sector.

STRETCHINg AND BREAKINg:  
PASSIVE MARgIN TYPES

Weddell Sea (WS) Sector Conjugate to South America

The complex tectonic development of the Weddell Sea 
sector (Figure 2) has more recently been reconstructed by 
Hübscher et al. (1996a), Jokat et al. (1996, 1997, 2003,(1996a), Jokat et al. (1996, 1997, 2003, 
2004), Leitchenkov et al. (1996), Ghidella and LaBrecque 
(1997), Golynsky and Aleshkova (2000), Ghidella et al. 
(2002), Rogenhagen and Jokat (2002), and König and Jokat 
(2006). Deciphering of the crustal types in the central Wed-
dell Sea is still hampered by the lack of deep crustal seismic 
data. In the southern Weddell Sea seismic refraction data 
reveal a thinned continental crust of about 20 km thick-
ness beneath the northern edge of the Filchner-Ronne ice 
shelf (Hübscher et al., 1996a). It can be assumed that this 
thinned crust extends northward to a boundary marked by 
the northern limit of a large positive gravity anomaly (Figure 
2). König and Jokat (2006) associate an east-west rifting 
of this crust (stretching factor of 2.5) with the motion of 
the Antarctic Peninsula from East Antarctica as the earliest 
event in the Weddell Sea plate circuit at about 167 Ma prior 
to the early Weddell Sea opening in a north-south direction 

at about 147 Ma. It is not clear, however, whether some of 
the crustal extension is also associated with this early Wed-
dell Sea opening. The crust between the northern end of 
the large positive gravity anomaly and the magnetic Orion 
Anomaly and Andenes Anomaly (Figure 2) is interpreted 
as a COT with the Orion Anomaly suggested to represent 
an extensive zone of volcanics that erupted during the final 
breakup between South America and Antarctica (König and 
Jokat, 2006). Deep crustal seismic refraction data across the 
Orion and Andenes anomalies and the assumed COT south of 
it are needed in order to constrain their crustal composition 
and type. Although the Orion Anomaly may provide a hint 
toward a volcanic-type margin, the few seismic data do not 
allow a complete characterization of the COT in the southern 
Weddell Sea. Identified magnetic spreading anomalies (old-
est is M17) show evidence that oceanic crust exists north 
of the Orion and Andenes anomalies with the prominent T-
Anomaly marking supposedly the changeover from slow to 
ultraslow spreading-type crust (König and Jokat, 2006).

The Weddell Sea margin along the east coast of the Ant-
arctic Peninsula is still rather enigmatic due to missing data. 
König and Jokat (2006) show that it rifted from the western 
Patagonian margin as part of the earliest plate motion in the 
Weddell Sea region at about 167 Ma. They follow Ghidella 
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FIGURE 2 Weddell Sea sector with 
satellite-derived gravity field (McAdoo 
and Laxon, 1997) and continental mar-
gin features. Red lines show the tracks 
of offshore multichannel seismic pro-
files of SDLS. Dark blue lines mark 
the locations of offshore deep crustal 
seismic refraction profiles. COT = con-
tinent-ocean boundary; GRAV = positive 
gravity anomaly marking northern limit 
of thinned continental crust; FREC = 
Filchner-Ronne extended crust; EE = 
Explora Escarpment; EW = Explora 
Wedge; AP = Andenes Plateau; WR = 
Weddell Sea Rift; T-A = T-Anomaly; 
OA = Orion Anomaly; AA = Andenes 
Anomaly.

and LaBrecque’s (1997) argument for a nonvolcanic margin 
based on low-amplitude magnetic anomalies and a charac-
teristic bathymetry.

The margin of the eastern Weddell Sea along the western 
Dronning Maud Land coast is more clearly characterized by 
the prominent bathymetric expression of the Explora Escarp-
ment and the massive volcanic flows along the Explora 
Wedge (Figure 2), identified by the abundance of seaward 
dipping reflectors (SDRs) in the seismic reflection data. 
A number of deep crustal seismic refraction profiles cross 
the Explora Wedge and the Explora Escarpment and allow 
models showing a 70-km to 90-km-wide transitional crust 
thinning from about 20 km thickness to 10 km thickness 
toward the north (e.g., Jokat et al., 2004). Relatively high 
P-wave velocities in the lower crust and in the upper crustal 
section of the SDRs (Jokat et al., 2004) are evidence for a 
volcanic-type continental margin.

Dronning Maud Land (DML) Sector Conjugate to Africa

Data and syntheses of the central and eastern Dronning 
Maud Land (DML) margin stem from work by Hinz and 
Krause (1982), Hübscher et al. (1996b), Roeser et al.(1996b), Roeser et al. 
(1996), Jokat et al. (2003, 2004), Hinz et al. (2004), and(2004), and 
König and Jokat (2006). The recent plate-kinematic recon-
structions by Jokat et al. (2003) and König and Jokat (2006) 
show that southeast Africa was conjugate to the DML mar-
gin (Figure 3) from just east of the Explora Escarpment to 
the Gunnerus Ridge. However, this DML margin has two 
distinct parts, separated by the Astrid Ridge. The eastern 

Lazarev Sea margin is characterized by a COT consisting 
of a broad stretched continental crust and up to 6-km-thick 
volcanic wedges clearly identified by SDR sequences. Deep 
crustal seismic data show that the crust thins in two steps 
from 23 km to about 10 km thickness over a distance of 180 
km (König and Jokat, 2006). Their velocity-depth model 
reveals high seismic P-wave velocities in the lower crust of 
this COT, suggesting voluminous underplating and intru-
sion of magmatic material. A coast-parallel strong positive 
and negative magnetic anomaly pair marks the northern 
limit of the COT and is interpreted as the onset of the first 
oceanic crust generated by spreading processes at chron 
M12 (136 Ma). The volcanic characteristics of the eastern 
Lazarev Sea segment is very likely to be related to the same 
magmatic events leading to the Early Cretaceous crustal 
accretion of a Large Igneous Province (LIP) consisting of 
the separated oceanic plateaus Maud Rise, Agulhas Plateau, 
and Northeast Georgia Rise (Gohl and Uenzelmann-Neben, 
2001) and to which also parts of the Mozambique Ridge 
may have belonged.

At the Riiser-Larsen Sea margin east of the Astrid Ridge, 
the outer limit of the COB is constrained by densely spaced 
aeromagnetic data revealing spreading anomalies up to M24 
(155 Ma) (Jokat et al., 2003). This is so far the oldest mag-
netic seafloor spreading anomaly observed along any of the 
circum-Antarctic margins. Seismic reflection data (Hinz et 
al., 2004) indicate a COT of stretched continental crust that 
is with 50 km width much narrower compared with the COT 
of the Lazarev Sea margin. However, the data do not seem 
to indicate a strong magmatic influence of the COT as major 
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FIGURE 3 Dronning Maud Land sec-
tor with satellite-derived gravity field 
(McAdoo and Laxon, 1997) and conti-
nental margin features. Red lines show 
the tracks of offshore multichannel seis-
mic profiles of SDLS. The dark blue line 
marks the location of an offshore deep 
crustal seismic refraction profile. COT = 
continent-ocean boundary; EW = Explora 
Wedge.

SDRs are missing (Hinz et al., 2004). Deep crustal seismic 
refraction data do not exist to better characterize this part of 
the DML margin and its COT or COB.

Enderby Land to Lambert Rift (EL) Sector Conjugate to India

Most of the crustal and sedimentary structures of the conti-
nental margins off Enderby Land (east of Gunnerus Ridge), 
between Prydz Bay and the Kerguelen Plateau, off Wilhelm 
II Land and Queen Mary Land (Figure 4) have been revealed 
by large seismic datasets acquired by Russian and Austra-
lian surveys (e.g., Stagg et al., 2004, 2005; Guseva et al., 
2007; Leitchenkov et al., 2007a; Solli et al., 2007). Gaina 
et al. (2007) developed a breakup model between India 
and this East Antarctic sector based on compiled magnetic 
data of the southernmost Indian Ocean and the structures 
of the continental margin interpreted from the seismic data. 
Despite the large amount of high-quality seismic reflection 
data, the definition of the COB or COT is equivocal due 
to the lack of deep crustal seismic refraction data with the 
exception of nonreversed sonobuoy data. Stagg et al. (2004, 
2005) defined the COB as the boundary to a zone by which 
the first purely oceanic crust was accreted and which shows 
a changeover from faulted basement geometry of stretched 
continental crust to a relatively smoother basement of ocean 
crust. This boundary is often accompanied by a basement 
ridge or trough.

The Enderby margin can be divided into two zones of 
distinct character. West of about 58°W the ocean fractures 
zone terminates in an oblique sense at the margin, thus giving 
it a mixed rift-transform setting (Stagg et al., 2004). Their 
defined COB lies between 100 km and 170 km oceanward 
of the shelf edge. Gaina et al. (2007) identified spreading 
anomalies from M0 to M9 east of Gunnerus Ridge from rela-
tively sparse shipborne magnetic data. Most of both magnetic 
and seismic profiles do not parallel the spreading flow lines 

and may be biased by the structure and signal of crossing 
fracture zones. The eastern Enderby margin zone has more 
of a normal rifted margin setting with a COB up to 300 km 
north of the shelf edge (Stagg et al., 2004). The prominent 
magnetic Mac Robertson Coastal Anomaly (MCA) corre-
lates with the northern limit of the COT in this eastern zone. 
Ocean-bottom seismograph data along two seismic refrac-
tion profiles were recently acquired in the eastern Enderby 
Basin and across the Princess Elizabeth Trough (PET) 
between the Kerguelen Plateau and Princess Elizabeth Land 
as part of a German-Russian cooperation project (Gohl et al., 
2007a) (Figure 4). The western profile confirms an extremely 
stretched crystalline continental crust, which thins to 7 km 
thickness (plus 4 km sediments on top), from the shelf edge 
to the location of the MCA. It is interesting to note that apart 
from a few scattered observations close to the marked COBs, 
major SDR sequences do not seem to exist on the Enderby 
Land margin (Stagg et al., 2004, 2005), suggesting the lack 
of a mantle plume at the time of breakup at about 130 Ma 
(Gaina et al., 2007).

The characteristics of the margin off central and eastern 
Prydz Bay is affected by both the inherited structure of the 
Paleozoic-Mesozoic Lambert Rift system as well as by mag-
matic events of the Kerguelen Plateau LIP, probably postdat-
ing the initial India-Antarctica breakup by about 10 million 
to 15 million years (Gaina et al., 2007). Guseva et al. (2007) 
proposed a direct connection between the volcanic Southern 
Kerguelen Plateau crust and stretched continental crust of 
Wilhelm II Land. The recent deep crustal seismic refraction 
data and a helicopter-magnetic survey, however, provides 
constraints that the central part of the PET consists of oce-
anic crust, possibly affected by the LIP event (Gohl et al., 
2007a). This result is used to draw a narrow zone of stretched 
continental crust that widens eastward along the margin of 
the Davis Sea (Figure 4), where it reaches the width of the 
COT in the area of Bruce Rise as suggested by Guseva et 
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al. (2007). Similar to observations along the Enderby Land 
margin, major SDR sequences are not observed on the Ant-
arctic margin of the Davis Sea but only around the margins 
of the Southern Kerguelen Plateau. However, SDRs appear 
as strongly reflecting sequences at Bruce Rise (Guseva et 
al., 2007).

Wilkes Land (WL) Sector Conjugate to Australia

A vast amount of seismic reflection, gravity, and magnetic 
data as well as nonreversed sonobuoy refraction data col-
lected by Australian and Russian scientists in the last few 
years allows a characterization of the Wilkes Land and Terre 
Adélie Coast margin east of Bruce Rise (Figure 5) (Stagg et 
al., 2005; Colwell et al., 2006; Leitchenkov et al., 2007b). 
Along most of this margin the shelf slope is underlain by 
a marginal rift zone of stretched and faulted basement. 
From the northern limit of this marginal rift zone to 90-180 
km farther oceanward, Eittreim et al. (1985), Eittreim and 
Smith (1987), Colwell et al. (2006), and Leitchenkov et al. 

(2007b) identified a COT consisting primarily of strongly 
stretched and faulted continental crust with embedded 
magmatic segments following linear trends parallel to the 
margin. The interpretation of the COB along parts of the 
margin is debatable, as mainly basement characteristics 
were used for the differentiation of crustal types. It cannot 
be completely excluded that the magnetic anomalies inter-
preted as magmatic components are actually true seafloor 
spreading anomalies C33y and C34y, which would move 
the COB farther south. However, this seems unlikely based 
on the results of Colwell et al. (2006), Direen et al. (2007), 
and Sayers et al. (2001) in a comparison of the conjugate 
magnetic anomalies as well as new theoretical and analogue 
examples published in Sibuet et al. (2007). Reversed deep 
crustal refraction data would provide better constraints on 
the composition of the crustal units but are missing anywhere 
along this margin. However, in the absence of better data 
I adopted the interpretation by Colwell et al. (2006) and 
Leitchenkov et al. (2007b) of an up-to-300-km-wide zone 
of stretched continental crust (Figure 5).

FIGURE 4 Enderby Land-Lambert Rift 
sector with satellite-derived gravity field 
(McAdoo and Laxon, 1997) and continental 
margin features. Red lines show the tracks 
of offshore multichannel seismic profiles of 
SDLS. Dark blue lines mark the locations 
of offshore deep crustal seismic refraction 
profiles. COT = continent-ocean boundary; 
PET = Princess Elizabeth Trough; GR = 
Gunnerus Ridge; MCA = Mac Robertson 
Coastal Anomaly.

FIGURE 5 Wilkes Land sector with 
satellite-derived gravity field (McAdoo and 
Laxon, 1997) and continental margin fea-
tures. Red lines show the tracks of offshore 
multichannel seismic profiles of SDLS. 
The dark blue line marks the location of 
an offshore deep crustal seismic refraction 
profile. NVR = Northern Victoria Land; AR 
= Adare Rift.
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Off the Terre Adélie Coast margin the Adélie Rift Block, 
which is interpreted as a continental crustal block, is part of 
the stretched marginal crust. Major sequences of SDRs are 
not observed along the margin of the Wilkes Land sector, 
although Eittreim et al. (1985), Eittreim and Smith (1987), 
and Colwell et al. (2006) describe significant volumes of 
mafic intrusions within the sedimentary sequences of the 
landward edge of the Adélie Rift Block. The margin east of 
about 155°E toward the Ross Sea is characterized by promi-
nent oblique fracture zones (e.g., Balleny FZ) reaching close 
to the shelf edge. This is similar to the rift-transform setting 
as observed in the western Enderby Basin but in an opposite 
directional sense. Stock and Cande (2002) and Damaske et 
al. (2007) suggest that a broad zone of distributed deforma-
tion was active at the margin, affecting the continental crustal 
blocks of Northern Victoria Land even after the initiation of 
ocean spreading.

The continental margin in the western Ross Sea under-
went a rather complex development that makes a clear 
delineation of the COB difficult. A major proportion of the 
Ross Sea crustal extension is associated with a 180 km plate 
separation between East and West Antarctica when the Adare 
Trough was formed in Eocene and Oligocene time (Cande et 
al., 2000; Stock and Cande, 2002). The southward extension 
of this rift dissects the continental shelf region of the western 
Ross Sea (Davey et al., 2006).

Marie Byrd Land (MBL) Sector Conjugate to Zealandia

The eastern Ross Sea margin (Figure 6) is conjugate to the 
southwesternmost margin of the Campbell Plateau of New 
Zealand. Unlike the western Ross Sea margin, this margin 
can be considered a typical rifted continental margin with the 
oldest identified shelf-edge parallel spreading anomaly being 
C33y just east of the Iselin Rift (Stock and Cande, 2002). 

Seismic refraction data from a profile across the Ross Sea 
shelf by Cooper et al. (1997) and Trey et al. (1997) show a 
crust of 17-km to 24-km thickness with the thinnest parts 
beneath two troughs in the eastern and western region. It 
can be assumed that this type of stretched continental crust 
extends to the shelf edge at least. Whether crustal thinning is 
a result of the New Zealand-Antarctic breakup or extensional 
processes of the West Antarctic Rift System or both cannot 
be answered due to insufficient data in this area. It is also 
not known whether magmatic events affected the structure 
of the marginal crust.

Structural models of the continental margin of western 
Marie Byrd Land also suffer from the lack of seismic and 
other geophysical data. The only assumption for a sharp 
breakup structure and a very narrow transitional crust is 
derived from the close fit of the steep southeastern Camp-
bell Plateau margin to the western MBL margin and coastal 
gravity anomaly (e.g., Mayes et al., 1990; Sutherland, 1999; 
Larter et al., 2002; Eagles et al., 2004). The same approach 
was applied for the closest fit between Chatham Rise and 
eastern MBL. However, new deep crustal seismic data from 
the Amundsen Sea indicate that the inner to middle shelf 
of the Amundsen Sea Embayment consists of crust thinned 
to about 21- to 23-km thickness with a pre- or syn-breakup 
failed rift structure (Gohl et al., 2007b). Here the continental 
margin structure is rather complex due to the propagating and 
rotating rifting processes between the breakup of Chatham 
Rise from the western Thurston Island block at about 90 
Ma (Eagles et al., 2004), the opening of the Bounty Trough 
between Chatham Rise and Campbell Plateau (Eagles et al., 
2004; Grobys et al., 2007), and the initiation of the breakup 
of Campbell Plateau from MBL at about 84-83 Ma (e.g., 
Larter et al., 2002; Eagles et al., 2004). The analysis of a 
crustal seismic refraction profile (Gohl et al., 2007b) and a 
seismic reflection dataset (Gohl et al., 1997b) between the 

FIGURE 6 Marie Byrd Land sector with 
satellite-derived gravity field (McAdoo 
and Laxon, 1997) and continental margin 
features. Red lines show the tracks of 
offshore multichannel seismic profiles of 
SDLS. Dark blue lines mark the locations 
of offshore deep crustal seismic refraction 
profiles. ASE = Amundsen Sea Embay-
ment; PIB = Pine Island Bay; TI = Thurston 
Island.
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shelf edge and the Marie Byrd Seamount province reveals 
that the crust in this corridor is 12-18 km thick, highly frac-
tured, and volcanically overprinted. Lower crustal velocities 
suggest a continental affinity, which implies highly stretched 
continental crust or continental fragments, possibly even into 
the area of the seamount province. SDRs are not observed in 
the few existing seismic reflection profiles crossing the shelf 
and margin (Gohl et al., 1997a,b, 2007b; Nitsche et al., 2000; 
Cunningham et al., 2002; Uenzelmann-Neben et al., 2007).

SUBDUCTION TO RIDgE COLLISIONS:  
THE CONVERTED ACTIVE-TO-PASSIVE MARgIN

Antarctic Peninsula to Ellsworth Land (APE) Sector— 
Proto-Pacific Margin

Subduction of the Phoenix plate and subsequent collision of 
the Phoenix-Pacific spreading ridge resulted in a converted 
active to passive nonrifted margin along the Ellsworth Land 
and western Antarctic Peninsula margin between Thurston 
Island and the Hero Fracture Zone (e.g., Barker, 1982; Larter 
and Barker, 1991) (see Figure 7). The age for the oldest 
ridge-trench collision in the western Bellingshausen Sea can 
be roughly estimated to be about 50 Ma, using a few identi-
fied spreading anomalies (Eagles et al., 2004; Scheuer et al., 
2006). Oceanic crustal age along the margin becomes pro-
gressively younger toward the northeast (Larter and Barker, 
1991). Ultraslow subduction is still active in the segment of 
the remaining Phoenix plate between the Hero FZ and the 
Shackleton FZ along the South Shetland Trench. The only 
deep crustal seismic data along this converted margin south 
of the Hero FZ are from two profiles by Grad et al. (2002), 
showing that the crust thins oceanward from about 37 km 
thickness beneath the Antarctic Peninsula to a thickness of 25 

to 30 km beneath the middle and outer continental shelf. The 
remains of the collided ridge segments cannot be resolved 
by the models. Data are also not sufficient to estimate any 
possible crustal extension of the western Antarctic Peninsula 
due to stress release after subduction ceded.

gEODYNAMIC AND PLATE-TECTONIC IMPLICATIONS 
AND COMPLICATIONS

The compilation of circum-Antarctic margin characteristics 
indicates that only a quarter (3400 km) of the rifted margins 
is of volcanic type, although uncertainties on volcanic and 
nonvolcanic affinity exist for about 4900 km (35 percent) of 
the rifted margins due to the lack of data in the Weddell Sea 
and along the MBL and Ross Sea margins. Only the east-
ern WL and western DML sectors as well as some isolated 
areas such as Bruce Rise of the EL sector and the Adélie 
Rift Block in the WL sector show well-observed magmatic 
characteristics that are explained by syn-rift mantle plumes 
or other smaller-scale magmatic events. Most other margins 
seem to have been formed by processes similar to those 
proposed for other nonvolcanic margins, such as the Iberian-
Newfoundland conjugate margins (e.g., Sibuet et al., 2007) 
and the Nova Scotia margin (e.g., Funck et al., 2003), which 
exhibit widely extended, thinned, and block-faulted conti-
nental crust. Whether any updoming of lower continental 
crust is a possible process, as Gaina et al. (2007) suggest for 
the Enderby Land margin, is difficult to assess because of a 
lack of drill information.

Approximately 70 percent of the rifted passive margins 
contain continental crust stretched over more than 50 km 
oceanward of the shelf edge. In about two-thirds of these 
extended margins the COT has a width of more than 100 km, 
in many cases up to 300 km. The total area of extended con-

FIGURE 7 Antarctic Peninsula-Ellsworth 
Land sector with satellite-derived gravity 
field (McAdoo and Laxon, 1997) and con-
tinental margin features. Red lines show 
the tracks of offshore multichannel seismic 
profiles of SDLS. Dark blue lines mark the 
locations of offshore deep crustal seismic 
refraction profiles. AI = Alexander Island; 
TI = Thurston Island; PI = Peter Island; 
DGS = De Gerlache Seamounts; DGGA 
= De Gerlache Gravity Anomaly; BGA = 
Bellingshausen Gravity Anomaly; SFZ = 
Shackleton Fracture Zone.
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tinental crust on the continental shelf and beyond the shelf 
edge, including COTs with substantial syn-rift magmatic-
volcanic accretion, is estimated to be about 2.9 × 106 km2. 
Crustal stretching factors still remain uncertain for a good 
proportion of the extended margins due to a lack of crustal 
thickness measurements in most sectors. However, assuming 
stretching factors between 1.5 close to the shelf edge and in 
marginal rifts and increasing to 2 or 3 outboards in the deep 
sea, the continental crust, which has to be added to the origi-
nal continent of normal crustal thickness, makes up about 
1.5 × 106 km2. The quantification of extended marginal crust 
has implications for plate-kinematic reconstructions, paleo-
bathymetric models, and possibly for isostatic balancing of 
the Antarctic continent in glacial-interglacial cycles.

In almost all large-scale plate-kinematic reconstructions 
in which Antarctica is a key component, plate motions are 
calculated by applying rotation parameters derived from 
spreading anomalies and fracture zone directions, and conti-
nent-ocean boundaries are fixed single-order discontinuities, 
in most cases identified by the shelf edge or the associated 
margin-parallel gravity anomaly gradient (e.g., Lawver and 
Gahagan, 2003; Cande and Stock, 2004). This has caused 
misfits in terms of substantial overlaps or gaps when plates 
are reconstructed to close fit. For instance, a large misfit 
occurs when fitting the southeastern Australian margin to 
the eastern Wilkes Land margin in the area between 142°E 
and 160°E where extended continental crust reaches up 
to 300 km off the Terre Adélie Coast (Stock and Cande, 
2002; Cande and Stock, 2004). In their reconstruction of 
the breakup processes of the Weddell Sea region, König 
and Jokat (2006) accounted for extended continental crust 
in the southern Weddell Sea and derived a reasonable fit of 
the conjugate margins of South America, Antarctica, and 
Africa. An appropriate approach for reconstructing best fits 
of continents and continental fragments is to apply a crustal 
balancing technique by restoring crustal thickness in rift 
zones and plate margins (Grobys et al., 2008). This, however, 
requires detailed knowledge of pre- and postrift crustal thick-
ness, crustal composition, and magmatic accretion.

Detailed delineations of the COT and COB are impor-
tant ingredients for paleobathymetric reconstructions. In the 
reconstruction of the circum-Antarctic ocean gateways (e.g., 
Lawver and Gahagan, 2003; Brown et al., 2006; Eagles et al., 
2006), but also of the bathymetric features along nongateway 
continental margins, the differentiation between continental 
crust that was stretched and faulted and possibly intruded by 
magmatic material on one side and oceanic crust generated 
from spreading processes on the other side may make a sig-
nificant difference in estimating the widths and depths along 
and across pathways for paleo-ocean currents.

Parameters of crustal and lithospheric extensions, 
depths, and viscoelastic properties are key boundary condi-
tions for accurate calculation of the isostatic response from 
a varying ice sheet in glacial-interglacial cycles. Ice-sheet 

modelers still use relatively rudimentary crustal and litho-
spheric models of the Antarctic continent. Although the 
tomographic inversion of seismological data has improved 
the knowledge of the lithospheric structure beneath Ant-
arctica and surrounding ocean basins (e.g., Morelli and 
Danesi, 2004), its spatial resolution of the upper 60-70 km 
of the relevant elastic lithosphere (Ivins and James, 2005), 
and in particular of the boundary between continental and 
oceanic lithosphere, is still extremely crude. Considering 
that ice sheets advanced to the shelf breaks of most Antarc-
tic continental margins during glacial maxima, the isostatic 
response must be directly related to the width and depths of 
any extended continental crust and lithosphere oceanward of 
the shelf, which would probably have an effect on estimates 
of sea-level change. To quantify this effect, good-quality 
deep crustal and lithospheric data are needed to derive the 
geometries and rheologies of the extended crust and litho-
spheric mantle.

CONCLUSIONS

In a comprehensive compilation of circum-Antarctic conti-
nental margin types, about 70 percent of the rifted passive 
margins contain extended continental crust stretching more 
than 50 km oceanward of the shelf edge. Most of these 
extended margins have a continent-ocean transition with a 
width of more than 100 km—in many cases up to 300 km. 
Only a quarter of the rifted margins seem to be of volcanic 
type. The total area of extended continental crust on the shelf 
and oceanward of the shelf edge, including COTs with sub-
stantial syn-rift magmatic-volcanic accretion, is estimated to 
be about 2.9 × 106 km2. This has implications for improved 
plate-kinematic and paleobathymetric reconstructions and 
provides new constraints for accurate calculations of isostatic 
responses along the Antarctic margin.
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1. Introduction

[2] The formation of continental passive margins
by rifting is affected by the rate of rifting, the initial
configuration of continental lithosphere, and the
temperature and composition of the asthenosphere
[White et al., 1992; van Wijk and Cloetingh, 2002].
The final breakup of Gondwana occurred during
Late Cretaceous time as rifted continental crust of
New Zealand separated from Antarctica at an
intermediate-rate spreading ridge to produce typical
oceanic crust [Molnar et al., 1975; Cande et al.,
1995; Eagles et al., 2004a; Sutherland et al.,
2010]. Hence, the region presents an ideal oppor-
tunity to study classical conjugate rifted margins,
but this outcome has been frustrated by extreme
logistic difficulties associated with collecting
data adjacent to Antarctica. We present a substan-
tial new marine geophysical dataset collected using
R/V Polarstern, which has general relevance for
the study of continental margins, has substantial
regional implications, and adds to the body of
knowledge required to construct reliable global
plate kinematic estimates. Of particular regional
interest is the complication of a small and short-
lived oceanic plate, the Bellingshausen plate,
which was active after break-up adjacent to the
Antarctic margin.

[3] Geological samples, gravity data and receiver-
function analysis of teleseismic earthquakes sug-
gest that both West Antarctica [Llubes et al.,
2003; Luyendyk et al., 2003; Winberry and
Anandakrishnan, 2004; Block et al., 2009] and
the submarine plateaus surrounding New Zealand
[Grobys et al., 2009, and references therein] consist
of extended continental crust. Widespread continen-
tal extension is thought to have been largely com-
plete before the continental margins were formed
and Zealandia drifted from Antarctica. Breakup
reconstructions of Zealandia from Antarctica con-
sider a narrow continent–ocean transition zone
[Larter et al., 2002; Eagles et al., 2004a].

[4] In this study, we present new crustal thickness
and density models of the Marie Byrd Land conti-
nental margin of Antarctica, and new magnetic
anomaly interpretations from adjacent oceanic
crust. The crustal thickness models provide a
foundation for reconstructing the continent–ocean
transition zone (COTZ), and hence better recon-
structing the past positions of the conjugate conti-
nental fragments. Magnetic anomalies provide new
constraints on the timing and rate of rifting during

continental margin formation, and on subsequent
plate motions.

2. Data Acquisition and Processing

[5] During the Polarstern cruises in 2006 (ANT-23/4)
and 2010 (ANT-26/3), ship- and airborne magnetic
and shipborne gravity data have been acquired.
These data were combined with seismic reflection
and refraction/wide-angle reflection surveys from
the same cruises to constrain the COTZ of Marie
Byrd Land. Regions where measured ship-data are
unavailable were filled with public domain satellite-
derived free-air gravity data [Andersen and Knudsen,
2009], global seafloor topography data (version 13.1,
2010) [Smith and Sandwell, 1997], and ship-
magnetic data from the GEODAS marine trackline
geophysics database [National Geophysical Data
Center, 2007]. Data acquisition and subsequent
processing for each of the acquired datasets are
described in the following sections.

2.1. Helicopter Magnetics

[6] In 2010, five thousand kilometers of aeromag-
netic data were recorded at a sampling rate of 10 Hz
during the North–South transit from New Zealand
to the Amundsen Sea south of 69�S (Figures 1–5).
A helicopter towed the optically pumped cesium
vapor magnetometer 30 m below its airframe to avoid
magnetic disturbances. Flight lines were arranged
perpendicular to the expected magnetic lineation of
the seafloor at an average line spacing of 10–20 km,
covering a profile distance of about 450 km at a flight
elevation of 100 m above sea level. Geographic
position, speed and altitude of the aircraft as well as
time were recorded at a rate of 5 Hz [Gohl, 2010].

[7] The cesium vapor magnetometer recorded data
with a general heading error below 5 nT so that no
calibration was necessary. Processing included
removal of electromagnetic noise, resampling at
100 m intervals, and correction for the International
Geomagnetic Reference Field using the IGRF-11
coefficients [Finlay et al., 2010].

[8] Measured magnetic anomaly amplitudes of
50–400 nT were greater than the daily variation of
20–30 nT, observed at the Eyrewell Geomagnetic
Observatory in New Zealand. Local daily varia-
tions were therefore considered negligible.

2.2. Shipborne Magnetics

[9] Two three-component fluxgate vector mag-
netometers mounted on the crow’s nest of R/V
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Polarstern measured shipborne magnetic data. The
total magnetic field as well as the heading, roll, pitch,
velocity, and position of the ship were logged at 1 Hz.

[10] Calibration loops provide coefficients relating
the ship orientation (heading, roll, pitch) and speed
to the variations in magnetometer measurements.
To compensate for perturbations due to ship-
induced magnetic fields, we measured a total of 13
calibration loops, five of which are located in our
study area (Figure 6). During a calibration loop, the
ship follows an eight-shaped course of two con-
secutive turns of opposite veer with a radius of
about 1.8 km (1 NM) and a velocity of 5–7 kn.

[11] In the small area of a calibration loop, variations
of the magnetic field due to crustal magnetization are
considered negligible. In the larger area around the

calibration loop, the shipborne magnetic measure-
ments were corrected with the motion coefficients
according to König [2006]. The calibrated data have
a maximum residual error of 20–30 nT under normal
conditions at sea. Since the interference of the ship
on the magnetic fields is larger than the daily mag-
netic variation, the daily variations were neglected in
the determination of seafloor spreading anomalies.

[12] The induced magnetic field of the ship is not
static, but instead depends on the strength, inclina-
tion, and declination of the ambient magnetic field.
Since the inclination and declination show a high
local variance in the higher latitudes, calibration
coefficients are only adequate to fully correct their
influence when the vessel operates inside a radius
of 500–1500 km around the location of the cali-
bration loop.

Figure 1. Identified magnetic spreading anomalies along helicopter- and ship-magnetic lines (R/V Polarstern lines
AWI-2010S-00–AWI-2010S-03; GEODAS lines EW9201, NBP94-2, NBP96-2, NBP9702). Magnetic model of
helicopter-magnetic line AWI-2010H-08-15-17 (H) and ship-magnetic line AWI-2010S-03 in Figure A.IX in
Text S1 in the auxiliary material. Magnetic compensation loops during ANT-26/3 (circles); fracture zones (thin
black lines); fracture zones evident in seismic lines AWI-20100110 and AWI-20100117 (yellow triangles); COTZ
(striated area); and reconstructed pre-rift suture (dashed line). Black frames indicate locations of Figures 2–4.
All features superimposed on DNSC08 satellite gravity map [Andersen and Knudsen, 2009]. Lambert conformal
conic projection with central meridian 160�W and standard parallels 75�S and 69�S. Inset map shows ship track of
R/V Polarstern expedition ANT-26/3 (green line); location of maps in Figure 1 and in Figure 6 (black and white frames);
CP – Campbell Plateau; CR – Chatham Rise; ANT –West Antarctic plate; MBL –Marie Byrd Land; PAC – belonging
to Pacific plate. Magnetic model of lines EW9201 and NBP96-2 in Figure A.VIII in Text S1 in the auxiliary material.
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[13] The necessity for carrying out a new calibration
loop was determined by comparing the calibrated
data from the two separate magnetometer sensors.
Once the difference between both increased steadily,
the set of calibration coefficients was insufficient to
compensate the magnetic readings [Gohl, 2010].

[14] Some magnetic profiles retained long wave-
length residual anomalies after processing, possibly
due to the high regional variation in the geomagnetic
field and the large operating area. The long wave-
length anomalies were removed by leveling the
magnetic data of the ship to that measured by the air-
borne magnetics. In areas without aeromagnetic
profiles, a 500 km wide high-pass filter was applied.

2.3. Shipborne Gravity and Seismic Data

[15] A gravity meter installed on-board measured
the ambient gravitational field at 1 Hz during the
ANT-23/4 and ANT-26/3 expeditions. The gravity
readings were drift corrected via onshore reference
measurements at the beginning of the cruise ANT-
26/3 in Wellington Harbor, New Zealand, and at the
end of the cruise in Punta Arenas, Chile [Gohl,
2010]. Gohl [2007] processed the gravity data of
the cruise ANT-23/4 in the same manner. A median
filter with a 5 km window size was applied to
remove heave variability.

Figure 2. Magnifications of regions A and B in Figure 1.
Magnetic identifications on top of measured anomalies
along tracks; positive anomalies in white. Lambert confor-
mal conic projection with central meridian 163�W and
standard parallels 75�S and 69�S.

Figure 3. Magnification of region C in Figure 1. Lam-
bert conformal conic projection with central meridian
152.5�W and standard parallels 75�S and 69�S.

Figure 4. Magnification of region D in Figure 1. Lam-
bert conformal conic projection with central meridian
155�W and standard parallels 75�S and 69�S.
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[16] Deep crustal seismic refraction profiles, AWI-
20060100 [Gohl et al., 2007] and AWI-20060200
[Gohl, 2007; Lindeque and Gohl, 2010], acquired
during the ANT-23/4 cruise in 2006, and a series of
multichannel seismic reflection profiles, obtained
during the ANT-26/3 cruise in 2010, lie within our
study area (yellow lines in Figure 6). These seismic
reflection profiles are currently being processed
in-house (T. Kalberg, A. Lindeque, G. Uenzelmann-
Neben, and E. Weigelt, personal communication,
2011). The most relevant parameters for this study,
basement depth, seafloor and total sediment thick-
ness, were picked in two-way-travel time (TWT)
from the preliminary single channel seismic data.
The TWT values were converted to depth (in km)
using the sediment layer interval velocities from the
finer AWI-20060200 P-wave refraction model
[Lindeque and Gohl, 2010], and velocities for the
deeper crust were obtained from both the AWI-
20060100 and AWI-20060200 models. The

converted basement depths and total sediment
thicknesses were incorporated in the gravity model.

3. Models

3.1. Magnetic Modeling

[17] The first step in our modeling was to identify
the marine magnetic spreading anomalies along
our profiles. This was done based on the methods
and techniques of Vine and Matthews [1963].
The synthetic spreading models were calculated
using the open-source program MODMAG [Mendel
et al., 2005], applying the geomagnetic polarity
timescale of Gradstein et al. [2004]. Two magnetic
GEODAS profiles (Figure 1), EW9201 (R/V
Maurice Ewing, 1992) and NBP96-2 (R/V Nathaniel
B. Palmer, 1996), served as reference to tie the newly
acquired aeromagnetic data to existing Pacific–
Antarctic spreading models [Cande et al., 1995;
Croon et al., 2008].

Figure 5. Compilation of magnetic picks on the West Antarctic and Bellingshausen plate, and rotated picks from the
Pacific plate used for plate-tectonic reconstruction. Fracture zones (black lines); pre-rift suture (dashed line); COB
(dotted line); and Bellingshausen plate (blue outline). Base map: DNSC08 satellite gravity [Andersen and Knudsen,
2009], Lambert conformal conic projection with central meridian 145�W and standard parallels 72�S and 60�S.

Figure 6. COTZ (striated) with reconstructed pre-rift suture (dashed line); calculated pre-rift suture, disregarding
crustal addition (dotted line); seismic transects (thick yellow lines; 100 – AWI-20060100; T1 – AWI-20060200;
T2 – AWI-20100111, AWI-20100112, AWI-20100113; T3 – AWI-20100117, AWI-20100118, AWI-20100119;
T4 – AWI-20100126, AWI-20100129, AWI-20100130; T5 – AWI-20100131, AWI-20100132; T6 – AWI-20100139,
AWI-20100140), and extensions (thick black lines); inverted triangles mark origin of each transect in Figure 7; identified
magnetic spreading anomalies along ship profile ANT-2010S-03, and helicopter-magnetic lines (red – normal polarity,
black – reversed); fracture zones (thin black lines); magnetic compensation loops (circles); A, B, C – see Figure A.VII
in Text S1 in the auxiliary material; stars — locations of Haxby and Hubert Miller Seamount (from west to east).
Base map: DNSC08 satellite gravity [Andersen and Knudsen, 2009], Lambert conformal conic projection with central
meridian 145�W and standard parallels 74�S and 66�S.
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[18] Helicopter- and ship-magnetic lines, obtained
during the Polarstern cruise ANT-26/3, and
GEODAS lines NBP94-2 and NBP9702, included
in the existing model, increased the density of the
magnetic spreading anomaly picks in the eastern
Ross Sea and western Amundsen Sea. Figures 1–5
show the identified magnetic spreading anomalies
from all available datasets (see auxiliary material
for additional data).1

3.2. Gravimetric Modeling

[19] Since refraction models in the area are sparsely
distributed, gravity modeling was used to further
estimate the crustal thickness, location of the
continent–ocean boundary (COB) and width of the
COTZ. We chose six transects from the conti-
nental shelf break to the abyssal plane, all approxi-
mately perpendicular to the continental shelf, so as
to cross the potential COB and COTZ optimally
(Figure 6). Lines reaching beyond the continental
shelf were extended with satellite-derived gravity
data [Andersen and Knudsen, 2009], bathymetry
data [Andersen and Knudsen, 2009] and sediment
thickness values [Scheuer et al., 2006]. The seafloor
and basement depth, as well as total sediment
thickness from the 2010 seismic reflection data,
were imported in the gravity model as fixed layers.
Where available, on-board gravity and echosound
bathymetry data were used to supplement the sea-
floor picked in the single channel seismic data. The
gravity response was then calculated by forward
modeling using the method of Watts [1988] and
Watts and Fairhead [1999]. We estimated densities
of sedimentary rocks from P-wave velocities
according to Gardner et al. [1974] and assumed
uniform densities for the upper crust, the lower crust
and the mantle on all transects to obtain crustal
models. Then we created a start model that is similar
to the deep crustal profile (T1) and tried to fit the
measured gravity by altering the structure of the
crust as little as possible. When the thickness of the
sediments overlying the basement is known from
seismics we did not change them. Fortunately, the
geometry of the sediments and water column have
the biggest influence on the gravity signal, so there
is less freedom for fitting the underlying crust in the
model.

[20] The resulting gravity models (examples T1 and
T2 in Figure 7) constrained the pre- and post-rift
crustal thickness well, allowing us to assess the
amount of continental deformation involved during

the initial rifting process and subsequent Zealandia–
Antarctica breakup.

3.3. Continental Deformation Model

[21] Our model considers deformation that is
located in the COTZ (stippled area in Figure 8), an
area, where the origin of the crust cannot be classi-
fied unequivocally as either continental or oceanic.
In this zone, oceanic crust can be interleaved with
segments of transitional crust, but the crustal thick-
ness generally increases from its outer edge to the
inner bound. Contrary, the amount of generated melt
increases towards the outer edge, where the thick-
ness of the oceanic crust equals the melt thickness.

[22] In order to reconstruct the pre-rift shape of the
Marie Byrd Land margin, we determined the width
of the COTZ, le, and the crustal thickness prior to
its extension, t0, within each of the six seismic
transects T1 to T6. We assumed volume constancy
of the continental crust during deformation, and—
reduced to a 2D profile—a continuous cross section
area, Ac.

[23] The aforementioned parameters permitted the
calculation of the pre-rift width of the COTZ, l0,
the mean thickness of the extended crust, tr, and the
stretching factor, b, according to the equations in
Figure 8. Both, tr and b, are independent from the
obliquity of the 2D section with respect to the
COTZ, when a three-dimensional continuation of
the geological units to either side of the 2D sec-
tion is presumed. The areal extent of the COTZ,
depicted in Figures 1 and 6, was estimated by
interpolation between the seismic transects.

3.4. Plate-Tectonic Reconstruction

[24] Visual fitting of picks of the magnetic spread-
ing anomalies from Cande et al. [1995], Eagles
et al. [2004b], and this study as well as fracture
zone traces using GPlates [Boyden et al., 2011]
yielded new finite rotations (Figure 5; see also
Figure A.IV and Table B.I in Text S1 in the
auxiliary material).

[25] Occasionally, ambiguities in the magnetic
identifications allowed for multiple rotation solu-
tions. In these cases, we regarded the position of
flow lines and fracture zones to be more trustworthy
than the location of modeled magnetic isochrons
and preferred a better fit of flow lines over that of
magnetic isochrons. Fracture zones were digitized
from seismic lines and satellite gravity data. Lateral
shifts of magnetic identifications in adjacent1Auxiliary materials are available in the HTML. doi:10.1029/

2011GC003742.
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profiles further constrained fracture zone traces that
are not apparent as flow lines in the gravity data.

[26] Whenever magnetic data were unavailable due
to the Cretaceous Normal Superchron (84–125 Myr)
or tectonic/magmatic overprinting, we attempted to
determine the finite rotation pole by extrapolating
spreading rates from the oldest distinguishable chron
back to the margin. For this we assumed that
spreading rates were constant during the Cretaceous
Normal Superchron and resembled the rate that
was determined at c34y (84 Myr). In some cases, it
was possible to estimate the spreading rate directly

from existing spreading anomalies on the conjugate
margin assuming identical half-spreading rates. The
pre-rift reconstruction of Marie Byrd Land, Chatham
Rise, and Campbell Plateau originated from the fit
of the pre-rift sutures of the continental margins at
90 Myr.

4. Data Analysis and Discussion

4.1. Crustal Model

[27] The crustal models (Figure 7), obtained from
gravity inversion along seismic transects T1 to T6

Figure 7. Crustal models along seismic transects T1 and T2 (locations on map in Figure 6). Numbers in the cross-
section represent density (g cm�3); stippled area indicates extended transitional crust/Bellingshausen Plate Boundary
Zone (COTZ/BPBZ). Arrows indicate area covered by seismic transect. Transects T3 to T6 in auxiliary material.
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(Figure 6), image an uneven basement, covered by
sediments up to 2.8 km thick. If we compare the
top-of-basement of Grobys et al. [2009] with our
crustal models, we observe a 1 km elevation dif-
ference between Zealandia and Marie Byrd Land,
consistent with the findings of Sutherland et al.
[2010]. The Moho depth varies around 24 km,
and the lower crust is generally 10 km thick.

[28] Two representative crustal models along the
seismic transects T1 and T2 are displayed in Figure 7.
The models consist of five layers—sedimentary
cover (2.3 g cm�3), upper crust (2.69 g cm�3), lower
crust (2.95 g cm�3), melt addition/oceanic crust
(3.0 g cm�3), and mantle (3.3 g cm�3)—whose
densities and thicknesses were obtained from the
velocity–depth model.

[29] Apart from slight deviations, the gravity-
derived crustal model of transect T1 reflects the
observations from the velocity–depth model: Crust
with a low density, but anomalously large thickness
extends seaward of the continental slope. The
Moho and the boundary between upper and lower

crust rise gradually towards the shelf, and the
gravity anomaly describes the rugged topography
of the upper crust and the Marie Byrd Seamounts.
The upper part of the submarine volcanoes consists
of material with approximately equal density as the
upper crust. Subsidence of the transitional crust and
subsequent formation of small sediment basins
increase the distance of the denser material to the
surface and generate negative gravity anomalies.

[30] By contrast, transect T2, which lies west of the
Marie Byrd Seamounts, displays an elongated
positive free-air gravity anomaly aligned with the
Moho step. This anomaly is caused by gravimetric
superposition of the Moho step with the bathymet-
ric step of the steep continental slope and some
minor sedimentary effect. The gravity high is fol-
lowed by a less pronounced landward low close
to the shelf that trends subparallel to shelf edge.
Comparable elongate gravity anomalies are con-
sidered commonly associated with Atlantic-type
passive continental margins [Watts, 1988; Watts
and Fairhead, 1999]. Unlike T1, the transition
from thick continental crust to thin oceanic crust is
abrupt with the Moho raising about 8 km. The sed-
imentary cover reaches thicknesses of up to 4 km.

[31] Transects T3 to T6 (see auxiliary material) are
more similar to transect T1 than to T2. The former
transects feature an equally thick low-density crust
extending far from the slope. The free-air anomaly,
also similar to that in the transect T1, indicates the
same rugged crust topography and sedimentary
cover. Compared to the cross sections further west,
transects T4 and T5 are characterized by increased
amounts of sediments (3–4 km) on the slope. We
observed a small but distinct increase of the upper
crust thickness, where transect T3 crosses the
Proto-Antipodes Fracture Zone.

[32] Except for the central part of transect T1,
which is covered by the velocity–depth model, the
gravity models are based only on reflection seismic
data. This leads to lower confidence on sediment
thickness estimates due to poorly constrained interval
velocity, as well as a lack of information about
basement properties. However, variations of sedi-
ment and basement properties within commonly-
accepted bounds would not be enough to explain
the gravity field differences between the transects.
Hence, we expect the effects of these uncertainties
on the determination of the crustal thickness, COTZ,
and b-factors to be small.

[33] We can distinguish between the Marie Byrd
Land sector with a sharp transition in the free-air

Figure 8. Determination of the COTZ width prior to
rifting. (a) Extended transitional crust (stippled area) on
passive continental margin from gravity inversion
model (Figure 7). (b) Reconstruction of the stippled
area in Figure 8a before rifting. b — stretching factor;
Ac/le — COTZ area/width; l0 — pre-rift width of COTZ;
t0/tr — initial/extended crustal thickness.
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anomaly and a narrow COTZ, and the extremely
wide Bellingshausen Plate Boundary Zone (BPBZ).

[34] The Marie Byrd Land margin best compares
to magma-poor passive continental margins in the
central South Atlantic, e.g., the Brazilian Espírito
Santo margin and conjugate North Angolan margin
[Blaich et al., 2011; Huismans and Beaumont,
2011]. Despite the uncertainties in the crustal
models, several features support this classification:
There are no indications of syn-rift magmatism like
oceanic seaward dipping reflectors or anomalously
high P-wave velocities within the transitional crust.
Instead, seismic velocities of the lower crust
[Gohl et al., 2007; Gohl, 2007; Lindeque and Gohl,
2010] are consistent with magmatic underplating.
Throughout the entire Marie Byrd Land margin,
we observed a wide region of thinned transitional
crust of low density. Sedimentation patterns in
the seismic image of line AWI-20100110 reveal
sedimentation patterns of a type similar to those
observed off the southeastern Brazil–Angola margin
(A. Lindeque, personal communication, 2011).
Unlike the Marie Byrd Land sector, the Belling-
shausen sector is unique in that it was subject to
ongoing deformation and volcanism after breakup.
This is further discussed in section 4.5.3.

[35] Close to the Antarctic shelf—where thick sed-
iment layers attenuate the gravity signal of the
basement—flow lines, indicating fracture zones,
cannot be traced anymore. On the seismic image
of line AWI-20100110, the basement reflectors
are discontinuous and show a vertical offset of
0.2–0.3 s TWT. These features are interpreted as
spatially coincident fracture zones, which are also
evident in the bathymetry (A. Lindeque, personal
communication, 2011), and correspond to the mag-
netic anomaly signatures in our study (Figure 6).
The seismic transect and observed shifts in the
magnetic pattern between parallel magnetic profiles
along the Kohiku Fracture Zone support the pro-
posed position and extend the fracture zone

interpretation further south. We further constrained
the locations of Pahemo and Endeavour Fracture
Zones at their southern tips from seismics and
magnetic spreading anomalies (Figure 1).

4.2. Continental Extension of Marie
Byrd Land

[36] We identified domains of transitional crust,
illustrated as stippled areas in the cross-sections in
Figure 7, along each of the six crustal models T1
to T6. Consequently, the area representing the
present-day COTZ was determined by interpolation
between the transects (striped area in Figure 6).
We derived the parameters Ac, to, tr and le from the
cross-sections and calculated the (along-profile)
pre-rift width of the COTZ, the pre-rift suture as
well as the amount of continental stretching and
the associated stretching factors (b) according to
the scheme in Figure 8. The results, summarized
in Table 1 and Figure 6, indicate a strong regional
variation of the COTZwidth. The width of the COTZ
steps from 50–130 km west of the Proto-Antipodes
Fracture Zone to more than 650 km east of that frac-
ture zone. By contrast, the stretching factors remain
low to moderate (1.8–3.5) on the entire Marie Byrd
Land margin.

[37] We determined the amount of generated melt
along the transects to obtain unbiased b-factors
by fitting the gravity anomalies with an extra
underplate layer. This layer gradually increases in
thickness from its inner (continental) bound to the
outer (oceanic) side, where it eventually transforms
into oceanic crust. There is not much room for big
melt thickness and initial crustal volume variability
in fitting transect T2 so that we can assume a con-
stant volume of the deformed crust. The estimation
of added material due to volcanism in the Marie
Byrd Seamount province remains speculative with
the available data. Therefore, fitting Chatham Rise
to Marie Byrd Land can only be attempted via the
plate circuit West Antarctica–Campbell Plateau–
Chatham Rise–Bellingshausen plate.

[38] The initial crustal thickness of 20–24 km for
Marie Byrd Land is equivalent to the thickness of
the submarine plateaus of Zealandia [Grobys et al.,
2009, and references therein]. Further, the crustal
thickness model of Grobys et al. [2008] suggests a
mean COTZ width of 100 km for the Campbell
Plateau and Chatham Rise. Although these widths
are similar to those on the western Marie Byrd Land
margin, they differ much from those of the eastern
part of Marie Byrd Land, which raises the question

Table 1. COTZ Properties of the Marie Byrd
Seamount Province Along Seismic Transects (Figure 6)

Number b-Factor COTZ Width Cont. Stretching

T1 1.83 670 km 304 km
T2 2.62 145 km 90 km
T3 — — —
T4 1.89 225 km 106 km
T5 3.55 220 km 158 km
T6 3.12 345 km 234 km
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whether extensive continental stretching was asso-
ciated with rifting only (see section 4.5.3).

4.3. Age and Spreading Model

[39] We identified magnetic spreading anomalies
along 44 helicopter- and ship-magnetic profiles in
the eastern Ross Sea (Figures 1–5). Both data
sources show clearly identifiable seafloor spreading
anomalies with similar amplitudes (Figure A.IX in
Text S1 in the auxiliary material), even though the
shipborne data are preprocessed more aggressively.

[40] The oldest identified magnetic spreading
anomaly, c33n (73.6–79.5 Myr), occurs in several
locations in the Ross Sea, theWrigley Gulf and to the
west of the Marie Byrd Seamounts/Proto-Antipodes
Fracture Zone (Figure 1). A reversed magnetic
anomaly occurs south of c33n. Based on its prox-
imity and location within the COTZ, it is more likely
to be of continental origin than a c33r magnetic
seafloor spreading anomaly.

[41] The spreading model in Figure A.VIII in
Text S1 in the auxiliary material suggests a half-
spreading rate of about 30 mm yr�1 along the
Pahemo Fracture Zone during c32n.2n (72 Myr).
Later, the spreading rate increased up to 37 mm
yr�1, where it peaked around chron c27n, and
steadily decreased to 11 mm yr�1 between chrons
c26n and c22n. Further west, the spreading rate
was slower by about 10 mm yr�1 (Figure A.IX in
Text S1 in the auxiliary material).

4.4. Fitting Fracture Zones

[42] Fracture zones and flow lines in the South
Pacific (Figure 5; see also Figure A.IV in Text S1
in the auxiliary material) are essential constraints
for the lateral alignment of conjugate plates in the
plate-tectonic reconstruction (Figure 9; see also
Figure A.V in Text S1 in the auxiliary material).
Although fracture zones prior to 43 Myr are
explained well by synthetic flow lines derived from
the models of Cande et al. [1995], Larter et al.
[2002], and Eagles et al. [2004a], the fit of older
fracture zones of conjugate plates is not ideal. There
are particularly large model differences during the
initial rifting phase between Zealandia and Marie
Byrd Land. We suspect this to be due to fitting
unreliable or not well constrained magnetic iso-
chrons using the Hellinger [1981] criteria [Cande
et al., 1995; Larter et al., 2002]. In this study,
we improved the plate-tectonic reconstruction by
visually fitting magnetic picks and fracture zones

while ensuring that the model would be geologi-
cally sound (Figure 5; see also Figure A.V in
Text S1 in the auxiliary material).

[43] Fracture zones, as observed in satellite gravity,
are generally 10 km wide and have clearly defined
boundaries in the gravity signal. We assume that we
can achieve an accuracy of about 2 km if we take
care to digitize the same boundary or the centerline
on both conjugate plates. As there are many parallel
fracture zones along the margin, these errors aver-
age out in the end. We determined the offsets
between conjugate fracture zone segments in the
Ross Sea sector using the rotation poles of Eagles
et al. [2004a], and compared these results to the
offsets in our model. We obtained a general misfit
of considerably less than 5 km, whereas offsets as
large as 60 km occur in the former model.

4.5. Plate-Tectonic Reconstruction

[44] In Figure 9, we present the key frames of the
improved plate-tectonic reconstruction of the con-
jugate Marie Byrd Land and Zealandia margins.
Croon et al. [2008] refined the Pacific–Antarctic
plate rotations of previous studies by Cande et al.
[1995], Cande and Stock [2004], and Eagles et al.
[2004a], however, their model does not include
rotations prior to c20o (43 Myr). Here, we focus on
the evolution of Marie Byrd Land and Zealandia
beyond that point. An animation included in Text S1
in the auxiliary material shows the deduced plate
movements, which could be divided into the fol-
lowing major phases of plate reorganizations:

[45] 90–84 Myr (c34n) Onset of continental exten-
sion; Chatham Rise separated from Marie Byrd
Land as a fragment of Zealandia with a velocity of
30–40 mm yr�1. Rifting started in the Amundsen
Sea, where the oldest seafloor spreading anomalies
(c34y) are observed, and then propagated west.

[46] 84–80 Myr (c33r) Zealandia and Marie Byrd
Land initially rotated about a pole located in Wilkes
Land; spreading propagates into the Ross Sea.

[47] 84–62 Myr (c33r–c27r) The Bellingshausen
plate moved as an independent plate for about
22 Myr. During this time, the southern plate
boundary was subject to extensive transtension
located in an up to 670 km wide deformation zone.

[48] 80–74 Myr (c33n) The Campbell Plateau and
Chatham Rise rotated against each other and the
Bounty Trough was opened. The Bollons Sea-
mount was transferred to the southeastern plate
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Figure 9. Pre-rift reconstruction models of Marie Byrd Land, Chatham Rise, and Campbell Plateau (a and c–f ) using
finite rotations of this study and from Grobys et al. [2008], and (b) using rotation parameters from Larter et al. [2002]
and Eagles et al. [2004a]. Chatham Rise (striated), Campbell Plateau (stippled), and Marie Byrd Land overlap the pre-
rift suture (dashed line) from this study. Arrows indicate initial plate motion direction of Pacific plate/Chatham
Rise. Plate-tectonic reconstruction models of Zealandia, Marie Byrd Land, and Bellingshausen plate (Figures 9c–9f )
at magnetic chrons c34y (84 Myr), c33o (80 Myr), c32n.1o (71 Myr), and c27o (62 Myr). The Bellingshausen
plate (blue) moved independently from the Antarctic plate between c34y and c27o (small arrows). Oceanic crust
formed along the southern Bellingshausen plate margin (Figures 9c and 9d) was later deformed (BPBZ, stippled area,
Figures 9e and 9f ). The tectonic regime in the BPBZ and Bounty Trough is illustrated by arrowheads pointing towards
(convergent) and away (divergent) from each other. The Bollons Seamount was transferred from the West Antarctic to
the Pacific plate around c33o. The rotation between Chatham Rise and Campbell Plateau occurred during chron
c33n. Parallel spreading centers at 120�W (Figure 9d) represent ridge jumps. Thin black lines — fracture zones, thick
black lines — mid-ocean ridge segments; ANT — West Antarctic plate, BEL — Bellingshausen plate, BS — Bollons
Seamount, BT — Bounty Trough, CaP — Campbell Plateau, ChP — Challenger Plateau, ChR — Chatham Rise,
MBL — Marie Byrd Land, NNZ — North Island of New Zealand, PAC — Pacific plate, SNZ — South Island;
A, B, C, D — see Figure A.VII in Text S1 in the auxiliary material. Base map: crustal thickness of Zealandia
[Grobys et al., 2008] and Antarctica, Lambert conformal conic projection with central meridian 145�W and standard
parallels 72�S and 60�S.
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boundary of the Campbell Plateau. The lateral dis-
placement between Marie Byrd Land, Campbell
Plateau and Chatham Rise was shifted from the
Bollons transform fault west of Bollons Seamount
to the Proto-Antipodes Fracture Zone. Plate motion
velocities between Marie Byrd Land and Zealandia
ranged from 50 (west of the Proto-Antipodes
Fracture Zone) to 80 mm yr�1 (east of the Proto-
Antipodes Fracture Zone). The tectonic regime in
the Ross Sea changed from transtension to exten-
sion, and first fracture zones were formed.

[49] 74–62 Myr (c32r.2r–c27r) The rotation
between Campbell Plateau and Chatham Rise
ceased, and the Pacific–Antarctic separation
velocity decreased to 55–70 mm yr�1. The rotation
of the Bellingshausen plate shifted from counter-
clockwise to clockwise (Figure A.VII in Text S1
in the auxiliary material), causing a characteristic
curve in the trace of the Udintsev Fracture Zone
and the Eltanin Fault System. Eventually, the
independent motion of the Bellingshausen plate
stopped around 62 Myr, and the plate became
fixed to the West Antarctic plate.

[50] 71–69 Myr (c31r) The traces of the Pahemo,
Endeavour, and Kohiku Fracture Zones begin to
bend left in direction from the Ross Sea towards
the spreading center, indicating a slight shift of
the Pacific plate motion direction. The Bollons
Seamount passed the northern tip of the Proto-
Antipodes Fracture Zone during the same time, and
the overall spreading velocity decreased by about
10 mm yr�1.

[51] 62–45 Myr (c26r–c21n) Following the end
of the independent Bellingshausen plate move-
ment, full-spreading rates constantly decreased
from 60–70 mm yr�1 to 30–40 mm yr�1.

[52] 45–42 Myr (c20r–c20n) For a short period,
the rotation pole between the West Antarctic and
Pacific plates moved into the Ross Sea (163�49.8′W,
71�17.4′S) and initiated a 3.5� counterclockwise
rotation of the Pacific plate relative to West Ant-
arctica in only 3.8 Myr.

4.5.1. Estimation of Breakup Time

[53] The time of onset of the COTZ formation is not
constrained by our observations, but we interpret
the margin west of the Proto-Antipodes Fracture
Zone as forming during c33r and the end of c33n
(79.5 Myr). Supporting our interpretation, Siddoway
et al. [2004] relate a rapid cooling event during
80–71 Myr—recorded by apatite fission-track
ages of samples from the Cape Colbeck region in

the Eastern Ross Sea—to denudation associated
with the breakup of Campbell Plateau from Marie
Byrd Land.

[54] Breakup time estimates in the range of 105–81
Myr in earlier works [e.g., Molnar et al., 1975;
Cande et al., 1995; Luyendyk, 1995; Larter et al.,
2002; Stock and Cande, 2002; Cande and Stock,
2004; Eagles et al., 2004a] are based on paleo-
magnetic data or extrapolation of spreading rates
back into the Cretaceous Normal Superchron
(c34n). Without the benefit of dated samples from
the margin or magnetic anomalies of the appropri-
ate age, the onset of COTZ formation and the initial
rate of COTZ deformation are basically unknown,
but likely fall within a certain range of possibilities.

[55] The new magnetic data we collected in vici-
nity of the Proto-Antipodes Fracture Zone indicates
that Chatham Rise and Campbell Plateau separated
from Marie Byrd Land with a velocity of 30–
40 mm yr�1 during chron c33r (79.5–84 Myr). These
velocities also match spreading rates based upon
extrapolation beyond the oldest chrons detected
along the margin west of the Proto-Antipodes Frac-
ture Zone.

[56] Taking into account the continental deforma-
tion (�90 km extension along the margin of
Campbell Plateau and Marie Byrd Land) during
breakup and assuming a constant spreading rate
during chrons c33r and c34n, a close fit of
the modeled pre-rift suture between Zealandia
and West Antarctica is reached at about 89 Myr.
Subduction of the Hikurangi Plateau beneath the
Chatham Rise stopped around 96 Myr [Davy et al.,
2008]. Aside from maybe back-arc extension
before that time, we consider this to be the earliest
possible onset of the Zealandia–Antarctic rifting
with an implied minimal plate motion velocity of
14 mm yr�1 during the rifting phase.

[57] Numeric lithosphere extension models suggest
that the rifting time—before continental breakup
occurs—is a function of extension velocity [van
Wijk and Cloetingh, 2002]. For rapid breakup
times (in this case 5–12 Myr with an initial exten-
sion between 96 and 89 Myr), their models predict
extension rates of more than 30 mm yr�1.

[58] Although the crustal thickness of the modeled
crust is greater than that of the Marie Byrd Land
margin and the rheology of the latter is unknown,
which could alter the relationship between rifting
time and extension velocity, we nevertheless
attempted to estimate the breakup time based on the
data of van Wijk and Cloetingh [2002]. In our

Geochemistry
Geophysics
Geosystems G3G3 WOBBE ET AL.: BREAKUP HISTORY OF ZEALANDIA–MARIE BYRD LAND 10.1029/2011GC003742

13 of 19

Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 83



reconstruction, a late extension (starting at 90 Myr
and with a separation velocity of >30 mm yr�1) as
opposed to an earlier extension (at 96 Myr with
a slower velocity of about 14 mm yr�1) fits the
van Wijk and Cloetingh [2002] model better.

4.5.2. Early Breakup and Opening
of Bounty Trough

[59] New evaluation of continental extension on
the Marie Byrd Land margin in this study and the
crustal thickness model of Grobys et al. [2008]
have enabled numerous improvements to the
reconstruction of the early Zealandia–Marie Byrd
Land breakup history. Also they provided answers
to open questions and voids of previous studies that
originated from a lack of constraints regarding the
dynamics of the plate margins.

[60] Unresolved issues remaining in previous
reconstructions include:

[61] 1. The rotation of Chatham Rise with respect to
Campbell Plateau by Larter et al. [2002] causes a
350 km wide overlap because the extend of the
COTZ on both margins was underestimated. This
close fit reconstruction of Marie Byrd Land and
Chatham Rise introduces an overlap of the latter
with the continental shelf of Marie Byrd Land as far
as Siple and Camey Islands (Figure 9b). Further,
the Bollons Seamount is traversed by Chatham
Rise, and the southwest margin of Campbell
Plateau overlaps the continental shelf of the West
Antarctic Plate by about 100 km. A compression of
this dimension cannot be explained by our conti-
nental deformation model, since the transitional
crust of the continental shelf of Marie Byrd Land,
the crust of the Bounty Trough, and its adjacent
plateaus [Grobys et al., 2008] is relatively thick
(low b-factors).

[62] 2. Davy et al. [2008] interpreted the cessation
of subduction of the Hikurangi Plateau beneath
the Chatham Rise at about 96 Myr, followed by a
switch in the tectonic regime in New Zealand from
northeast to northwest directed extension, which
Davy et al. [2008] construed to be parallel to the
breakup orientation. The southern branches of
Udintsev and adjacent Fracture Zones further east
(Figure 5; see also Figure A.IV in Text S1 in
the auxiliary material) strike northwest–southeast,
thus confirming a northwest directed separation of
Chatham Rise from Marie Byrd Land. Larter et al.
[2002] and Eagles et al. [2004a] suggest a north by
west directed initial movement of Chatham Rise
(90–84 Myr, arrow in Figure A.VI and supporting

animation in Text S1 in the auxiliary material)
which is oblique to the fracture zones and contra-
dicts the interpretation of Davy et al. [2008].

[63] Our updated plate reconstruction, based on the
location of the pre-rift suture between Marie Byrd
Land, Chatham Rise, and Campbell Plateau,
ensures that there are no or only minor overlaps
between Marie Byrd Land and Zealandia as well
as Chatham Rise and Campbell Plateau. Further
drawbacks of previous reconstructions were cir-
cumvented in this study by first rotating Zealandia
with respect to Marie Byrd Land and then rotating
Chatham Rise with respect to Campbell Plateau in
a separate step, after the Bollons Seamount was
transferred to the margin of the Campbell Plateau at
about 80 Myr. This allowed a fit of the conjugate
ends of the Udintsev Fracture Zone as well as
adjacent fracture zones further east and guaranteed
a northwest directed extension in New Zealand.

[64] The plate-tectonic reconstruction of Zealandia
[Grobys et al., 2008] does not constrain the time
and duration of the rotation between Chatham Rise
and Campbell Plateau. However, a rotation is not
possible prior to chron c33n without introducing a
cycle of rapid extension followed by compression
along the southern boundary of the Bellingshausen
plate (see animations in Text S1 in the auxiliary
material). Furthermore, the reliability of the c34y
identifications in the Bounty Trough area is ques-
tionable [Davy, 2006]. Rifting on the northern
Campbell Plateau was complete by 84 Myr
[Cook et al., 1999], but the age of cessation of
rifting is unconstrained for the Bounty Platform or
southern Campbell Plateau. Sutherland [1999]
suggests that a ridge may have existed during
c33n in the outer part of the Bounty Trough and
then jumped southward. By initiating the rotation
between Chatham Rise and Campbell Plateau dur-
ing chron c33n (as opposed to c34n [Larter et al.,
2002]), we can fit c33o south of Bollons Sea-
mount while minimizing the Bellingshausen plate
motion relative to Marie Byrd Land at the same
time. This implies that until c33y, when the
Chatham Rise vs. Campbell Plateau rotation ceased,
the Proto-Antipodes Fracture Zone separated two
independent spreading centers (Antarctic–Pacific
and Antarctic–Campbell Plateau).

4.5.3. Transitional Crust of the Bellingshausen
Plate

[65] In section 4.2, we concluded that pre-rift
crustal thicknesses of Marie Byrd Land, Campbell
Plateau, and Chatham Rise were alike. Moreover,
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the width of the COTZ of west Marie Byrd
Land, Campbell Plateau, and Chatham Rise were
uniform, whereas the BPBZ is three to five times
wider (Figures 6 and 7 and Table 1). Because the
opening of the Amundsen Sea and Ross Sea prop-
agated from east to west, leading to lower spreading
velocities in the west and increasing the potential of
basin propagation [van Wijk and Cloetingh, 2002],
we should expect a widening of the COTZ towards
the Ross Sea. By contrast, we observed a narrow
COTZ west of the Bellingshausen sector.

[66] There are several indicators implying that the
extensive continental stretching between Chatham
Rise and east Marie Byrd Land was not associated
with the initial rifting alone, but instead developed
partly after their separation:

[67] 1. Alkali basalt samples, dredged from Haxby
Seamount and Hubert Miller Seamount (Figure 6)
yield 40Ar/39Ar ages ranging from 64.73 � 0.84
to 55.72 � 0.63 Myr [Kipf et al., 2008; A. Kipf
et al., Seamounts off the West Antarctic margin
of the Pacific: A case of non–hotspot intraplate
volcanism, manuscript in preparation, 2012]. This
dating clearly marks the end of the independent
Bellingshausen plate movement and is too young
to be associated with the rifting between Zealan-
dia and Marie Byrd Land.

[68] 2. We determined an extension velocity of
>30 mm yr�1 (section 4.5.1) associated with a short
rifting time. Continental deformation along the
Campbell Plateau and western Marie Byrd Land
margin ceased in less than 10 Myr, and lithosphere
extension models [van Wijk and Cloetingh, 2002]
suggest that deformation should have stopped in
eastern Marie Byrd Land as well.

[69] 3. Magnetic spreading anomalies c34n, c33r,
and partly c33n cannot be detected on the central
Marie Byrd Land margin (Figure 5), although they
exist on the conjugate margin (Chatham Rise). It is
likely that oceanic crust formed on the Marie Byrd
Land side as well and transformed later on.

[70] We propose that the complete Marie Byrd
Land margin developed similar to the conjugate
margin of Zealandia during the initial separation.
Rifting between Chatham Rise and Marie Byrd Land
stopped before c34y (84 Myr), and, consequently,
oceanic crust formed in the Amundsen Sea. Most of
this oceanic crust, generated on the Bellingshausen
plate margin until the end of chron c33r, was either
magmatically altered or tectonically interleaved with
transitional crust at a 1:1 ratio.

[71] The Bellingshausen plate moved independently
of the West Antarctic plate for about 22 Myr since
c34y. Its plate motion trajectories indicate an overall
plate drift to the northeast with respect to Marie Byrd
Land and a velocity varying from 3 to 36 mm yr�1

with a peak around 9 mm yr�1 (Figure A.VII in
Text S1 in the auxiliary material). The southern
and western border of the Bellingshausen plate
were subject to a 8–14 mm yr�1 dextral motion
relative to Marie Byrd Land and subparallel to its
plate boundary.

[72] First counterclockwise, then clockwise rotation
of the Bellingshausen plate caused a tectonic
regime of alternating convergence and extension
west of the balance point B (Figure 9; see also
Figure A.VII in Text S1 in the auxiliary material)
and vice versa east of it. This is supported by pre-
vious studies by Larter et al. [2002], Cunningham
et al. [2002], and Eagles et al. [2004b], who inter-
preted the Bellingshausen Gravity Anomaly (south-
east of point C) and the continental margin off
Thurston Island as zone of accommodated conver-
gent motion between the Bellingshausen and West
Antarctic plates. Seamounts occur en echelon along
the southern plate boundary of the Bellingshausen
plate near point A. Their strike is approximately
northeast–southwest directed and perpendicular to
the motion path of A during the second half of the
existence of the autonomous Bellingshausen plate.
The clockwise rotation, the strike of the seamount
chains and the dated sample from Hubert Miller
Seamount are indicators that the seamounts formed
during the end of the independent Bellingshausen
plate movement (65–55 Myr).

[73] Traditionally, the chemistry signal [Kipf et al.,
2008, also manuscript in preparation, 2012], incre-
ased crustal thickness (Figure 7), local highs in
the gravity field, and disrupted magnetic signature
were used as indicators to suggest intraplate vol-
canism as a simple solution to account for the
transitional crust in the Bellingshausen plate [e.g.,
Storey et al., 1999]. Our data, the geochemical sig-
nature, and the age of the Marie Byrd Seamounts
[Kipf et al., 2008, also manuscript in preparation,
2012] indicate that the Bellingshausen plate motion
preceded intraplate volcanism. The tectonic setting
at the time the seamounts formed indicates an enri-
ched mantle source [Halliday et al., 1995; Pilet
et al., 2008], which released melts through fis-
sures created by lithospheric extension on the
southern Bellingshausen plate margin. Fertilization
of the mantle could either be explained byMesozoic
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subduction beneath the Gondwana convergent
margin or by metasomatism of the lithospheric
mantle through fractures in the weakened Belling-
shausen plate.

[74] Especially during chron c33r (79.5–84 Myr)
and at the end of the existence of the plate, there
was very little movement relative to Marie Byrd
Land. Lithosphere extension models show that
rifting velocities lower than 8 mm yr�1 do not lead
to seafloor spreading because the lithosphere in the
formed basin cools and becomes stronger than in
the surrounding regions [van Wijk and Cloetingh,
2002]. Consequently, the deformation zone migrates
and the process repeats itself, forming a wide COTZ.
We assume, a similar process, combined with oscil-
lating transpression and transtension along the
Bellingshausen plate margin, lead to the formation of
an up to 670 km wide zone of transitional crust
interleaved with segments of oceanic crust (BPBZ, in
Figure 7). The deformation was intense enough to
annihilate signs of oceanic crust such as magnetic
seafloor spreading anomalies.

5. Summary

[75] We present and analyze an extensive new
dataset of air- and shipborne geophysical measure-
ments acquired during R/V Polarstern cruises in
2006 (ANT-23/4) and 2010 (ANT-26/3) at the
rifted oceanic margin of Antarctica in the eastern
Ross Sea and Bellingshausen Sea. We construct
models of seafloor magnetic anomalies to interpret
oceanic age, and models of the continental margin
crust that are constrained by active-source seismic
reflection and refraction data as well as gravity
data. We subdivide the continental margin into
two sectors divided by the Proto-Antipodes Frac-
ture Zone (Figure 6).

[76] The western sector of the continental margin,
the Marie Byrd Land sector, has a relatively narrow
steep slope and resembles a typical magma-poor
margin. The width of the COTZ on our modeled
transect is 145 km, which we interpret—based on
our crustal model—to represent an initial conti-
nental crust of thickness 24 km and width 55 km.
It was stretched 90 km and intruded at its base by
melt, eventually transitioning to normal-thickness
oceanic crust (�7 km) [White et al., 1992] at its
seaward limit.

[77] The eastern sector of the continental margin,
the Bellingshausen sector, is broad and complex
with abundant morphologic evidence for later

volcanism, confirmed by dredging [Kipf et al.,
2008]. The widths of the COTZ/BPBZ on our
modeled transects are up to 670 km, and substantial
uncertainty remains as to the nature of the crust
within the COTZ/BPBZ because we have little
control on crustal thickness or density. Our pre-
ferred interpretation is that some stretched conti-
nental crust is present throughout this zone, but that
it has been substantially added to by basaltic igne-
ous rocks (density 3.0 � 0.1 g cm�3). The exten-
sion estimates fall in the range of 106–304 km for
the COTZ/BPBZ (Table 1).

[78] We identify seafloor magnetic anomalies
c33n (79.5 Myr) to c20n (42 Myr) on a number
of transects adjacent to the Marie Byrd Land
sector (Figures 1–5). The Bellingshausen sector is
too complex and sparsely sampled for us to reli-
ably interpret magnetic anomalies as isochrons.
At the longitude of the Pahemo Fracture Zone, in
the central part of the Marie Byrd Land sector,
the full-spreading rate during chrons 33–31 (80–
68 Myr) was 60 mm yr�1, increasing to a maxi-
mum of 74 mm yr�1 at chron 27, and then
dropping to 22 mm yr�1 by chron 22. Spreading
rates generally decrease westward. Based upon
extrapolation towards the continental margin,
we estimate that initial oceanic crust formation
in the Bellingshausen sector was at approximately
chron 34y (84 Myr) and that it formed rapidly.
West of the Proto-Antipodes Fracture Zone, sea-
floor spreading initiated at chron 33n (79.5 Myr).
At rates of 30–60 mm yr�1, the 90 km of inferred
extension could be achieved in 1.5 to 3.0 Myr.

[79] We construct an improved set of plate recon-
structions utilizing our updated analysis of the
Antarctic continental margin to place our local
interpretations of Antarctica in context. From these
we make inferences regarding the general sequence
of events during inception of seafloor spreading,
and calculate the subsequent motion history of the
Bellingshausen plate, which is the oceanic plate
adjacent to the Bellingshausen sector of the conti-
nental margin (see auxiliary material). Our pre-
ferred interpretation is that the tipline of the
spreading ridge and hence initial seafloor formation
propagated westward between �89 and 84 Myr.
Subsequent motion of the Bellingshausen plate
relative to Antarctica was at rates <40 mm yr�1 and
was most commonly 5–20 mm yr�1. Although we
have not attempted a quantitative uncertainty anal-
ysis, our predictions that motion direction and rate
varied spatially and temporally and involved both
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local compression and extension are supported by
local geology and geophysics [e.g., Cunningham
et al., 2002; Larter et al., 2002; Gohl, 2012; Gohl
et al., 2011].

[80] Our new data and interpretations are generally
consistent with previous analyses that indicate
Gondwana breakup along this part of the margin
was at �84 Myr, and there was subsequent forma-
tion of the Bellingshausen plate east of the Proto-
Antipodes Fracture Zone [Molnar et al., 1975;
Stock and Molnar, 1987; Cande et al., 1995; Larter
et al., 2002; Stock and Cande, 2002; Cande and
Stock, 2004; Eagles et al., 2004a, 2004b]. The rel-
atively high rifting rate of 30–60 mm yr�1 during
initial margin formation is consistent with the rela-
tively sharp and symmetrical morphology of the
margin, and confirms predictions from numerical
models [van Wijk and Cloetingh, 2002]. By con-
trast, subsequent motion of the Bellingshausen plate
relative to Antarctica has been slow and complex,
and has modified the initial rift morphology to
create a broad deformed BPBZ that was strongly
affected by migrating patterns of deformation and
volcanism.
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New radiometric age and geochemical data of volcanic rocks from the guyot-type Marie Byrd Seamounts
(MBS) and the De Gerlache Seamounts and Peter I Island (Amundsen Sea) are presented. 40Ar/39Ar ages of
the shield phase of three MBS are Early Cenozoic (65 to 56 Ma) and indicate formation well after creation
of the Pacific–Antarctic Ridge. A Pliocene age (3.0 Ma) documents a younger phase of volcanism at one
MBS and a Pleistocene age (1.8 Ma) for the submarine base of Peter I Island. Together with published data,
the new age data imply that Cenozoic intraplate magmatism occurred at distinct time intervals in spatially
confined areas of the Amundsen Sea, excluding an origin through a fixed mantle plume. Peter I Island appears
strongly influenced by an EMII type mantle component that may reflect shallow mantle recycling of a conti-
nental raft during the final breakup of Gondwana. By contrast the Sr–Nd–Pb–Hf isotopic compositions of the
MBS display a strong affinity to a HIMU-type mantle source. On a regional scale the isotopic signatures over-
lap with those from volcanics related to theWest Antarctic Rift System, and Cretaceous intraplate volcanics in
and off New Zealand. We propose reactivation of the HIMU material, initially accreted to the base of conti-
nental lithosphere during the pre-rifting stage of Marie Byrd Land/Zealandia to explain intraplate volcanism
in the Amundsen Sea in the absence of a long-lived hotspot. We propose continental insulation flow as the
most plausible mechanism to transfer the sub-continental accreted plume material into the shallow oceanic
mantle. Crustal extension at the southern boundary of the Bellingshausen Plate from about 74 to 62 Ma may
have triggered adiabatic rise of the HIMU material from the base of Marie Byrd Land to form the MBS. The De
Gerlache Seamounts are most likely related to a preserved zone of lithospheric weakness underneath the De
Gerlache Gravity Anomaly.

© 2013 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Seamounts are common bathymetric features on the seafloor and
most are of volcanic origin. Although only a fraction of them have
been mapped by ship-based echo-sounding, satellite altimetry has
identified more than 13,000 seamounts taller than 1.5 km and pre-
dicts more than 100,000 seamounts higher than 1 km (e.g., Smith
and Sandwell, 1997; Wessel et al., 2010). Seamounts are important
probes of the composition and dynamics of the oceanic mantle and,
if they form parts of hotspot tracks, they can also be important re-
corders of past plate motions (Hofmann, 2003; Tarduno et al., 2003;
Koppers et al., 2012). They also form oases for marine life and biodi-
versity (e.g., Shank, 2010 for a recent review) and are significant com-
ponents of hydrogeological systems focusing the exchange of heat and
fluids between the oceanic lithosphere and the oceans (e.g., Fisher et al.,
2003; Harris et al., 2004; Hutnak et al., 2008; Klügel et al., 2011). The
latter processes can lead to the formation of economically important
ssociation for Gondwana Research.
mineral deposits (e.g., Hein et al., 2010), which are, for example, com-
mercially mined in some accreted seamount complexes (e.g., Safonova,
2009). Seamounts are also sites of geological hazards such as tsunamis
through sector collapse during their growth stage (e.g., McMurtry et al.,
2004). Upon subduction of the ocean floor, seamounts can also serve as
prominent asperities generating earthquakes (e.g., Watts et al., 2010
for a recent review). As the subduction process can lead to crustal accre-
tion of seamounts, they can be preserved in the accessible geological re-
cord, providing important insights from the evolution of hotspot tracks
and continental margins to biological exchange between continents
(e.g., Hoernle et al., 2002; Geldmacher et al., 2008; Portnyagin et al.,
2008; Buchs et al., 2011; Safonova and Santosh, 2012). Despite the
manifold contributions of seamounts to the dynamics of diverse earth
systems, their process of formation is still debated. Most commonly
the occurrence of isolated volcanoes distant from plate boundaries
is attributed to the upwelling of mantle plumes (e.g., Wilson, 1963;
Morgan, 1971; Courtillot et al., 2003). The absence of linear volcanic
chains and lack of spatially age progressive magmatism in many
areas has stimulated a vigorous debate on the origin of intraplate volca-
nism (e.g., Anderson, 2000; Foulger and Natland, 2003; see also “Great
Published by Elsevier B.V. All rights reserved.
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Plume debate”, www.mantleplumes.org). Other important mecha-
nisms of seamount formation include off-axis volcanism in the vicinity
of spreading ridges by lateral expansion of the ridge melting regime
(e.g., Batiza et al., 1990; Brandl et al., 2012 and references therein),
recycling of delaminated continental lithosphere (Hoernle et al., 2011)
and plate fracturing (e.g., Winterer and Sandwell, 1987; Natland and
Winterer, 2005). In this paper, we report for the first time an integrated
bathymetric, geochronological and geochemical data set from three
seamount provinces off West Antarctica and show that these intraplate
volcanoes are not directly linked to the activity of a mantle plume but
rather reflect remobilization and transfer of fertilemantle frombeneath
West Antarctica.

The Marie Byrd Seamounts (MBS), located in the western Amundsen
Sea north of the continental shelf of Marie Byrd Land, West Antarctica
(Fig. 1), are a good example of enigmatic intraplate volcanism. They are
located on oceanic crust possibly older than 72 Ma (Heinemann et al.,
1999; Eagles et al., 2004a,b) and form an elongated cluster of volcanic ed-
ifices, that extends for more than 800 km between ~114° and ~131°W,
and ~68° and ~71°S. Based on rock fragments found in corers and
dredges carried out at a single MBS (Hubert Miller Seamount), Udintsev
et al. (2007) assumed that this structure represents a relict fragment of
continental crust which was destructed and altered by a mantle plume.
The authors, however, admit that the material recovered cannot unam-
biguously be interpreted as in situ rocks. Although the MBS form a vast
seamount province covering over 200,000 km2, their remote location
made sampling difficult, inhibiting elucidation of their age, magma
sources and volcanic evolution. Moreover, the relationship of the MBS
to the magmatism associated with the final break-up of Gondwana
and/or to the widespread but low volume intraplate volcanism in the
SW Pacific region (e.g., Weaver et al., 1994; Storey et al., 1999; Rocchi
et al., 2002a; Finn et al., 2005; Hoernle et al., 2006, 2010; Timm et al.,
2010) was poorly constrained.

In 2006, the R/V Polarstern cruise ANT-XXIII/4 conducted a bathy-
metric mapping and dredge sampling survey of five MBS and associ-
ated structures. Samples from two other volcanic complexes in the
Amundsen Sea, namely the previously studied ocean island volcano
Peter I Island (e.g., Prestvik et al., 1990; Prestvik and Duncan, 1991;
Fig. 1. Overviewmap of West Antarctica and the Amundsen Sea. The three seamount/ocean i
lines indicate major tectonic lineaments (WARS—West Antarctic Rift System fromMüller et
Grid (version 20091120, http://www.gebco.net).
Hart et al., 1995) and the Belgica Seamount (De Gerlache Seamounts,
Hagedorn et al., 2007) (Fig. 1), are included in our study to more fully
characterize the sources and spatial evolution of intraplate magmatism
in this region. Both Peter I Island and the De Gerlache Seamounts have
been related to hotspot activity by most previous authors.

Here, we present results of the bathymetric surveys together with
40Ar/39Ar ages and geochemical data (major and trace element and
radiogenic Sr–Nd–Pb–Hf isotope ratios) of the recovered rocks. We
show that magmatism in the Amundsen Sea occurred at distinct
time intervals in spatially confined areas ruling out an origin through
a single stationary hotspot. Notably this volcanism appears predomi-
nantly influenced by HIMU (high time-integrated 238U/204Pb) type
mantle, requiring emplacement and upwelling of such material in the
depleted upper oceanic mantle well after the breakup of Zealandia
from Antarctica. After briefly summarizing the tectonic and magmatic
evolution affecting this part of the SW Pacific over the past 100 Ma,
we discuss our results and evaluate processes, which may cause
non-hotspot related HIMU-type intraplate volcanism in the Amundsen
Sea.

2. Tectonic and magmatic evolution of the SW-Pacific over the
past 100 Ma

Plate-kinematic reconstructions (Fig. 2) demonstrate that Marie
Byrd Land was attached to the southeastern margin of Zealandia prior
to the final breakup of Gondwana (Fig. 2a; e.g., Eagles et al., 2004a).
After the collision of the Hikurangi Plateau with the Gondwana margin
(e.g., Davy et al., 2008; Hoernle et al., 2010) and cessation of subduction
along the northernmargin of Zealandia at c. 100 Ma (e.g., Weaver et al.,
1994), extensional processes set in, causing Zealandia to rift fromMarie
Byrd Land (e.g., Larter et al., 2002; Eagles et al., 2004a; Boger, 2011 for a
recent review). The continental breakup initiated with the Chatham Rise
separating from the Amundsen Sea Embayment sector during the Cre-
taceous Normal Polarity Superchron (CNS) at about 90 Ma (Fig. 2b).
Thereafter the southwestward rift propagation jumped farther south
and separated the Campbell Plateau from Marie Byrd Land just before
chron C33 (83–79 Ma), leaving a rifted West Antarctic continental
sland volcanic provinces of the Amundsen Sea are marked by yellow circles. Dashed red
al. (2007); DGGA— De Gerlache Gravity Anomaly). The map is based on the GEBCO_08
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Fig. 2. Plate-tectonic reconstruction from 100 Ma to 22 Ma, using rotation parameters by Eagles et al. (2004a). Illustrated are the collision of Hikurangi Plateau with Zealandia at
around 100 Ma, the breakup between Zealandia and West Antarctica at 90–80 Ma, the development of the Bellingshausen Plate and the subsequent volcanism along the West
Antarctic margin. Double lines mark spreading ridge plate boundaries, single solid lines mark other plate boundary types, and dashed lines in West Antarctica illustrate lineaments
of the West Antarctic Rift System (Eagles et al., 2009; Gohl et al., 2013). Abbreviations are: SNS South Island New Zealand, HIK Hikurangi Plateau, CP Campbell Plateau, CR Chatham
Rise, GSB Great South Basin, BS Bollons Seamount, BT Bounty Trough, WA West Antarctica, MBL Marie Byrd Land, AP Antarctic Peninsula, ASE Amundsen Sea Embayment, WARS
West Antarctic Rift System, PAC Pacific Plate, PHO Phoenix Plate, BP Bellingshausen Plate, MBS Marie Byrd Seamounts (red area marks volcanic activity of the shield phase),
DGS De Gerlache Seamounts, PI Peter I Island, DGGA De Gerlache Gravity Anomaly (suture of former PHO-BP ridge jump).
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margin bordering the Amundsen Sea (Fig. 2c, d; Larter et al., 2002;
Eagles et al., 2004a).

During the late Cretaceous/Early Tertiary the southern Pacific re-
gion was sectioned into a minimum of three major tectonic plates
(Bradshaw, 1989; Larter et al., 2002; Eagles et al., 2004a; Wobbe et al.,
2012), the Pacific Plate, the Bellingshausen Plate, and the Phoenix or
Aluk Plate adjacent to the Antarctic Plate (Fig. 2e). While the Phoenix
Plate subducted beneath the eastern portion of the Antarctic Plate, the
other plate boundaries were divergent or transform margins. During
C27 (61 Ma) the Bellingshausen Plate ceased from being a separate

image of Fig.�2
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plate and became incorporated into the Antarctic Plate (Fig. 2f; Eagles
et al., 2004a,b; Wobbe et al., 2012). Heinemann et al. (1999) and Stock
(1997) suggest that the MBS province formed in the vicinity of the
Antarctic–Pacific–Bellingshausen triple junction. Between C27 and C25/
C24 (57–54 Ma), a substantial drop in spreading rate occurred at the
Pacific–Antarctic Ridge, and together with a gradual rotation of the
spreading direction (Müller et al., 2000), an increase in fracture zone
density is notable (Eagles et al., 2004a). At the same time, theWest Ant-
arctic Rift System (WARS) continued its crustal extension in Marie Byrd
Land and possibly into the Amundsen Sea Embayment just south of the
MBS (Gohl et al., 2013). The De Gerlache Seamounts and Peter I Island
are aligned along the so-called De Gerlache Gravity Anomaly (DGGA)
(Gohl et al., 1997a; McAdoo and Laxon, 1997; Hagedorn et al., 2007)
(Fig. 2g + h) which was initially interpreted as a fracture zone of the
earlier Phoenix–Antarctic Ridge (Hart et al., 1995). However, magnetic
seafloor spreading data imply that this is a tectonic scar caused by a
westward jump of the Pacific–Phoenix ridge at chron C27 (Larter et al.,
2002; Eagles et al., 2004a). Müller et al. (2007) suggested that this
zone of possible lithospheric weakness was reactivated by a northward
extension of a later WARS branch (Figs. 1 and 2h).

The Late Cretaceous tectonic events were accompanied by intense
volcanism in East Gondwana and Marie Byrd Land at c. 95–110 Ma
(e.g., Hart et al., 1997; Storey et al., 1999). This magmatism has been re-
lated to large-scale mantle upwelling in conjunction with extension-
induced rifting (Finn et al., 2005). Others assume an active mantle
plume in the area of the Bellingshausen–Amundsen Sea or beneath
East Gondwana (Hole and LeMasurier, 1994; Weaver et al., 1994;
Rocholl et al., 1995; Hart et al., 1995, 1997; Panter et al., 2000; Hoernle
et al., 2010; Sutherland et al., 2010), which may have caused the final
break-up of Zealandia from Antarctica (e.g., Weaver et al., 1994; Storey
et al., 1999; Hoernle et al., 2010). As the region underwent further
plate reorganization, a second phase of volcanism occurred (Rocchi
et al., 2002a,b; Nardini et al., 2009 and references therein, LeMasurier
et al., 1990). This youngermagmatism (30–25 Ma until recent) ismainly
of alkaline nature and has been related to rifting and crustal extension
associated with the WARS. Based on a HIMU (high time-integrated
U/Pb) component found in many WARS volcanics, many authors sug-
gest reactivation of old plume material embedded at the base of the
continental lithosphere (e.g., Weaver et al., 1994) others favor a meta-
somatic origin (e.g., Nardini et al., 2009).

3. Bathymetry and morphology of Marie Byrd Seamounts and
Peter I Island

During cruise ANT-XXIII/4, the onboard Atlas Hydrosweep DS-2
multi-beamecho-sounding systemof the R/VPolarsternwas used to gen-
erate maps of five MBS (summarized in Table 1; Fig. 3a) and of the sub-
marine base of Peter I Island (Gohl, 2007). Combined with bathymetric
Table 1
Morphological features of the Marie Byrd Seamounts.

Seamount 6 Seamount 9 Hax

Coordinates (center) 69°47′S, 126°17′W 69°40′S, 124°45′W 69°
Shape Oval shaped guyot Oval shaped guyot Ova
Secondary features Small cones on flanks

and plateau
Small cones on flanks and
plateau; WNW–ESE
trending rift zone

Sma
plat
maj
and

Base level (mbsl) 3000–2800 3600–3400 400
Diameter at base (km) 80 × 20 Long axis 25 30
Water depth of plateau (mbsl) 1600–1350 1600–1400 180
Edifice height (m) ~1650 ~2200 ~24
Volume estimate (km3) ~2000 – ~16
Dredge samplesa – – PS6

a A detailed description of dredge operations and recovered material is provided in Gohl
data of previous cruises (RV Nathaniel B. Palmer in 1996, RV Polarstern
ANT-XI/3 in 1994, and ANT-XVIII/5a in 2001; e.g., Miller and Grobe,
1996; Feldberg, 1997), these data reveal that the MBS are characterized
by steep sides with relatively flat tops and additional small cones
on the upper flanks and/or on the platforms. The guyot-like mor-
phology of the main edifices is attributed to seamount growth
above sea level to form ocean island volcanoes, which subsequently
eroded to sea level and then subsided to their present position. The
small cones must have formed after subsidence of the erosional plat-
forms below wave base and therefore represent a late stage or
post-erosional phase of volcanism.

The westernmost studied seamount, Seamount 6 (informal name),
has an elongateWNW–ESE striking base (Fig. 3b). The steep-sided edifice
is topped by a flat plateau, on which several well-preserved small volca-
nic cones are scattered, rising up to 200 mabove the plateau. Seamount 9
(informal name) is located about 45 km east of Seamount 6. One track
was surveyed across Seamount 9 (not shown in Fig. 3), which revealed
an oval shaped guyot and a c. 10 km longWNW–ESE-trending ridge em-
anating from its western base. This ridge is composed of several aligned
small volcanic cones and interpreted as volcanic rift zone. Haxby Sea-
mount (named by the ANT-XIII/4 cruise participants) (Fig. 3c), which
has been mapped previously on RV Nathaniel B. Palmer Cruise in 1996
(Feldberg, 1997), has a slightly curvilinear volcanic rift system with nu-
merous cones on its top emanating from the eastern flank of the guyot
and extending N30 km to the east. Two less pronounced, c. 12–15 km
long chains of cones and ridges emanating from the western flank may
be the western continuation of the volcanic rift. Hubert Miller Seamount
(Fig. 3d) is located ~75 km ESE of Haxby Seamount. This seamount is
the largest MBS with frequent small cones and ridges scattered along
itsflanks but infrequent on the plateau. Several up to 8 km longvolcanic
rift zones extend from the base of HubertMiller Seamount. The eastern-
most mapped seamount, Seamount C (informal name; Fig. 3e), is
the smallest of the studied volcanoes. Its guyot-shaped edifice has a
crudely circular base and a plateau of ~7 kmdiameter. Volcanic rifts ex-
tend from the base in northern and southern directions and NNE–SSW
trending, curvilinear graben and ridge structures are adjacent to its
eastern flank. The existence of further, most likely sediment covered,
volcanic cones and ridge-like basement structures between the main
MBS cluster and Marie Byrd Land are predicted from satellite gravity
data (Smith and Sandwell, 1997) and observed in seismic data (Gohl
et al., 1997b; Uenzelmann-Neben and Gohl, 2012). The original volume
of MBS magmatism, however, remains unclear because of incomplete
data and the largely unknown initial volume of the eroded islands.
Based on the available bathymetric data (multi-beam and satellite
gravity), the total volume of all present MBS can roughly be estimated
to more than 20,000 km3. The aerial extent of the former Marie Byrd
Islands were similar in size to Canary Islands, such as La Palma
(compared to Hubert Miller Seamount) or El Hierro (compared to
by Seamount Hubert Miller Seamount Seamount C

07′S, 123°35′W 69°17′S, 121°20′W 69°12′S, 117°30′W
l shaped guyot Oval shaped guyot Crudely circular guyot
ll cones on flanks and
eau; WNW–ESE trending
or rift zone, minor W–E
WSW–ENE rifts

Small cones on flanks and
plateau; several rift zones,
most of them ~SW–NE

Small cones on flanks and
plateau; rift zones mainly
trending from SSW–NNE to
SSE–NNW

0 4000–3600 3500
75 × 50 17

0–1600 1600–1200 2400–2200
00 ~2800 ~1300
00 ~8000 ~200
9/317-1 PS69/321-1

PS69/324-1
PS69/325-1

PS69/327-1

(2007).



Fig. 3. (a) Overview of the Marie Byrd Seamount Province. Red arrows mark the MBS surveyed during R/V Polarstern cruise ANT-XXIII/4 in 2006, letters in bold signify those which
have been successfully dredged. Predicted bathymetry is after Smith and Sandwell (1997). (b) Multi-beam bathymetry of the eastern part of Seamount 6. This is the westernmost
studied during ANT-XXIII/4 and has not been mapped before. It appears to be one of the largest MBS. (c) Haxby Seamount (named by the ANT-XIII/4 cruise participants) has
completely been mapped on the R/V N.B. Palmer cruise in 1996 and morphologically studied in detail by Feldberg (1997). (d) Combined ANT-XVIII/5a (2001) and ANT-XXIII/4
multi-beam bathymetry of Hubert Miller Seamount. This Seamount is located ~40 nm ESE of Haxby and appears to be the largest of the MBS. (e) Combined ANT-XVI/3 (Miller
and Grobe, 1996) and ANT-XXIII/4 multi-beam bathymetry of Seamount C. This seamount does not appear in the bathymetric maps derived from satellite gravity data. Note
that Seamount C differs in size, high, and morphology from the other surveyed MBS guyots. The red dots with numbers mark dredge station of cruise ANT-XXIII/4 which yielded
in situ volcanic rocks.
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Seamount 6), which are believed to be the product of a mantle plume
(e.g., Montelli et al., 2006).

The submarine base of Peter I Island was only partially surveyed
prior to ANT-XXIII/4 and, except for dredge hauls directly off the
coast of the island (Broch, 1927), un-sampled (Fig. 4). The island is
elongated in N–S direction and represents the top of a large volcano,
which measures ~65 km in diameter at its base and rises from the
abyssal plain at ~3500–4000 m to an elevation of 1640 m above sea

image of Fig.�3


Fig. 4. Multi-beam bathymetry of the base of Peter I Island. The map reveals several small cone- and ridge-like structures on its flanks and a steep canyon at its eastern side which
most likely has been formed by slope failure or sector collapse. The red dots indicate locations sampled during cruise during R/V Polarstern cruise ANT-XXIII/4 in 2006 (244 — dredge
station at the eastern base of Peter I Island; PI 1–4 — subaerial samples taken on Michajlovodden Peninsula).

1665A. Kipf et al. / Gondwana Research 25 (2014) 1660–1679
Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 96
level. Volcanic rifts emanate from the submarine flank of the islandmain-
ly in northern and southern directions. A striking feature of Peter I Island
is a c. 9 km wide depression in the eastern flank of its base, which most
likely has been formed by a major slope failure or sector collapse.

4. Sample background

Volcanic rocks were recovered at five dredge stations of the main
MBS edifices and associated small cones (Fig. 3b–e). In addition a
single dredge haul along the northeastern submarine flank of Peter I
Island has been carried out (Fig. 4). At all dredge sites discussed here,
the angular shape of the rocks, freshly broken surfaces and homogene-
ity of rock types within a single dredge were taken as evidence for an
in-situ origin (and non-ice rafted) of the rocks. Our samples represent
the first in-situ volcanic rocks recovered from the MBS. A detailed de-
scription of dredge operations and recovered material is provided in
chapter 7 of Gohl (2007).

At Haxby Seamount, dredge haul PS69-317-1 from the upper south-
ern slope beneath the plateau edge contained freshly broken carbonate
cemented breccias, which consist of aphyric basaltic clasts up to 8 cm
in size (Fig. 5a). At Hubert Miller Seamount, three dredges yieldedmain-
ly lava fragments; dredge PS69-321-1 along a steep slope below the SE
plateau edge gave olivine (ol)–clinopyroxene (cpx)–phyric lava Fig. 5b,
dredge PS69-324-1 at the lower SE slope beneath a cone like structure
provided dense feldspar (fsp)–cpx–phyric basalt lava and (carbonate)
cemented Mn-encrusted volcanic breccia, and dredge PS69-325-1
obtained vesicular fsp–phyric lava from the upper southern flank. At
Seamount C, vesicular ol–fsp–phyric and dense fsp–phyric pillow frag-
ments (Fig. 5c) were dredged from a cone on the lower western flank.

At Peter I Island, a 150 m high ridge located in ~1800 m water
depth on the NE slope of the volcano was dredged (PS69-244-1).
The rocks are predominantly vesicular pillow and sheet flow lava frag-
ments (Fig. 5d). Both are feldspar (fsp)–phyric and have up to 1 cm
thick, fresh, glassy rims. Vesicles are generally unfilled and only a few
glassy surfaces show early stages of palagonitization. The subaerial
samples fromPeter I Islandwere taken at theMichajlovodden Peninsula
(Fig. 4). They comprise vesicular lava (up to 15% vesicles; sample PI-1),
aphyric agglutinates of a N1.5 m thick, partially red oxidized layer out-
cropping in the northern part of the peninsula (sample PI-3), and part of
a reddish volcanic bomb with 10–20% vesicles (sample PI-4).

Belgica Seamount is the easternmost edifice of the De Gerlache
Seamount group. It is guyot-shaped and has a N–S elongated base di-
ameter of c. 60 × 90 km with a flat-topped summit at c. 400–500 m
below sea level. Belgica was dredge-sampled during Polarstern
cruise ANTXII-4 in 800 to 600 water depths (Hagedorn et al., 2007).
Hagedorn et al. (2007) initially determined K–Ar ages and major
and trace element geochemistry on the recovered samples. Here
we complement the existing data with Sr–Nd–Pb isotope data on a
subset of newly prepared sample material.

5. Petrography and rock classification

The petrography of the MBS volcanics is quite uniform being
slightly phyric with a few large phenocrysts of altered olivine and
zoned plagioclase in a fine-grained groundmass of olivine, plagioclase
and clinopyroxene. Occasionally, ilmenite and magnetite occur as
accessory phases. Olivine is commonly altered to iddingsite and the
latter is sometimes replaced by calcite. The groundmass is variably
altered by low temperature processes ranging from hydrated glass
at Haxby Seamount to replacement by secondary minerals such as
zeolite and dolomite at Hubert Miller Seamount and Seamount C.
The altered state of the MBS volcanic rocks is also manifested in ele-
vated H2O contents of up to 2 wt.% in most samples, except that sam-
ples from Dredge 324 at Hubert Miller Seamount have b1 wt.% H2O
and those from Seamount C have 3 wt.% H2O (Table 2). CO2 contents
are generally low (b0.3 wt.%) and only two samples show slightly el-
evated CO2 N 0.5 wt.%, due to secondary carbonate. Unusually high
phosphorous contents were detected in 5 samples (marked with a

in Table 2) and are interpreted to reflect the presence of secondary
phosphate that is, however, not detected in thin section. Only samples
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Fig. 5. Basaltic rocks dredged at the MBS and the submarine base of Peter I Island. (a) Typical monomict breccia from Haxby Seamount composed of dense, aphyric irregular-shaped
and angular coarse lapilli set in a carbonaceous matrix (PS69/317-1). (b) Dense ol–cpx–phyric basaltic lava fragment from Hubert Miller Seamount, note angularity and freshly
broken surfaces of the sample (PS69/321-1). (c) Dense fsp–phyric pillow fragment of Seamount C (PS69/327-1). (d) Sheet lava flow fragment with fresh, 1 cm thick glassy rim
from the submarine base of Peter I Island (PS69/244-1).
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with P2O5 ≤ 1wt.% are consideredmeaningfulwhen treating themajor
element chemistry further below.

The submarine samples of Peter I Island are slightly porphyric
with zoned plagioclase laths and small, homogeneously distributed
clinopyroxene phenocrysts, set in a microcrystalline groundmass of
clinopyroxene and plagioclase.Magnetite occurs as an accessoryminer-
al and fresh glass is common. The subaerial volcanics of Peter I Island are
more aphyric than those from the submarine flanks. The fine-grained
crystalline groundmass of these samples contains pyroxene, plagioclase
and possibly glass, and accessory minerals of magnetite, ilmenite and
hematite. All samples from Peter I Island are generally very fresh as
manifested by low H2O (0.3–0.9 wt.%) and CO2 (b0.06 wt.%) contents
(Table 2).

The silica content of the entire sample suite ranges from 53.1 to
45.7 wt.% SiO2. On a total alkali vs. silica diagram (TAS; Fig. 6), the ma-
jority of the samples plots above the alkalic–sub-alkalic division line
and are classified as basalts, trachybasalts and basaltic trachyandesites.
All but one of MBS samples lie along an alkali basaltic differentiation
trend. The samples from the submarineflank of Peter I Island are tholei-
itic basalts (SiO2 ~ 49 wt.%; Na2O + K2O 4.1–4.3 wt.%), whereas the
subaerial samples are slightly more alkaline transitional tholeiites
(SiO2 ~ 47 wt.%; Na2O + K2O 4.3–4.5 wt.%).
6. Analytical results

6.1. 40Ar/39Ar age dating

The 40Ar/39Ar age dating results are summarized in Table 3. Age
and alteration index spectra (based on the measured 36Ar/37Ar ratios
after Baksi, 2007) are shown in Fig. 7. A detailed description of the
methods and the full analytical data are provided in Appendix 1.
Glasses from two hyaloclastite breccia samples at Haxby Seamount
yield plateau ages of 64.2 ± 0.9 Ma (317-1-1gls) and of 62.3 ± 0.4
(317-1-2gls) and 61.2 ± 0.5 Ma (317-1-2gl2), slightly outside of the
two sigma analytical errors. Alteration indices are relatively high even
in the plateau sections (0.001 to 0.01), reflecting partial hydration of
the basalt glass and uptake of atmospheric 36Ar.

Three samples of porphyric lava from Hubert Miller Seamount
yield plagioclase step-heating plateau ages of 56.7 ± 1.9 Ma
(321-1-2), 56.5 ± 0.6 Ma (325-1-2B) and 57.0 ± 0.9 Ma (321-1-5).
Alteration indices are high in the low-temperature heating steps indi-
cating partial alteration of the feldspars, but systematically low in the
plateau steps (b0.0002) indicating degassing from little or un-altered
sites. Matrix step-heating analyses from the same rock samples yield
plateau age results within error of the feldspar step-heating results
(321-1-2: 58.9 ± 0.6 Ma; 321-1-5: 55.7 ± 0.5 Ma), but are consid-
ered inferior with respect to scatter and alteration effects.

The matrix step-heating analysis of aphyric basalt lava sample
324-1-3, in contrast, yields a plateau age of 3.0 ± 0.5 Ma. Alteration
indices are high in the plateau section (0.003 to 0.01), possibly indicating
a partial loss of radiogenic 40Ar. Nevertheless, the analysis shows that
Hubert Miller Seamount comprises both Paleocene and Pliocene lavas.

The least-altered aphyric lava sample from Seamount “C” (327-1-2)
yields a low-probability plateau age of 58.7 ± 0.8 Ma, with intermedi-
ate plateau-step alteration indices (0.002 to 0.008). Fresh basaltic glass
from Peter I Seamount yields plateau steps alteration indices of b0.0009
(244-1-1) and b0.0001 (244-1-3), and plateau ages of 1.9 ± 0.3 Ma,
1.7 ± 0.3 Ma respectively.

6.2. Major and trace elements

A total of 19 samples from the MBS and Peter I Island were ana-
lyzed for major and trace elements compositions and the results are
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Table 2
Results of major and tra element analyses.

PS69/317-1
Haxby Smt

PS69/317-1-1
Replicate ICP-MS

PS69/317-1-2
Haxby Smt

PS69/321-1-2
Hubert Miller Smt

PS69/321-1-4
Hubert Miller Smt

PS69/321-1-5
Hubert Miller Smt

PS69/321-1-12a
Hubert Miller Smt

PS69/324-1-3
Hubert Miller Smt

PS69/324-1-4
Hubert Miller Smt

PS69/324-1-6
Hubert Miller Smt

SiO2 46.13 42.03 50.22 46.23 45.95 50.19 45.80 52.85 46.74
TiO2 3.39 3.57 1.89 3.59 3.44 2.09 2.60 0.85 3.26
Al2O3 16.33 18.2 17.15 17.59 16.62 18.46 15.02 17.18 14.86
Fe2O3 14.81 15.91 11.49 14.19 13.95 11.09 13.05 8.63 14.73
MnO 0.21 0.21 0.22 0.19 0.22 0.17 0.19 0.18 0.20
MgO 3.46 3.41 2.58 2.85 3.96 2.07 8.13 5.52 4.87
CaO 7.72 9.02 6.39 8.84 8.44 6.76 10.65 8.68 10.31
Na2O 3.82 3.51 4.57 3.54 3.53 4.53 3.29 3.99 3.65
K2O 1.54 0.74 2.61 2.09 2.05 2.15 1.04 1.45 1.24
P2O5 0.91 1.44a 0.73 0.92 0.79 0.87 0.48 0.21 0.54
H2O 1.91 2.38 2.23 1.80 1.86 2.10 0.74 0.98 0.82
CO2 0.06 0.17 0.30 0.08 0.07 0.07 0.13 0.07 0.08
Total 100.29 100.59 100.38 101.91 100.88 100.55 101.12 100.59 101.30
Rb 28.1 28.1 6.66 53.4 37.3 50.4 23.9 24.1 35.8 28.0
Ba 330 330 264 725 462 493 784 311 455 320
Th 4.79 4.72 4.60 6.89 4.57 4.43 7.31 2.99 4.72 3.91
U 1.52 1.52 0.427 1.75 0.816 0.695 0.296 0.743 0.819 0.982
Nb 70.3 70.6 68.1 123 78.5 77.2 119 46.0 78.5 56.6
Ta 4.21 4.18 4.27 6.60 4.59 4.45 6.97 2.78 4.60 3.39
La 49.6 48.9 64.4 76.8 52.4 51.4 65.9 32.1 53.1 38.3
Ce 106 106 114 154 106 103 146 66.2 107 78.4
Pb 2.75 2.35 2.41 3.81 2.44 2.65 3.37 2.47 2.30 1.89
Pr 13.1 13.1 14.4 17.0 12.2 11.6 16.1 7.74 12.3 8.98
Nd 55.6 55.2 57.6 63.2 46.0 44.3 61.6 30.1 46.5 35.5
Sr 760 756 1219 825 969 925 891 626 967 568
Sm 12.1 12.1 13.3 12.6 9.86 9.49 12.5 6.69 9.97 8.08
Hf 8.06 8.02 8.35 8.83 6.36 5.94 9.36 4.30 6.35 5.55
Zr 404 402 413 475 323 317 446 205 321 261
Eu 3.79 3.75 4.14 3.92 3.09 2.91 4.12 2.19 3.04 2.49
Gd 10.8 10.7 11.4 10.2 8.00 7.45 9.66 5.89 8.10 7.17
Tb 1.45 1.47 1.56 1.40 1.05 0.979 1.29 0.814 1.02 1.02
Dy 7.98 7.89 8.36 7.50 5.40 5.04 6.58 4.38 5.49 5.74
Ho 1.43 1.46 1.54 1.33 0.97 0.92 1.14 0.787 0.971 1.02
Y 42.3 42.0 51.6 43.6 32.5 31.5 35.5 25.2 31.6 31.8
Er 3.59 3.72 3.84 3.47 2.49 2.31 2.79 2.07 2.50 2.66
Tm 0.457 0.479 0.475 0.455 0.310 0.291 0.345 0.261 0.325 0.350
Yb 3.13 3.14 3.84 3.54 2.57 2.45 2.76 2.08 2.49 2.65
Lu 0.450 0.447 0.554 0.496 0.359 0.332 0.366 0.278 0.350 0.364
a
Results with unusua igh values not shown in Fig. 6.
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PS69/325-1-2a
Hubert Miller Smt

PS69/325-1-2b
Hubert Miller Smt

PS69/327-1-1
Seamount C

PS69/327-1-2
Seamount C

PS69/244-1-1
Peter I submarine

PS69/244-1-3
Peter I submarine

PS69/244-1-5
Peter I submarine

PS69/PI-1
Peter I subaerial

PS69/PI-3
Peter I subaerial

PS69/PI-4
Peter I subaerial

SiO2 47.72 47.72 41.98 46.00 49.48 49.09 49.26 47.79 47.26 48.15
TiO2 2.52 2.49 2.26 2.70 2.79 2.74 2.75 3.53 3.48 3.46
Al2O3 16.78 17.24 18.15 20.31 13.68 13.26 13.61 12.79 12.52 12.73
Fe2O3 11.58 12.02 8.92 11.30 12.58 12.55 12.85 13.48 13.36 13.03
MnO 0.14 0.14 0.08 0.15 0.14 0.15 0.14 0.15 0.15 0.14
MgO 2.54 1.34 0.97 1.24 8.18 9.2 8.55 9.64 9.86 9.42
CaO 7.93 7.40 12.84 8.73 9.00 8.68 8.91 9.03 8.83 8.67
Na2O 3.88 4.19 3.55 3.44 3.17 3.03 3.00 3.07 3.03 3.17
K2O 2.74 3.24 1.74 1.38 1.16 1.08 1.15 1.37 1.42 1.47
P2O5 1.69a 2.12a 5.02a 1.62a 0.50 0.51 0.48 0.64 0.69 0.78
H2O 2.12 2.13 2.92 3.03 0.86 0.87 0.94 0.28 0.45 0.38
CO2 0.59 0.18 0.56 0.24 0.05 0.05 0.06 0.04 0.04 0.04
Total 100.23 100.21 98.99 100.14 101.59 101.21 101.70 101.81 101.09 101.44
Rb 90.1 57.3 27.2 21.5 20.3 19.8 19.2 23.9 26.5 26.3
Ba 469 480 404 427 240 228 226 308 315 332
Th 6.93 7.02 5.21 5.06 2.85 2.68 2.57 3.53 3.74 3.78
U 1.34 1.33 1.78 1.43 0.887 0.725 0.704 0.920 0.984 1.02
Nb 95.6 96.8 55.6 58.7 30.2 29.4 28.9 48.5 48.7 50.6
Ta 5.38 5.44 3.48 3.58 1.88 1.83 1.76 2.82 2.89 2.90
La 73.5 73.8 66.2 44.6 27.2 26.7 26.1 38.0 40.3 43.1
Ce 141 144 80.4 84.5 58.5 57.1 55.6 80.9 85.2 92.4
Pb 3.38 3.21 3.07 2.24 2.30 2.26 2.22 2.26 2.46 2.31
Pr 16.3 16.3 10.4 9.36 7.49 7.20 6.95 10.2 10.4 11.4
Nd 62.4 62.3 39.0 35.6 32.7 30.8 29.2 43.1 43.6 48.5
Sr 674 717 811 843 624 622 632 797 804 871
Sm 12.9 13.3 8.09 7.89 7.57 7.54 7.48 9.80 10.2 11.0
Hf 7.99 8.02 4.99 5.37 5.22 5.19 5.03 7.03 7.42 7.59
Zr 412 417 250 258 233 230 227 315 326 344
Eu 3.59 3.56 2.45 2.49 2.43 2.48 2.39 3.14 3.21 3.52
Gd 10.9 10.9 7.78 6.87 6.78 6.55 6.38 8.50 8.63 9.61
Tb 1.48 1.41 1.07 0.957 0.874 0.882 0.854 1.14 1.13 1.19
Dy 7.39 7.51 6.32 5.30 4.69 4.54 4.40 5.70 5.52 5.85
Ho 1.35 1.36 1.33 0.979 0.792 0.737 0.706 0.924 0.894 0.963
Y 48.7 46.1 66.5 32.0 22.5 21.6 21.6 24.9 24.9 25.7
Er 3.50 3.52 3.71 2.70 1.83 1.72 1.73 2.14 2.05 2.14
Tm 0.458 0.449 0.509 0.349 0.226 0.207 0.204 0.255 0.246 0.256
Yb 3.63 3.54 4.21 2.72 1.53 1.50 1.49 1.58 1.54 1.56
Lu 0.515 0.506 0.674 0.377 0.192 0.193 0.186 0.206 0.209 0.203
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Fig. 6. Total alkali versus SiO2 diagram illustrating the alkali basaltic to basaltic
trachyandesitic composition ofmost samples fromMBS, Peter I Island, andBelgica Seamount.
Subdivision between alkalic and sub-alkaline rock suites is after Irvine and Baragar (1971).
All data are normalized to a 100% volatile free basis. Samples displaying unusual high phos-
phor contents are not shown in this diagram (cf. Table 2). Tb — Trachybasalt.
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shown in Table 2. Descriptions of methods and uncertainties are given
in Appendix 1. A full table with sample locations, radiometric ages and
geochemical data is provided in Table A4 of the Appendix. Themajority
of MBS samples are fairly evolved (8 to 2 wt.% MgO), whereas samples
from Peter I Island are more primitive and cluster between 10 and
8 wt.% MgO. Al2O3 shows a good negative correlation with decreasing
MgO, suggesting fractionation of pyroxene and olivine. In the most
evolved MBS lavas (b3 wt.% MgO), FeOt and TiO2 significantly decrease
whichmay reflect fractionation of ilmenite in late stagemelts. Subaerial
and submarine samples of Peter I Island exhibit small compositional
differences. The submarine samples have higher SiO2 and Al2O3 and
slightly lower MgO, FeOt and TiO2 contents than the subaerial samples.

Trace elements patterns of the MBS are typical for ocean islands
basalts (OIB; Fig. 8a) with characteristic troughs for Pb and K and
strong enrichments for Nb and Ta relative to primitive mantle. The
Nb and Ta enrichments are most pronounced in samples from Hubert
Miller Seamount while Haxby Seamount and Seamount C are less
enriched in the most incompatible elements (Rb, Ba and Th). All MBS
samples show strong enrichment of the light REE (LREE) relative to
the heavy REE (HREE) (see Fig. 8c), suggesting small degrees of partial
melting while differentiation of the HREE indicates melting within the
garnet stability field (N70–80 km).
Table 3
40Ar/39Ar step heating analyses results.

Seamount Sample ID PS69- Analysis ID Dated material

Haxby 317-1-1 gls Glass
317-1-2 gls Glass
317-1-2 gl2 Glass

Hubert Miller 321-1-2 fss Plag
321-1-2 mx2 Matrix
321-1-5 fss Plag
321-1-5 mx2 Matrix
325-1-2B fss Plag
324-1-3 mxs Matrix

“C” 327-1-2 mx2 Matrix
Peter Ia 244-1-1 gls Glass

244-1-3 gl2 Glass

a Dated samples from Peter I Island are dredge samples from its submarine base.
The new trace element data from Peter I Island also display trace
element patterns similar to OIB (Fig. 8b) that compares well with the
data of Prestvik et al. (1990) and Hart et al. (1995). Overall the subaerial
samples are slightly more enriched in incompatible elements than the
submarine sample but show similar HREE abundances (Fig. 8d), which
is consistent with lower degrees of melting for the subaerial lavas. In
contrast to the MBS, Peter I Island samples are slightly less enriched in
LREE and the most incompatible elements (Rb through Ta) and show
lower La/Sm ratios (Fig. 9a), indicating higher degrees of partial melting
than observed for theMBS. Notably the LREE aremore strongly enriched
relative to the HREE through a more pronounced HREE depletion. The
higher (Sm/Yb)n ratios of the Peter I Island melts suggest that their
source had a higher garnet content (Fig. 9b).

6.3. Sr–Nd–Pb–Hf isotopes

Sr–Nd–Pb–Hf isotopic ratios of representative samples from the
MBS, Belgica Seamount, and Peter I Island are shown in Table 4.
Descriptions of analytical methods and accuracy along with initial
isotopic ratios are given in Appendix 1 and Table A4. Figs. 10 and 11
compare the new MBS, Peter I Island and Belgica Seamount isotope
data with data of West Antarctic volcanic rocks, related to the WARS
(for data sources see figure captions) and the Hikurangi Seamounts
(Hoernle et al., 2010). Excluding two samples with anomalously high
87Sr/86Sr isotope ratios that may have been affected by seawater alter-
ation, the MBS samples form a crude negative array on the Sr–Nd iso-
tope diagram (Fig. 10). The samples from Seamount C have the most
radiogenic Nd and least radiogenic Sr isotope ratios and fall between
Pacific MORB and the high 238U/204Pb (HIMU) mantle endmember.
Samples from Hubert Miller Seamount have the least radiogenic Nd
isotope ratios and trend vaguely towards an enriched mantle (EM)
type component (Fig. 10). The Belgica samples plot within the Pacific
MORB field and the Peter I Island samples lie within the published
field for this island (Prestvik et al., 1990; Hart et al., 1995) and are
displaced to slightly more radiogenic Sr and less radiogenic Nd isotope
ratios i.e. to faintly more EM flavored compositions than themajority of
Hubert Miller Seamount samples. In Pb–Pb isotope space (Fig. 11a), the
MBS volcanic rocks do not form a simple two component mixing array
as the majority of samples extends from a HIMU-type component
with radiogenic Pb towards enrichedmantle one (EMI) while two sam-
ples having significantly lower 207Pb/204Pb which displaces them to-
wards the extension of the Pacific MORB field. Sample 324-1-4 from
Hubert Miller Seamount has the least radiogenic Pb composition of all
MBS and plots above the Pacific MORB field away from the main
MBS array while samples from Haxby Seamount possess themost ra-
diogenic Pb composition. The Belgica Seamount samples plot near
the unradiogenic end of the main MBS field in Pb–Pb isotope space
(Fig. 11a) but possess more radiogenic 143Nd/144Nd compositions
than the MBS (Fig. 11b). The majority of MBS samples and all Belgica
Plateau ± 2 sigma age
(Ma)

39Ar fraction MSWD Probability

64.7 ± 0.8 63.1 0.95 0.46
62.3 ± 0.4 56.8 0.99 0.44
61.2 ± 0.5 72.9 1.19 0.27
56.7 ± 1.9 73.9 0.61 0.72
58.9 ± 0.6 95.6 1.10 0.34
57.0 ± 0.9 58.4 1.30 0.23
55.7 ± 0.5 63.5 0.78 0.45
56.5 ± 0.6 61.1 1.20 0.30
3.0 ± 0.5 84.6 1.30 0.21

58.7 ± 0.8 55.7 1.90 0.04
1.9 ± 0.3 83.8 1.03 0.41
1.7 ± 0.3 96.4 0.58 0.87
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Table 4
Sr-Nd-Pb-Hf-Isotope analyses.

87Sr/86Sr 2 sigma 143Nd/144Nd 2 sigma 206Pb/204Pb 2 sigma 207Pb/204Pb 2 sigma 208Pb/204Pb 2 sigma 176Hf/177Hf 2 sigma

Marie Byrd Smts.
PS69/317-1-1 0.703093 0.000003 0.512885 0.000003 20.7725 0.0015 15.7739 0.0016 40.1472 0.0056 0.282871 0.000005
PS69/317-1-2 0.704186 0.000003 0.512881 0.000003 20.4116 0.0020 15.7561 0.0022 39.9679 0.0075 0.282875 0.000004
PS69/321-1-2 0.703384 0.000003 0.512798 0.000003 20.2467 0.0016 15.7229 0.0017 40.0393 0.0057 0.282879 0.000003
PS69/321-1-4 0.703277 0.000002 0.512806 0.000002 20.1075 0.0006 15.7153 0.0006 39.9521 0.0018 0.282880 0.000004
PS69/321-1-5 0.703335 0.000002 0.512816 0.000003 20.1005 0.0008 15.7160 0.0008 39.9815 0.0028
PS69/321-1-12a 0.703230 0.000003 0.512811 0.000003 19.9595 0.0008 15.7082 0.0009 39.9274 0.0028 0.282875 0.000004
PS69/324-1-3 0.703094 0.000003 0.512906 0.000003 19.6713 0.0011 15.6140 0.0013 39.5216 0.0044 0.282787 0.000007
PS69/324-1-4 0.704027 0.000003 0.512881 0.000003 18.7063 0.0006 15.6189 0.0007 38.4900 0.0020 0.282877 0.000004
PS69/324-1-4d 0.704043 0.000003 0.512870 0.000003 18.7110 0.0006 15.6184 0.0007 38.4973 0.0019
PS69/324-1-6 0.703108 0.000003 0.512899 0.000003 19.8645 0.0009 15.6339 0.0009 39.7163 0.0027 0.283003 0.000004
PS69/324-1-6d 19.8661 0.0013 15.6331 0.0014 39.7173 0.0048
PS69/325-1-2a 0.703502 0.000003 0.512809 0.000003 20.1218 0.0008 15.7193 0.0006 39.9100 0.0016 0.282862 0.000004
PS69/325-1-2b 0.703417 0.000002 0.512817 0.000003 20.0871 0.0008 15.7180 0.0006 39.8863 0.0017
PS69/327-1-1 0.702888 0.000003 0.512913 0.000006 19.8152 0.0010 15.6835 0.0010 39.2970 0.0031 0.282927 0.000004
PS69/327-1-2 0.702805 0.000003 0.512918 0.000009 19.8530 0.0008 15.6903 0.0008 39.3447 0.0024
PS69/327-1-2d 0.702831 0.000003 0.512927 0.000004

De Gerlache Smts.
PS-2693-1_(1)e 0.703015 0.000005 0.512967 0.000002 19.8515 0.0021 15.6878 0.0018 39.5057 0.0049
PS-2693-1_(2)e 0.703023 0.000005 0.512966 0.000003 19.8376 0.0025 15.6795 0.0021 39.4705 0.0056
PS-2693-1_(3)e 0.703029 0.000005 0.512966 0.000003 19.8278 0.0032 15.6804 0.0027 39.4777 0.0063
PS-2693-1_(4)e 0.703029 0.000004 0.512957 0.000003 19.9238 0.0037 15.6834 0.0030 39.4845 0.0081
PS-2693-1_(5)e 0.702998 0.000005 0.512983 0.000004 19.7441 0.0025 15.6641 0.0024 39.3550 0.0069
PS-2693-1_(6)e 0.702994 0.000005 0.512975 0.000003 19.7447 0.0016 15.6601 0.0012 39.3438 0.0032

Peter I Island
PS69/244-1-1 0.703748 0.000003 0.512759 0.000002 19.2360 0.0015 15.7437 0.0017 39.3779 0.0056 0.282798 0.000003
PS69/244-1-3 0.703752 0.000003 0.512750 0.000003 19.2517 0.0006 15.7520 0.0006 39.4162 0.0019
PS69/PI-1f 0.703759 0.000005 0.512805 0.000002 19.3013 0.0012 15.7216 0.0010 39.3230 0.0026
PS69/PI-3 0.703837 0.000002 0.512782 0.000002 19.3015 0.0007 15.7409 0.0006 39.3865 0.0015
PS69/PI-4 0.703871 0.000002 0.512775 0.000003 19.3244 0.0007 15.7456 0.0006 39.4265 0.0014

d Replicate analyses.
e 87Sr/86Sr determined on MAT262 TIMS.
f Pb isotope ratios without Pb DS.
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Seamount samples largely overlap with the fields of theWest Antarctic
volcanics and theHikurangi Seamounts (Fig. 11). The Peter I Island sam-
ples overlap the published data from this island and have Pb isotope
compositions near the enriched mantle two (EMII) component.

The above mixing relations are also seen in co-variations of
206Pb/204Pb versus 143Nd/144Nd (Fig. 11b) and εNd versus εHf
(Fig. 12). On the Pb vs Nd isotope diagram, it is clear that at least three
distinct components are required in the source of the MBS seamounts.
Haxby Seamount has radiogenic Pb and intermediate Nd isotope ratios,
similar to the HIMU mantle endmember. Seamount C and two Hubert
Miller Seamount samples have less radiogenic Pb and intermediate
Nd, trending toward Pacific MORB (or depleted mantle = DM). The
remaining Hubert Miller seamount samples except sample 324-1-4
have radiogenic Pb but the least radiogenic Nd, so that they are some-
what displaced toward EM like compositions. On the Nd–Hf isotope di-
agram, the MBS seamounts show a relatively restricted range in Nd but
a large range in Hf isotope ratios that fall between Pacific MORB (DM)
and theHIMUand EMmantle endmembers. The Belgica Seamount sam-
ples have themostMORB-like compositions in Nd, but their 206Pb/204Pb
isotopic compositions are more radiogenic than commonly found in
MORB. The Peter I Island samples have a clear EMII-type isotope signal
with respect to Pb while Sr, Nd and Hf isotopes are just EM indicative.

7. Discussion

7.1. Spatial distribution of Cenozoic volcanism in the Amundsen Sea and
Bellingshausen Sea

40Ar/39Ar dating of six samples from theMBS yielded Early Cenozoic
ages ranging from 64 to 57 Ma. A clear spatial age progression between
the three dated MBS is not observed. The oldest ages are from Haxby
Seamount in the west (64–61 Ma) and clearly younger ages are from
Hubert Miller Seamount to the east (57 Ma, three feldspar ages).
Seamount C, the easternmost seamount, yielded an intermediate
age (59 Ma), but this matrix age with a very low probability should
be treated with caution. The Pliocene age of 3.0 ± 0.5 Ma deter-
mined for sample 324-1-3 was collected right beneath a small volca-
nic cone along the upper slope of Hubert Miller Seamount (Fig. 3d)
and most likely represents the age of this cone. Similar cones are
scattered on the plateau and slopes of all mapped MBS (cf. Fig. 3), indi-
cating widespread and possibly long-lasting low volume post-erosional
volcanism, as has been observed at other seamount provincesworldwide
(e.g., Hoernle et al., 2004; Geldmacher et al., 2005; Hoernle et al., 2010).

Assuming that the 40Ar/39Ar ages obtained at the three MBS are
close (within a few million years) to the time when these islands
were eroded and submerged below sea-level, a minimum subsidence
rate can be calculated for each seamount taking the age and present
water depth of the plateau of the seamount into account. Seamount
C, the smallest and deepest edifice, displays the highest subsidence
rate of ~41 m/Ma if it is actually a guyot. In contrast, the larger
Haxby and Hubert Miller Seamounts both yield minimum subsidence
rates of ~28 m/Ma despite their apparent age difference of ~5 Ma.We
note that the plateau edges of the westernmost Seamounts 6 and 9 lie
at roughly similar water depth (1600–1350 m, Table 1) as observed
for Haxby and Hubert Miller Seamounts (1800–1200 m), which in
turn may indicate a comparable subsidence history provided similar-
ities in lithospheric age and structure west of Haxby Seamount as well
as analogous formation ages of 60 ± 5 Ma.

The new ages (1.9 ± 0.3 Ma to 1.7 ± 0.3 Ma) for samples from
the eastern submarine flank of Peter I Island are significantly older



Fig. 7. Age spectra and alteration indices (A.I.) from 40Ar/39Ar laser step-heating experiments. Plateau steps and corresponding range of alteration index values are accentuated by
gray shading. Stated errors are ±2σ.
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Fig. 8. Multi-element diagram normalized to primitive mantle after Hofmann (1988) for (a) MBS and (b) Peter I Island samples. The trace elements patterns of all the samples are
similar to those of ocean islands basalts (OIB). OIB and E-MORB patterns are after Sun and McDonough (1989). REE diagrams normalized to C1 are after McDonough and Sun (1995)
for (c) MBS and (d) Peter I Island samples.

Fig. 9. (Sm/Yb)n (n = normalized to primitive mantle after Hofmann, 1988) versus
(a) La/Sm and (b) Zr/Hf ratios. Lower La/Sm ratios indicate slightly higher degrees of partial
melting for Peter I Island and Belgica Seamount than for MBS. Residual garnet and pyroxene
and/or eclogite in the magma source is indicated by high (Sm/Yb)n ratios of 2 to 8 and rela-
tively high Zr/Hf ratios (N40), respectively. Zr/Hf ratios for depleted MORB mantle (32–40)
are after Salters and Stracke (2004) and Workman and Hart (2005).

Fig. 10. 87Sr/86Sr versus 143Nd/144Nd isotope correlation diagram for MBS, Peter I Is-
land, and Belgica Seamount samples. Symbols are as in Fig. 9. The field for West Antarc-
tic volcanics is defined by data of the WARS (Rocholl et al., 1995; Rocchi et al., 2002a),
the Jones Mountains in Ellsworth Land (Hart et al., 1995), and the Marie Byrd Land Vol-
canic Province (Hart et al., 1997; Panter et al., 1997, 2000), which extends along the Pa-
cific margin of Marie Byrd Land. Most authors consider the volcanism at the Marie Byrd
Land Volcanic Province and Jones Mountains as related to the WARS (e.g., Hart et al.,
1995, 1997; Panter et al., 2000). The field for the Hikurangi Seamounts is based on
data by Hoernle et al. (2010), published data for Peter I Island comprise analyses of
subaerial basaltic lavas from Prestvik et al. (1990) and Hart et al. (1995). The field for
Cretaceous volcanics of New Zealand is based on Tappenden (2003); Panter et al.
(2006) and McCoy-West et al. (2010). HIMU, EM I, and EM II are after Zindler and
Hart (1986) and Hart et al. (1992). Fields for Pacific MORB are from PetDB (http://
www.earthchem.org/petdb) based on analyses of fresh glass.
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Fig. 11. (a) 206Pb/204Pb versus 207Pb/204Pb, and (b) 143Nd/144Nd isotope correlation di-
agrams for MBS, Peter I Island, and Belgica Seamount samples. Symbols and data
sources are as in Fig. 10.
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than earlier published K–Ar ages (327 ± 88 ka to 111 ± 36 ka
[1 sigma errors], Prestvik and Duncan, 1991) obtained on subaerial
samples, which suggests that the fresh pillow glasses belong to an
earlier submarine phase of this volcano.

Together with published Upper Miocene K–Ar ages for the Belgica
Seamount (20–23 Ma, Hagedorn et al., 2007), the three seamount/
ocean island volcanic provinces of the Amundsen and Bellingshausen
Sea appear to have formed at distinct age intervals of 64–57 Ma for
the MBS, at ~22 Ma for the De Gerlache Seamounts and at least
Fig. 12. εNd versus εHf isotope correlation diagram for MBS and Peter I Island samples.
Figure modified after Geldmacher et al. (2003), symbols and data sources for Hikurangi
Seamounts and Pacific MORB are as in Fig. 10. The New Zealand Cretaceous field in-
cludes Nd values by Tappenden (2003) and Hf values analyzed by Timm et al. (2010)
for the Mandamus Complex, as well as data fromMcCoy-West et al. (2010) for Lookout
Volcanics.
since ~2 Ma at Peter I Island. The three seamount/ocean island groups
are spatially arranged in a highly elongated triangle with the MBS
lying at its western tip and the De Gerlache Seamounts and Peter I Is-
land forming the eastern limit (Fig. 1). The age distribution neither
shows a correlation with spatial distribution nor a correlation with
the age of the underlying ocean crust (e.g., Eagles et al., 2004a). A re-
lationship between ages and plate motion cannot be observed, be-
cause neither the relative motion between the Bellingshausen Plate
and the Antarctic Plate nor the absolute plate motion of the Antarctic
Plate was significant for this time period (Eagles et al., 2004a,b;
Wobbe et al., 2012; Doubrovine et al., 2012).

Therefore, the irregular spatial distribution of seamount ages in the
Amundsen Sea and Bellingshausen Sea indicates that this magmatism
occurred at distinct time intervals in spatially confined areas. This ob-
servation excludes an origin through a single stationary hotspot sensu
Morgan (1971). Instead this regional age pattern of intraplate volca-
nism favors the presence of three melting anomalies independent in
space and time. Before we explore possibilities of non-plume related
intraplate volcanism, we will first briefly reiterate geochemical con-
straints on the origin of the magma sources.

7.2. Geochemical constraints on the origin of seamount magmatism

Lavas of all three seamount provinces (MBS, De Gerlache and Peter
I Island) display a strong enrichment of the LREE relative to the HREE
(Fig. 8c + d), clearly indicating partial melting in the presence of gar-
net. Likewise (Sm/Yb)N, (Gd/Yb)N and (Dy/Yb)N are all N1 which, is
consistent with residual garnet in the source (cf. Fig. 9b). Furthermore,
the slight enrichment of Zr relative to Hf on the mantle-normalized
plot (Fig. 8a + b) is also consistent with residual garnet (Hauri et al.,
1994). Consequently, melt segregation in all three areas must have oc-
curred in the garnet stability field N60–80 kmor 40–50 km if garnet py-
roxenite was in the source (Hirschmann and Stolper, 1996). High
Zr/Hf (43–54, Fig. 9b), Nb/Ta (16–19) and low Zr/Sm (31–38) pro-
vide additional support for partial melting of eclogite/garnet pyrox-
enite (i.e. recycled ocean crust), rather than garnet peridotite,
consistent with a HIMU component in the mantle source.

The isotopic signatures ofMBS volcanic rocks are consistentwith the
presence of aHIMU-typemantle component in the source of these rocks
(Figs. 10–12). The extremely radiogenic 206Pb/204Pb of the HIMU-
endmember requires a high 238U/204Pb in the source; a component un-
likely to develop in significant amounts within the convecting upper
oceanic mantle without crustal recycling (see Stracke, 2012 for a recent
review). HIMU is classically thought to reflect deep mantle recycling of
oceanic crust by mantle plumes, ascending from deep in the mantle
(Hofmann and White, 1982; White, 2010), however, from the lack of
clear indications for the long-term existence of a classical mantle
plume in the Amundsen Sea it is clear that alternative mechanisms
are required to explain the occurrence of HIMU-type intraplate volca-
nism in this area, as has also been proposed for HIMU-type volcanic
rocks in New Zealand (Hoernle et al., 2006).

Subaerial and submarine samples of Peter I Island exhibit small
compositional differences with the submarine samples having higher
SiO2 and Al2O3 and slightly lower MgO, FeOt and TiO2 contents than
the subaerial samples. The slight differences in MgO, FeOt, Al2O3

and TiO2 between submarine and subaerial lavas could be related
through fractionation of olivine, pyroxene and possibly ilmenite
from a subaerial melt composition, but this scenario cannot explain
the higher incompatible element abundances in the subaerial lavas.
Along with the slightly more alkaline character of the subaerial lavas
in our sample set, the data indicates that the subaerial lavas could reflect
slightly lower degrees of mantle melting, which would also explain
their higher incompatible element abundances. Variations in the extent
of partial melting are common during the life cycle of ocean island
volcanoeswithmore alkaline compositions of lavas during the subaerial
stage compared to less alkaline (tholeiitic) compositions during the
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submarine shield stage (e.g., Frey et al., 1990). Even during the subma-
rine stage, short-term variations in the degree of partial melting have
been observed at Loihi Seamount in the Hawaiian Islands (Garcia
et al., 1993).

The Pb isotopic composition of lavas from Peter I Island carries a
clear EM II source signal (Fig. 11a) that is commonly thought to re-
flect contributions from pelagic sediments or upper continental
crust (e.g., Zindler and Hart, 1986; Willbold and Stracke, 2010). The
mafic composition of Peter I Island lavas, negative Pb anomalies and
high Ce/Pb (~25 in submarine samples, 34–40 in subaerial samples)
argue against shallow AFC processes such as sediment assimilation
or preferred leaching of sedimentary Pb. This conclusion is similar
to that of Hart et al. (1995), who explain the high 207Pb/204Pb signa-
ture of Peter I Island melts as evidence for the involvement of a man-
tle plume with EM II characteristics. We also note that the majority of
global pelagic sediments have lower 206Pb/204Pb and 207Pb/204Pb ratios
than observed in the Peter I Island lavas and thus involvement of mod-
ern pelagic sediment seems less likely. This is consistentwith theHf–Nd
isotope ratios, which show that marine sediments did not influence the
submarine sample of Peter I Island (Fig. 12). Ce/Pb lying within (or
slightly above) the canonical array of 25 ± 5 for global OIB and MORB
(after Hofmann et al., 1986) provides additional evidence for derivation
from oceanic mantle rather than involvement of continental crust,
which has Ce/Pb of 3–5. The solitary location of Peter I Island suggests
that magmatism is related to a localized upwelling of EMII-like mantle
but it is unclear whether this is connected to a blob rising from a ther-
mal boundary such as the SW Pacific superswell or melting of a conti-
nental raft that drifted into the oceanic upper mantle during the final
Gondwana breakup.

In summary, Cenozoic intraplate volcanism in the Amundsen Sea
and Bellingshausen Sea requires involvement of depletedMORBman-
tle in the source with significant contributions of enriched compo-
nents of HIMU and EM affinity. Due to the lack of clear evidence for
the existence of a mantle plume in this region, a model is needed to
explain the evidence for enriched (plume like) components in the
source of Amundsen Sea intraplate volcanism and a non-plume relat-
ed process to accomplish adiabatic mantle melting in an intraplate
environment.

7.3. Origin of the HIMU component in non-hotspot related
Southwest-Pacific and Antarctic volcanic provinces

Alkalic volcanism with HIMU-like incompatible-element and iso-
topic signatures, similar to the samples from MBS, is reported from
numerous locations throughout the SW Pacific and West Antarctica.
These include the ChathamRise, Hikurangi Seamounts, intraplate volca-
nic fields in New Zealand, sub-Antarctic islands and West Antarctica
Fig. 13. Schematic sketch placing the origin of the MBS in a regional geodynamic con-
text. (a) During the final stage of subduction of the Pacific Plate beneath the Zealandia/
West Antarctic Gondwana margin, the Hikurangi Plateau approaches the subduction
zone. (b) Forces acting upon the plate margin as, for example, the collision of the
Hikurangi Plateau with Zealandia (e.g., Bradshaw, 1989; Davy et al., 2008) cause cessa-
tion of subduction and slab detachment. The impact of a plume head at that time was
accompanied by large scale underplating of HIMU material beneath East Gondwana
(e.g., Weaver et al., 1994; Hart et al., 1997) and the Hikurangi Plateau (possibly by de-
flection of the plume material by the subducting plate; Hoernle et al., 2010), triggering
volcanism on West Antarctica and Zealandia and the formation of the Hikurangi Sea-
mounts. (c) After subduction ended, extensional processes set in, causing the break-up
of Zealandia from Marie Byrd Land at ~90 Ma and subsequent rifting, forming the oceanic
crust of the Amundsen Sea (Eagles et al., 2004a). (d) Lateral temperature differences be-
tween warm mantle beneath the continental lithosphere and normal upper mantle drove
continental-insulation flow (model modified after King and Anderson, 1995), allowing
sub-continental mantle material to rise into the uppermantle beneath the adjacent oceanic
lithosphere. At the Cretaceous/Tertiary boundary lithospheric extension at the southern
margin of the Bellingshausen Plate (e.g., Wobbe et al., 2012) formed deep reaching faults
that allowed rise of plume type melts and formation of the MBS from a magma source
similar to that of the Hikurangi Seamounts and the West-Antarctic/Zealandia volcanoes.
For further details and references see text.
(e.g., Weaver and Pankhurst, 1991; Baker et al., 1994; Weaver et al.,
1994; Rocholl et al., 1995; Hart et al., 1997; Panter et al., 2000;
Tappenden, 2003; Panter et al., 2006; Nardini et al., 2009; Hoernle
et al., 2010). In all these localities, volcanic centers are diffusely distrib-
uted and do not show any age progression relative to plate motion.
Most commonly, models suggest localized extension/upwelling of as-
thenosphere that induces melting of metasomatized lithosphere in
thin spots to produce the diffuse alkaline magmatism.

Finn et al. (2005) postulate a “diffuse alkaline magmatic province
(DAMP)”, which formedwithout any rifting or plume upwelling. They
temporally extend the DAMP into the Cenozoic and explain this
magmatism by detachment of subducted slabs from the base of Gond-
wana lithosphere in the late Cretaceous. The sinking of material into
the mantle is thought to have introduced Rayleigh Taylor instabilities
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along the Gondwana margin and activated lateral and vertical flow of
warm Pacific mantle. After Finn et al. (2005) the interaction of the
warm mantle with metasomatized lithosphere generated the HIMU
geochemical characteristics of the DAMP. A shortcoming of this model
is, however, that Finn et al. (2005) had to focus their study on old, con-
tinental fragments of East Gondwana, and could not include oceanic oc-
currences like the MBS, the De Gerlache Seamounts or the Hikurangi
Seamounts which are situated on top of Hikurangi Plateau off New
Zealand. An important difference between the seamounts and the con-
tinental alkaline provinces is that the majority of seamount provinces
formed on relatively young oceanic crust. While HIMU signatures can
be found in old continental terranes, HIMU-type volcanism in the
oceans either requires rise of HIMU material from depth or some sort
of refertilization of the upper mantle, especially when required shortly
after ocean crust formation. No doubt, small-scale heterogeneities
exist in the upper mantle away from mantle plumes as is evident
from small off-axis seamounts that often have more enriched element
and isotopic signatures than associated MORB (e.g., Brandl et al., 2012
and references therein). It seems, however, unlikely that such small-
scale heterogeneities are present shortly after formation of the ocean
crust to an extent that can explain the c. 1000–8000 km3 of enriched
melt required to form individualMBS (see Table 1 for volume estimates).
In otherwords, even if Raleigh Taylor instabilities affected the Gondwana
margin it seems unlikely that upwelling of regular Pacific upper mantle
that underwent high degrees of melting shortly before can serve as the
source of the HIMU-type compositions without refertilization.

Alternatively, the superplume beneath the SW-Pacific could have
supplied a dense swarm of widely distributed and contemporaneously
active secondary plumes causing diffuse alkaline volcanism (Suetsugu
et al., 2009). Since it is in principle possible that secondary plumelets
or blobs are continuously rising from the SW Pacific superswell (pre-
sumed to have stalled at the 660 km transition zone; Courtillot et al.,
2003) they may also serve as the cause of volcanism forming the MBS
and De Gerlache Seamounts. The age–distance relationship between
MBS and themuch farther north located Pacific Superswell is, however,
unclear. Alternatively, Timm et al. (2010 and references therein) identify
a low velocity anomaly extending from Chatham Rise off New Zealand to
western Antarctica in at 600–1500 km depth and suggest that this could
be the HIMU source polluting the upper mantle in this area since Creta-
ceous. Still it appears accidental that only the Marie Byrd Land margin
was hit by a short-lived swarmof plumelets and noother oceanic region
above this low velocity zone. Therefore we explore an alternative sce-
nario for the oceanic seamount provinces off Marie Byrd Land based
on reactivation of (HIMU) material, added to the base of continental
lithosphere by plume activity during the pre-rifting stage of Marie
Byrd Land/Zealandia.

On a regional scale, the MBS and Belgica Seamount data overlap
with the data field of the Hikurangi Seamounts (Hoernle et al.,
2010) in most isotope correlation diagrams (Figs. 10–12). A similar
HIMU signature of Cretaceous rocks is also found at the Mandamus
complex, the Lookout Volcanics in southern New Zealand, and the
Chatham Islands (Weaver and Pankhurst, 1991; Tappenden, 2003;
Panter et al., 2006; McCoy-West et al., 2010). During the Cretaceous
these localities were assembled adjacent to Marie Byrd Land. It has
been proposed that a HIMU-type plume or plume head may have
caused breakup of the Gondwana margin in this region (e.g., Weaver
et al., 1994; Hart et al., 1997; Storey et al., 1999; Hoernle et al., 2010).
This plume event may have also influenced the source characteristics
of the Hikurangi Seamounts (Hoernle et al., 2010) and may have been
accompanied by large scale underplating of the Zealandia continental
lithosphere by HIMU material (e.g. Weaver et al., 1994; Hart et al.,
1997; Panter et al., 2000) (Fig. 13). During the mid Cretaceous the
plume head expanded and thus forced rifting and the breakup of Gond-
wana as it impacted at the base of the continental lithosphere (Weaver
et al., 1994). We note, however, that in contrast to other continental
breakup related mantle plumes such as the Tristan-Gough in the
South-Atlantic (and related Paraná and Entendeka continentalflood ba-
salts), a flood basalt event is absent on Zealandia and West Antarctica,
possibly reflecting the convergent margin setting and associated thick
continental lithosphere along the Gondwana margin. Together with
the observation that the Cretaceous HIMU volcanism occurred only lo-
cally and was of relatively low volume, it seems likely that unmelted
HIMU-mantle got attached at the base the Gondwana lithosphere,
which underwent extension and rifting during that period. The pro-
posed large-scale underplating of HIMUmaterial beneath East Gondwa-
na is consistent with the HIMU signature of many Cenozoic continental
volcanics fromWest Antarctica (e.g., Hobbs Coast, Marie Byrd Land Vol-
canic Province, and WARS; cf. Figs. 10 and 11). Accordingly, many au-
thors relate the Cenozoic HIMU similarities in West Antarctica to the
reactivation of HIMUmaterial, added to the base of the continental lith-
osphere during the earliest pre-rifting stage of the Marie Byrd Land
through plume activity (e.g., Weaver et al., 1994; Rocholl et al., 1995;
Hart et al., 1997; Panter et al., 2000). Alternatively Nardini et al. (2009
and references therein) call upon a late Cretaceous metasomatic event
that caused variable elevation of U/Pb ratios in the sub-lithosphericman-
tle to an extend that explains the high 206Pb/204Pb of b20 MaWARS vol-
canics and generation of their HIMU isotopic source signatures through
radiogenic ingrowth over extremely short time scales. The regional con-
text, however, requires the presence of aHIMUcomponent that is already
present in the Cretaceous, so that themetasomaticmodel of Nardini et al.
(2009) for the formation of HIMU appears less likely.

Notably, the field for continental volcanic rocks of West Antarctica
overlaps the data of the oceanic seamount provinces (Hikurangi
Seamounts,MBS, DeGerlache) (Figs. 10 and11),whichhave been formed
close to the East Gondwana andWest Antarctic margin, respectively. The
samples also fallwithin the range of Cretaceous volcanic rocks of southern
New Zealand, suggesting that all the above-mentioned volcanic suites
originate from a similar HIMU source. This material may therefore also
represent reactivation of fossil Cretaceous plumematerial thatwas orig-
inally attached to the base of the continental lithosphere during Marie
Byrd Land/Zealandia break up. In contrast to the above mentioned on-
shore occurrences of Cenozoic HIMU volcanism, an additional transport
mechanism and mode of reactivation is required to explain the marine
equivalents of HIMU volcanism, because this material needs first of all
be transferred into the oceanic mantle beneath the newly formed
ocean basins of the Amundsen/Bellingshausen Sea followed by decom-
pression melting (see Section 7.4 for details).

Admittedly, the arguments for an initial upwelling of plume-like
material and storage at the base of the Gondwana lithosphere are
solely based on geochemistry, which points to a HIMU like mantle.
Such a source is unlikely to develop in situ in a mantle region affected
by long-term subduction zone volcanism and small scale convection
cells operating within the mantle wedge both leading to continuous
depletion and replenishment of the arc mantle. On the other hand,
upwelling of refertilized sub-continental lithospheric mantle (SCLM),
isolated from mantle circulation for several billion years, can lead to
the formation of EM type melts (e.g., Rudnick, 1995; Griffin et al.,
2009; Hoernle et al., 2011; Soager et al., 2013). Ancient SCLM, however,
features low 206Pb/204Pb and 143Nd/144Nd along with high 207Pb/204Pb
and 87Sr/86Sr ratios, reflecting an ancient source that evolved with low
U/Pb, Sm/Nd but high Rb/Sr (see Tang et al., 2013 for a recent review).
Mantle regions that underwent such a fractionation and/or metasomatic
event early in the earth's history are commonly thought to be involved in
the formation of the early continental crust, having resided thereafter in
the roots of stable Achaean cratons. In conclusion, SCLM seems to be a
very unlikely candidate as source of the Cretaceous HIMU-type intraplate
volcanism due the conflicting isotopic composition of SCLM (EM-like)
and the long-term subduction zone setting of this area. Therefore, our
preferred model for the origin of the HIMU component in the MBS and
De Gerlache lavas is reactivation of fossil Cretaceous plume material,
which was attached and stored at the base of the West Antarctic conti-
nental lithosphere during East Gondwana breakup.
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7.4. Model for the formation of the Marie Byrd Seamounts

In the case of the West Antarctic volcanoes, underplated HIMU ma-
terialmay have been reactivated and caused to upwell during theWARS
extension (e.g., Hart et al., 1997). For the formation of the c. 99 to 67 Ma
Hikurangi Seamounts, Hoernle et al. (2010) propose the rise of
HIMU-type material directly beneath the Hikurangi Plateau — a
~118 Ma oceanic LIP (Hoernle et al., 2010) that formed in connection
with theManihiki (Timm et al., 2011) and possibly the Ontong Java Pla-
teaus (Taylor, 2006), through deflection of rising plume material be-
neath Zealandia by the subducting plate towards the Hikurangi
Plateau, which was about to collide with the Zealandia margin at that
time (Fig. 13a+ b). For the MBS and De Gerlache Seamounts, however,
a mechanism is required that enables lateral transport of the earlier
emplaced HIMU material under Marie Byrd Land beneath the newly
formed bordering oceanic lithosphere.

When the new oceanic crust of the Amundsen Sea formed,
Zealandia (including the Hikurangi Plateau) rifted away from Marie
Byrd Land in a northward direction (Fig. 13c), whereas the West Ant-
arctic continental margin remained more or less fixed and developed
as a relatively stable passive margin thereafter (e.g., Eagles et al.,
2004a; Wobbe et al., 2012). Mutter et al. (1988) proposed a transition
zone directly at the edge of thicker to thinner lithosphere where
small convective flow is focused. In case of the MBS and De Gerlache
Seamounts, the transition zone lies at the edge of the Antarctic continen-
tal lithosphere and the beginning of the adjacent oceanic crust. Several
mechanisms such as edge-driven convection (EDC), small-scale convec-
tion (SSC) or shear-driven upwelling (SDU) have been suggested to ex-
plain edge-driven buoyant flow between young, thin and old, thicker
lithosphere (e.g., King and Anderson, 1995, 1998; King and Ritsema,
2000; Huang et al., 2003; Dumoulin et al., 2008; Conrad and Behn,
2010 and references therein). For example, (super-) continents may
effectively insulate the upper mantle, leading to a buildup of heat
(Anderson, 1994; Lowman and Jarvis, 1995, 1996; Gurnis et al., 1998).
These lateral temperature differences between the warm mantle be-
neath the continental lithosphere and normal upper mantle can drive
an upper mantle convective flow pattern that leads to upwelling be-
neath the continent–ocean transition zone (Fig. 13d), the so-called
“continental-insulation flow” (e.g., King and Anderson, 1995, 1998).
Fromnumericalmodeling, King andAnderson (1998) suggest that later-
al variations in temperature of at least 30 °C are required for continental
insulation flow to significantly modify or even shut off the normal,
downwelling EDC flow. Higher temperature anomalies (150–200 °C)
would drive major upper mantle convection cells. In case of the Creta-
ceous East Gondwana lithosphere, the impact of the hot plume head
mayhave caused additional heating of themantle beneath the continen-
tal lithosphere and therefore reinforced the lateral variations in mantle
temperature and consequently mantle convection. Notably, the pattern
of flow resulting from continental insulation is opposite to that of nor-
mal EDC flow (King and Anderson, 1995, 1998). At the initial stages of
rifting of a continent, upwelling should occur as warm mantle from be-
neath the continent that occupies the space created by spreading be-
tween the continental masses. At the Late Cretaceous Marie Byrd Land
margin, this process would transfer mantle material directly from be-
neath the continent into the upper mantle under the adjacent oceanic
lithosphere on which the MBS started to form at that time (Fig. 13d).
Therefore we consider continental insulation flow as the most plausible
mechanism to bring the HIMU plume-like material previously attached
beneath Marie Byrd Land upwards beneath the adjacent oceanic litho-
sphere of the Bellingshausen/Antarctic Plate.

As the HIMU material was transported upwards beneath the
newly formed oceanic lithosphere from beneath the thick Antarctica
continental crust, the material will melt by decompression. The volca-
nism forming the De Gerlache Seamounts at ~22 Ma and the Pleisto-
cene activity of Peter I Island, on the other hand, was most likely
related to the De Gerlache Gravity Anomaly (Figs. 1 and 2), which
represents a zone of lithospheric weakness resulting from a pre-
sumed WARS activity in this region (Müller et al., 2007), where
pre-existing N–S striking faults allowed rise (and decompression
melting) of HIMU-type material brought up beneath the oceanic lith-
osphere bymantle convection. The formation of theMBSmay therefore
have been triggered by a complex sequence of plate reorganization
events that affected the West Antarctic margin and the Bellingshausen
Plate in Late Cretaceous and Early Cenozoic (e.g., Eagles et al., 2004a;
Wobbe et al., 2012). Shortly before the Bellingshausen Plate became in-
corporated into the Antarctic Plate at 61 Ma (Eagles et al., 2004a,b;
Wobbe et al., 2012), a change in rotation of the Bellingshausen Plate
from counterclockwise to clockwise was accompanied by lithospheric
extension on its southern margin between 74 and 62 Ma (Wobbe
et al., 2012). Contemporaneously the MBS started to form in that area
(Fig. 2) (Fig. 13d), suggesting that lithospheric extension lead to up-
welling of sub-lithospherically attached HIMU material and deep
reaching faults that allowed rise of the HIMU-typemelts and formation
of large volcanic islands (Fig. 13d).

8. Conclusions

Our new morphological, geochronological, and geochemical data
for the MBS combined with additional data for the De Gerlache and
Peter I Island volcanic complexes (complementing previously pub-
lished data) permit for the first time a comprehensive reconstruction
of the origin and evolution of Cenozoic intraplate volcanism in the
Amundsen Sea. The most important results are:

(1) Intraplate volcanism occurred during the entire Cenozoic at dis-
tinct time intervals in spatially confined areas in the Amundsen
Sea, excluding an origin of this volcanism by a single stationary
hotspot.

(2) The MBS and De Gerlache Seamount lavas show OIB signatures
and posses a distinct HIMU component in their magma source
similar to Late Cretaceous–Cenozoic volcanics of the Hikurangi
Seamounts off New Zealand, intraplate volcanic fields in New
Zealand, sub-Antarctic islands and theWARS, suggesting a com-
mon mantle source for these volcanic provinces.

(3) Peter I Island displays a strong EM affinity probably caused by
shallow mantle recycling of a continental fragment.

Consequently, the formation of theMBS andDe Gerlache Seamounts
intraplate volcanism requires an alternative, non-hotspot scenario,
which takes distinct melting anomalies independent in space and time
and a non-hotspot related HIMU source into account.

Placing the morphological, geochronological, and geochemical
data in a regional plate tectonic context, we conclude that the most
plausible explanation for the HIMU-type intraplate volcanism in
the Amundsen Sea is reactivation of HIMU-material, added to the
base of the Antarctic lithosphere by a Late Cretaceous plume event.
Major tectonic events, namely the separation of Zealandia from
Antarctica during the final stage of the Gondwana break-up and
subsequent formation of ocean crust give way for transport of the
sub-lithospheric HIMU material beneath the Amundsen Sea oceanic
crust by continental insulation flow. Extension caused by plate tec-
tonic reorganization (MBS) and/or lithospheric weakening underneath
theDeGerlacheGravity Anomaly (DeGerlache, Peter I Island) allow rise
and adiabatic melting of the HIMU material resulting in the forma-
tion of these volcanic edifices. Reactivation of the MBS magmatism
resulting in Pliocene low volume volcanism and the Pleistocene
formation of Peter I Island documents ongoing magmatism in the
Amundsen Sea.

The new model for the Amundsen Sea volcanism presented here
adds to case examples for non-hotspot intraplate volcanism and pro-
vides additional evidence that HIMU-type intraplate volcanism is not
necessarily a direct consequence of an actively upwelling, stationary
mantle plume or hotspot.
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Paleotopographicmodels of theWest Antarcticmargin, which are essential for robust simulations of paleoclimate
scenarios, lack information on sediment thickness and geodynamic conditions, resulting in large uncertainties. A
new 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 offshoreWest Antarctica.
This gridwas combinedwithNGDC's global 5 arcminute grid of ocean sediment thickness (Whittaker et al., 2013)
and extends the NGDC grid further to the south. Sediment thickness along theWest Antarctic margin tends to be
3–4 km larger than previously assumed. The sediment volume in the Bellingshausen, Amundsen, and Ross
Sea basins amounts to 3.61, 3.58, and 2.78 million km3, 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.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC-BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction

The accurate reconstruction of paleotopography is the main prereq-
uisite for robust simulations of paleoclimate scenarios. Current
paleotopographic models contain large uncertainties due to absent or
sparse sediment thickness data and constraints on geodynamic condi-
tions. Since the SouthernOcean 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 Ant-
arctic 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 reconstruc-
tions of Antarctica.

In the second part, we analyze and re-evaluate the Late Cretaceous
to present lithosphere dynamics of the South Pacific after the final
. This is an open access article under
breakup of Gondwana. The rifted continental margins of New Zealand
and West Antarctica experienced different tectonic histories: As New
Zealand drifted away fromAntarctica 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 conju-
gate Marie Byrd Landmargin, by contrast, was deformed by movement
of the Bellingshausen plate relative to Antarctica (Wobbe et al., 2012),
affected by intraplate volcanism (Kipf et al., 2013), and covered by
large amounts of glacial sediments (e.g., Rebesco et al., 1997; Scheuer
et al., 2006a). TheWest Antarcticmargin and its adjacent seafloor is cur-
rently 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 to-
pography 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
the CC-BY license (http://creativecommons.org/licenses/by/3.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gloplacha.2014.09.006&domain=pdf
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://dx.doi.org/10.1016/j.gloplacha.2014.09.006
mailto:fwobbe@awi.de
Unlabelled image
http://dx.doi.org/10.1016/j.gloplacha.2014.09.006
http://creativecommons.org/licenses/by-nc-sa/3.0/
Unlabelled image
http://www.sciencedirect.com/science/journal/09218181


140 F. Wobbe et al. / Global and Planetary Change 123 (2014) 139–149
Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 113
between the dynamic topography models are discussed and the impli-
cations for reconstructing the South Pacific paleobathymetry and
paleotopography are highlighted.

2. Sediment thickness grids of the West Antarctic margin

We derived new 5 km and 5 arc minute resolution sediment thick-
ness grids from seismic reflection and refraction data, from gravity
models, and from data of selected drill sites on theWest Antarctic mar-
gin of the Pacific (Ross Sea–Amundsen Sea–Bellingshausen Sea–Antarc-
tic Peninsula).

2.1. Sediment thickness calculation

Total sediment thickness estimates of the continental margin and
the deep ocean floor are largely based on multichannel seismic reflec-
tion surveys (Fig. 1).We used the two-way travel times (TWT) between
the seafloor and the acoustic basement reflections along seismic reflec-
tion transects available from the Antarctic Seismic Data Library System
(SDLS, Wardell et al., 2007, Table A.1 in the supplement) and along re-
cently acquired and processed seismic profiles (e.g., ANT-18/5a, ANT-
23/4, and ANT-26/3: Scheuer et al., 2006a,b; Lindeque and Gohl, 2010;
Uenzelmann-Neben and Gohl, 2012; Wobbe et al., 2012; Gohl et al.,
2013b; Kalberg and Gohl, 2014).

The TWT values, 2T in s, were converted to depth, Z in km, using
Carlson et al.'s (1986) empirical relation Z = 3.03ln(1 − 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 sedi-
ments 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
b5% of the data points, mainly located on the continental rise–slope
transition. Due to the lack of area-wide seismic velocity models or
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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−1 (e.g., West
Greenland, Chian et al., 1995; Suckro et al., 2012) or even 4200 m s−1

(e.g., East Greenland, Voss and Jokat, 2007). On the Amundsen Sea con-
tinental rise, sediment layer interval velocities from a P-wave refraction
model (Lindeque and Gohl, 2010; Kalberg and Gohl, 2014) and from
stacking velocities (Gohl et al., 2007; Uenzelmann-Neben and Gohl,
2012; Gohl et al., 2013b) range from 1600 to 4200 m s−1. We deter-
mined the best fitting average acoustic velocity of sediments thicker
than 2.8 s TWT to be 2818 m s−1 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., 2013b) is better than what the profiles used for this publi-
cation imply (Fig. 1). However, only few seismic lines reveal the top of
basement, and those which do not were excluded. The limit of the sed-
imentary cover approaching the inner shelf is well documented
(e.g., Gohl et al., 2013a,b, dotted line in Fig. 1).

2.2. Data merging and gridding

In order to extend data coverage of the mapped basement horizons
frommultichannel seismic data (Fig. 1) to the Ross Sea region,we incor-
porated total sediment thickness above the acoustic basement from
Cooper et al. (1991). Wilson and Luyendyk (2009), whose data we in-
cluded as well, estimated sediment thickness under the Ross Ice Shelf
by extrapolating thickness trends in the Ross Sea from gravity anoma-
lies. FourDeep SeaDrilling Project (DSDP) boreholes in the area of inter-
est reach the basement. 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.,
322

323

120°W 110°W 100°W

10
00

00
0m

20
00

00
0m

30
00

00
0m

1000000m 2000000m 3000000m

Sector

Bellingshausen Sea
Sector

Data sources
ns 2003 Wilson and Luyendyk 2009 Interpolated

ANT-23/4S ANT-26/3 Gravity

and

ASE

mes. Areas based on gridded external data sources filled with solid colors (Divins, 2003;
eflection data available from the Antarctic Seismic Data Library System (SDLS, Wardell
ue and Gohl, 2010; Uenzelmann-Neben and Gohl, 2012; Wobbe et al., 2012; Gohl et al.,
tor are based on 2D gravity models (Wobbe et al., 2012). Dotted line outlines limit of sed-
eographic projection with central meridian of 138°W and latitude of true scale at 71°S ref-

image of Fig.�1


141F. Wobbe et al. / Global and Planetary Change 123 (2014) 139–149
Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 114
1976). Data from other DSDP, Ocean Drilling Project (ODP), and Antarc-
tic Drilling (ANDRILL) drill sites along the West Antarctic margin were
discarded because these boreholes do not yield the 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, 2014) and two-dimensional gravity models from Wobbe et al.
(2012). The latter provide sediment thickness estimates along the
axial extensions of adjacent seismic lines (light blue lines in Fig. 1).
The limit of the sedimentary cover on the Amundsen Sea Embayment
shelf was extrapolated east onto the Bellingshausen Sea shelf guided
by gravity anomalies. We allocated values from the original ocean sedi-
ment 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 total sediment thickness point-based data (cf. Fig. A.1
in the supplement) were pruned by calculating 10 by 10 km block me-
dians to remove short wavelengths and to avoid spatial aliasing during
gridding. To fill the gaps between the points (white area in Fig. 1), the
dataset was gridded using Smith and Wessel's (1990) continuous cur-
vature 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 sedi-
ment thickness tomaintain a sensible appearance of the grid in areas re-
mote from constrained sediment thickness. This is mostly the case,
where the acoustic basement could not be identified on seismic profiles
crossing the continental shelf. Our estimates are either plausible as-
sumptions based on local geomorphology or inferred from the nearest
constrained value.

Short range variations from the sediment thickness grid were re-
moved by a second-order Butterworth low-pass filter with a cutoff
wavelength of 100 km. We chose the Butterworth filter because it has
no ripple in the passband 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
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thickness grid is available in Antarctic Polar Stereographic Projection
with a latitude of true scale at 71°S, referenced to WGS84 (Fig. 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. The new total sediment thickness grids
are available from PANGAEA (Wobbe et al., 2014).

2.3. Comparison to previous work and uncertainties

The presented total sediment thickness grid (Fig. 2) covers an area of
more than 8 million km2 and reveals major differences when compared
to the sediment thickness compilation of Divins (2003). Divins' (2003)
original 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 while
slightly overestimating total sediment thickness around the De Gerlache
Seamounts and the Marie Byrd Seamounts (cf. Figs. A.2 and A.3 in the
supplement). Sediments in West Antarctic waters are approximately
4–4.8 km thick around the continental slope (approximately −1000 m
contour in Fig. 2), which is about 3 km thicker than what Divins'
(2003) NGDC compilation indicates. Sediments reach amaximum thick-
ness 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 kmoff theAntarctic 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'
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(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 3.

The mean West Antarctic sediment thickness (volume per deposi-
tion area ratio) varies slightly. It is largest in the Ross Sea and
Bellingshausen Sea sectors (1.6 and 1.2 km), consistent with the very
large flux associated with glacial sediment transport, and decreases to
about 1.0 km in the Amundsen Sea sector. The total sediment volume
amounts to 10 million cubic kilometers of which approximately 70% is
equally distributed between the Amundsen and Bellingshausen Sea sec-
tors (3.58 resp. 3.61 × 106 km3), and the remaining 30% is spread across
the Ross Sea sector (2.78 × 106 km3).

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—the Antarctic Penin-
sula (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 applyingWilson et al.'s (2012) estimates for in situ sed-
iment density (1.95–2.1 g cm3) and source rock density (2.6 g cm3).
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. (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
2.9 km (or 640 m if source areas of East Antarctica are considered as
well). Sediments from the Amundsen Sea sector would accumulate to
a thickness of 3.8 km, and those from the Bellingshausen Sea sector
would reach a height of 11 km. The very large value for the
Bellingshausen drainage area can be explained by West Antarctica's
high paleotopography (Wilson et al., 2012) which led to more erosion
during the glacial. Earlier, subduction tectonics adjacent to the Antarctic
Peninsula (e.g., Larter et al., 2002) may also have fostered an increased
sediment influx into the basin.

Wilson and Luyendyk (2009) estimated a sediment volume of
2.0 × 106 km3 above the oldest Ross Sea unconformity (RSU6, Oligocene
and younger, e.g., Cooper et al., 1991). Our calculation takes into account
a c. 30% larger Ross Sea deposition area and additional sediment thickness
estimates along SDLS seismic reflection transects. Even though, the new
sediment volume estimates above RSU6, 2.08 × 106 km3, are not signifi-
cantly larger, because the added 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 direct-
ed low frequency oscillation artifacts and occasionally large local mini-
ma and maxima, it compares reasonably well to our results in that the
total sediment volume deviates by about 0.35 × 106 km3 (cf. Figs. A.2
and A.3 in the supplement). This similarity can be attributed to the com-
mon database constraining the sediment thickness along seismic pro-
files, 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 off-
shore West Antarctica (Fig. 1). To a lesser degree, the sediment thick-
ness data is affected by the TWT to depth conversion uncertainties
rooted in the lack of seismic velocity models and drilling sites with
key constraining downhole velocity data. The Ross Sea area is excep-
tionally well surveyed with a densely distributed seismic profile net-
work and two basement yielding DSDP sites provide good calibration.
The continental rise and slope within all sectors, except the western-
most 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 Bellingshausen Sea and western Amundsen Sea
could not be constrained by data but were based on observations from
the central and eastern Amundsen Sea shelves. The largest uncertainties
in the total sediment thickness grid are the limit of sedimentary cover
and the sediment thickness on the inner Bellingshausen Sea.

3. Age of the oceanic lithosphere and basement depth

In Figs. 3 to 5 we present the derived set of digital grids that repre-
sent 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. 5) is the difference between
the sediment-unloaded basement depth (Fig. 4) and the predicted base-
ment depth. The latter was derived from converting the crustal age
(Fig. 3, Wobbe et al., 2012) to basement depth by using Crosby et al.'s
(2006) North Pacific depth–age relationship, d ¼ −2821−315

ffiffi

t
p

.
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 thicken-
ing. Therefore, it is considered suitable for detecting anomalies in the
basement depth caused by, e.g., hotspot swells, plateaus, and sea-
mounts. It should be noted however, that the differences between this
chosen model and models proposed by other authors such as Stein
and Stein (1992) GDH1 depth–age relationship are marginal (cf. profile
6 in Fig. 7), and in the context of the scale of this study considered neg-
ligible for studying large-scale basement depth anomalies (see Müller
et al., 2008). In brief, the differences between GDH1 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 re-
markably similar for ages younger than 80 Myr, which encompasses
more than 96% of the area of interest (Fig. 3). Subsequently, GDH1 fol-
lows a shallower trend than Crosby et al.'s (2006) depth–age
relationship.

Sediment loading was estimated from our total sediment thickness
grid (Fig. 2), using the relationship between sediment thickness and iso-
static 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 et al., 2013).

3.1. Residual basement depth anomalies

The residual basement depth of the South Pacific (Fig. 5) is largely
positive, with a few exceptions along the Udintsev, Hazen and Tharp
fracture zones (labeled in Fig. 3), southeast of the Campbell Plateau,
and northwest of the Antarctic Peninsula. A positive residual basement
depth anomaly indicates that the sediment-unloaded basement is
shallower than expected based on Crosby et al.'s (2006) half-space
cooling model. The magnitude of the residual basement depth anomaly
and its irregular surface tend to correlate with hotspot trails, and with
the size and abundance of seamounts. The sediment-unloaded base-
ment is generally shallower in proximity to Antarctica. This is reflected
in the values of the mean residual basement depth of the Antarctic and
Pacific plate, being 485 and 204 m, respectively. The depth variation is
best expressed by the root mean square, 699 and 394 m, respectively.

Fig. 6 illustrates the sediment-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 se-
lected carefully to avoid undulations near fracture zones, confirm that
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the sediment-corrected basement depth of the Antarctic plate is consid-
erably higher than that of the Pacific plate. Due to the excessive sedi-
ment cover offshore West Antarctica, seafloor topography is more
than 1000m shallower compared to the conjugate NewZealandmargin
(Fig. 6). This is reflected by the isostatic correction for sediment thick-
ness, which varies 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
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large difference in seafloor topography between the two conjugatemar-
gins, the sediment-unloaded basement depth, and hence the residual
basement depth off Marie Byrd Land, usually differs by less than
250 m (Figs. 7 and A.4 in the supplement). Confined areas in the west-
ern Ross Sea,Marie Byrd Seamount area, and the Balleny Islands hotspot
area south of the Pacific–Antarctic Ridge show residual basement
depths exceeding 2000 m. Fig. 7 demonstrates that the residual base-
ment depth usually oscillates between 0 and 500 m, and that a local
      
 Bellin

gshausen

plate boundary

322

323

Marie Byrd Land

DGS

PI

Marie Byrd Seamounts

LH

140°W 120°W

60
°S

40
°S

140°W 100°W 80°W

s (1996) using the sediment thickness from Fig. 2. Overlain with locations of seamounts
evious figures and BI — Balleny Islands hotspot/Charcot Ridge, BSM — Bollons Seamount,
h central meridian 160°W and standard parallels 75°S and 69°S.

image of Fig.�3
image of Fig.�4


      
 Bellin

gshausen

plate boundary

1

2
3

4

5

6

1
2

3 4

5

60

0

270

322

323

Campbell P
lateau

Chatham Rise

Marie Byrd LandRoss Sea

274

BSM

DGS

PI
BI

LH

LHT
LHT

AT

Marie Byrd Seamounts

−500m 0m 500m 1000m 1500m 2000m

Residual basement depth (actual−pred.)

40
°S

180° 160°W 140°W 120°W

60
°S

40
°S

140°E 160°E 180° 140°W 100°W 80°W

Fig. 5. Residual basement depth of the oceanic crust determined by calculating the difference between sediment-unloaded basement depth (Fig. 4) and predicted basement depth from
applying Crosby et al.'s (2006) North Pacific depth–age relationship to the age distribution from Fig. 3. Profiles 0–6 along flow lines shown in Figs. 6, 7, and 10. Small circles along profiles
placed 500 km apart. Dashed circle delineates Endeavour Anomaly. Abbreviations same as in previous figures. Lambert conformal conic projectionwith central meridian 160°W and stan-
dard parallels 75°S and 69°S.

144 F. Wobbe et al. / Global and Planetary Change 123 (2014) 139–149
Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 117
maximum is located 200–700 km southeast from the Pacific–Antarctic
Ridge in an area with a significantly higher seamount density (Global
Seamount Database, Kim and Wessel, 2011 Fig. 5). Another distinctive
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feature within a circular area north of Marie Byrd Land is defined by
an anomalously deep sediment-unloaded basement depth with values
500 m below the surrounding region. We name this the Endeavour
Anomaly. The acoustic basement topography and sediment thickness
at the Endeavour Anomaly are only constrained along a single west–
east directed seismic profile across the Endeavour Fracture Zone (cf.
Figs. 1 and 2). Further seismic data are not available in this region. The
circular shape of the Endeavour anomaly is attributable to the interpo-
lation algorithm used to grid the sediment thickness data, and its
north–south expansion cannot be resolved.

3.2. Residual basement depth vs. seafloor roughness

Models explaining themorphology of mid-ocean ridge systems sug-
gest that basement roughness depends on seafloor spreading rate and
that an abrupt roughness intensification develops below a full spreading
rate threshold of 60–70 mm Myr−1 (Small and Sandwell, 1989;
Malinverno, 1991). This effect is readily visible in the roughness map
in Fig. 8, where morphologically flat basement close to New Zealand
and its conjugate margin off West Antarctica, formed along an initially
fast spreading Pacific–Antarctic Ridge (N60 mm Myr−1, 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−1 (e.g., Larter et al., 2002; Eagles et al., 2004;
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 in-
creased heat flow from the mantle (e.g., LeMasurier, 1990; Rocchi
et al., 2002; Finn et al., 2005; Kipf et al., 2013). 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. 5 and 8). However, the area with increased roughness between
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Campbell Plateau and Pacific–Antarctic Ridge, for example, shows an
opposing trend. Hence, seafloor roughness alone cannot be used to ex-
plain the residual basement depth distribution.

3.3. Residual basement depth vs. shear wave velocity

Schaeffer and Lebedev (2013) recently published a global tomo-
graphic shear wave velocity model of the upper mantle, which extends
to a depth of 660 km. Fig. 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
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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 be-
neath the continental lithosphere ofMarie Byrd Land (continental-insu-
lation flow, Kipf et al., 2013, and references therein).

The distribution of seamounts that did not evolve from continental-
insulation flow (e.g., Balleny Islands) matches the low shear wave ve-
locity anomaly remarkably well. Similarly, the residual basement
depth (Fig. 5)matches the shear wave velocity anomaly too. Noticeably,
the shear wave velocity anomalyminimumbelow themid-ocean ridges
shifts asymmetrically in all depth slices. Particularly south of 60°S, the
shearwave velocity anomaly is located 500 km south of the Pacific–Ant-
arctic Ridge, where it also coincides with a local maximum of the resid-
ual basement depth (Figs. 7 and 10).

We chose Schaeffer and Lebedev's (2013) shear wave tomography
as the most recently updated global mantle tomography model with
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major improvements on the resolution in oceanic regions and the
SouthernHemisphere. However, the amplitude of the shearwave veloc-
ity anomaly in the study area decreases with depth and deviates less
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than 1% from zero at depths greater than 400 km. Distinct trends over
the region or local extrema are absent. Well resolved shear wave veloc-
ity anomalies in this depth with an amplitude of less than 1% would re-
quire seismic velocity uncertainties better than 50 m s−1.

4. 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 gla-
ciation 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 Antarc-
tic 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 re-
cords are required in order to reconstruct the past topography for pe-
riods 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 re-
sidual 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. As opposed to iso-
static topography resulting from density and thickness contrasts in the
lithosphere, dynamic topography refers to the earth surface elevation
effect due to mantle density inhomogeneities (e.g. Flament et al.,
2013, and references therein). It develops over tens of millions of
years and can exhibit several hundreds of meters in surface elevation
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difference at long wavelengths. Dynamic topography models are de-
rived from the present-day density structure of the mantle, subduction
history, and plate-tectonic reconstructions. Uncertainties lie, for exam-
ple, in the varying resolution of regional mantle convection models de-
rived from global seismic tomography. As published dynamic
topography models over the Southern Pacific suffer from large uncer-
tainties, we compared our results with five different models (Ricard
et al., 1993; Steinberger, 2007; Conrad and Husson, 2009; Spasojevic
and Gurnis, 2012; Flament et al., 2013, Fig. A.5 in the supplement).
These global studies of dynamic topography are limited to a lateral res-
olution of about 3000–5000km. There are regionalmismatches at scales
below 10 000 km and even inverse correlations, especially in the Pacific
realm (Flament et al., 2013). None of the five abovementioned dynamic
topography models 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. 5) and the shear wave anomaly (Fig. 9). Depending on the chosen
model, dynamic topography beneath the Antarctic Plate and West
Antarctica varies between −500 and 1000 m, and the magnitude be-
neath New Zealand is usually consistent with that beneath Marie Byrd
Land.

Mantle upwelling following the Gondwana subduction cessation
around 100 Myr (e.g. Laird and Bradshaw, 2004) has been suggested,
but its extension 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). However, basement depth,
mantle shear wave velocity anomaly (Schaeffer and Lebedev, 2013),
and Kipf et al.'s (2013) continental-insulation flow model show that
upper mantle convective flow is solely confined to an area located be-
neath Marie Byrd Land and the Ross Sea. Spasojevic et al. (2010) and
Sutherland et al. (2010) constructedmodels of Late Cretaceous to Ceno-
zoic mantle flow, attributed to low density material above the Gondwa-
na slab 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 postrift 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 re-
sults confirm this for the Ross Sea as well as the Balleny Islands hotspot
area. However, the residual basement depth off Marie Byrd Land does
not exceed that south of Campbell Plateau by more than 250 m
(Figs. 7 and A.4 in the supplement). East of the Ross Sea area, anoma-
lously high basement topography is associated with magmatic process-
es driven by continental-insulation flow only (Marie Byrd Seamounts,
De Gerlache Seamounts, Peter I Island, e.g., Kipf et al., 2013). Oceanic
crust elsewhere in that region seems unaffected by mantle processes
(e.g., Endeavour Anomaly). Sutherland et al.'s (2010) present day dy-
namic topographymodel coincides with our positive residual basement
depth anomaly in the Ross Sea, but their proposed topography high be-
neath 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 local maximum south of the
spreading center, exactly where Campbell Plateau passed through—
according to recent South Pacific plate motion models (e.g., Larter
et al., 2002; Eagles et al., 2004; Wobbe et al., 2012)—during
70–40 Myr (cf. Fig. A.6 in the supplement). 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.

5. 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 new
total sediment thickness grid spanning the Ross Sea–Amundsen Sea–
Bellingshausen Sea basins based on available seismic reflection, bore-
hole, and gravity modeling data in West Antarctica (Fig. 2). Our sedi-
ment 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 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 in-
volved interpolation over areas without data constraints, but fortunate-
ly 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 off West Antarctica
are considered to be fairly accurate. The sediment volume is the largest
in the Bellingshausen Sea basin,with 3.61 million km3, although its sed-
iment source area is the smallest (15% of all area draining into the South
Pacific). Contrary, the Ross Sea basin, intowhich sediments are supplied
from a much larger area (43%), contains just 2.78 million km3 of sedi-
ment. The Amundsen Sea basin, into which 42% of the present-day
West Antarctic landmass on the Pacific side drain, is estimated to con-
tain 3.58 million km3 of sediment.

We determined the sediment-corrected basement topography for
the South Pacific fromour total sediment thicknessmodel (Fig. 4). In ad-
dition, we obtained the residual basement depth of the oceanic crust
(Fig. 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. Themean residual basement depths of the Ant-
arctic 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. 8) and residual
basement depth or overlying sediment accumulation has been ob-
served. Ocean floor with large slope variability rather formed from
55 Myr ago until present, when full-spreading velocities dropped
below 60 mmMyr−1.

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 re-
mains 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). Collectively these observations
suggest that mantle dynamics play a role and that the resolution of dy-
namic 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 persis-
tent mantle flow 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 demonstrate through our analysis that the Marie Byrd Land
margin is only affected by magmatic processes in the context of
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continental-insulation flow (Kipf et al., 2013, e.g., Marie Byrd Sea-
mounts, De Gerlache Seamounts, Peter I Island). This seems to be
supported by the observation that oceanic crust farther away from
thesemagmatic centers is elevated less than 250m higher than oceanic
crust from the conjugate New Zealand margin. The Ross Sea as well
as the Balleny Islands 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 more than 1500 m
higher as expected. A persistent basement high south of the ridge
would explain the rapid subsidence of the Campbell Plateau during
70–40Myr en route to its present day position. Until more accurate dy-
namic topographymodels, that can explain the present-day anomalous
basement depth both at the Pacific–Antarctic Ridge and along the con-
tinental margins, become available, predictions of the South Pacific
paleotopography remain speculative.
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Eocene to Miocene geometry of the West Antarctic Rift
System
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Tectonic models for the Late Cretaceous/Tertiary evolution of the West Antarctic Rift System range from
hundreds of kilometres of extension to negligible strike-slip displacement and are based on a variety of
observations, as well as kinematic and geodynamic models. Most data constraining these models
originate from the Ross Sea/Adare Trough area and the Transantarctic Mountains. We use a new
Antarctic continental crustal-thinning grid, combined with a revised plate-kinematic model based on
East Antarctic –Australia – Pacific –West Antarctic plate circuit closure, to trace the geometry and
extensional style of the Eocene–Oligocene West Antarctic Rift from the Ross Sea to the South Shetland
Trench. The combined data suggest that from chron 21 (48 Ma) to chron 8 (26 Ma), the West Antarctic
Rift System was characterised by extension in the west to dextral strike-slip in the east, where it was
connected to the Pacific – Phoenix – East Antarctic triple junction via the Byrd Subglacial Basin and the
Bentley Subglacial Trench, interpreted as pullapart basins. Seismic-reflection profiles crossing the De
Gerlache Gravity Anomaly, a tectonic scar from a former spreading ridge jump in the Bellingshausen
Sea, suggest Late Tertiary reactivation in a dextral strike-slip mode. This is supported by seismic-reflection
profiles crossing the De Gerlache Gravity Anomaly in the Bellingshausen Sea, which show incised
narrow sediment troughs and vertical faults indicating strike-slip movement along a north – south
direction. Using pre-48 Ma plate circuit closure, we test the hypothesis that the Lord Howe Rise was
attached to the Pacific Plate during the opening of the Tasman Sea. We show that this plate geometry
may be plausible at least between 74 and 48 Ma, but further work especially on Australian –Antarctic
relative plate motions is required to test this hypothesis.

KEY WORDS: Antarctica, crustal stretching, crustal thickness, plate kinematics, rift system.

INTRODUCTION

Understanding the Cenozoic tectonic history of Antarc-

tica is crucial for global plate circuit closure during this

time. In turn, the closure of the plate circuit between the

Pacific Plate and the plates surrounding the Atlantic

and Indian Oceans is required to construct correct

global relative and absolute plate motion models. Based

on a mantle convection model constrained by a plate-

kinematic model, Steinberger et al. (2004) recently

proposed that the bend in the Hawaiian – Emperor chain

can be modelled best if the Pacific Plate is fixed to the

Lord Howe Rise before about 43 Ma and back to 83 Ma.

This model is intriguing in the context that arc

magmatism is unknown in the period after the cessation

of subduction along the eastern Gondwanaland margin

at around 100 Ma [111 – 108 Ma in Fiordland, New

Zealand (Scott & Copper 2006)] and before 50 Ma (Finn

et al. 2005). This suggests an absence of subduction

during this time period, but the kinematics of the area

north of New Zealand have alternatively been modelled

as characterised by ongoing subduction before 50 Ma

(Sdrolias et al. 2003; Schellart et al. 2006), mainly based

on plate circuit closure arguments. In Steinberger

et al.’s (2004) scenario, the Tasman Sea would have

opened simply reflecting Pacific – Australian plate di-

vergence during that time, without any plate boundary

between the Lord Howe Rise and the Pacific Plate.

However, the rotations used by Steinberger et al. (2004)

imply substantial displacement (namely compression)

between East and West Antarctica for the time period

between 83 and 52 Ma, while the Tasman Sea was

opening, putting this model into question. Here we

investigate the viability of this model via plate circuit

closure, testing alternative rotations for Australia –

Antarctica separation during the Late Cretaceous/Early

Tertiary.
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The primary evidence for Tertiary extension be-

tween East and West Antarctica is found in the Adare

Trough, located 100 km northeast of Cape Adare. It

represents the extinct third arm of a Tertiary spreading

ridge system near a triple junction that separated East

and West Antarctica between 43 Ma and 28 – 26 Ma

(Cande et al. 2000). Recently, Cande & Stock (2005)

extended this period of extension back to 61 Ma (Chron

27), based on additional magnetic and bathymetric data

from the area northeast of the Adare Trough, resulting

in a total of about 200 km separation between East and

West Antarctica in the northern Ross Sea region in the

Cenozoic. This model is generally supported by the

stratigraphy and fault orientations of drillcores from

the western Ross Sea suggesting Oligocene to mid-

Miocene extension in the Ross Sea (Cape Roberts

Science Team 1998, 1999, 2000). However, the idea of

any substantial Cenozoic extension between East and

West Antarctica is not universally accepted. Siddoway

et al. (2004) and Walcott (1998) argued that the lack of

geological evidence for large Cenozoic faults does not

support large-magnitude, regional extension in much of

the region. According to Rocchi et al. (2003) and Wilson

(1995), the Transantarctic Mountains front, as well as

offshore faults and fractures, identify a stress regime

compatible with regional Late Cenozoic, but not Early

Cenozoic, dextral transtension. There is no published

geological or geophysical evidence that deformation

between East and West Antarctica may have occurred

before 61 Ma, other than the model implications of

Steinberger et al. (2004).

Our objective is to test these competing models first

by using a new crustal thickness and a published

sediment-thickness grid for Antarctica to compute

rough estimates of crustal stretching factors and to

outline the most likely geometry and rift axis of the

West Antarctic Rift System from the Ross Sea to the

Bellingshausen Sea to the De Gerlache Gravity Anomaly

(Figures 1a, 2). We use published plate-kinematic models

(Cande et al. 1995, 2000; Royer & Rollet 1997; Gaina et al.

1998; Larter et al. 2002; Keller 2004; Cande & Stock 2005)

to compute the predicted relative motion along the axis

of the East – West Antarctic plate boundary back to

chron 34 (83 Ma), testing the hypothesis that the Pacific

Plate was fixed to the Lord Howe Rise before 43 Ma

(Steinberger et al. 2004) and taking into account two

alternative (Royer & Rollet 1997; Tikku & Cande 1999)

rotation models for the pre-chron 24 separation between

Australia and Antarctica. We utilise seismic-reflection

profiles across the inferred East – West Antarctic plate

boundary location in the Bellingshausen Sea to test the

implications of competing kinematic models for this

area.

ANTARCTIC CRUSTAL AND SEDIMENT THICKNESS

Early estimates of crustal thickness in Antarctica were

obtained from surface-wave-dispersion studies (Evison

et al. 1959; Kovach & Press 1961), as well as an analysis

that combined the dispersion data with West Antarctic

gravity data (Bentley & Ostenso 1962). Regional crustal

thickness variations have also been obtained by deep

seismic-refraction profiles (Kogan 1972; Ito & Ikami 1986;

Trey et al. 1999; Leitchenkov & Kudryavtzev 2000;

Bannister et al. 2003). Segawa et al. (1986) analysed the

gradients of the power spectrum of Bouguer gravity

anomalies that were determined from mean free-air

anomaly estimates, whereas Groushinsky & Sazhina

(1982) used a linear relation between Moho depths and

mean Bouguer gravity anomalies. Von Frese et al. (1999)

investigated the use of enhanced spectral correlation

theory for modelling the crustal features of the Antarc-

tic from regional observations of gravity and terrain,

whereas Ritzwoller et al. (2001) produced a new model of

the crust and upper mantle beneath Antarctica by using

a large, new dataset of fundamental mode surface-wave

dispersion measurements.

For this study, we compute the Antarctic continental

crustal thickness by using an empirical dependence

between crustal thickness and topography of solid cover

(Demenitskaya 1975):

H ¼ 33� th ð0:38�Dh� 0:18Þ þ 38

where Dh is surface elevation in kilometres (positive on

land, negative offshore), and th is hyperbolic tangent.

To estimate bedrock topography for our purposes, we

used the BEDMAP grids (at 5 km intervals) (5http://

www.nerc-bas.ac.uk/public/aedc/bedmap/4) with in-

formation about the bedrock topography and ice thick-

ness (Lythe et al. 2000). Total errors of about 1 – 5%

(radar data) and 3% (seismic data) on the related ice

thickness determinations suggest that the results in

Figure 1 may involve uncertainties of roughly 0.04 km

for typical thickness values to possibly as much as 0.12 –

0.15 km for the thickest ice estimates. The result of this

application provides a unique view of the Antarctic

crust that is consistent with our current understanding

of the region’s terrain and that can be tested against the

results of other crustal investigations.

We utilise the calculation of ‘effective topography’ to

account for the effect of ice cover in Antarctica. One-

third of the ice thickness (the density of ice is *1/3 of

standard upper continental crust density of 2.67 g/cm3)

is added to bedrock topography resulting in an

estimate of ‘effective topography’. That value is then

used as Dh in the formula of Demenitskaya (1975) at

each calculation point to derive a new crustal thick-

ness grid (Figure 1b). Comparison of these results with

post-1975 seismic estimates of crustal thickness in

Antarctica shows that the accuracy of crustal thickness

estimates derived by this method is within +5 km. We

are aware of Zoback & Mooney’s (2003) global analysis

of topography and crustal thickness, suggesting that a

wide range of crustal thicknesses between 25 and 55 km

can be associated with topography at or close to sea-

level. Our simple approach for estimating crustal

thickness is therefore mainly useful for delineating

rifted continental crust 525 km thick, representing

our main objective. A comparison of our crustal

thickness estimates for Marie Byrd Land with those

by Winberry & Anandakrishnan (2004) demonstrates

that our model results compare well with crustal

thickness estimates from broadband seismic experi-

ments in West Antarctica.

1034 R. D. Müller et al.
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In order to outline the geometry of the West

Antarctic Rift System, an estimate of crustal stretching

is useful. For this purpose, we need to remove the

sediment thickness from the grid shown in Figure 1b.

The best available Antarctic sediment-thickness grid is

that as part of the CRUST5.2 dataset (Figure 1c),

superseding CRUST5.1 (Mooney et al. 1998). Figure 1c

illustrates that this dataset includes some artefacts

such as a questionable general thinning of the sedi-

mentary cover from Antarctica’s interior towards its

coast. However, despite its shortcomings, we prefer to

use this dataset to compute crustal thickness without

sediments in order to obtain a crustal stretching factor

estimate, as the only alternative would be to use

crustal thickness including all sediments (Figure 1b)

for this purpose. The latter method would without

doubt result in a substantially more inaccurate esti-

mate for crustal stretching.

Figure 1 (a) Circum Antarctic bathymetry/topography (WARS, West Antarctic Rift System; DGGA, De Gerlache Gravity

Anomaly; TAM, Transantarctic Mountains). (b) Crustal thickness, including sediment thickness. (c) Sediment thickness

from CRUST5.2 model. (d) Crustal thickness without sediments derived by subtracting grid (c) from grid (b).

West Antarctic Rift System geometry 1035
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We subtract the CRUST5.2 sediment-thickness grid

(Figure 1c) from the crustal-thickness grid shown in

Figure 1b to derive a crustal-thickness grid without

sediments (Figure 1d). This grid clearly outlines the

thinned crust associated with the West Antarctic Rift

System, as well as crustal-thickness lows associated

with several known subglacial basins (Figures 2, 3).

Assuming an initial crustal thickness of 38 km, corre-

sponding to the global average crustal thickness for

unthinned plateau-type crust from Mooney et al. (1998),

we compute a grid for the Antarctic crustal stretching

factor (beta), combined with marine free-air gravity

from satellite altimetry seaward of coastline to high-

light the continuity of tectonic features from onshore

Antarctica to offshore areas (Figure 2). The assumption

of an initial thickness of 38 km introduces another

uncertainty into the computed beta stretching factors,

as the initial crustal thickness of the West Antarctic

Rift System is unknown. It may well have been

538 km. For this reason, as well as other uncertainties

in deriving the crustal thickness grid described above,

we do not consider our beta factor grid to be of

sufficient fidelity to test different kinematic models

quantitatively in terms of their predictions for the

amount of stretching along the West Antarctic Rift

System.

Figure 2 Crustal stretching factor (beta) of Antarctic continental crust assuming initial crustal thickness of 38 km (global

average crustal thickness for unthinned plateau-type crust) landward of coastline, based on crustal thickness grid from

Figure 1d, combined with marine free-air gravity from satellite altimetry seaward of coastline (McAdoo & Laxon 1997). The

combined grid highlights the continuity of tectonic features from onshore Antarctica to offshore areas. Red dashed line

corresponds to interpreted West Antarctic Rift System axis, based on locations of crustal stretching maxima and our plate-

kinematic model. Predicted relative plate-motion vectors between East and West Antarctica between chron 21 (48 Ma) and

chron 8 (26 Ma) are shown based on rotations in Table 1: red lines with diamonds correspond to the model suggested in this

paper (pole at 71.18S, 22.88W), whereas green lines with circles correspond to stage pole by Cande et al. (2000) and magenta

lines with stars correspond to stage pole by Davey et al. (2006) (see Table 1). BGA, Bellingshausen Gravity Anomaly; BSB,

Byrd Subglacial Basin; BST, Bentley Subglacial Trench; DGGA, De Gerlache Gravity Anomaly; SST, South Shetland Trench;

TU, Thurston Island. Note that all three models predict extension in the Ross Sea area, but the model from Cande et al. (2000)

(green) predicts extension for the entire rift system, whereas Davey et al.’s (2006) model (magenta) predicts compression

southeast of the DGGA, and our model (red) predicts right lateral strike-slip along the eastern branch of the rift system. Plate-

motion arrows with arrowheads are symbolic for illustrating direction of motion based on our preferred rotation model (red).

The red circles with black outlines and associated numbers indicate the times (in Ma) and locations of a triple junction

between Phoenix Plate, Pacific Plate and West Antarctica which migrated from west to east as a result of the ridge – trench

collision along the Bellingshausen Sea margin of the Antarctic Peninsula (Eagles et al. 2004).
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We locate the axis of the West Antarctic Rift System

by following crustal stretching maxima, starting with

the known location of extension in the Adare Trough

at the well-mapped northwestern extension of the rift

system (Figure 2). To the southeast, the rift axis

follows the edge of the Transantarctic Mountains

(Figure 2) until it is offset by a transform fault con-

necting it to the Bentley Subglacial Trough (Figure 2),

which we interpret as part of the rift centre. A second

transform fault connects the extinct rift system to the

Byrd Subglacial Basin (Figure 2). In this model,

both the Bentley Subglacial Trough and the Byrd

Subglacial Basin are predicted to have formed as

pullapart basins at right-lateral offsets of the plate

boundary, which continues east towards the Antarctic

Peninsula where it connects with the South Shetland

Trench (Figure 2).

MODELLED KINEMATICS BETWEEN EAST AND WEST
ANTARCTICA

After outlining the likely location and geometry of the

West Antarctic Rift System, we compute the predicted

relative motion through time between East and West

Antarctica, based on keeping the Pacific Plate fixed to

the Lord Howe Rise between 83 and 52 Ma, as suggested

by Steinberger et al. (2004), and using two alternative

models for relative motion between Australia and

Antarctica (2005) (Figure 3). Pacific – West Antarctic

rotations are well established based on Cande et al.

(1995) and Larter et al. (2002), as well as Lord Howe

Rise – Australia rotations (Gaina et al. 1998). Recently,

Keller (2004) computed Australia – Pacific rotations for

the time period between chrons 21 and 8 (ca 48 – 26 Ma).

Here we use a plate circuit closure approach, including

Figure 3 Predicted relative plate motions of West Antarctica relative to East Antarctica within the West Antarctic Rift System

from 83 to 26 Ma, based on keeping the Pacific Plate fixed to the Lord Howe Rise between 83 and 52 Ma, as suggested by

Steinberger et al. (2004), and using two alternative models for relative motion between Australia and Antarctica. Squares and

circles for plate motion paths are always plotted for times 83, 74, 51, 48 and 26 Ma. Model 1 (squares) is based on rotations from

Cande et al. (1995, 2000), Gaina et al. (1998), Tikku & Cande (2000), Larter et al. (2002), and Keller (2004) (see Table 1), whereas

model 2 (circles) is based on the same rotations as model 1 with the exception of the rotations between Australia and

Antarctica from chron 27 (61.1 Ma) to chron 34 (83.5 Ma) which are taken from Royer & Rollet (1997). Plate-motion vectors are

overlain over combined crustal stretching and gravity anomaly grid as in Figure 2. See text for discussion.
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Keller’s (2004) rotations, to estimate a revised rotation

between East and West Antarctica for ca 48 – 26 Ma

(Table 1). This preliminary rotation (71.18S, 22.808W,

rotation angle 3.438) slightly overestimates the amount

of extension in the Adare Trough area, as compared

with the magnetic lineations mapped by Cande et al.

(2000), but results in a more geologically reasonable

tectonic regime for the West Antarctic Rift System,

indicating strike-slip instead of extension along the

eastern portion of the rift system, where little crustal

thinning is suggested by our crustal extension map

(Figure 2).

The main uncertainty in closing this plate circuit,

besides uncertainties in relative motion between the

Pacific Plate and the Lord Howe Rise, and in East – West

Antarctic motion, is the relative motion history between

Australia and Antarctica before 52 Ma. Tikku & Cande

(1999) raised and discussed the question whether or not

the oldest magnetic anomalies between the two plates

actually represent isochrons, and the early opening

history between this plate pair is substantially different

comparing the rotations from Tikku & Cande (1999)

with those of Royer & Rollet (1997). Following Steinber-

ger et al.’s (2004) hypothesis, in terms of fixing the

Pacific Plate to the Lord Howe Rise between 83 and

52 Ma, we compute the resulting relative motion be-

tween East and West Antarctica based on Tikku &

Cande’s (1999) and alternatively on Royer & Rollet’s

(1997) rotations. Uncertainties of all combined rotations

are currently impossible to compute, because the

magnetic anomalies in the ocean basins involved have

not been identified based on the same chrons, prohibit-

ing the quantitative addition of coeval rotations for

plate circuit closure.

Nevertheless, both models result in a plausible

relative motion history dominated by extension/trans-

tension in the Ross Sea, but model 1, based on Tikku &

Cande’s (1999) model, results in severe compression

between East and West Antarctica before 48 Ma along

the Transantarctic Mountains, increasing eastwards,

for which there is no geological evidence (Figure 3). In

contrast, model 2, using Royer & Rollet’s (1997) rota-

tions, results in negligible relative motion between 74

and 48 Ma along the eastern portion of the rift

system. Reconstructions between 74 and 83 Ma are ill-

constrained for nearly all plates involved in plate circuit

closure, resulting in unreasonable compression for all

plate pairs, but model 2 minimises relative motion in

this area. Both models also result in compression

increasing eastwards to 300 – 400 km between 83 and

74 Ma in the Antarctic peninsula, for which there is

clearly no evidence. Model 1 (squares) gives smaller 74 –

48 Ma relative motion along the Transantarctic Moun-

tains, whereas model 2 predicts extension from 74 to

48 Ma along the Transantarctic Mountains (Figure 3).

An alternative rotation between East and West

Antarctica for the time period between about 45 and

26 Ma has recently been proposed by Davey et al. (2006),

based on using the constraint of the amount of extension

in the Victoria Land Basin in addition to marine

magnetic anomalies and fracture zones. The combined

constraints result in a best-fit rotation pole at 84.858S,

139.378W and a rotation angle of 4.828 (Table 1). This pole

is located close to the geographic south pole, within

the large 95% error ellipse of the earlier rotation

computed by Cande et al. (2000). Even though this

rotation satisfies the constraints of the Adare Trough

magnetic lineations and the assumed Victoria Land

extension [modelled to be 95 km based on gravity

modelling (Davey & De Santis 2005), although the exact

age and amount of this extension are subject to some

uncertainty], it results in compression within a sub-

stantial portion of Antarctica east of this rotation pole,

irrespective of exactly where the plate boundary would

have been located. Evidence for such compression does

not exist, but depending on the uncertainties assigned to

the Victoria Land Basin extension, a 95% error ellipse

for this rotation can be obtained that allows for a pole

location close to the southernmost South Atlantic,

potentially removing the need for compression within

Antarctica during this time period in the model of

Davey et al. (2006). However, the further this rotation

pole is moved into the South Atlantic, the larger the

amount of extension required for the Victoria Land

Basin (as the colatitude between the rotation pole and

the basin increases).

EVIDENCE FOR TECTONIC ACTIVITY ACROSS THE
DE GERLACHE GRAVITY ANOMALY

As the geometries of the eastern West Antarctic Rift

System seem to be aligned with prominent gravity

anomalies in the Bellingshausen Sea (Figure 2), we

search for structural connections between West Antarc-

tic Rift System and the tectonics of this area. This

system of gravity anomaly lineations is aligned in direct

northward prolongation of the eastern West Antarctic

Rift System axis through the Bentley Subglacial Trough

and the Byrd Subglacial Basin (Figure 2). Geophysical

data and detailed plate-kinematic reconstructions have

shown that these lineations are primarily associated

with the eastern boundary of the former Bellingshausen

Plate and tectonic events resulting from a plate reorga-

nisation in the South Pacific around chron C27o (61 Ma)

(Larter et al. 2002; Eagles 2004). The Bellingshausen

Plate existed from about 80 to 61 Ma with a strike-slip

and transpressional eastern plate boundary at the

location of the Bellingshausen Gravity Anomaly

(Figures 2, 4). Gravity and seismic data show that the

Bellingshausen Gravity Anomaly extends across the

continental slope and shelf northeast of Thurston

Island. Analyses of these data also provide evidence

for crustal convergence across this boundary (Gohl et al.

1997; Cunningham et al. 2002), and plate-kinematic

modelling suggests up to 200 km of crustal shortening

between 80 and 61 Ma (Eagles 2004).

The De Gerlache Gravity Anomaly system stretches

from Peter I Island northward across the De Gerlache

Seamounts (Figure 4) and fades away north of 628S. A

possible low-amplitude continuation may be correlated

along longitude 2708E from 558 to 598S. Seismic data have

shown that the De Gerlache Gravity Anomaly south of

628S is caused by a north – south-trending system of

single and subparallel basement ridges (Hagen et al.

1998; Cunningham et al. 2002) (Figure 5). A clear crustal

1038 R. D. Müller et al.
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age difference across the De Gerlache Gravity Anomaly

is observed from seafloor-spreading magnetic anomalies

C32 – 34 west of it and C26 – 24 east of it, indicating that

the gravity lineation represents the scar of a ridge jump

of the Phoenix – Pacific Ridge at chron C27 (61 Ma)

(Larter et al. 2002; Eagles 2004). Sampled volcanics along

the De Gerlache Gravity Anomaly are of much younger

age than the structure of the ridge jump scar. Extru-

sions of alkaline volcanics of the 23 – 20 Ma De Gerlache

Seamounts (Hagen et al. 1998) and the 13 – 0.1 Ma Peter I

Island (Prestvik et al. 1990) suggest that the De Gerlache

Gravity Anomaly has acted as a preserved zone of

lithospheric weakness after the West Antarctic Rift

system became extinct. Miocene to present-day mantle

plume activities of the West Antarctic Rift System may

have acted as the magmatic source for the volcanics.

We investigate tectonic activity along the De Ger-

lache Gravity Anomaly using multi-channel seismic

Figure 4 Satellite-derived gravity

anomaly map (McAdoo & Laxon

1997) of the Bellingshausen Grav-

ity Anomaly (BGA) and De Ger-

lache Gravity Anomaly (DGGA)

systems of the western Belling-

shausen Sea with tracks of seis-

mic profiles (bold solid lines) used

in this study and related profiles

published in Gohl et al. (1997) and

Hagen et al. (1998) (dashed lines).

Thin solid lines and hatched areas

illustrate our schematic setting of

a Tertiary regime of strike-slip

plate motion with near-vertical

faults connected with pullapart

basins along the DGGA. The

dotted line marks an older linea-

ment along the BGA from the time

when this acted as the eastern

oblique-convergent boundary of

the Bellingshausen Plate (Eagles

et al. 2004).
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profiles that cross the De Gerlache Gravity Anomaly at

two locations between Peter I Island and the De

Gerlache Seamounts. Profiles BAS-923-29/30 and AWI-

95200 (Figure 5a, b) reveal a zone in which a strongly

undulating basement is characterised by intrusions of

volcanic cones or ridges under the Bellingshausen

Gravity Anomaly (BAS-923-30) and De Gerlache Gravity

Anomaly (both profiles). Such a north – south-oriented

ridge has been imaged with multibeam data (Figure 6)

and seismic profile BAS-923-30 north of Peter I Island.

Although we do not have direct evidence for its origin,

we can infer its volcanic origin from the observation

that it is the only edifice rising above the sediments

between volcanic Peter I Island and the De Gerlache

Seamounts, which both display north – south-trending

flanks. The multibeam image shows that the north-

trending axis of this ridge has a lateral offset close to its

peak. Any later lateral tectonic deformation of an

elongated ridge would result in fracturing which is not

observed in this case. We therefore suggest that this

ridge is a result of volcanic eruption along a pre-existing

orthogonal fault system in the basement.

Some of the basement peaks within the De Gerlache

Gravity Anomaly correlate with near-vertical faults

situated above them. These faults continue to the upper

level of the widely folded sediments observed in this

area. Deep narrow troughs with total sediment thick-

nesses of 2 – 3 km (*2 s TWT) are situated next to the

flanks of the major basement uplifts and intrusions on

profile BAS-923-29/30. The troughs observed on this

profile reach about 1 km deeper than the undisturbed

basement surface farther west, while the sediment

troughs on profile AWI-95200 are less deep but wider.

On the northern profile (Figure 5a), the sediment

trough adjacent to the east of the main basement ridge

is deeper than that directly adjacent to the western

flank. Along the southern profile, the opposite base-

ment geometry is observed. Almost all sedimentary

sequences are dragged up along the flanks of the

basement highs, except on the wide basement high at

the eastern end of profile BAS-923-29/30. Here, only the

deepest sediments of the trough appear to be dragged

up along the basement flank, while the mid-level

and shallower sequences onlap the basement. Three

Figure 5 (a) Seismic profile BAS-923-29/30 across the tectonic lineaments under the De Gerlache Gravity Anomaly (DGGA)

and the northern part of the Bellinghausen Gravity Anomaly. (b) Seismic profile AWI-95200 crosses the DGGA north of Peter I

Island. Top of basement is marked with bold solid lines. Both profiles reveal a zone in which sediments are deformed by

basement tectonics and the rise of volcanic cones. Vertical faults (thin solid lines) and overdeepened sediment troughs

indicate transtensional deformation. See Figure 4 for locations.
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tectonic events can be discriminated from the observed

structures.

(1) A basement block uplift or a major magmatic

intrusion occurred to the east as indicated by the

onlapping sediments. We correlate this event with the

suggested jump of the Phoenix – Pacific spreading ridge

to the location of the De Gerlache Gravity Anomaly at

61 Ma (Larter et al. 2002; Eagles 2004). At the initial stage

of such a ridge jump, a fair amount of magmatic

material presumably intruded into the pre-existing

crust.

(2) The incised narrow sediment troughs and the

vertical faults, offsetting the reflectors by only a small

amount, indicate strike-slip movement along a north –

south strike direction. We interpret the troughs as

small, but overdeepened, pullapart basins (Figures 4, 5),

which are commonly associated with the development of

transtensional fault zones (Aydin & Nur 1982). The

beginning of strike-slip movement cannot be older than

the formation of the uplifted or intruded basement block

to the east, as the onlapping sediments indicate, there-

fore post-dating 61 Ma. The youngest possible age of the

deformation is vaguely constrained by the upper limit of

the majority of the vertical faults. Most upper limits can

be observed to about 150 – 300 m (0.2 – 0.3 s TWT) below

seafloor. The sediments at this depth are up to 2 – 8

million years old assuming a regional deposition rate of

4 – 8 cm/103 y since onset of glaciation, as estimated

from the nearest Deep Sea Drilling Project Leg 35, Site

324 (Hollister & Craddock 1976).

(3) Both tectonic events are overprinted by mag-

matic intrusions of relatively young or even recent age

as indicated by the pulled-up and faulted sediments

along the flanks and on top of the intrusions. The

intrusive bodies can be associated with the same

magmatic events that formed the De Gerlache Sea-

mounts and Peter I Island between 23 and 0.1 Ma along

the De Gerlache Gravity Anomaly. The satellite-

derived gravity anomaly map of the De Gerlache

Gravity Anomaly shows north – south-trending base-

ment ridge segments (Figures 4, 5). We suggest that the

intruding magmatic material followed pre-existing

north – south-striking fault zones. The right-stepping

axis offset of an imaged volcanic ridge (Figure 6)

indicates that basement underwent strike-slip motion

with sideward displacement of the fault zone prior to

the extrusive event. It is possible that early intrusions

occurred already during the formation of strike-slip

faults at the time of the proposed relative motion

between the East and West Antarctic Plates in the

Bellingshausen Sea.

These observations tentatively suggest that trans-

tensional tectonic reactivation may have occurred

along the De Gerlache Gravity Anomaly in the Early/

mid-Tertiary as part of the eastern tectonic activity of

the West Antarctic Rift System. Evidence for this

consists of: (i) the alignment of the De Gerlache

Gravity Anomaly with the directional trend of the

extension in the West Antarctic Rift System and its

transform fault to the Byrd Subglacial Basin; (ii) the

observation of a strike-slip motion along the De

Gerlache Gravity Anomaly between mid-Tertiary and

the Late Miocene or even Pliocene; and (iii) the

estimated timing of the development of the strike-slip

deformation. Such a transtensional system may have

acted as an accommodation zone as a response to the

northeastward migration of this triple junction to

which the plate boundary was connected. Alterna-

tively, it is also possible that the De Gerlache Gravity

Anomaly was reactivated only after the main extension

phase of the West Antarctic Rift System was completed

at about 26 Ma, given that the evidence for pre-26 Ma

tectonic reactivation along the De Gerlache Gravity

Anomaly is circumstantial.

Figure 6 Multibeam bathymetric

map of an exposed volcanic ridge

at the De Gerlache Gravity Anom-

aly which was crossed by seismic

profile BAS-923-30 (Figure 5a).

Data were collected during RV

Polarstern expedition ANT-

XXIII/4 in early 2006.
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PLATE-KINEMATIC IMPLICATIONS

Plate circuit closure, together with a complete mapping

of the axis of the West Antarctic Rift System from the

Adare Trough to the Bellingshausen Sea, allows us to

evaluate the implications of the hypothesis that the

Pacific Plate was attached to the Lord Howe Rise between

about 83 and 52 Ma (Steinberger et al. 2004), during the

opening of the Tasman Sea. Given that the errors in

published Pacific – Antarctic, Pacific – Bellingshausen,

and Australian – Lord Howe Rise reconstructions are

relatively small, we focus on the implication of two

alternative Australian – Antarctic reconstructions. The

Australian – Antarctic end-member reconstructions con-

sidered here represent a set of reconstructions in which

the pre-chron 27 (61 Ma) Australian – Antarctic magnetic

anomalies are considered as isochrons or some conjugate

magnetic anomaly misfits are permitted to avoid un-

reasonable overlaps between continental margins during

the early opening of the Great Australian Bight.

An isochron fit of the pre-chron 27 Australian –

Antarctic magnetic anomaly data results in a tight fit

between Tasmania and Antarctica with finite rotation

poles relatively close to the Kerguelen Plateau, and in

negligible motion between the Kerguelen Plateau and

the Broken Ridge before chron 20 (43 Ma) (Tikku &

Cande 1999, 2000; Cande & Stock 2005), whereas recon-

structions which allow for some misfit between pre-

chron 27 magnetic anomalies in the Great Australian

Bight and offshore Antarctica result in a looser fit

between Tasmania and Antarctica (Royer & Rollet 1997).

Between 83 and 74 Ma, both models result in substantial

compression in the eastern portion of the West Antarc-

tic rift system, if combined with published rotations for

the closure of the Tasman Sea and the Southwest Pacific

(Table 1; Figure 3). There is no evidence that such an

episode of crustal shortening has occurred along the

West Antarctic Rift System. From 74 to 48 Ma, model 2

predicts little relative motion at the eastern branch of

the rift system, compared with model 1. This implies

that, using Royer & Rollet’s rotations (1997), a fixed

Pacific – Lord Howe Rise is conceivable during the time

of Tasman Sea opening, at least after 74 Ma, without

requiring an active West Antarctic Rift System.

CONCLUSIONS

Combined mapping of crustal continental extension in

Antarctica and a revised plate-kinematic model allow us

to estimate the geometry of the Oligocene to Miocene

West Antarctic Rift System. However, the exact kine-

matic history of this extension is still subject to large

uncertainties, as indicated by the different pole loca-

tions for the main extension period (ca 48 – 26 Ma)

suggested here, by Cande et al. (2000) and by Davey

et al. (2006). The model presented here results in strike-

slip for the eastern extension of the plate boundary

within Marie Byrd Land, instead of extension as implied

by Cande et al.’s (2000) rotation pole. In our scenario, the

eastern strike-slip portion of the West Antarctic Rift

System would have connected to the South Shetland

Trench via a triple junction between the Pacific,

Phoenix and East Antarctic Plates. In contrast, Davey

et al.’s (2006) best-fit rotation pole implies compression

for the eastern portion of the rift system between 48 and

26 Ma, a scenario we regard as unlikely. Seismic-

reflection data suggest that the older tectonic linea-

ments in the Bellingshausen Sea under the De Gerlache

Gravity Anomaly, and possibly the Bellingshausen

Gravity Anomaly, may have been reactivated during

this time in a right-lateral strike-slip sense. Using

Australia – Antarctica rotations from Royer & Rollet

(1997), and rotations for the remaining plate circuit as

listed in Table 1, we show that it is plausible that no

subduction (or other relative motion) existed between

the Lord Howe Rise and the Pacific Plate at least

between 74 and 48 Ma. Such a model is consistent with

the complete lack of arc-volcanics from this time period

in the area of the Lord Howe Rise and associated

backarc basins, even though a fairly extensive sample

base exists for this area (Mortimer et al. 1998).

Published relative plate-motion parameters are not

consistent with the notion that the Pacific Plate was

fixed to the Lord Howe Rise before 74 Ma. The implied

episode of shortening between East and West Antarctica

is unlikely, meaning either that a plate boundary still

existed at that time between the Pacific Plate and the

Lord Howe Rise, or that one or several of the published

rotations involved for Chron 34 are associated with

large errors. This may indicate problems with Tikku &

Cande’s (1999) Australian – Antarctic fit for chrons 31 –

34, or it may indicate that a plate boundary still existed

before 74 Ma between the Pacific Plate and the Lord

Howe Rise, continuing through New Zealand, where

some deformation during this time period is suggested

by geological data (Sutherland 1999). A more robust

method for computing a better-constrained Australia –

Antarctic fit for this time would be triple-junction

closure, simultaneously fitting data for chrons 31, 33

and 34 between Australia, Antarctic and India. Tikku &

Cande’s (1999) rotations for this time period, if combined

with published rotations for India – Antarctica, result in

flow-lines for the Wharton Basin west of Australia

which deviate from the fracture zone azimuths in this

area, which are well mapped from the marine gravity

field derived from satellite altimetry (Sandwell & Smith

1997). Therefore, revised Indian Ocean reconstructions

using triple-junction closure, and including uncertain-

ties, will be an essential next step to further test whether

a self-consistent plate circuit closure before chron 31

(74 Ma) is possible while fixing the Pacific Plate to the

Lord Howe Rise.
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[1] Decades after the recognition of the West Antarctic Rift
System, and in spite of its global importance, the location and
nature of the plate boundary it formed at are unknown east of
the Byrd Subglacial Basin. Alternative constructions of the
circuit of South Pacific plate boundaries suggest the presence
of either a transcurrent plate boundary or a continuation of
the extensional rift system. We identify George VI Sound, a
curved depression separating Alexander Island from Palmer
Land, as the easternmost basin of a rift system that terminated
at a triple junction with the Antarctic Peninsula subduction
zone. The history of the triple junction’s third, transform, arm
suggests extension started around 33.5–30 Ma. A more
speculatively identified basin further west may have formed
earlier during the same episode of rifting, starting around
43 Ma. Proposals of earlier Cenozoic relative motion between
East and West Antarctica cannot be verified from this region.
Citation: Eagles, G., R. D. Larter, K. Gohl, and A. P. M. Vaughan

(2009), West Antarctic Rift System in the Antarctic Peninsula,
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1. Introduction

[2] The West Antarctic Rift System formed at a plate
boundary that separated East and West Antarctica (Figure 1).
Observation-based quantifications of the mobility of thermal
plumes in the mantle depend on accurate knowledge of this
boundary’s development, and disagree prior to mid Eocene
times [Steinberger et al., 2004; Tarduno et al., 2009]. The
base of the West Antarctic Ice Sheet lies well below sea level
in the rift system’s basins, and its consequent instability
makes it a key factor in past and future sea level change
[Vaughan, 2008; Bamber et al., 2009]. Understanding the rift
system’s development through time is therefore important,
and plate kinematic models are crucial to this understanding.
[3] Direct knowledge of the rift system comes from

geological and geophysical surveying and drilling in the
Ross Sea region. Late Cretaceous rifting of southern New
Zealand from Marie Byrd Land is recorded in rocks exposed
at the margins of the Eastern Basin [e.g., Luyendyk et al.,
2001]. On the other side of the Ross Sea, fission track
analyses betray later unroofing of the Transantarctic Moun-
tains in Victoria Land starting at 55–45 Ma [Fitzgerald and
Baldwin, 1997], andmagnetic anomalies in the Adare Trough
record seafloor spreading in the period 43–26 Ma [Cande
et al., 2000]. Strata seen on seismic data from the Central,
Northern, and Victoria Land basins are interpreted as dating

from this period [Cande and Stock, 2004a, 2006], and coring
to the base of the Victoria Land Basin returned sediments
with a maximum age of 34 Ma [Wilson et al., 1998; Hannah
et al., 2001]. Sub-ice topography maps show that the rift
system continues eastwards between the Transantarctic
Mountains andMarie Byrd Land as far as the Byrd Subglacial
Basin [Lythe et al., 2001]. Beyond this, although the Trans-
antarctic Mountains continue to the northeast, it is not clear
from surveying within Antarctica where the plate boundary
lies and what form it takes.

2. Plate Kinematic Models for the West Antarctic
Rift System

[4] Despite being very short, the spreading anomalies in
the Adare Trough are confidently dated because they form
parts of prominent magnetic bights in seafloor around the
triple junction of the Australian, East and West Antarctic
plates [Cande and Stock, 2006].Cande et al. [2000] used data
from the bights to close the circuit of those plates, giving
Euler parameters that describe the orientation and separation
of the Adare Trough anomalies. Müller et al. [2007] used a
longer circuit involving the Australia–Pacific plate boundary
in the Macquarie and Emerald basins south of New Zealand
[Keller, 2004], and also reproduced the Adare Trough record.
Although the resulting stage pole falls within the 95% con-
fidence ellipse of Cande et al.’s [2000] stage pole (Figure 1),
the two are separated by over 5000 km, and yield very
different models of the eastern end of the East-West Antarctic
plate boundary. Müller et al.’s [2007] stage pole predicts a
transcurrent boundary, whereasCande et al.’s [2000] predicts
further extensional basins.
[5] Unlike the southern offshore reaches of the East

African Rift, where it hosts its own instantaneous motion
pole [Chu and Gordon, 1999], both stage poles require the
eastern parts of the East-West Antarctic plate boundary to
have accommodated significant relative motion (Figure 1).
Because of this, it is most likely to have terminated at a triple
junction with another active plate boundary. The nearest of
these was at the western margin of the Antarctic Peninsula
where the oceanic Phoenix plate was subducting [Larter and
Barker, 1991]. Various Cenozoic basins are known from this
margin. In the following, we show how the formation of one
of them, George VI Sound (GVIS), might be related to exten-
sion in the West Antarctic Rift System.

3. Extension and Transtension in George VI
Sound

[6] The 800 m deep north-striking arm of GVIS separates
the largely sedimentary Fossil Bluff Group of Alexander
Island from the intruded metamorphic basement of Palmer
Land and probably originated as a terrane boundary in Creta-
ceous times [Ferraccioli et al., 2006; Vaughan and Storey,
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2000]. Structural studies show that this boundary ultimately
evolved into a basin that opened in dextral transtension
[Storey and Nell, 1988], which may have started around
40–35 Ma as interpreted from fission track data from
Alexander Island [Storey et al., 1996]. Gravity modeling
implies a stretching factor of �1.3 [Maslanyj, 1988]. A free-
air (Figure 2) and Bouguer gravity low suggests the basin
continues north across the shelf north of Alexander Island
where it is namedGeorgeVI trough [Johnson, 1997;McAdoo
and Laxon, 1997]. The trough merges opposite the Tula
Fracture Zone, via a discrete step in Bouguer gravity, with a
margin-parallel sedimentary basin on the continental shelf
[Larter et al., 1997; Johnson, 1997]. The east-striking
southern arm is wider and deeper; here a simple gravity
model implies a stretching factor of �1.5, consistent with
formation by lower-obliquity extension than in the northern
arm [Maslanyj, 1987, 1988]. Volcanic activity resulting from
this much stretching may explain the large positive magnetic
anomalies observed along the southern arm [Golynsky et al.,
2001].
[7] Given the timing of these processes and their position

between the Byrd Subglacial Basin and formerly active
Antarctic Peninsula margin (Figure 1), it is conceivable that
GVIS formed a segment of theWest Antarctic Rift System. If
so, the distinctive transtensional and extensional tectonics
should obey the constraints of a rotation pole for relative
motions between East andWest Antarctica. This is indeed the
case with Cande et al.’s [2000] pole, which prescribes a
NNW translation of Alexander Island away from Palmer
Land (Figure 2). With the margins of the stretched region
taken to be beneath ice covered scarps in Palmer Land, and
along the LeMay Range Fault in Alexander Island [Crabtree
et al., 1985], stretching factors like those Maslanyj [1988]

modeled require a rotation of �0.7� about this pole. Assum-
ing stretching occurred on the extensional arm of a ridge-
trench-fault triple junction, its onset can be dated to a ridge-
crest–trench collision SWof the Tula Fracture Zone at 30.1 ±
3 Ma [Larter et al., 1997]. Cande et al.’s [2000] West

Figure 1. Sub ice topography [Lythe et al., 2001] of the West Antarctic Rift System. AI: Alexander Island, AT: Adare
Trough, Be: Bentley Subglacial Trench, By: Byrd Subglacial Basin, C: Central Basin, GVIS: George VI Sound, MBL: Marie
Byrd Land, N: Northern Basin, PL: Palmer Land, V: Victoria Land Basin. White lines: segments of small circles about Cande
et al.’s [2000] rotation pole. Inset: red dots: two alternative stage poles for East–West Antarctic relative motion during 48–
26 Ma from Cande et al. [2000] (with red line part of its 95% confidence ellipse) and Müller et al. [2007].

Figure 2. Reconstruction of a closed GVIS. EB: Eltanin
Bay; GT: GeorgeVI trough; RE: Ronne Entrance; SI: Smyley
Island. Light gray: positive free-air gravity anomaly related
to modern continental shelf edge, green: negative anomalies
(<�20 mgal) on the continental shelf [McAdoo and Laxon,
1997]. Stars: positions of possible past triple junctions at the
West Antarctic margin, age ranges (in Ma) of their residence
[Larter et al., 1997]. Yellow: Alexander Island rotated by
0.7� aboutCande et al.’s [2000] stage pole.Magenta: positive
magnetic anomalies >100 nT [Golynsky et al., 2001]. Inset:
triple junction near Alexander Island at �27 Ma. E: East
Antarctic Plate, P: Phoenix Plate, W: West Antarctic plate.
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Antarctica–East Antarctica rotation for chron C13 (33.5 Ma)
also uses an angle of 0.7�, and so we adopt 33.5–30 Ma as
a reasonable estimated time range for the onset of GVIS
extension.
[8] In contrast,Müller et al. [2007] interpret a dominantly

transcurrent East Antarctica–West Antarctica boundary in
and offshore of the Antarctic Peninsula. The interpretation is
based on a grid of crustal stretching factors calculated using
sub ice topography and sediment thickness data [Lythe et al.,
2001; Laske and Masters, 1997]. Examination of the sub ice
topography data set reveals that depths in GVIS are errone-
ously depicted some 600–800 m shallower than have been
measured seismically [Maslanyj, 1987; Bell and King, 1998].
Using more appropriate depths of 800–1000 m, Müller
et al.’s [2007] method of calculating crustal stretching factors
returns values of 1.50–1.64, similar to the results of grav-
ity modelling, consistent with an extensional eastern West
Antarctic Rift System.

4. Accuracy in the South Pacific Plate Circuit

[9] This interpretation of GVIS is persuasive in its sim-
plicity. Accepting it, however, draws attention back to the fact
that the South Pacific plate circuit yields very different East
Antarctica–West Antarctica rotations when constructed with
the Pacific–Australia rotations of Keller [2004]. Figure 3
illustrates that the differences are artifacts of those rotations
by using Cande et al.’s [2000] East Antarctica–West Ant-
arctica rotation along with Australia–East Antarctica and
Pacific–West Antarctica rotations [Cande and Stock, 2004b;
Croon et al., 2008] to predict Pacific–Australia motion
independently ofKeller’s [2004] data. The resulting rotations
cannot be compared quantitatively to Keller’s [2004] as
Cande et al. [2000] did not provide formal error estimates
that would enable us to calculate a set of confidence ellipses.

Nonetheless, the circuit-derived finite poles produce synthet-
ic flowline orientations that are qualitatively almost identical
both to Keller’s [2004] and to fracture zone traces in free-air
gravity data.
[10] The artifacts arise from the magnification of small

inaccuracies in the Pacific–Australia parameters through
their large rotation angles. Despite being small, these inac-
curacies are evidently larger than might be expected from
Keller’s [2004] error analysis (Figure 3), and so must be
attributed to factors he did not consider for it. Amongst these
factors, we note that some of Keller’s [2004] data occupy a
broad zone of post-Pliocene deformation attributed to incip-
ient subduction south of New Zealand [Cande and Stock,
2004b; Hayes et al., 2009]. These data are not likely to
describe relative motions between the Pacific and Australian
plates as completely as they would have done if they had not
experienced this deformation.

5. Cenozoic Motion Between East and West
Antarctica

[11] Sixty percent of Cande et al.’s [2000] modeled post-
43 Ma West Antarctica–East Antarctica motion would have
been expressed prior to and away from the extension in
GVIS. By analogy, one can hypothesise a rift basin connect-
ing the precursor to the ‘Tula’ triple junction, which existed
since 43 Ma at the SE end of the Alexander Fracture
Zone (Figure 2) [Larter et al., 1997; Scheuer et al., 2006].
Although the fission track evidence from Alexander Island
[Storey et al., 1996] is consistent with this timing, evidence
for the presence of the basin itself is not overwhelmingly
strong. Satellite altimetry data show a broad free-air gravity
anomaly crossing the shelf towards the fracture zone. Despite
a smooth sedimented seafloor, reverberations in seismic
data mask any indication of how deep beneath the anomaly
the sediments continue, except near the east coast of Smyley
Island [Nitsche, 1998]. A positive magnetic anomaly at
�79�Wmight be interpreted in terms of an uplifted rift flank
(Figure 2). High smectite concentrations in sediments from
the Ronne Entrance suggest the presence of volcanic or
volcaniclastic rocks, perhaps related to rifting, at the seabed
[Hillenbrand et al., 2009].
[12] Before 43 Ma, reconstruction misfits between Lord

HoweRise and Campbell Plateau suggest even earlier motion
between East and West Antarctica [Cande and Stock, 2004a;
Steinberger et al., 2004]. Although it has been suggested that
this motion created some of the basins of the Ross Sea, there
is no firmly-established record of it there in the form of cored
or sampled Paleocene or older Eocene sediments. Added to
this, there is no evidence for basins connecting to pre-43 Ma
triple junctions off Eltanin Bay, where they might be
expected (Figure 2). While this absence of evidence is no
basis on which to dismiss the idea of Paleocene relative
motions between West and East Antarctic plates, it should be
taken as a reminder that that idea, while intuitively attractive,
remains only indirectly proved and should be applied with
caution.

6. Conclusion

[13] The geology of the GVIS region can be interpreted in
terms of the eastern reaches of an extensional West Antarctic
Rift System. The interpretation reinforces the already strong

Figure 3. Results of interrogating the South Pacific circuit
for Pacific–Australia motions. (left) New synthetic flowlines
(white lines with black age points) compared to those of
Keller [2004] (black lines with white age points); both sets of
lines originate from the same seed points, and are overlain on
satellite gravity showing fracture zones. (right) Finite rotation
poles from circuit (black dots) compared to those of Keller
[2004] (white dots), with 95% confidence ellipses. Compar-
isons not possible before chron 17o and after chron 12o as no
suitable rotations are available.
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evidence for intra-Antarctic extension since 34–30 Ma, and
to a lesser degree since 43 Ma, but there is as yet no evidence
here for earlier extension. This interpretation further implies
that the Antarctic Peninsula has been part of a stable East
Antarctic plate since mid Eocene times, and that additional
rift basins exist in Ellsworth Land, linking GVIS and the
Byrd Subglacial Basin, where elevated heat flow is likely to
have influenced ice sheet development and stability.
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Abstract  The Amundsen Sea embayment of West Antarctica is in a prominent location for a series of tectonic and 
magmatic events from Paleozoic to Cenozoic times. Seismic, magnetic and gravity data from the embayment and Pine 
Island Bay (PIB) reveal the crustal thickness and some tectonic features. The Moho is 24-22 km deep on the shelf. NE-
SW trending magnetic and gravity anomalies and the thin crust indicate a former rift zone that was active during or in 
the run-up to breakup between Chatham Rise and West Antarctica before or at 90 Ma. NW-SE trending gravity and 
magnetic anomalies, following a prolongation of Peacock Sound, indicate the extensional southern boundary to the 
Bellingshausen Plate which was active between 79 and 61 Ma. 
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Introduction 
The Amundsen Sea embayment with its eastern sector, 

Pine Island Bay (PIB) (Figure 1), is in a tectonically 
prominent position suggested to be the location of a 
crustal boundary between the Marie Byrd Land block to 
the west and the Thurston Island/Ellsworth Land blocks to 
the east which was active during the Mesozoic break-up 
of Gondwana or even before (e.g. Dalziel and Elliot, 
1982; Storey, 1991; Grunow et al., 1991). Eagles et al. 
(2004) illustrate that early Pacific-Antarctic separation 
evolved first as rifting and crustal extension along the 
present-day Bounty Trough between Chatham Rise and 
Campbell Plateau (Grobys et al., 2007). It possibly 
continued along the present Great South Basin between 
the Campbell Plateau and the South Island of New 
Zealand at 90 Ma until the rift was abandoned in favour 
of a new extensional locus to the south, forming the 
earliest oceanic crust between Campbell Plateau and 
Marie Byrd Land at 84-83 Ma. The boundary between 
Chatham Rise and Campbell Plateau – with Bounty 
Trough closed before 90 Ma – is situated off the western 
Amundsen Sea Embayment at about 120°-125° W. 

The Bellingshausen Plate (Stock and Molnar, 1987) 
moved independently on the southern flank of the mid-
Pacific spreading ridge from Late Cretaceous times until 
about 61 Ma when a major plate reorganisation occurred 
in the South Pacific (e.g. Larter et al., 2002; Eagles et al., 
2004). The small plate’s western boundary was situated in 
the area of the Marie Byrd Seamounts (Heinemann et al., 
1999), its eastern transpressional boundary along a gravity 
anomaly lineament in the western Bellingshausen Sea. 
The southern boundary may have been active along the 
WNW-ESE striking Peacock Gravity Anomaly (PGA) 
across the outer continental shelf of the Amundsen Sea 
embayment (Larter et al., 2002; Eagles et al., 2004). 

The newest geophysical data from the Amundsen Sea 
Embayment and PIB (Figure 1) reveal crustal thickness 
and tectonic features and lineations. These early results 
are discussed in context with plate-kinematic 
reconstructions of the early stages of continental breakup 
and southern Pacific seafloor spreading. 

 
Figure 1. Overview map of the Amundsen Sea 
embayment and Pine Island Bay showing the satellite-
derived gravity anomaly grid of McAdoo and Laxon 
(1997) and the locations of two deep crustal seismic 
(dashed red lines) and multi-channel seismic profiles (red 
lines) collected during RV Polarstern expedition ANT-
XXIII/4. The dotted bold black lines mark the 
approximate location of the interpreted incipient narrow 
rift basin. Its trend is aligned with a gravity anomaly north 
of Thurston Island. The dashed black lines illustrate the 
presumed location of the southern Bellingshausen Plate 
boundary. The box marks the area of the Moho depth map 
of Figure 4.  PT Pine Island Through, PGA Peacock 
Gravity Anomaly, PS Peacock Sound, PG Pine Island 
Glacier, TG Thwaites Glacier. 
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Geophysical data acquisition in the Amundsen 
Sea Embayment 

The Alfred Wegener Institute and British Antarctic 
Survey cooperated closely during early 2006 with RV 
Polarstern’s expedition ANT-XXIII/4 and RRS James C. 
Ross’ cruise JR141. Extensive geophysical datasets were 
collected as part of a research program dedicated to the 
study of tectonic, sedimentary and glacial advance/retreat 
processes in the Amundsen Sea Embayment and PIB 
(Larter et al., 2007). For this paper, we primarily use the 
resulting deep crustal seismic profiles, shipborne gravity 
and magnetic data collected from the Polarstern, and an 
extensive aeromagnetic survey of 20,000 km flown by the 
Polarstern helicopters (Figures 1 and 2). Due to an area 
of inaccessibility, the magnetic data mainly cover two 
separate areas: the western Amundsen Sea embayment 
and the southern and eastern PIB region. The analysis of 
these data was complemented by the few previously-
existing seismic and potential field data from the shelf 
break to the oceanic parts of the Amundsen Sea (Gohl et 
al., 1997; Nitsche et al., 2000) and by the satellite-derived 
gravity anomaly field of McAdoo & Laxon (1997). 

We acquired deep crustal seismic wide-angle 
reflection and refraction data with one profile across the 
inner to middle continental shelf of the western 
embayment (AWI-20060100) and another running from 
the foot of the slope towards the Marie Byrd Seamount 
cluster of the continental rise (AWI-20060200) (Figure 1). 
Shots from an airgun cluster, consisting of 8 G.Guns™ 
with a total volume of 68 liters (4160 in3), fired with 190 
bar at a 1-minute interval (150 m nominal spacing), 
resulted in good quality data with identified phases from 
the upper to lower crust and the uppermost mantle on both 
profiles. Restricted by massive pack-ice to the north, west 
and east and by drifting sea-ice patches, only nine ocean-
bottom hydrophone (OBH) systems could be deployed at 
18-19 km spacing on the shelf, in order to minimize the 
risk of instrument loss. Seven OBH systems with the 
same nominal spacing were deployed along the deep-sea 
profile. About 2200 km of multi-channel seismic (MCS) 
profiles were acquired in the Amundsen Sea Embayment 
and in PIB using a 600-m long analogue streamer. We 
also recorded low-fold normal-incidence reflection data 
from the airgun shots along both OBH profiles with the 
same streamer.  530 km of single-channel seismic data 
were recorded in the embayment during the JR141 cruise 
(Larter et al., 2007). For this study, we use parts of the 
MCS dataset to identify the depth of the acoustic 
basement to constrain thickness and geometries of the 
sediment cover in the seismic refraction and gravity 
modelling process. Details of the seismic reflection data 
with regard to glacial-marine sedimentation processes will 
be given elsewhere (e.g. Uenzelmann-Neben et al., this 
volume). 

Magnetic grid, seismic and gravity models  
The combined helicopter and shipboard magnetic grid 

reveals a NE-SW trending system of near-parallel positive 
magnetic anomaly lineations as the dominant feature in 
the western embayment (Figure 2). The lineations run 
parallel to the trend of the satellite-derived gravity 
anomalies across the middle shelf and that of sharp 
positive linear gravity anomaly north of Thurston Island. 
The magnetic grid over the eastern PIB reveals scattered 
patches of positive and negative anomalies with no 
significant lineations, except for a the short WNW trend 
of positive anomalies west of the Peacock Sound. This 
anomaly lies on top of, and has the same orientation as, 
the PGA, but it does not follow the PGA farther 
northwest. However, gravity modeling indicates an 
elongated body of high-density, possibly magmatic 
material along the PGA. Some of the scattered magnetic 
anomalies in the south may be attributed to the numerous 
igneous and meta-igneous bodies observed in outcrops on 
islands in PIB and along its eastern mainland shore as 
observed by the SPRITE Group (1992) and on our 
Polarstern cruise. 

 

 
Figure 2. Map of gridded magnetic anomalies in the 
Amundsen Sea embayment from helicopter-magnetic 
surveying and ship-board magnetic data of ANT-XXIII/4. 
Dashed black lines indicate linear anomaly trends. Thin 
dark blue lines denote seismic reflection profiles of ANT-
XXIII/4. Thick dark blue lines mark the locations of deep 
crustal seismic profiles (the southern profile AWI-
20060100 corresponds to model in Figure 3). 
 

The P-wave phases recorded by eight OBH systems of 
shelf profile AWI-20060100 were modeled for a crustal 
velocity-depth structure using a raytracing and travel-time 
inversion method. The final velocity-depth model 
(Figure 3) shows a 22-23 km thick crust with velocities of 
2.0-3.5 km/s for the sediments above the acoustic 
basement, 5.0-6.2 km/s for the upper crust below the 
acoustic basement, and 6.4-6.9 km/s for the lower crust. 
Pn phases indicate an upper mantle velocity of 7.9-
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8.0 km/s. The relatively thin crust, the regular vertical 
velocity distribution, and the average crustal velocity of 
about 6.4 km/s, all suggest that the inner continental shelf 
of the Amundsen Sea embayment rests on stretched 
continental crust, but is largely unaffected by magmatic 
intrusions. Unfortunately, the coverage at the 
northwestern end of the profile does not reach into the 
area of the linear SW-NE trending magnetic anomalies. 

 

 
Figure 3. Velocity-depth model of OBH profile AWI-
20060100 across the inner and middle continental shelf of 
the western Amundsen Sea embayment. OBH stations are 
marked by triangles. Layers outside the coloured grid are 
not constrained by travel-time information but constrained 
by gravity modelling. 
 

A series of 2-D gravity models were calculated along 
the seismic and other quasi-linear profiles across the 
Amundsen Sea embayment primarily using shipboard 
data complemented by satellite-derived gravity data 
(McAdoo and Laxon, 1997) in gaps and to extend the 
profiles. We constrained the models with observations of 
sediment thickness using seismic reflection data and the 
crustal structure and thickness from the two OBH 
profiles. Next, we integrated the 2-D models into a 3-D 
gravity anomaly model of the embayment. The resulting 
map of Moho depth (Figure 4) shows the crust thinning 
above a Moho at about 24 km depth beneath the eastern 
embayment and about 22 km in the western embayment. 
Beneath the oceanic crust, the Moho depth increases from 
14-15 km in the east to 15-17 km in the west between the 
Marie Byrd Seamounts and the foot of the shelf slope. 

Tectonic implications 
 The potential field data indicate two dominant and 
crossing trends of linear anomalies in the Amundsen Sea 
embayment. The linear gravity and magnetic anomalies of 
the western Amundsen Sea embayment, running sub-
parallel to each other, can be interpreted as indicating an 
intrusive crustal origin. Their NE-SW trend parallels the 
initial spreading center’s azimuth between Chatham Rise 
and West Antarctica and can thus be related to processes 
occurring during breakup or just beforehand. The 
anomalously thin crust beneath the inner shelf - in 
particular of the western embayment - suggests a crustal 

thinning process. These three observations lead to a 
model of a failed initial rift or distributed extension in the 
Amundsen Sea embayment crust. This rift must have been 
active before 90 Ma or it accompanied the rifting in 
Bounty Trough and its northward translation of Chatham 
Rise at this time. 
 We interpret the WNW trending PGA and its 
underlying high-density body as a magmatic zone which 
overprinted the NE-SW trending rift structure. This seems 
to confirm the suggestion by Eagles et al. (2004) that this 
zone acted as the southern boundary of the 
Bellingshausen Plate between 79 and 61 Ma. Plate-
kinematics demonstrates that this plate boundary was 
active as a zone of relatively minor extensional and 
translational movements. Our new data show that 
magmatic intrusions were emplaced in some places along 
this boundary. 

Figure 4. Moho depth map of the Amundsen Sea 
embayment derived from 2D (along profiles annotated 
with black lines) and 3D gravity anomaly modeling 
constrained by satellite-derived gravity data (McAdoo and 
Laxon, 1997) and seismic data (red lines). 
 
 The presumed Paleozoic crustal boundary between the 
Thurston Island/Ellsworth Land block and the Marie Byrd 
Land block in PIB is not obvious from the potential field 
data. If present, the difficulty in interpreting its presence 
may be traced back to overprinting by Mesozoic and 
Cenozoic magmatic intrusions and volcanism (e.g. 
LeMasurier, 1990). What is more, the deeply incised 
inner and middle shelf of PIB with glacial troughs and 
channels reaching 1000-1500 m depth (Lowe and 
Anderson, 2002; Larter et al., 2007) may obscure 
interpretations of the magnetic anomaly field. We agree 
with an earlier suggestion by the SPRITE Group (1992) 
that the main deep glacial erosional trough, here named 
Pine Island Trough (Figure 1), stretching from the mouth 
of the Pine Island Glacier to the middle shelf in NW and 
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NNW orientation may have exploited such a former 
crustal block boundary. 

Conclusions 
 Seismic, magnetic and gravity surveying of the 
Amundsen Sea embayment and PIB reveal important 
phases of the tectonic evolution in this area. The main 
results are: 
(1) The Moho depth of the inner and middle shelf is 
between 24 and 22 km and thins from east to west. 
(2) Dominant NE-SW trending magnetic and gravity 
anomalies and the thin crust indicate a former rift zone 
proposed to be active during or prior to the breakup 
between Chatham Rise and West Antarctica before or at 
90 Ma. 
(3) NW-SE trending gravity and short magnetic 
anomalies in the prolongation of the Peacock Sound are 
consistent with the proposed tectonic activity and location 
of the southern Bellingshausen Plate boundary between 
79 and 61 Ma. 
(4) A presumed crustal block boundary between Thurston 
Island/Ellsworth Land block and the Marie Byrd Land 
block cannot be clearly observed in PIB. It is possible, 
however, that the glacial Pine Island Trough exploited 
such a former crustal block boundary or inherited 
structure. 
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The Amundsen Sea Embayment (ASE), with Pine Island Bay (PIB) in the eastern embayment, is a key location
to understanding tectonic processes of the Pacific margin of West Antarctica. PIB has for a long time been
suggested to contain the crustal boundary between the Thurston Island block and the Marie Byrd Land
block. Plate tectonic reconstructions have shown that the initial rifting and breakup of New Zealand from
West Antarctica occurred between Chatham Rise and the eastern Marie Byrd Land at the ASE. Recent con-
cepts have discussed the possibility of PIB being the site of one of the eastern branches of the West Antarctic
Rift System (WARS). About 30,000 km of aeromagnetic data – collected opportunistically by ship-based he-
licopter flights – and tracks of ship-borne magnetics were recorded over the ASE shelf during two RV
Polarstern expeditions in 2006 and 2010. Grid processing, Euler deconvolution and 2D modelling were ap-
plied for the analysis of magnetic anomaly patterns, identification of structural lineaments and characterisa-
tion of magnetic source bodies. The grid clearly outlines the boundary zone between the inner shelf with
outcropping basement rocks and the sedimentary basins of the middle to outer shelf. Distinct zones of anom-
aly patterns and lineaments can be associated with at least three tectonic phases from (1) magmatic em-
placement zones of Cretaceous rifting and breakup (100–85 Ma), to (2) a southern distributed plate
boundary zone of the Bellingshausen Plate (80–61 Ma) and (3) activities of the WARS indicated by NNE–
SSW trending lineaments (55–30 Ma?). The analysis and interpretation are also used for constraining the di-
rections of some of the flow paths of past grounded ice streams across the shelf.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Amundsen Sea Embayment contains one of the largest conti-
nental shelves of the Pacific margin of West Antarctica. Pine Island
Bay, in the eastern part of the embayment, has for a long time been
suggested to contain the crustal boundary between the Thurston Is-
land block and the Marie Byrd Land block (e.g. Dalziel and Elliot,
1982; Grunow et al., 1991; Storey, 1991). Plate tectonic reconstruc-
tions suggest that this region was a key area for the initiation of con-
tinental breakup, that it was the location of a possible plate boundary,
and that it may have been, or still is, an active branch of theWest Ant-
arctic Rift System (Dalziel, 2006; Eagles et al., 2004a; Gohl et al., 2007;
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Jordan et al., 2010; Larter et al., 2002; Wobbe et al., 2012). In spite of
all this, little is known about the tectonic evolution and architecture
of the embayment from direct study there.

Tectonically induced displacements of the crust are the underlying
processes controlling the development of landscapes upon which cli-
mate processes play out. This context is of particular importance for
reconstructing continental ice sheet evolution. In the Amundsen Sea
Embayment, the Pine Island, Thwaites, Smith and Kohler glacier sys-
tems are thinning at rapid rates, and some of them have also started
to flow at dramatically increased rates (e.g. Rignot et al., 2008;
Pritchard et al., 2009). If these glaciers were to drain their catchment
area, the volume of ice lost to the ocean could potentially lead
to 1.5 m of sea-level rise (Vaughan et al., 2006). Modelling results
(Pollard and DeConto, 2009) suggest that the ice sheet in the Amund-
sen Sea Embayment may have retreated with similar dynamics sever-
al times since the Pliocene. Identifying tectonic lineaments and
understanding the tectonic architecture of the shelf of the Amundsen
Sea Embayment may thus not only help explaining the geodynamic
and kinematic processes of continental rifting in this West Antarctic
realm, but also provide valuable constraints on flow paths and subgla-
cial substrate of basement for palaeo-ice sheet modellers.
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An extensive ship-borne and helicopter-borne magnetic dataset
was collected for the first time in the Amundsen Sea Embayment
and Pine Island Bay by the Alfred Wegener Institute during RV
Polarstern expeditions ANT-XXIII/4 in 2006 and ANT-XXVI/3 in 2010.
The distribution and spacing of the survey tracks are suitable to
allow spatial gridding and 3D field analysis for delineating crustal
and basement features. In this paper, we describe the workflow from
magnetic data acquisition to processing and modelling and put for-
ward a model for the tectonic architecture of the offshore Amundsen
Sea Embayment.

2. Geological and geophysical background

Fig. 2 summarizes the main stages in the tectonic development of
the Pacific margin of West Antarctica. At least three distinct phases
since Late Cretaceous have been discussed in recent literature.

The extension, and subsequent separation, of New Zealand and
West Antarctica dominate the tectonic signature of the Amundsen
Sea Embayment. This early divergence of the Pacific and Antarctic
plates led first to rifting and crustal extension between Chatham
Rise and the Amundsen Sea Embayment off easternmost Marie Byrd
Land as early as 90 Ma (Eagles et al., 2004a; Larter et al., 2002;
Wobbe et al., 2012). Rifting possibly continued within the Great
South Basin between the Campbell Plateau and the South Island of
New Zealand until its abandonment in favour of a new extensional
locus to the south, forming the earliest oceanic crust between Camp-
bell Plateau and Marie Byrd Land by 84–83 Ma.

From about 79 Ma, the Bellingshausen Plate moved independently
of the Pacific and Antarctic Ridge on the southern flank of the Pacific–
Antarctic Ridge until about 61 Ma, when a major plate reorganisation
occurred in the South Pacific (e.g. Eagles et al., 2004a,b; Larter et al.,
2002). This small plate's western boundary passed through the region
of theMarie Byrd Seamounts, north of the Amundsen Sea Embayment.
Its eastern transpressional boundary lies along the Bellingshausen
Gravity Anomaly lineament in the western Bellingshausen Sea
(Eagles et al., 2004a; Gohl et al., 1997). Although a discrete southern
plate boundary has been depicted running from the seamounts onto
Fig. 1. Overview map of the Pacific margin of West Antarctica with the Amundsen Sea Emba
illustrates the glacially eroded deep troughs on the continental shelf. Middle grey areas are
marks the area of the magnetic survey shown and discussed in this paper.
the shelf and mainland, its true nature is poorly known (Eagles et al.,
2004a,b) and it may be a more distributed feature.

The location of Pine Island Bay has led several researchers to suggest
that it hosts a major crustal boundary between the Marie Byrd Land
block to the west and the Thurston Island/Ellsworth Land blocks to
the east. These blocks are suggested to have moved with respect
to each other during the Late Cretaceous New Zealand–Antarctic
separation and perhaps also in early Mesozoic or Palaeozoic times
(e.g. Dalziel and Elliot, 1982; Grunow et al., 1991; Storey, 1991). How-
ever, direct evidence of the presence of such a boundary is still missing.
Conceptual models also suggest that Pine Island Bay and the eastern
Amundsen Sea Embayment hosted basins of theWest Antarctic Rift Sys-
tem. Jordan et al. (2010) invert airborne gravity data to reveal an ex-
tremely thin crust and low lithospheric rigidity beneath the onshore
Pine Island Rift. Müller et al. (2007) and Eagles et al. (2009) considered
how, at times between chrons 21 and 8 (48–26 Ma), theWest Antarctic
Rift System east of the Ross Sea operated in either dextral strike-slip or
extensional motion through the region to the south and east of the
Amundsen Sea Embayment connecting eventually to a Pacific–Phoenix–
East Antarctic triple junction via the Byrd Subglacial Basin and the Bentley
Subglacial Trench. There are indications for an early West Antarctic Rift
System extension in western Marie Byrd Land in the mid-Cretaceous
(e.g. McFadden et al., 2010), but its eastern continuation is less well un-
derstood. It is possible that in the north–south striking zone of thinned
crust in Pine Island Bay was an eastern arm of this early manifestation
of the West Antarctic Rift System (Dalziel, 2006; Ferraccioli et al., 2007;
Gohl et al., 2007; Jordan et al., 2010).

3. Magnetic surveys and data processing

The Amundsen Sea was the target area for geoscientific, oceano-
graphic and biological studies during the RV Polarstern expeditions
ANT-XXIII/4 in 2006 and ANT-XXVI/3 in 2010. Ship-borne magnetic
data were continuously recorded with two 3-component fluxgate
magnetometer sensors, which are permanently installed on the
crow's nest. One of the two BO-105 helicopters on board was
equipped with a caesium-vapour magnetometer sensor towed by a
yment and Pine Island Bay. The bathymetry was compiled by Nitsche et al. (2007) and
land regions with grounded ice, and light grey areas mark ice shelves. The black box
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Fig. 2. Plate tectonic reconstruction of the tectonic development in the Amundsen Sea area from 90 to 61 Ma. The plates are rotated according to rotation parameters compiled and
derived by Eagles et al. (2004a). The outline of the West Antarctic Rift System (WARS) faults or boundaries is an approximate estimation, because an accurate geometry of the rift
system has not been identified yet. Abbreviations are: AP Antarctic Peninsula, ASE Amundsen Sea Embayment, BP Bellingshausen Plate, BT Bounty Trough, BS Bollons Seamount, CP
Campbell Plateau, CR Chatham Rise, GSB Great South Basin, MBL Marie Byrd Land, PAC Pacific plate, PHO Phoenix Plate, PIB Pine Island Bay, SNS South Island New Zealand, and WA
West Antarctica.
Modified from Gohl (2011).
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30 m long cable. Helicopter-borne magnetic data were collected
opportunistically along track lines as far as possible within a pre-
determined survey pattern, but subject to the constraints of the
vessel's primary marine geoscientific and oceanographic tasks. Each
survey flight covered 350–450 km in 2 to 2.5 h at a nominal 100 m
Fig. 3. Map with combined helicopter-borne (red lines) and ship-borne (blue lines) magnet
preparation of the magnetic anomaly grids. The irregular line geometry is due to opportun
flight height with a sampling interval of 3–5 m. Up to 3 or 4 flights
were conducted on days with good flight conditions and no other
transport tasks. With this survey approach, the Amundsen Sea Em-
bayment shelf was effectively covered with patches of survey lines
that total about 30,000 km of data (Fig. 3). The survey line spacing
ic tracks of both RV Polarstern expeditions in 2006 and 2010, which are included in the
istic surveying.
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Table 1
Magnetic data processing and analysis flow.

Removal of IGRF
↓

Editing and filtering
↓

Upward field continuation of ship-borne data to 150 m
↓

Cross-point analysis and levelling
↓

Gridding and micro-levelling
↓

Derivatives, field continuations, high-pass filtering, analytical signal
↓

Power spectra, Euler deconvolution
↓

2-D forward modelling
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varies between 5 and 25 km and – although a regular flight grid could
not be maintained – allows spatial gridding and 3-D field analysis for
delineating regional crustal and basement features.

Before merging into the processing stream with the helicopter-
magnetic data, the 3-component ship-borne magnetic data had to
be pre-processed to compensate for interactions between the ship's
ferrous body and the variable geomagnetic field. To facilitate this, a
number of figure-eight shaped magnetic compensation loops were
completed during the cruises from which compensation coefficients
for all headings were calculated. Corrections were applied using
these coefficients according to the methods and descriptions of
König (2006) and Wobbe et al. (2012). The main contribution to an
erroneous shift of the measured magnetic data comes from the ship's
heading (Nogi and Kaminuma, 1999). For instance, a one degree
change of the ship's heading causes about 300 nT of variation in the
horizontal components. The vertical component is less affected by
the ship's heading but shows noise due to roll and pitch. In order to
avoid noise in the total intensity field, the data acquired during and
immediately after substantial heading changes were excluded from
further processing.

The total magnetic field data of helicopter-borne caesium-vapour
sensor turned out to be rather unaffected by the helicopter's heading,
except for major turns at flight line change. Such data were also re-
moved from further processing. In general, the helicopter-magnetic
records appeared to be less noisy than the ship-borne data.
Fig. 4. Results of the cross-point analysis for the helicopter-bo
After this initial pre-processing, both ship-borne and helicopter-borne
data went through the same principal processing steps (Table 1) using
Geosoft Oasis montaj™ software for most applications:

Removal of International Geomagnetic Reference Field (IGRF): We
removed the IGRFs of 2005 and 2010 from the data of 2006 and
2010, respectively. We used the mean date for each survey.
Editing and filtering: Visual editing of obvious erroneous data im-
proved the overall data quality of the datasets of both expeditions.
For instance, data affected by tilts in loops of the helicopter's flight
tracks were removed. Large numbers of data were removed in
particular from the ship-borne records, owing to noise induced
during ship manoeuvres, heading changes and crane movements.
A band-pass filter removed spikes and other short-wavelength
noise from all datasets. As it was not possible to set up a magnetic
base station in the coastal area of the Amundsen Sea Embayment
for the duration of both cruises, the data may still be affected by
diurnal variations of the geomagnetic field.
Levelling: This process is required to the data in order to minimise
the differences at cross-points before any gridding is applied. The
plane tolerance of crossing survey line points was chosen to be
0.0005° (~50 m). As the helicopter data have shown to provide
more reliable results than the ship-borne data, the two datasets
were treated separately. The differences at cross-points within
the dataset were minimised using an iterative approach to their
mean values. We divided the intersection points of the helicopter
lines into reliable intersection points (differences vary less then ±
10 nT) and less reliable intersections points (all other intersection
points). In the first step, these lines were levelled separately: Lines
with reliable intersection points were levelled using an ‘iterative
levelling’ algorithm. Lines with less reliable intersections were
levelled using ‘full levelling’ algorithm. ‘Iterative levelling’ calcu-
lates a least-squares trend line through the error data to derive a
linear trend error curve, which is then added to the data to be
levelled. These steps are repeated for crossing lines until a conver-
gence is reached. ‘Full levelling’ adjusts the values of an input
channel by adding a correction defined in an error channel. In a
second step, an iterative levelling algorithm was again applied,
this time simultaneously to all profiles from both platforms. In
rne and ship-borne survey lines before and after levelling.
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Fig. 5. Processed magnetic anomaly grids with grid cell sizes of (A) 5 km, (B) 2 km, and (C) 2 km with a 30-km cut-off high-pass filter. Fig. 5c also shows the boundary (white line)
between the outcropping basement of the inner shelf in the south and the sediment basin in the north, and an estimated 3-km-depth marker (hashed black line) to which the top of
basement dips northward from this boundary.
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Fig. 5 (continued).
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this step, we levelled the ship-borne data into the levelled framework
of helicopter data after splitting the ship-borne data into straight seg-
ments and generating an intersection table with points of ship-borne
data crossing helicopter survey lines. Intersection points within the
ship-borne dataset were ignored. The cross-point histograms and ta-
bles (Fig. 4) show the large reduction in intersection misfits brought
about by the levelling. It is noteworthy that the levelling process
removes the large errors (~350 nT) at ship-line cross-points in
south-eastern Pine Island Bay, which are a long distance from the
nearest compensation loop.
Gridding and micro-levelling: Particular care was taken in gridding
the data because of the irregular line spacing and orientation. We
applied a minimum curvature approach between less sampled
areas and those areas with good coverage. Initially, a coarse grid
with a large grid cell size is used. Nodes represent either the real
data, which is found within a specific radius, or an average of all
data points of the grid. Iteratively, the grid is adjusted to the real
data nearest to the grid nodes. If an acceptable misfit between
real data and coarse grid node is achieved, the cell size is divided
by two and the procedure starts again. The gridded data still
show some noise resulting from residual levelling and gridding er-
rors. Although these errors are small in comparison to the
measured anomalies, they account considerably for noise in fur-
ther processing. Removing these errors by the application of a
low-pass filter to smooth derivative grids is a process known as
micro-levelling (Ferraccioli et al., 1998; Green, 1983). As the
screening of the line data indicated, the shelf is partitioned into
two magnetic anomaly domains characterised by different wave-
lengths. We found that micro-levelled grids of 5 and 2 km cell
size best represent both domains with a minimum of artefacts
(Fig. 5A,B). A further decrease of the cell size to 1 km in combination
with a 30-km high-pass filter (Fig. 5C) shows clearly the wave-field
distinction between the inner shelf domain and the middle to outer
shelf but also creates numerous artificial anomalies.
Further analytical field analysis: We applied a wide spectrum of
standard wave-field processing methods to the grid in order to
constrain directional trends and the shapes and edges of magnetic
anomaly units. These methods included the calculation and appli-
cation of (1) horizontal, vertical and tilt derivatives, (2) upward
field continuations, (3) high-pass filters, (4) pseudo gravity and
(5) analytical signal. At moderate wavelengths, these methods
serve to highlight the magnetic bodies and tectonic lineation
trends that can be coarsely interpreted from the regular anomaly
grids. High-pass filtering, in particular, much more readily delin-
eates the boundary zone between outcropping basement of the
inner shelf and the sedimentary cover of the middle and outer
shelf (Fig. 5C).

4. Depth estimates

In addition to standard power spectra analyses for estimating the
depths of magnetic anomaly sources, we applied the Euler
deconvolution method to the grid in an attempt to better delineate
the spatial distribution and extent of the tops and edges of source
bodies. We used the approach of Thomson (1982) and Reid et al.
(1990) in which the depth solution is related to a chosen structural
index SI (0 for a planar contact, 1 for a dike or sill, 2 for a vertical
pipe, 3 for a sphere). A square window is defined within the grid,
which contains at least 3×3 grid cells. For each grid cell, the
deconvolution is calculated. Hence, a 3×3 cell window results in 9
equations, which are solved via a least-squares inversion. The
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Fig. 6. Anomaly grids (grid cell size of 2 km, micro-levelled) of the central embayment with top of magnetic source depth estimates from Euler deconvolution using the same struc-
tural index of SI=0, but different window sizes of (A) 20 km and (B) 14 km.
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window is then shifted across the grid and the same procedure is ap-
plied. It is obvious that the solution is dependent on the chosen win-
dow size. If the window size is so large that neighbouring anomalies
intrude into it, the inversion can fail and its solutions are rejected.
This is the case for distinct anomalies on the inner shelf in the south
(Fig. 6A). On the other hand, if awindow size is too small, then anomalies
from deep-seated sources may not be adequately represented in the in-
version, interferingwith the solutions for shallower sources and resulting
in artificially shallow source solutions. Fig. 6B shows that smallerwindow
sizes generate more solutions and that long-wavelength anomalies yield
shallower depth solutions than when a larger window is used.

Our two examples of Euler deconvolution solutions use different win-
dow sizes of 14 and 20 km but the same structural index (Fig. 6). The
solutions provide estimates of a dense distribution of source tops at
depths below 7 km over the middle to outer shelf, while further south,
below the inner shelf, source tops are typically located at depths shallower
than 7 km.
5. Tectonic lineaments and 2D modelling

One of the most striking observations in the magnetic anomaly grid
is the domination of the inner shelf by relatively short-wavelength
anomalies and themiddle and outer shelf bymiddle to longwavelength
anomalies (Fig. 5A,B). The boundary between the two domains is
abrupt and clearly shown in the high-pass filtered wavefield (Fig. 5C).
This boundary is the northern limit of a coastal and inner shelf domain
in which basement crops out or exists in shallow subcrop, as suggested
by the rugged topography (Fig. 1). It can be assumed that most of this
basement is composed of crystalline rocks similar in type to the granit-
oids and porphyritic dykes observed from coastal and island outcrops of
the embayment (e.g. Kipf et al., 2012; Pankhurst et al., 1993). Converse-
ly, the longer wavelength signals over the middle and outer shelf are
consistent with the presence of a thick drape of sediments overlying
the basement (Lowe and Anderson, 2002; Weigelt et al., 2009). Depth
estimates from Euler deconvolution help identify a boundary zone
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Fig. 7. Map with major directional anomaly trends and tectonic features identified in the magnetic anomaly grid. The grid is shown slightly subdued and in grey scale with super-
posed trends of major satellite-derived gravity anomalies (thin dotted grey lines; from Gohl et al., 2007). The outcropping basement–sediment boundary is marked with a thin,
hashed black line. NW–SE trending anomalies are marked in yellow lines and fields; ENE–WSW trends are in red; NNE–SSW trends are in blue. The largest anomalies or anomaly
groups with directional trends are encircled with a thin line in the respective colour and annotated from A to F. Thick, hashed black lines show the modelled profiles of Fig. 8. The
WARS rift basin is interpreted as a branch of the West Antarctic Rift System.
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acrosswhich the basement drops downwards to the north to about 3 km
depth (Fig. 5C), which is consistent with observations from seismic data
across this boundary (Graham et al., 2009; Lowe and Anderson, 2002;
Uenzelmann-Neben et al., 2007; Weigelt et al., 2009).

One of the objectives of the magnetic surveys was to identify
crustal features for delineating tectonic events in the history of the
crustal formation in the Amundsen Sea Embayment (Fig. 7). The mid-
dle and outer shelf show fundamentally different preferential anom-
aly strikes. While a major set of long-wavelength anomalies strike
WSW–ENE along the middle shelf, the outer shelf west of 107° W ex-
hibits mainly NW–SE striking anomalies which may continue on the
inner shelf of the eastern embayment. A third directional trend is ob-
served for positive anomalies on the inner and middle shelf striking
NNE–SSW. These are less pronounced but seem to border a broad
magnetic zone of low amplitude negative anomalies on the middle
shelf at 106–109° W.

We selected two 2D modelling transects crossing the Amundsen
Sea Embayment shelf from north to south and NW to SE across the
major observed magnetic anomaly lineaments and proposed source
bodies (Fig. 7). The data along the transects were taken from themag-
netic anomaly grid at 5 km cell size. EncomModelVision™was used as
modelling software. The depth estimates from Euler deconvolution
solutions provided some constraints for the parameterisation of
these magnetic susceptibility models. Other constraints on crustal
properties, such as crustal thickness, sediment thickness and the ap-
proximate locations of mafic (high density, high susceptibility) bod-
ies, were implemented from seismic reflection data (Weigelt et al.,
2009), a deep crustal seismic refraction model and a gravity anomaly
Fig. 8. Results of magnetic 2-D forward modelling along profiles (A) ASE-West A, (B) ASE-W
resent the calculated model response, respectively. Model bodies are annotated with their r
map of Fig. 7.
inversion of the Amundsen Sea shelf region with crustal thicknesses
of 20–25 km (Gohl et al., 2007). Water depths were taken from the
bathymetry compilation of Nitsche et al. (2007).

We chose a modelling procedure in which we parameterized the
model starting with thick layers and large bodies from the lower
crust for long-wavelength signals and moving on to small-size layers
and bodies of the upper crust to generate short-wavelength signals.
The responses were iteratively calculated for a range of susceptibili-
ties and body sizes such that the root-mean-square (rms) misfit be-
tween observed and calculated total intensities could be minimised.
Due to the different wave-field characteristics of transects ASE-West
A, ASE-West B and ASE-East, each model was treated independently
of the others. Although various studies show that the ranges of sus-
ceptibilities of individual rock types can span several orders of magni-
tude, it is possible to distinguish domains of sedimentary, felsic and
mafic composition on the basis of susceptibilities. Most published
susceptibilities of intrusive felsic rocks range from 0.0001 to 0.02 SI
unit (average 0.0012 SI), while those of intrusive rocks of mafic
composition have values of 0.0001 to 0.13 SI (average 0.012 SI) (e.g.
Sanger and Glen, 2003). We applied a constant susceptibility of
0.000005 SI for sediments and of 0.001 SI for the bulk of the continen-
tal crust in all models and started modelling with the average values
of intrusive bodies by Sanger and Glen (2003). By adjusting the sus-
ceptibilities of these bodies, we stayed within the above given ranges.

The model transect ASE-West A (Fig. 8A) covers the continental
slope and the outer shelf and includes two high-susceptibility bodies
embedded into the upper crust of the continental rise. Much of the
upper surface of the large high-susceptibility body 3 beneath the
est B and (C) ASE-East. Black lines mark the measured anomaly data, and red lines rep-
espective magnetic susceptibility values in SI units. Profile locations are marked in the
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slope and outer shelf is located beneath 5 km depth, with shallower
peaks at 2–3 km depth, producing the long-wavelength high with su-
perposed short-wavelength fluctuations seen in the data. Similar
high-susceptibility bodies were required to fit the anomalies of the
middle and inner shelf model transects ASE-West B (Fig. 8B) and
ASE-East (Fig. 8C). In both models, we inserted shallow, small-sized
bodies of high susceptibilities to fit the shortest wavelength anoma-
lies. On the inner shelf, where basement crops out, we topped most
of the source bodies at the seafloor.

6. Superposed tectonic events

The modelled properties of the dominant ENE–WSW trending
magnetic anomalies A, B, C and D (Fig. 7) indicate that they are caused
by major elongated and deep-seated features of predominantly mafic
composition. They parallel the initial spreading centre's azimuth be-
tween Chatham Rise and West Antarctica and can thus be related to
rift processes occurring before breakup as early as 100 Ma and during
breakup between 90 and 85 Ma (Eagles et al., 2004a; Larter et al.,
2002; Wobbe et al., 2012). With their seaward-dipping outer edges,
bodies of anomalies A and B might be interpreted as thick wedges
of basaltic lava and mafic intrusions of the kind known from volcanic
extended continental margins such as the Vøring margin or Afar Rift
(Planke and Eldholm, 1994; Wolfenden et al., 2005). The body mod-
elled for anomaly A reaches near the seafloor at its southern limit
which correlates with the steep northern flank of the inner Dotson–
Getz Trough (Graham et al., 2009; Larter et al., 2009). The trough
coming from the Getz B Ice Shelf strikes nearly in east–west direction
on the inner shelf before merging with the outflow troughs originat-
ing from the Getz A and Dotson Ice Shelves and turning northwards
on the middle shelf and to the northwest on the outer shelf (Fig. 1).
We suggest that this intrusive body is more resistant to pre-glacial
and glacial erosion and caused an east to northeastward deviation
of grounded ice streams from the eastern Getz Glacier.

The NW–SE trending set of magnetic anomalies (including E and F
of Fig. 7) is parallel to the so-called Peacock Gravity Anomaly north-
west of Peacock Sound (Eagles et al., 2004a; Larter et al., 2002)
which has been modelled with an underlying high-density body
(Gohl et al., 2007). It is interpreted as a magmatic zone, which inter-
feres with the ENE–WSW trending rift structure (causing anomalies A
to D). Modelling along transect ASE-West A indicates that the mag-
netic anomalies in this zone are caused by elongated bodies of similar
depth, dimension and susceptibility as those causing the ENE–WSW
trending anomalies. Consistent with the plate tectonic process de-
scribed for the Bellingshausen Plate (Eagles et al., 2004a,b; Wobbe
et al., 2012) we infer that these features represent mafic intrusions
emplaced when the southern Bellingshausen Plate boundary was
active between 80 and 61 Ma, giving rise to a distributed pattern of
compressional, extensional and translateral movements at various
stages of the activity of this boundary. The location of these magmatic
units over a long time period in a very wide continent–ocean transi-
tion zone (Wobbe et al., 2012) suggests the Amundsen Sea Embay-
ment may be the product of a long-lived zone of distributed crustal
deformation, and that it may host multiple failed rifts and rift accom-
modation zones.

The third set of magnetic anomaly lineaments runs NNE–SSW, is
rather subtle in amplitude, and more spatially limited than the
other anomaly sets (Fig. 7). The broad magnetic anomaly low indi-
cates the presence of a sedimentary sub-basin within the middle
shelf. The margins of this low are asymmetrical; its southeastern mar-
gin is characterised by greater amplitudes and shorter wavelength
anomalies than its northwestern margin. The basin, therefore, might
be interpreted as having a half-graben geometry, with a bounding
basement-involved normal fault zone on its southeastern edge, and
a downthrown floor characterised by broad flexure northwestward
away from the fault zone. The Palaeogene plate tectonic model of
Müller et al. (2007) predicts that a crustal boundary with this orien-
tation would have responded to West Antarctica–East Antarctica rel-
ative motion along the WARS in right-lateral strike-slip motion. They
suggest that this boundary extended from the Bentley Subglacial
Trough and Byrd Subglacial Basin across western Ellsworth Land
and the Thurston Island block, where it continues into the area of
the dominant north-trending gravity anomaly lineaments of the
Bellingshausen Sea. More consistent with the interpretation of a
NNE-trending basin, however, the alternative plate tectonic model
of Cande et al. (2000) predicts a strongly oblique right-lateral exten-
sion. In any case, the orientation of the identified sub-basin on the
eastern ASE shelf (annotated as ‘WARS rift basin’ in Fig. 7) infers
that it may be related to eastern WARS motion, possibly active as
early as 55 Ma and lasting until at least 30 Ma before the zone of
translateral deformation migrated or jumped eastward to join the
triple junction at the spreading ridge colliding with the convergent
margin of the southern Antarctic Peninsula as postulated by Müller
et al. (2007). Somewhat more speculative, but not unrealistic, is a cor-
relation of the sub-basin with the dextral transtensional strain in
western Marie Byrd Land observed by Siddoway (2008), who inter-
prets this strain as an expression of an early WARS activity in the
Late Cretaceous.

The shallow, small-sized bodies of very high susceptibilities be-
tween 0.02 and 0.09 SI unit on the inner shelf (Fig. 8b,c), are inter-
preted to be caused by a mafic dyke field related to the Cenozoic
volcanic province of eastern Marie Byrd Land and western Ellsworth
Land (e.g. LeMasurier, 1990; Paulsen and Wilson, 2010). Due to the
presence of the nearby volcanic Hudson Mountains, one might expect
volcanic, ~5 km radius cone-like features on the shelf as well, but the
line spacing of the survey does not allow for the unequivocal identifi-
cation or clear resolution of such features.
7. Conclusions

Newly acquired magnetic datasets from helicopter-borne and
ship-borne surveys in 2006 and 2010 were used to generate levelled
anomaly grids from the shelf of the Amundsen Sea Embayment. We
applied grid processing, Euler deconvolution and 2D modelling for
the analysis of magnetic anomaly patterns, identification of structural
lineaments, and characterisation of magnetic source bodies.

The magnetic anomaly grid clearly outlines the boundary zone be-
tween the inner shelf where basement rocks crop out and a more
thickly-sedimented middle to outer shelf. This sedimentation can be
related to a long history of distributed extension inferred from the re-
gional plate tectonic setting and from the presence of distinct zones of
anomaly patterns and lineaments that can be associated with at least
three tectonic phases in that history.

The first of these phases was the establishment of magmatic em-
placement zones during Cretaceous New Zealand–Antarctic rifting
and breakup (100–85 Ma). The second phase involved further
magmatism in a distributed plate boundary zone between the
Bellingshausen and Antarctic plates (80–61 Ma). Finally, the West
Antarctic Rift Systemmay have caused further extension in the region
at later times (55–30 Ma?), focussed within a possible half-graben
basin system bounded by NNE–SSW trending tectonic lineaments.
Mafic dykes cross the inner shelf of the embayment and Pine Island
Bay and may be associated with Cenozoic volcanism observed on
land. They possibly relate to activities of one of the eastern branches
of the West Antarctic Rift System.

Our magnetic data and the analysis show for the first time an iden-
tification of at least three sets of superposed tectonic lineaments in
the Amundsen Sea Embayment shelf. The correlation of this observa-
tion to plate tectonic motion and associated magmatic emplacement
in the West Antarctic realm suggests that the wide shelf of the
Amundsen Sea Embayment may be the product of a long-lived zone
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of distributed crustal deformation, and that it may host multiple
failed rifts and rift accommodation zones.

By an example of a modelled intrusive body, this study also shows
that such emplacement of resistive material acted as an obstacle for
past ice flows across the inner shelf.
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S U M M A R Y
The Amundsen Sea Embayment of West Antarctica represents a key component in the tec-
tonic history of Antarctic–New Zealand continental breakup. The region played a major role
in the plate-kinematic development of the southern Pacific from the inferred collision of the
Hikurangi Plateau with the Gondwana subduction margin at approximately 110–100 Ma to
the evolution of the West Antarctic Rift System. However, little is known about the crustal
architecture and the tectonic processes creating the embayment. During two ‘RV Polarstern’
expeditions in 2006 and 2010 a large geophysical data set was collected consisting of seismic-
refraction and reflection data, ship-borne gravity and helicopter-borne magnetic measure-
ments. Two P-wave velocity–depth models based on forward traveltime modelling of nine
ocean bottom hydrophone recordings provide an insight into the lithospheric structure beneath
the Amundsen Sea Embayment. Seismic-reflection data image the sedimentary architecture
and the top-of-basement. The seismic data provide constraints for 2-D gravity modelling,
which supports and complements P-wave modelling. Our final model shows 10–14-km-thick
stretched continental crust at the continental rise that thickens to as much as 28 km beneath
the inner shelf. The homogenous crustal architecture of the continental rise, including horst
and graben structures are interpreted as indicating that wide-mode rifting affected the entire
region. We observe a high-velocity layer of variable thickness beneath the margin and related
it, contrary to other ‘normal volcanic type margins’, to a proposed magma flow along the
base of the crust from beneath eastern Marie Byrd Land—West Antarctica to the Marie Byrd
Seamount province. Furthermore, we discuss the possibility of upper mantle serpentinization
by seawater penetration at the Marie Byrd Seamount province. Hints of seaward-dipping re-
flectors indicate some degree of volcanism in the area after break-up. A set of gravity anomaly
data indicate several phases of fully developed and failed rift systems, including a possible
branch of the West Antarctic Rift System in the Amundsen Sea Embayment.

Key words: Submarine tectonics and volcanism; Tectonics and landscape evolution; Dy-
namics of lithosphere and mantle; Dynamics: gravity and tectonics; Antarctica.

1 I N T RO D U C T I O N

Studying the lithospheric architecture of the Amundsen Sea Em-
bayment (ASE) of West Antarctica (Fig. 1) provides constraints on
tectono-magmatic reconstructions of the West Antarctic continen-
tal margin and the embayment itself from Palaeozoic to Cenozoic
times. Improved knowledge of the structure and development of
the lithosphere is the key to unravelling the evolution of the West
Antarctic continental margin and the corresponding landscapes.
The area experienced a number of key events during the tectonic
history of the southern Pacific, including the inferred collision of
the Hikurangi Plateau with the Gondwana at approximately 110–

100 Ma subduction margin (Davy & Wood 1994; Mortimer et al.
2006) to the evolution of the West Antarctic Rift System. A number
of plate-kinematic reconstructions are centred on the region, most
recently by Eagles et al. (2004a) and Wobbe et al. (2012), but suffer
from a lack of information about the deep crustal structure of the
West Antarctic continental margin. The ASE also experienced a
number of magmatic events from mid-Mesozoic to Late Cenozoic
times (Wobbe et al. 2012). Analysis and modelling of magnetic data
provides a first insight into the basement structure of the ASE shelf
and implies that the present-day basement morphology of the ASE
shelf may control the dynamic behaviour of grounded parts of the
West Antarctic Ice Sheet (WAIS; Gohl 2012; Gohl et al. 2013a).

C© The Authors 2014. Published by Oxford University Press on behalf of The Royal Astronomical Society. 327
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Figure 1. Bathymetric map of the Amundsen Sea Embayment after Nitsche et al. (2007) showing the locations of two OBH profiles and corresponding
multichannel seismic reflection profiles (thick black lines). The red dashed line marks the interpolated profile AWI-100/200, connecting the profiles AWI-
20060100 and AWI-20060200. Thin dotted black lines mark other seismic reflection profiles. The thin yellow frame shows the window which was used for the
spectral analysis. TI, Thurston Island; PIB, Pine Island Bay; KP, King Peninsula; CP, Canisteo Peninsula.

An improved understanding of the tectono-magmatic processes and
of the formation of basement ridges and sedimentary basins pro-
vides further constraints on palaeo and modern ice sheet dynamics
as demonstrated in Bingham et al. (2012) or Smith et al. (2013).

This study presents a combination of geophysical data from the
ASE, which were collected to study the lithospheric architecture
and tectono-magmatic evolution of the West Antarctic continen-
tal margin. At first, we present and highlight the results of each
individual data set. A continental rise-to-shelf seismic reflection
transect provides constraints on the top- of-basement morphology
and sedimentary architecture of the margin. Two deep crustal seis-
mic refraction and wide-angle reflection profiles are used to derive
velocity–depth profiles. Supported by a spectral analysis of gravity
data, two different continuous 2-D forward gravity models place
constraints on the crustal architecture and formation of the conti-
nental margin and shelf of the ASE. Following this, we propose
a new integrated model of the tectonic evolution of the margin of
the ASE. With this model we attempt to reconstruct the tectono-
magmatic development of this margin from its breakup from New
Zealand as early as 90 Ma (Wobbe et al. 2012) to the PRESENT
which further supports boundary conditions for ice-sheet modelling
attempts in this part of West Antarctica.

2 T E C T O N I C A N D G E O L O G I C A L
B A C KG RO U N D

The tectonic development of the Pacific margin of West Antarctica
since Late Cretaceous times consisted of several distinct phases
(Fig. 2). The southwestward propagation of rifting and breakup
began with the separation of Chatham Rise from the Amundsen Sea
margin of eastern Marie Byrd Land as early as 90 Ma and continued
around 83 Ma with the breakup of Campbell Plateau from central

Marie Byrd Land (e.g. Mayes et al. 1990; Bradshaw 1991; Larter
et al. 2002; Eagles et al. 2004a; Wobbe et al. 2012).

From about 80 Ma, the Bellingshausen Plate started acting as
an independently rotating plate, and continued to do so until about
61 Ma (e.g. Larter et al. 2002; Eagles et al. 2004a,b). Its incorpora-
tion into the Antarctic Plate occurred as part of a major plate reorga-
nization in the South Pacific (Cande et al. 2000). Kipf et al. (2012)
postulated that at around 65–56 Ma, the Marie Byrd Seamounts
were formed from magmatic material that was transported from be-
neath the West Antarctic continental crust by a so-called continental
insulation flow.

The eastern shelf, which contains Pine Island Bay, has been sug-
gested by Dalziel & Elliot (1982), Storey (1991) and Grunow et al.
(1991) as the site of a Palaeozoic–Mesozoic crustal boundary zone
between the Marie Byrd Land block in the west and the Thurston
Island crustal block in the east, whose apparent palaeomagnetic
polar wander paths differ.

Recent analysis of magnetic and seismic data from the ASE shelf
show that tectonic lineaments and sedimentary subbasins cross the
shelf of which some may be related to a branch of the eastern West
Antarctic Rift System (Gohl et al. 2013a,b). Apatite-He age trends,
derived from rock samples of the eastern Pine Island Bay, infer rift-
related block faulting indicating that the present glacially formed
Pine Island Trough may have originated from tectonic activity as
part of the West Antarctic Rift System (Lindow et al. 2011). Differ-
ent thermal signatures of the Mt Murphy area and its neighbouring
areas indicate a major fault system which was active during or after
Oligocene (Lindow et al. 2011).

Latest geological studies in Marie Byrd Land show Cretaceous
multistage rifting phases and strike slip faulting superimposed by
transtension (Siddoway 2008). Gravity data, receiver-function anal-
ysis of teleseismic earthquakes and geological analysis suggest that
the submarine plateaus of New Zealand and conjugate Marie Byrd
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Figure 2. Pre-rift reconstruction model of distinct tectonic phases from the late Cretaceous to early Palaeocene of the Amundsen Sea Embayment including
Chatham Rise (striated) and Campbell Plateau (stippled) modified after Wobbe et al. (2012) (Figs 2a, c–f) using the rotation parameters of Wobbe et al. (2012)
and Grobys et al. (2008). Fig. 2(b) shows configuration using the rotation parameters from Larter et al. (2002). The black arrows in Figs 2(a) and (b) show
the direction of movement of the Bellingshausen Plate. Thin black lines show fracture zones, thick black lines show mid ocean ridge segments. Thin black
dashed line show suspected rift arm of the West Antarctic Rift System. Stippled area in Figs 2(e) and (f) shows oceanic crust which was formed along the
Bellingshausen Plate margin. The colour scale in Fig. 2(e) shows the crustal thickness after modelling results of Wobbe et al. (2012). ANT, West Antarctic
Plate; BEL, Bellingshausen Plate; BS, Bollons Seamount; BT, Bounty Trough; CaP, Campbell Plateau; ChP, Challenger Plateau; ChR, Chatham Rise; MBL,
Marie Byrd Land; NNZ, North Island of New Zealand; PAC, Pacific Plate; SNZ, South Island; ASE, Amundsen Sea Embayment; WARS, West Antarctic Rift
System.

Land consist both of thinned continental crust of only 25–28 km
thickness (Llubes et al. 2003; Luyendyk et al. 2003; Winberry &
Anandakrishnan 2004; Grobys et al. 2009). In the ASE, gravity
modelling showed the crust of the inner to middle shelf to be of
24–28 km thickness. Moreover, it seems that the ASE was affected
by magmatic intrusions interpreted from distinct zones of anomaly
patterns and lineaments which can be associated with three major
tectonic phases (Gohl et al. 2007, 2013a,b).

Jordan et al. (2010) calculated a Moho depth of about 19 km under
the Byrd Subglacial Basin and the newly identified Pine Island Rift
based on gravity inversion. Additionally, Bingham et al. (2012) also
inferred crustal thinning leading to 25–21-km-thick crust beneath
the Ferrigno rift and the adjacent Siple Trough region.

3 S E I S M I C E X P E R I M E N T

The seismic data set presented in this study consist of two deep-
crustal seismic refraction profiles and a suite of multichannel seis-
mic reflection profiles (Fig. 1), that were acquired during RV Po-
larstern expeditions ANT-XXIII/4 in 2006 and ANTXXVI/3 in
2010. The seismic source used for both refraction and reflection
recordings of the profiles AWI-20060100 and AWI-20060200 con-

sisted of 8 G-Guns (68.2 l in total) and a Bolt air gun (32 l). The
shot interval of 60 s corresponded to an average shot spacing of
150 m. Additionally, seismic reflection profile AWI-20100119 was
acquired with three GI-Guns, fired every 10 s (Gohl et al. 2013b).
The multi-beam bathymetry was measured with the Hydrosweep
DS-III system.

3.1 Seismic reflection data

We mapped the top-of-basement along the refraction profiles AWI-
20060100 and AWI-20060200, in coincident seismic reflection data
(Fig. 1). These were acquired by using a 600-m-long analogue
streamer with 96 channels. The data were recorded with a sampling
interval of 4 ms. The data gap between the seismic reflection profiles
AWI-20060100 and AWI-20060200 (Fig. 1) was bridged with the
nearest seismic reflection profile

AWI-20100119 (Fig. 1) in order to generate an almost con-
tinuous transect. Data processing comprised CDP sorting with
binning of 100 m, owing to the long shot interval for the pro-
files AWI-20060100 and AWI-20060200 and 25 m for the profile
AWI-20100119, bandpass filtering of 10–200 Hz and a detailed
velocity analysis followed by stacking and post-stack migration.
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Figure 3. Compilation, line drawing and interpretation of seismic-reflection profiles AWI-20060100, AWI-20060200 and AWI-20100119 across the continental
margin of the Amundsen Sea Embayment. The thick blue line indicates the interpreted top-of-basement. The dashed red line shows the interpolated top-of-
basement based on a spectral analysis of free-air gravity data. The thin black lines within the sedimentary layer indicate unconformities, horst and graben
and rift structures. Numbers including red triangles show the position of the OBH stations along the transect. The red lines indicate SDR, seaward dipping
reflectors.

Attempts to suppress the shallow-water multiples on the
shelf (Fig. 3) using techniques such as FK-filtering, Radon-
transformation and predictive deconvolution produced minimal
improvements due to the limited streamer length. Multiple sup-
pression yielded, however, better results with the data of profile
AWI-20100119 (Gohl et al. 2013b). We composed the three seismic
reflection profiles into a single projected seismic transect (Fig. 3).

On the continental rise, the reflection data show stratified sed-
iments to a two-way time of 2.5 s (∼3 km depth) in the deepest
basins. Below the sediments, the rise is dominated by seamounts of
the Marie Byrd Seamount province. We observe indications of nor-
mal faults and horst and graben structures within the continental rise
sediments. At the foot of the slope, some reflections beneath the top
of the acoustic basement are reminiscent of the seaward-dipping
reflectors (SDR) known for many passive continental margins of
volcanic type. The top basement reflector disappears south of pro-
file distance 160 km (AWI-20060200; Fig. 3) and beyond which
strong seafloor multiples on the shelf and the slope mask deeper
signals.

The seismic shelf records show that the basement is exposed on
the inner shelf of the ASE Fig. 3). Sediment sequences beneath the
middle shelf dip seawards at 0.5◦, and at 1.5◦ beneath the inner shelf.
The outer shelf is dominated by large progradational sedimentary
wedges (Gohl et al. 2013b).

3.2 Seismic refraction data and traveltime modelling

Due to sea ice coverage, and in order to minimize the risk of instru-
ment loss, only nine ocean bottom hydrophone (OBH) systems were
deployed along the 165 km long profile AWI-20060100, with a reg-
ular interval of 18–19 km (Fig. 3). Four of the systems (OBH 102,
104, 106 and 108) recorded usable data. Along the 171-km-long
profile AWI-20060200 (Fig. 1), seven OBH systems were deployed

with the same spacing between the Marie Byrd Seamount province
and the foot of the continental slope (Fig. 3). Only five of these
recorded usable data (OBH 202, 203, 205, 206 and 207). The raw
OBH data were merged with the navigation data and then converted
to SEG-Y format. The exact position of the OBH stations on the
seafloor along the tracks were relocated by using direct P-wave
arrivals. A bandpass filter of 4–20 Hz was applied to the seismic
traces for reducing high and low frequent noise from the seismic
signal.

We identify coherent P-wave phases of up to 120 km source-
to-receiver offset at some stations (Fig. 4). All records show good-
quality refracted P-wave phases from the crust (Pc1 and Pc2 phases;
Fig. 5), some recordings contain high-amplitude wide-angle Moho
reflections (PmP-phase) and intracrustal reflections (PcP-phase)
as well as low-amplitude refracted phases from the upper mantle
(Pn-phase). The Moho was identified as velocity contrast between
the crustal layer and the upper mantle at velocities higher than
8.0 km s–1.

We assigned a picking uncertainty of 150 ms to all P-wave ar-
rivals. The traveltime inversion software RAYINVR (Zelt & Smith
1992) was then used for ray tracing to forward model the traveltime
branches, by applying a layer-stripping procedure from top to bot-
tom. This was followed by a traveltime inversion for fine-tuning the
model parameters.

For the lower crust a resolution between 0.5 and 0.6 is reasonable
at the shelf edge and continental rise, where 0 means no ray cover-
age and 1.0 represent maximum ray coverage (Fig. 7). Hence, the
resolution of our P-wave models is the better in the upper and lower
crust and the ray coverage is the densest at the middle section of both
OBH profiles. Limited offsets lead to a lack of Pn- and PmP phases
recordings at the ends of the profiles. The velocity distribution is
laterally homogenous within the entire crust.

The velocity–depth model of profile AWI-20060200 (Fig. 6a)
consists also of a sedimentary layer, upper and lower crustal
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Figure 4. Top panel: part of seismic section from OBS 202 and 108, both plotted with a reduction velocity of 8 km s−1 and a bandpass filter of 4–20 Hz.
Middle panel: Same section with modelled phases (black lines) and picked signals (red bars with bar length representing the pick uncertainty). Bottom panel:
ray tracing results with ray coverage in the P-wave velocity model.

layers underlain by an upper mantle layer. Sediment velocities range
from 1.7 to 2.5 km s–1 in the upper part to 3.5 km s–1 in the deep-
est basin. The depth to basement increases slightly towards the
shelf. Two basement highs separate the area into three distinct ar-
eas (Figs 6a and b). In satellite-altimetry data (McAdoo & Laxon
1997), these highs correspond to circular features south of the Marie
Byrd Seamount province. They probably therefore represent buried
seamounts of the province. The northernmost area is around 30 km
wide and 1.0–1.5 km thick. A second area in the middle part of the
profile is 25 km wide and filled with sedimentary rocks of around
1.8 km thickness. At the southern flank of the profile the largest
basin is 120 km wide and the sediments are up to 2.1 km thick.
The upper crust thickens slightly from 3 km in the north to 6 km at
the southern profile end. P-wave velocities in the upper crust range
from 5 to 6 km s–1. The lower crust also thickens slightly southward,
from 7 km in the northern ASE to around 13 km towards the shelf.
The crust-mantle boundary (seismic Moho) can be identified at a
depth of 14 km in the north, which increases to 23 km near the foot
of the continental slope.

Lower crustal velocities range from 6 km s–1 at the top of the layer
to 7 km s–1 at its base in the north and 7.7 km s–1 in the south. The
seismic Moho can be recognized at the base of the lower crustal
high velocity layer by upper mantle velocities larger than 8 km s–1.

The data of OBH profile AWI-20060100 (Fig. 6b) were inverted
to yield a 2-D velocity–depth model that comprises a sedimentary
layer, and upper and lower crustal layers underlain by the uppermost
mantle. We identify five distinct sedimentary basins with variable
(0.7–1.5 km) fill thickness and velocities ranging between 1.7 and
3 km s–1. The upper crust is between 4.1 and 6.3 km thick with
P-wave velocities ranging from 5 to 6.2 km s–1. The lower crustal
thickness increases southward from 14 km in the north to 24 km
beneath the inner shelf. Velocities in this layer range between 6.2
and 7.1 km s–1 in northern part and between 7 and 7.6 km s–1 in the
southern part. The seismic Moho was identified at depths between

25 and 30 km. Similar ss on profile AWI-20060200, the seismic
Moho is identified at the base of the lower crustal high velocity
layer.

4 G R AV I T Y A N O M A L I E S A N D
M O D E L L I N G

The interpretation and modelling of potential field data is carried
out to investigate regional geological issues and to highlight deep
and shallow crustal anomalies as well as basin structures. A joint
interpretation of profile-based seismic data with free-air gravity
anomaly (FAA; Fig. 8a) and Bouguer anomaly (BA; Fig. 8b) grids
sets the seismic data into a regional geological context.

We calculated the BA of the area between 75◦S–71◦S and 100◦E–
120◦E by using the satellite derived FAA of McAdoo & Laxon
(1997), the latest bathymetry grid of Nitsche et al. (2007) (Fig. 1)
and a Bouguer reduction density of 2.67 g cm–3.

Additionally, we used the spectrum of the gravity data to fill
the data gap between the seismic refraction profiles AWI-20060100
and AWI-20060200, which exhibits a prominent gravity anomaly
high. This high is similar to those observed close to various shelf
breaks worldwide, which can be related to various density contrasts
including those resulting from crustal thinning, thick accumulations
of sediments, and magmatic underplating (Watts & Fairhead 1999).

However, in order to calculate the depths of significant density
interfaces in our data gap, we applied the power spectral analysis
based on the method of Spector & Grant (1970) to the FAA of
McAdoo & Laxon (1997). The method was developed for magnetic
data and adapted for gravity data by Karner & Watts (1983). The
method is based on the assumption of geological interfaces that are
essentially horizontal with some small relief. With this assumption,
the power spectrum of a group of prismatic sources distributed
over the subsurface topography reveals a quasi-linear relationship
between the power spectral density (PSD) and the wavenumber kr. In
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Figure 5. Comparison of picked and computed traveltime branches from the P-wave velocity models for each OBH station combined with the corresponding
ray path. Depth is annotated in kilometres, the sections are plotted with a reduction-velocity T-X/8 in (s). The error bars indicate observed picking times and
the size of the bars corresponds to the picking uncertainty. Solid red lines show the calculated traveltimes. Near-offset phases (Psed, direct waves) are not
annotated. Position of each OBH along the profiles is shown in Fig. 3.
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Figure 6. Final P-wave velocity models of the seismic refraction profiles. (b) AWI-20060100 (bottom) and (a) AWI-20060200 (top). The models are overlain
by a semitransparent mask showing areas without ray coverage. Numbers and triangles show the OBH stations along the profiles. I, II, III and I´, II´, III´, IV
and V label sedimentary basins along the profiles.

a plot of the natural logarithm of the FAA’s power spectrum against
kr, a set of distinct linear segments is related to the mean anomalies
of the mass anomaly. The slope of a linear segment multiplied by
–0.5 yields the mean depth to its source. The window used for the
spectral analysis covers an area of 200 km2 and is a compromise
between uniform size and area (Fig. 1). The chosen area should
contain provinces of uniform geology, but on the other hand should
be large enough to resolve longer wavelengths and therefore greater
depths.

4.1 Satellite-derived free-air gravity anomalies

The FAA of the outer shelf is dominated by two highs of up to
80 mGal which correspond to the bathymetrically elevated Western
and Eastern Outer Banks (Gohl et al. 2013b). Over the middle shelf
area, we identify a major WSW–ENE trending negative anomaly
with a minimum of –70 mGal and name it the Amundsen Sea Em-
bayment Low (ASEL). This anomaly is interrupted by the so-called
Peacock Gravity Anomaly (PGA) that is northwest–southeast orien-
tated (Eagles et al. 2004a) and which continues to Thurston Island

(TI) as the Thurston Island Low (TIL). Pine Island Bay (PIB) is
divided by the north-striking glacial Pine Island Trough (PIT) with
a gravity low of –50 mGal (Fig. 8).

4.2 Satellite derived BAs

The gravity effect of topography and bathymetry is removed from
the FAA to generate the BA such that only information on rock
density variations is retained. At long wavelengths, the transition
from oceanic to continental crust can be clearly identified from a
pronounced southward decrease of the BA from 140 to 40 mGal
(Fig. 8b). The inner shelf is characterized by shorter wavelength
anomalies of between 0 and 70 mGal whereas the outer shelf shows
predominantly long wavelength anomalies of between –20 and
70 mGal, that correlate with bodies identified in a recent magnetic
analysis of the ASE (Gohl et al. 2013a). We also identify a signif-
icant BA high larger as 60 mGal in the PIB region. As in the FAA,
the ASEL and TIL appear as a WSW–ENE trending low dominating
the middle shelf (Fig. 8b) which is interrupted by a positive WNW
trending anomaly of up to 70 mGal corresponding to the PGA.
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Figure 7. Resolution values of the two seismic traveltime inversion models
for the P-wave velocity–depth models (B) AWI-20060100 (bottom) and (A)
AWI-20060200 (bottom). The grey shading corresponds to the resolution
value. Resolution values of greater than 0.5 indicate a moderate to good res-
olution. The yellow lines show the layer boundaries from the corresponding
velocity–depth model. Contour lines are plotted at an interval of 0.2.

The outer shelf area is dominated by a major gravity low which we
name the Outer Low. The boundary between the outcropping base-
ment in the south and the sedimentary basin on the shelf corresponds
to a change in the BA from 0 to 50 mGal. At least a prominent BA
high up to 60 mGal over the PIB can be identified.

4.3 Spectral analysis results

Spectral analysis for the gap between the two seismic refraction
profiles (Fig. 1) reveals two distinct linear segments for which linear
regressions suggest a deeper and a shallower interface (Fig. 9).
The choices of endpoints for the linear regression were made by
visual inspection. The slope of the low-frequency (deeper) segment
A corresponds to a mass anomaly depth of 22 ± 2 km whereas
the slope of high-frequency (lower) segment B corresponds to an
anomaly depth of about 4 ± 2 km. The uncertainty of the depths of
the interfaces is controlled by the sampling interval of the spectral
analysis and can be estimated to be around 2 km for crustal depths
(Ciancara & Marcak 1976).

5 S H I P - B O R N E G R AV I T Y DATA A N D
2 - D M O D E L L I N G

5.1 Data processing and description

Shipborne gravity data were collected continuously along all pro-
files with a KSS-31 sea gravimeter at a sampling interval of 1 s. The

raw data were corrected for instrument drift during the cruise by
using reference measurements in Punta Arenas, Chile. We reduced
the data to FAA with respect to the GRS80 gravity model using a
standard processing procedure (Torge 1989), including an Eötvös
correction calculated with the ships navigation. The ∼200-km-wide
data gap between profiles AWI-20060100 and AWI-20060200 was
filled using the free air gravity data of McAdoo & Laxon (1997).

The gravity anomaly decreases linearly from model distance 0–
150 km from –10 to –70 mGal (Fig. 10). Two short wavelength
undulations of a few mGal in the north correlate with the buried
seamounts in the seismic data (Fig. 3). Across the shelf edge, the
FAA increases up to 50 mGal at profile distance 250 km. This gravity
high is similar to other observations at various shelf breaks, named
the ‘sedimentation anomaly’ according to Watts & Fairhead (1999).
If a 2-D model profile is oriented perpendicular to the shelf break the
density contrast between the sediments and the water is sufficient to
model the anomaly. As our profile runs more or less perpendicular
to the shelf edge (Fig. 1), it is likely that a 3-D effect of the shelf
break contributes to the upward anomaly. Over the middle shelf,
the FAA reaches a local minimum of –50 mGal at 400 km profile
distance and increases up to 20 mGal towards the inner shelf.

5.2 2-D Density–depth modelling

We used the software IGMAS (Götze & Lahmeyer 1988) to model
a composite FAA transect. To calculate the 2-D gravity effect of
a mass anomaly, the IGMAS algorithm uses triangulated polyhe-
dra built from a set of polygons defined in parallel vertical cross
sections. The triangulation between these vertical planes is done au-
tomatically during the modelling procedure. We defined polygons
using ship-borne bathymetry data, seismic refraction and seismic-
reflection data along profiles AWI-20060100, AWI-20060200 and
AWI-20100119, and the results of the spectral analysis in order to
setup a starting model. The model geometries at the ends of the
profiles were edited to account for the regional gravity field. To
simplify the model, we combined all observed sedimentary units
into one layer and calculated an average density of 2050 kg m−3

using the velocity–density relationship of Nafe & Drake (1963).
As the observed P-wave velocities of the crust indicate continental
affinity along the modelled profile (Christensen & Mooney 1995)
we used the velocity–density relationship of Barton (1986) to de-
fine upper-crust density of 2650 kg m–3 and a lower-crust density of
2800 kg m–3. Finally, we modelled the observed high-velocity layer
with a density of 3150 kg m−3, also after Barton (1986). The upper-
most mantle was modelled with a density 3300 kg m–3. During the
modelling procedure, we compared the density with results of the
P-wave velocity–depth models and adjusted every layer boundary
to obtain a best fit between the measured and modelled anomaly by
varying the crustal geometry as little as possible.

Owing to the inherently non-unique testimony of gravity signals,
we present two models that each explain the observed anomaly
(Fig. 10). The standard deviation between the measured and mod-
elled FAA in model A is 1.53 mGal along profile AWI-20060100 and
1.32 mGal along profile AWI-20060200 including the interpolated
part. With model B, these values are 1.53 and 2.01 mGal. In general,
the correspondence between the velocity–depth and density–depth
models is acceptable.

In its central part (Fig. 10) the model suffers from the absence of
seismic-reflection data and a velocity–depth model. We constrained
the range of models applicable to this part using the results of the
power-spectral analysis of its FAA field. As noted above, this part of
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Figure 8. Compilation of gravity data. (a) Maps the satellite-derived free-air gravity anomaly of the Amundsen Sea Embayment (McAdoo & Laxon 1997).
The thin black dotted and continues lines mark prominent gravity anomalies along the middle and outer shelf of the Amundsen Sea Embayment. (b) Images
the calculated Bouguer Anomaly. The framed semi-transparent area beneath shelf break shows a prominent low (Outer Low). The thick black dotted line marks
the 2-D gravity rise-to-shelf model transect (Fig. 10). ASEL, Amundsen Sea Embayment Low; TIL, Thurston Island Low; PGA, Peacock Gravity Anomaly;
PT, Pine Island Trough; BP, Bear Peninsula; MBL, Marie Byrd Land; EL, Ellsworth Land; TI, Thurston Island; KP, King Peninsula.

the profile crosses the gravity high of the Western Outer Bank (Gohl
et al. 2013a). In model A, the sedimentary layer is up to 3 km thick,
consistent with the power spectral analysis. The top-of-basement
interface is rough south of the gravity high at profile distance of
300–370 km. The Moho steps down from a depth of about 22–27 km

between profile distance 170–200 km, again consistent with the
power spectral analysis, and remains at this depth until after profile
distance 400 km, where it is constrained once again by refraction
results on profile AWI-20060100. With these layers, it becomes
necessary to model the gravity high as the signal from a 10 km high
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Figure 9. Spectral analysis of the satellite-derived free air gravity anomaly
of McAdoo & Laxon (1997). The natural logarithm of the energy spectra
(PSD) in mGal2km is plotted against the wavenumber in km−1. The black
dots show the values of the energy spectra and the grey line is the result of
a linear regression for the depth estimation. The slope of the regression line
corresponds to the anomaly mass depth. Anomaly mass depth is presented in
km. Line A show the low frequency area (wavenumber lower than 0.1 km−1)
and line B the high frequency area.

bulge in the high-density/high-velocity layer of the lowermost crust
between profile distance 210–370 km. In model B, the high can
be explained by thinning of the sedimentary layer between profile
distance 170–250 km, and its absence between profile distance 250–
370 km, although this latter depiction is not consistent with the
power spectral analysis. The high-density layer is 4–7 km thick with
no significant bulge.

6 D I S C U S S I O N

6.1 Crustal structure

The FAA predominantly reflects the seafloor topography (Fig. 8a),
whereas the BA portrays density and thickness variations of the
lithosphere, including the gradual negative gradient that indicates
the transition from continental to oceanic crust (Fig. 8b). However,
our transect lies mostly within the interpreted continental crust.
The Outer Low of the ASE shelf correlates with an elevated base-
ment identified in seismic-reflection data from the ASE, named the
Western Outer Bank (Gohl et al. 2013b). Contrary to the FAA, the
corresponding BA signal reaches into the continental rise indicat-
ing that its source is not topographic (Fig. 8). The corresponding
BA signal is probably the gravimetric signal of a thicker continen-
tal sliver generated during the Cretaceous extension that led to the
separation of West Antarctica and Zealandia.

We subdivide the crust of the ASE into an upper crust, a lower
crust and a high velocity lowermost crustal layer. The average upper
crustal P-wave velocity of around 5.5 km/s along the entire transect
is typical of uppermost continental crust (Christensen & Mooney
1995; Fig. 10). The absence of any P-wave velocity or density

variations below the two Marie Byrd seamounts indicates that these
basement highs consist of similar material as the surrounding crust.
The northern end of profile AWI-20060200 is less certain due to
the lack of ray coverage and reversed records.

In general, the lower crustal P-wave velocities and densities are
greater than expected for normal continental crust indicating a more
mafic crustal composition (Christensen & Mooney 1995). Between
model distances 180–380 km, our models are not constrained by
deep seismic data. However, based on the gravity spectral analysis
and an adjacent seismic-reflection profile, we argue that the sed-
imentary layer and the upper and lower crust have architectures
similar to those beneath the continental slope and the inner shelf.
The modelled rougher basement explains the high-frequency vari-
ations of the FAA. In Model A the estimated depth to top basement
fits better to the flanking seismically constrained profiles than Model
B, suggesting that its geometry is more appropriate to describe the
ASE.

6.2 High-velocity layer

Traveltime modelling reveals P-wave velocities of 7.0–7.6 km s–1 in
the lower crust along both seismic refraction profiles corresponding
to densities between 3140 and 3160 kg m–3 in the gravity mod-
els (Barton 1986). These densities differ significantly from those
expected for normal upper mantle density (3300 kg m–3) or for
normal lower continental crust (Anderson 1989). The maximum
10 km thickness of this layer is comparable to the thickness of high-
velocity bodies known from other extended and volcanic type con-
tinental margins like the East Greenland continental margin (Voss
& Jokat 2007) or its conjugate Vøring margin offshore mid-Norway
(Mjelde et al. 2002). In these settings, the high-velocity bodies are
interpreted as underplating of gabbro by accumulation of magma at
the Moho during extension. By analogy, therefore we propose that
the high-velocity layer beneath the ASE may represent widespread
magmatic underplating (Fig. 10) indicating that the margin is of
volcanic-type rather than of magma-poor type (Mutter et al. 1984).
Hints of SDRs farther north reinforce the notion that the breakup
process between greater New Zealand and West Antarctica was
accompanied by magmatism. Grobys et al. (2009) interpret the ob-
served high-velocity body of the conjugate southern Bounty Trough
off eastern New Zealand as a mafic body intruded into the lower
and upper crust and its high-velocity zone, as possible underplating
at the base of the crust. However, the continental margins of east-
ern Zealandia, the Chatham Rise and the Campbell Plateau are not
characterized well enough to match the categories of volcanic or
non-volcanic type margins due to the lack of deep crustal data.

If the SDRs found along line AWI-20060200 (Fig. 3) of the
Amundsen Sea do not find a counterpart on the New Zealand mar-
gin, the Amundsen Sea SDRs may be sequences of post-breakup
volcanic phases. A study of the Southeast Greenland margin of
Hopper et al. (2003) reports volcanic seaward dipping reflectors on
oceanic crust, 180 km seaward of the continent-ocean-boundary
which suggests that SDRs are not necessarily related to initial
break-up.

Kipf et al. (2012) propose the generation of magma from partial
melting of upper mantle rocks convecting as part of a so-called
continental insulation flow on the basis of HIMU-type magmatic
rocks (high time-integrated 238U/204Pb) from beneath the Marie
Byrd Land to the present-day Marie Byrd Seamount province be-
tween Late Cretaceous and Palaeocene. They suggested the up-
welling arm of the convection cell exists beneath Marie Byrd Land
at the present-day. This hypothesis suggests an alternative source
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Figure 10. Two different 2-D forward gravity models of the seismic refraction profiles AWI-20060100 and AWI-20060200. The data gap between the two
seismic refraction profiles was bridged with satellite-derived gravity data from McAdoo & Laxon (1997) and modelled using constraints from spectral analysis
of the satellite-derived gravity data of McAdoo & Laxon (1997) and the adjacent seismic reflection profile AWI-20100119 (Fig. 2). Bathymetric surface is
after Nitsche et al. (2007). Density values are given in 103 kg m–3.

of gabbroic lower crust on the ASE shelf, in direct proximity to the
Marie Byrd Land Seamount province.

However, if the bulge would be constituted by gabbroic melt, the
expected density would be around 2800 kg m–3, which is significant
lower than the observed 3150 kg m–3.

In the end the density of the HVL is too high for magma of
Phanerozoic origin. On the other hand, the occurrence of cumulated
layers could significantly rise the density of the material.

6.3 Serpentinization

An alternative explanation for the HVL is serpentinization of man-
tle material (e.g. Carlson & Miller 2003). Serpentinized peridotite
can have velocities and densities similar to those of lower conti-
nental crust (Boillot et al. 1992). Serpentinite was observed along
many non-volcanic passive margins such as the West Iberian margin

(Boillot & Winterer 1988; Whitmarsh et al. 1996) or the Newfound-
land margin (Reid 1994). Boillot et al. (1992) suggested that the
formation and accretion of serpentinite beneath the crust may play
a role in areas of rifted continental margins.

However, in these settings serpentinization requires the penetra-
tion of seawater downward via faults, and low-angle detachment
surfaces. Another possibility is via deep hydrothermal circulation.
Hydrothermal activity was observed at intraplate volcanoes such
as the Lo’ihi volcano (Malahoff et al. 2006). The Marie Byrd
Seamount province is identified as a system of intraplate volca-
noes (Kipf et al. 2012). Hence, the crust of this area has a potential
for seawater penetration.

Serpentinization is a gradual process creating no clear bound-
ary between unaltered peridotite and serpentinized mantle material.
Magma-poor margins are often characterized by an increasing P-
wave velocity from the crystalline basement to the mantle without
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a clear Moho response due to serpentinized mantle material
(Minshull 2009). At the West Iberian margin, the absence of clear
Moho reflections were interpreted as the result of partial serpen-
tinized mantle peridotite (Chian et al. 1999).

Mjelde et al. (2002) discussed the possible occurrence of serpen-
tinized mantle in combination with magmatic underplating along
the Vøring volcanic passive margin offshore mid-Norway. The ob-
servation of clear Moho reflections was the key argument for favour-
ing the underplating hypothesis (Mjelde et al. 2002). We modelled
the observed HVL with a density of 3300 kg m−3 and hence, of sig-
nificant higher density than the average density of serpentinite at this
depth (Christensen 1996). We therefore imply a continental margin
that is likely more influenced by magmatism than undercrusted by
serpentinite.

6.4 Tectono-magmatic evolution

The seismic reflection data of the ASE reveal dipping lowermost
strata on the inner ASE shelf, which may represent the earliest sed-
imentary rocks in the Amundsen Sea (see also Gohl et al. 2013b).
We interpret the different northward dipping sedimentary reflec-
tors as probable results of different extensional phases during the
formation of the area. Normal faults indicate crustal extension af-
fected the area. The present-day crustal architecture beneath the
shelf infers wide-mode rifting such as observed in the Basin and
Range Province of western North America (Hamilton 1987) rather
than narrow-mode rifting such as the east African Rift System (e.g.
Ebinger et al. 1989; Buck 1991; Rosenbaum et al. 2002) but the
existence cannot be excluded from our data. Horst and graben struc-
tures are a further indication that the region evolved by wide-mode
rifting (Buck 1991). Fault-like structures on the shelf may repre-
sent block-faulting during early stage and aborted rifting. The BA
of the ASE shelf (Fig. 8b) shows several pronounced local highs
and lows suggesting a pattern of rift basins and intervening highs.
It is possible to speculate that the basins in the ASE (Fig. 3) are
related to the pre-breakup dextral transtensional strain known from
western MBL (Siddoway 2008) which is a hint for activity of the
WARS affecting the entire ASE. A southward decrease of the BA
with a gradient of about 1.5 mGal km−1 may also indicate that the
crust was affected by rifting. The WSW-ENE trending ASEL and
TIL strike parallel to the Pacific Antarctic Ridge in the north and
the Bentley Subglacial Trough in the south and where our model
crosses the ASEL it shows a thinned, 20-km-thick continental crust.

We interpret these observations as a record of a multistage initial
Cretaceous wide-mode rifting event and thermal subsidence that
followed the eventual successful breakup Zealandia from Antarc-
tica. Our data show evidence for crustal extension connected to
activities of the WARS since Cretaceous that resulted in the aban-
donment or evolution of a young-stage wide rift zone in favour of
a fully developed extended continental margin and mature oceanic
crust. It is possible that this rifting is connected to the well docu-
mented distributed Cenozoic extension superposed by narrow mode
extensional events within the eastern Ross Sea sector of the WARS
and the onshore parts of the ASE (Luyendyk et al. 2003; Davey &
De Santis 2006; Jordan et al. 2010). However, the absence of im-
plications for narrow-mode rifting in the offshore part of the ASE
is not in conflict with this interpretation.

The orientation of lineaments in potential field data infer that
these rifting events continued to affect the ASE after breakup from
Zealandia, becoming a site for Bellingshausen-West Antarctic and
East Antarctic–West Antarctic Plate divergence in Palaeocene and
Oligocene times (Eagles et al. 2004a; Gohl et al. 2013a).

Fig. 11 presents a schematic tectono-magmatic reconstruction
of the continental margin segment sampled by our model from
late Cretaceous breakup of New Zealand and West Antarctica until
Oligocene times (Figs 11e to b) and the present-day configuration
(Fig. 11a). Fig. 11(e) shows the possible lithospheric configuration
during or short before breakup between New Zealand and West
Antarctica at around 100 Ma.

The crustal architecture was homogenous along the entire profile.
At this time, extension may starts between Zealandia and West
Antarctica. Mukasa & Dalziel (2000) inferred subduction-related
I-type magmatism occurred at least until 94 ± 3 Ma (U-Pb zircon
date) from the Walgreen Coast–eastern MBL (Fig. 1) to western
Pine Island.

Fig. 11(d) shows the possible configuration during onset of wide-
mode rifting between 60 and 80 Ma. We infer the onset of magma-
tism at this time based on magmatic flow estimations as discussed
above. Fig. 11(c) images ongoing magma flow, the occurrence of
the Marie Byrd Seamount province which was accompanied by
thermal subsidence of the palaeo shelf of the ASE. The time slice
shown in Fig. 11(b) illustrates the lithospheric configuration dur-
ing 30 Ma. Ongoing magma accumulation was accompanied by
tectonic rifting. At least Fig. 11(a) illustrates the present-day con-
figuration. The reconstruction is based on the crustal architecture
of our gravity and seismic model (Fig. 10b). The basin develop-
ment we illustrate at the top surface of our transect is based on a
schematic back-strippe reconstruction applied for the ASE shelf by
Gohl et al. (2013b).

Due to the absence of evidence for a volcanic extended margin
south of Zealandia, we prefer to explain the magmatic underplating
as a product of partial melting during convective mantle flow set up
by long-lived continental insulation. There are no robust constraints
about the timing of this flow but Kipf et al. (2013) propose the
formation of the Marie Byrd Seamounts to be in Early Cenozoic
(∼56 Ma). With respect to the present-day distance of around 800–
1000 km between the central Marie Byrd Seamount province and
coast of eastern Marie Byrd Land (Fig. 1) and an average convective
velocity of around 1–5 cm a–1 (Schubert et al. 2001), the onset of
magma flow may have occurred around 10 Myr earlier at about 65
Ma. This is consistent with a suspected major plate reorganization
in the South Pacific in Palaeocene (Cande et al. 2000).

Further, the assumed increasing magmatic activity beneath the
ASE shelf shown in Fig. 11(b) at about 30 Ma correlates with the
emplacement age of the Dorrel Rock intrusive complex in Marie
Byrd Land (Rocchi et al. 2006) implying that a major or several
single magmatic events related to multistage tectonic activity af-
fected the Amundsen Sea margin. Additionally, the observation
of different thermal signatures in the Mt Murphy area of western
Marie Byrd Land, which indicate a major fault system and which
was active during or after the Oligocene (Lindow et al. 2011) is
an implication for tectonic activity in this region. We interpret this
as a further indication that tectonic and magmatism were coupled
processes during the Oligocene and are related to the active branch
of the WARS in the ASE (Gohl et al. 2013a,b).

Following the recent hypothesis of Kipf et al. (2013) we infer
that the magmatic bulge at the Moho discontinuity was the result of
a long-distance magma flow which reached the Moho, grew contin-
uously and then spilled over (Fig. 11). This magma bulge is likely
to be responsible for the Outer Low in the BA and the correspond-
ing elevated top-of-basement which is identified in seismic data
(Gohl et al. 2013b). It seems reasonable, that the accumulation
of magmatic material at the Moho cause uplift of the overlying
structures (Burov & Guillou-Frottier 2005).
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Figure 11. (a) interpreted 2-D gravity model based on the seismic refraction profiles AWI-20060100 and AWI-20060200. The top-of-basement was mapped by
using the seismic reflection profiles AWI-20060100, AWI-20060200 and AWI-20100119. The black arrows show the flow direction of the inferred continental
insulation flow (Kipf et al. 2013) from beneath Marie Byrd Land to the Marie Byrd Seamount Province. The blue arrows represent extensional rifting. The
slides (b) to (e) show schematically the tectono-magmatic development of the margin from breakup of New Zealand and West Antarctica to Oligocene. MBL,
Marie Byrd Land; NZ, New Zealand.

7 C O N C LU S I O N

Geophysical data from the ASE provide new insights into the litho-
spheric architecture and tectono-magmatic development of this con-
tinental margin. Two deep crustal seismic profiles image the crustal
and upper mantle structure of parts of the continental rise, slope and
shelf. A continuous rise-to-shelf 2-D gravity model supports and ex-
pands on the velocity–depth models and enables the interpretation

of a tectono-magmatic history for the ASE margin from its breakup
with Zealandia to the present and indicating a margin-wide process
of magmatic underplating. The main findings are summarized as
follows:

1. The geophysical data image the upper and lower crust and
reveal a high-velocity layer at the base of the lower crust beneath
the shelf. The crust is 10–14 km thick at the continental rise and up
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to 29 km thick beneath the inner shelf. Seismic refraction data reveal
P-wave velocities between 7.1 and 7.6 km s–1 in the high-velocity
layer indicating a margin-wide process of magmatic underplating
whose thickness varies up to a maximum 10 km.

2. 2-D gravity modelling supports the hypothesis of a magmatic
layer beneath the shelf and is consistent with the velocity–depth
model. Indications of seaward-dipping reflectors in the seismic
data suggest that breakup between greater New Zealand and West
Antarctica may have been accompanied by magmatism not neces-
sarily related to initial break-up.

3. Following the interpretation of Kipf et al. (2013), the high-
velocity layer can be related to the Marie Byrd Seamount Province
as product of a continental insulation flow which transported man-
tle material from beneath West Antarctica to the present-day Marie
Byrd Seamount Province. The onset of the magma flow in the
Palaeocene, which is maybe mantle originated, correlates with a
major plate reorganization in the South Pacific (Cande et al. 2000).
Magma accumulation at the base of the crust seems to be responsible
for the elevated basement beneath the outer shelf of the Amundsen
Sea Embayment. The absence of a gradational transition between
the velocity body, normal upper crustal seismic velocities and a
significant higher density of the observed HVL suggest that serpen-
tinized mantle not is present beneath the ASE.

4. The crustal architecture, sedimentary setting and potential
field data from the ASE indicate its formation during crustal exten-
sion. The constant crustal thickness and horst and graben structures
suggest that this process was an expression of wide-mode rifting.
Geophysical data show early stage, fully developed and failed initial
rifting structures within the ASE suggesting a late active branch or
integrated feature of the West Antarctic Rift System.
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Abstract

Ž .We present multi-channel seismic MCS reflection profiles and bathymetry data acquired across a remote and poorly
surveyed part of the Antarctic continental margin in the Bellingshausen and Amundsen Seas. This new information has been
combined with published data and used to interpret the style of sedimentation on the continental shelf, slope and rise, and to
describe sedimentation processes which have been active in this region. Most seismic reflection profiles crossing the
continental margin show prograded sequences beneath the outer shelf and upper slope, and we infer that the stratal
characteristics of these sequences indicate that grounded ice sheets reached the shelf edge during previous glacial times.
Although there are general similarities in stratal geometry on these profiles, in detail, they reveal significant longitudinal
variations in sediment input from the shelf to the upper slope. On several profiles, we found evidence of mass wasting of the
continental slope in the form of slump and debris flow deposits. At greater depth, turbidity flows, bottom currents and
Coriolis force have controlled the further transportation and deposition of sediment, which has resulted in the development
of mounds, channels and sediment wave fields. The distribution, and variations in the size and geometry of the mounds
reflect sediment input and the relative contribution of these other factors which control sedimentation on the continental rise.
q 2000 Elsevier Science B.V. All rights reserved.

Keywords: Bellingshausen Sea; Amundsen Sea; reflection seismic survey; glacial marine sedimentation; sediment drifts

1. Introduction

To understand the climatic history of Antarctica
and relate it to proxy records of global sea level and
ice volume, we need to know the glacial record

) Corresponding author. Institute of Geophysics, ETH Zurich,¨
ETH Honggerberg, Zurich CH-8093, Switzerland. Fax: q41-1-¨ ¨
633-1065; E-mail: frankn@aug.ig.erdw.ethz.ch

1 Present address: Macquarie University, Department of Earth
and Planetary Sciences, Sydney NSW 2109, Australia.

Žpreserved in sediment derived from Antarctica e.g.,
.Miller et al., 1987; Cooper and Webb, 1992 . Studies

Žon the Antarctic continental shelves e.g., Antarctic
Peninsula: Bart and Anderson, 1995; Larter et al.,

.1997; Ross Sea: De Santis et al., 1995 show that the
sediments there are unlikely to contain a complete
record. Sediments deposited during earlier glacial
advances might have been partially or completely
eroded by later glacial advances. Also, ice might not
have covered all parts of the continental shelf during
some glacial periods, so that the proximal glacial
sediment record may be incomplete. As a conse-

0025-3227r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S0025-3227 99 00074-2

Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 176



(
)

F
.O

.N
itsche

et
al.r

M
arine

G
eology

162
2000

277
–

302
278

Ž .Fig. 1. Location map showing the area investigated in this study. Bathymetry Smith and Sandwell, 1997 is contoured at 1000-m intervals. MCS profiles are shown as thin black
lines; thick lines locate seismic sections reproduced in this paper; grey boxes show swath bathymetry images. Grey areas near the coast are floating ice shelves.
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quence, diverse types of sediment accumulations re-
Žported on the continental rise e.g., drifts along the

Antarctic Peninsula: McGinnis and Hayes, 1995;
Rebesco et al., 1996; drifts and turbidites off Prydz
Bay: Kuvaas and Leitchenkov, 1992; Crary fan in

.the Weddell Sea: Moons et al., 1992 are becoming
increasingly important because they can contain a
more complete and more easily recoverable palaeo-
environmental record. However, a full understanding
of continental rise sedimentation requires some
knowledge of shelf and slope depositional processes;
e.g., information about the volume and type of sedi-
ment supplied to the upper slope, and the variation of
these parameters with time. To understand the sedi-
mentary record of the rise, the whole sediment trans-
port path from shelf to slope to rise must be under-
stood.

Owing to its remoteness, the Antarctic continental
margin in the Bellingshausen and the Amundsen
Seas has been poorly surveyed, and consequently,
the glacial history of the neighbouring Ross Sea and

ŽAntarctic Peninsula regions is better understood Fig.
.1 . Studies of the eastern Ross Sea suggest that large

ice sheets first extended onto the continental shelf in
Ž .the early Miocene De Santis et al., 1995 , whereas

studies of the shelf west of the Antarctic Peninsula
suggest that grounded ice did not extend onto the

Žouter continental shelf there until late Miocene Larter
.et al., 1997 . It seems unlikely that extensive ice

sheets would have developed on the Bellingshausen
Sea shelf earlier than in the Ross Sea, and it is
possible that they did not develop before ice sheets
on the Antarctic Peninsula shelf.

Sediment distribution in the Bellingshausen Sea
has also been affected by the tectonic evolution of
the region, as discussed by Tucholke and Houtz
Ž . Ž1976 . Plate tectonic reconstructions Mayes et al.,

.1990; McCarron and Larter, 1998 indicate that this
section of the West Antarctic margin can be divided
into two parts. The western part is a rifted margin
conjugate to Chatham Rise, which separated from
West Antarctica between 90 and 85 Ma ago. The
eastern part was an active margin and subduction
continued until the Antarctic–Phoenix spreading
ridge segments migrated into the trench during the
Tertiary. This sequence of ridge–trench collisions
took place along the Antarctic Peninsula margin
from the Middle Eocene or earlier until Pliocene

Žtimes Larter and Barker, 1991a; McCarron and
.Larter, 1998 . The boundary between the rifted mar-

gin and the part of the margin where the ridge–trench
collision took place lies somewhere between 858 and

Ž .1058W McCarron and Larter, 1998 . Hence, ocean
floor age varies considerably within the study area,
and this provides a constraint on the maximum age
of overlying rise sediments. It is likely also, that the
Antarctic–Phoenix ridge acted as a barrier to the
northwestward transport of terrigenous sediment un-
til it migrated into the trench, so the earliest sedi-
ments on the Bellingshausen Sea continental rise are
likely to be a condensed sequence.

In this paper, we use reconnaissance multi-chan-
Ž .nel seismic reflection MCS and swath bathymetry

data to describe the distribution and pattern of accu-
mulation of glacigenic sediments from the outer
shelf to the rise in the Bellingshausen and Amundsen
Seas. We also consider how the observed pattern of
accumulation is influenced by factors such as the
length of the glacial drainage pathway, the lateral
variability of ice input to the shelf, and the distal
position of the rise in this area from presumed
sources of bottom water. Previous studies of sedi-
mentary features in this region were based on sparse,

Žanalogue single-channel seismic profiles Tucholke,
.1977 , or were restricted mainly to the area west of

Ž .1048W Yamaguchi et al., 1988 . More recently,
Ž . Ž .Cunningham et al. 1994 and Nitsche et al. 1997

reported the existence of prograding sequences on
MCS lines crossing the Bellingshausen and Amund-
sen Seas continental margins, and observed that there
are striking similarities in the general stratal patterns.

2. Data

2.1. Bathymetry and sub-bottom profile data

ŽCompilations of marine geophysical data e.g.,
.National Geophysical Data Center, 1996 show a

paucity of ship tracks in the Bellingshausen and
Amundsen Seas. As a consequence, bathymetry maps
derived solely from these sparse shipboard measure-

Ž .ments e.g., GEBCO: Mammerickx and Cande, 1982
do not describe sea-floor topography of the region in
great detail. In this study, we combine new track and
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Ž . Ž . Ž .Fig. 2. Interpreted line drawings of MCS profiles located in Fig. 1 . a to f show a series of MCS transects which extends across the
Ž .Antarctic continental margin progressively from east to west. g shows a profile on the continental rise which runs parallel to the margin.

Ž .All profiles are drawn with the same scale and vertical exaggeration ca. 16:1 at the sea floor . Bold lines represent reflections that
correspond to the top of the acoustic basement.
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Ž .Fig. 2 continued .

swath bathymetry data acquired by the British
Ž .Antarctic Survey BAS and the Alfred Wegener

Ž .Institute for Polar and Marine Research AWI across
the Antarctic continental shelf, slope and rise. These
data have been used to determine the orientation and
extent of sea-floor features apparent in seismic re-
flection profiles, and to describe sea-floor morphol-
ogy in areas beyond the MCS surveys. In addition,
interpretations of BAS and AWI data have been
conducted with reference to the predicted sea-floor

Ž .topography of Smith and Sandwell 1997 , generated
by combining satellite altimetry data with existing
bathymetric soundings. Comparison of the predicted
topography with our new data suggests that the
predicted surface describes the position and shape of

Žsea-floor features at 15–160 km wavelength, to
.728S quite well, where shipboard soundings are

absent. However, the predicted topography of the
Antarctic continental shelf should be interpreted with
care, because few soundings have been incorporated
in the data near its southern limit, and therefore, the
satellite-derived component is poorly constrained in
this area.

BAS and AWI have also collected 3.5 kHz and
‘Parasound’ sub-bottom profiles. These high-resolu-
tion profile data were used to map channel paths and
sediment waves, and to help distinguish areas of
modern deposition and non-deposition.

2.2. Seismic reflection data

BAS and AWI have acquired MCS profiles across
the Antarctic continental margin in the Belling-
shausen and Amundsen Seas during three scientific

Žcruises: BAS cruise JR04 1992r1993, Cunningham
.et al., 1994 conducted on RRS James Clark Ross,

Ž .and AWI cruises ANT 11r3 1994 and ANT 12r4
Ž . Ž1995 conducted on RV Polarstern Miller and

.Grobe, 1996 . During these cruises, ca. 1500 line km
of MCS data were acquired by BAS and ca. 3400
line km of MCS data were acquired by AWI. In this
study, we present a subset of these data totalling ca.
2700 line km, which extends across the Antarctic
continental margin between 768W and 1058W. BAS
MCS profiles were acquired using an airgun source
with a combined chamber capacity of ca. 55.9 l, and
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a streamer with an active length of 2400 m. AWI
MCS profiles were acquired using an airgun source
with a combined chamber capacity of ca. 24 l, and a
streamer with active lengths of either 2400 or 600 m.

As part of this study, we also describe MCS
Ž .profiles acquired by the Japan National Oil JNOC ,

Žpublished through the SCAR-database Yamaguchi
.et al., 1988; SCAR, 1992 . Most MCS profiles ex-

tend across the outer continental shelf, slope and rise
Ž .Fig. 1 . However, we also include BAS and AWI
profiles AWI-94041rBAS923-24, and JNOC pro-
files TH-86002 and TH-86003 which lie nearly par-
allel to the continental margin. Fig. 2a–g show
interpreted line drawings of these data.

BAS and AWI MCS profiles presented in this
study have been processed using standard seismic
processing procedures including trace editing, decon-
volution, velocity analysis, normal moveout correc-
tion, bandpass frequency filtering, stack and migra-
tion. All lines have a CMP spacing of 25 m.

3. Interpretation of seismic reflection profiles and
bathymetry data

3.1. AWI-94002

MCS profile AWI-94002 is the easternmost line
Ž .described in this study Figs. 1 and 2a . AWI-94002

crosses the Antarctic continental margin near 768W,
and shows a steep continental slope, with a gradient
Ž .ca. 138 comparable to that observed on many lines
crossing the Pacific margin of the Antarctic Penin-

Žsula to the northeast Larter and Barker, 1991b;
.Larter and Cunningham, 1993 . On the outer conti-

nental shelf, three different acoustic–stratigraphic
units can be distinguished on the basis of their

Žgeometry and internal reflection configuration Units
.1–3 of Nitsche et al., 1997 . The lowermost unit is

composed of comparatively gently dipping strata,
which formed a mainly aggradational shelf. In con-
trast, the upper two units show steeper slopes and a
more progradational geometry, which has resulted in
a seaward migration of the continental shelf break of

Žca. 15 km. The middle unit Unit 2 of Nitsche et al.,
.1997 clearly shows erosional truncation of foreset

reflections beneath a series of sub-horizontal uncon-
formities. These reflection geometries resemble those

of units S1, S2 and S3 reported by Larter and Barker
Ž .1989 along the continental margin of the Antarctic

Ž .Peninsula although numbered in the opposite sense .
We note, however, that equivalent units in the two
provinces are not necessarily coeval.

Farther north, profile AWI-94002 extends across
the Antarctic continental slope and rise. Here, the
irregular top of oceanic acoustic basement is clearly

Ž .imaged between 5 and 7 s two-way time STWT .
We confidently trace this surface southward from the

Žend of line to ca. CMP 4500 beneath the lower
.continental slope, Fig. 2a . At shallower depth, we

identify two separate mounds developed within the
overlying sedimentary succession. Between CMPs
5250 and 8000, the largest mound extends northward

Žfrom the base of the continental slope Figs. 3 and
.4 . This structure has been identified by Rebesco et
Ž . Žal. 1996 as a sediment drift their drift ‘8’, imaged

. Žon MCS profile IT92-109 . Profile AWI-94002 Fig.
.2a and Fig. 3 and accompanying swath bathymetry

Ž .data Fig. 4 show that most of the drifts are sepa-
rated from the continental margin by a large channel
Ž .between CMPs 5100 and 5250, Fig. 3 . Also, Figs.
3 and 4 show that this part of the drift has been
dissected by several small erosional gullies, which
suggests that erosion has progressed more quickly
than recent deposition at this locality. Farther north
Ž .between CMPs 7500 and 8500, Fig. 2a , younger
sediments cover and in-fill the erosional gullies. Part
of this mound is shown in cross-section by Rebesco

Ž .et al. 1996 in their seismic line IT92-109. This
profile shows an acoustic–stratigraphic boundary
within the mound, overlain by sediments which we
interpret as correlating with the gully fill sediments
seen on line AWI-94002. This interpretation is sup-

Žported by swath bathymetry data reproduced in
.perspective view, Fig. 4 which show a gradual

northward suppression of gullied topography towards
the intersection of profiles AWI-94002 and IT92-109.
The origin of these gullies is uncertain; it is possible
that they formed by small-scale slumping of the
unstable northern slope of the mound into the adja-
cent channel.

On the lower rise, at a distance of 200–250 km
Žfrom the Antarctic continental slope between CMPs

.13500 and 14900, Fig. 2a , a separate, smaller sedi-
ment mound is seen. This smaller mound does not
show any clear signs of gullying or slope failure.
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Ž . ŽFig. 3. Part of MCS profile AWI-94002 located in Fig. 1 showing a cross-section of the large mound on the upper continental rise vertical
. Ž .exaggeration ca. 30:1 at the sea floor . The profile lies close to the crest of the mound compare Fig. 4 .

Ž .Fig. 4. Perspective view of two Hydrosweep swath bathymetry stripes from the continental rise north of Alexander Island located in Fig. 1 .
ŽThese data are illuminated from NE. The northern stripe was obtained along MCS profile AWI-94002 located with a thick black line, and

. Ž .shown in Fig. 3 . The line extending nearly perpendicular to the strip locates MCS profile IT92-109 of Rebesco et al. 1996; 1997 . The data
show small gullies which have been progressively filled toward the NW.
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Instead, sub-bottom profile data suggest that it is a
site of modern deposition, and show well-formed

Žmigrating sediment waves at its surface imaged also
.along nearby profile AWI-94003, Fig. 5 . Accompa-

nying swath bathymetry data show that the crests of
the waves are orientated in a NE–SW direction.

MCS profile AWI-94002 shows that neither
mound is built directly upon oceanic acoustic base-
ment; the base of both mounds is separated from the
basement by an intervening sedimentary layer with a
time-thickness of 0.5–1.0 STWT. The reflection
configuration of this layer differs from that of the
mounds; underlying strata typically show more uni-
form, parallel to sub-parallel, lower-amplitude reflec-
tions. An equivalent older or ‘pre-drift stage’ of
sedimentation has been reported by McGinnis and

Ž . Ž .Hayes 1995 and Rebesco et al. 1996 for the
mounds they identified on the continental rise to the
northeast.

3.2. AWI-94003

Profile AWI-94003 extends SSE from the end of
line AWI-94002, across the continental rise and

Žslope, and crosses the shelf break near 808W Figs. 1
.and 2b . On AWI-94003, the acoustic architecture of

the outer shelf resembles that observed farther east
Ž .on profile AWI-94002, Fig. 2a , and shows a change
from a mainly aggradational to a progradational ge-

Ž .ometry Nitsche et al., 1997 . Here, foreset prograda-
tion has resulted in a seaward migration of the

Žcontinental shelf break of 20 km between CMPs
.9300 and 10100, Fig. 2b . In contrast to AWI-94002,

the continental slope on AWI-94003 has a compara-
tively gentle dip of ca. 38. Here also, the prograded
wedge clearly extends beneath the continental slope
Ž .Fig. 2b and Fig. 5 of Nitsche et al., 1997 , and

Ž .farther north near CMP 4500, Fig. 2b , the toe of
the prograded wedge thins against a low relief sedi-
ment mound developed on the upper continental rise
Ž .between CMPs 2500 and 4500, Fig. 2b . On the
continental slope, several packages of chaotic and
discontinuous reflections can be seen at shallow
depth, which resemble those shown in Fig. 8. These
acoustically chaotic packages are thought to repre-
sent debris flow deposits. At the northern end of the
line, AWI-94003 shows a second, separate sediment

Ž .mound between CMPs 1 and 1350, Fig. 2b . This
more northerly mound is also seen at the northern
end of line AWI-94002. On profile AWI-94003, the
mound shows fine acoustic lamination; older mound
sediments show uniform, parallel to sub-parallel re-
flections, whereas younger mound units show a mi-

Žgrating-wave acoustic facies e.g., Fig. 6 of Nitsche
.et al., 1997 which extends to the surface of the

Ž .mound. High-resolution sub-bottom data Fig. 5
show these bedforms in more detail, and suggest that
the sediment waves are probably active. Swath

Ž .Fig. 5. Parasound high-resolution sub-bottom profile of the sediment mound at the northern end of MCS line AWI-94003 located in Fig. 1 .
The mound is also seen at the northwestern end of MCS profile AWI-94002. Sub-bottom penetration is ca. 50 m. This profile shows

Ž .sediment waves wavelengths of 850–900 m with a south component of migration towards an adjacent channel. Coincident swath
bathymetry data suggest that waves trend obliquely to the profile, and have a true migration direction towards the southeast.
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Ž . XFig. 6. Section from MCS profile BAS923-22 located in Fig. 1 showing the outer continental shelf near 87830 W. Vertical exaggeration is
ca. 24:1 at the sea floor.

bathymetry data combined with seismic lines AWI-
94002 and AWI-94003 show that the sediment waves
have migrated southeastward, toward an adjacent

Ž .channel near CMP 1350, Fig. 2b . On profile AWI-
94003, channels lie along the southern edge of both
sediment mounds, and accompanying swath
bathymetry data show that these channels obliquely
cross the seismic line. As observed on nearby profile
AWI-94002, AWI-94003 shows that the sediment
mounds are separated from basement by an older
sediment sequence with a thickness of 0.5–1.7
STWT.

3.3. BAS923-22 and AWI-94030

Farther west, MCS profiles BAS923-22 and AWI-
94030 trend NW–SE and cross the continental shelf

X Ž .break near 87830 W Figs. 1 and 2c . These profiles
Ž .lie less than 25 km apart Fig. 1 , and show similar

successions of depositional sequences. Here, we cal-
Žculated a depth of the shelf break between 630 m on

. Žprofile BAS923-22 and 680 m on profile AWI-
.94030 below sea level from the seismic sections

using a water velocity of 1500 m sy1. Across the
outermost 20–30 km of the continental shelf, both
MCS profiles show that the sea floor deepens gradu-
ally landward. Farther inshore, however, the sea

floor shallows towards the southern end of both
MCS profiles. The acoustic architecture of the outer

Ž .shelf on these lines shown in detail, Fig. 6 is more
complex than that described elsewhere in this study;
while we identify a general trend from an aggrada-
tional to a progradational geometry, the transition is

Ž .not as clear as on other lines Nitsche et al., 1997 .
Profile BAS923-22 shows aggradational units over-

Žlain by a first set of prograded foresets e.g., between
.1.7 and 1.5 STWT, CMPs 2200–2900, Fig. 6 . These

older prograded forests are overlain by a mainly
aggradational sub-unit represented by vertically

Žstacked palaeo-shelf breaks near CMP 2900 be-
.tween 1.5 and 1.2 STWT, Fig. 6 , which is overlain

Žin turn by a second series of prograded foresets e.g.,
.above 1.2 STWT at CMP 2900, Fig. 6 . These

sub-units are all incorporated within units ‘1’ and ‘2’
Ž .of Nitsche et al. 1997 .
Ž .At 1.2 STWT e.g., at CMP 2800, Fig. 6 , profile

BAS923-22 shows an unusual unconformity which
set back the offlap break more than 60 km land-
wards. Downlapping onto this unconformity, pro-
graded foresets record the readvance of the offlap
break towards its previous position at CMP 2900.
The reason for this remarkable landward movement
of the offlap break is unclear, although we propose
different scenarios which might result in the devel-
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opment of such a structure. This geometry may have
been caused by a long interruption in glacial sedi-
ment supply to this part of the margin during which
time the shelf subsided. Alternatively, it may reflect
a short period of rapid local subsidence during the
deposition of glacial margin sequences. It is possible
also that this geometry could reflect a local change
in glacial regime, leading to thinner grounded ice
sheets, perhaps resulting from a change in glacial
catchment area, or other factors controlling glacial
flow. On profiles BAS923-22 and AWI-94030, the

Žsequence of stratal geometry transitions aggrada-
tion–progradation–aggradation–retrogradation– pro -

.gradation reflects the balance between sediment
supply and the generation of accommodation space,
and shows that, for a period of time, accommodation
outstripped sediment supply to this part of the mar-
gin. However, it is not possible to unravel the rela-
tive effects of sediment supply, subsidence and ice
grounding depth without additional information.

Profiles BAS923-22 and AWI-94030 also show a
distinct change in the geometry and acoustic facies
of sediments preserved below the outermost shelf

Ž .and slope. North of CMP 3000 Fig. 6 , high-ampli-
tude, high-frequency, fairly continuous reflections
onlap more steeply dipping strata deposited during
the second phase of progradation described above.
The reflection characteristics of these younger sedi-
ments contrast with those of the underlying foresets,
which show more irregular, less continuous reflec-

Žtions. At shallower depth e.g., at 1.1 STWT near
.CMP 3480, Fig. 6 , younger reflections in this onlap-

ping sequence are erosionally truncated at their up-
per limit. The origin of this onlapping and partly
truncated sequence north of CMP 3000 remains un-
certain, although we suspect that it mostly consists of
mud and silt deposited by ambient bottom currents
flowing along the continental slope. A potential
source of sediment is a large sediment ridge or
mound east of these lines indicated in the bathymetry

Ž .data Figs. 1 and 11 . It is noteworthy also, that
palaeo-slope angles in this unit are 18–28, consider-
ably less than those of the underlying foresets, and
that these sediments underlie the most gently dipping
part of the continental slope in this region.

Farther north, profiles BAS923-22 and AWI-
94030 show two separate structural highs located
beneath the lowermost continental slope and the

Ž .continental rise Fig. 2c . The northernmost struc-
tural high represents the buried southern flank of

ŽPeter I Island between CMP 10500 and the northern
.end of profile AWI-94030, Fig. 2c . Here, sediments

deposited on the adjacent ocean floor onlap the
volcanic base of the island. A separate structural
high is seen beneath the base of the continental slope
Ž .between CMPs 6000 and 8500, Fig. 2c . On profile
BAS923-22, this structure shows a chaotic internal
reflection configuration, with few coherent, laterally
persistent reflections. On nearby profile AWI-94030,
this structural high also has a chaotic reflection
configuration, although acoustically stratified layers
are seen at shallow depths within it. Gravity profiles
along the seismic tracks show a negative free-air
anomaly over this feature, suggesting that it is com-
posed of deformed sediment rather than oceanic
basement. In contrast to MCS lines farther east,
profiles BAS923-22 and AWI-94030 show no sedi-
ment mounds or channels on the continental rise.

3.4. BAS923-27

MCS profile BAS923-27 lies nearly N–S and
extends across the outer continental shelf, slope and

Ž .rise near 948W Figs. 1 and 2d . At its southern
limit, BAS923-27 crosses only the outermost 6 km
of the continental shelf, and consequently, it is not
possible to infer much about the stratal geometry of
the shelf in this area. Nonetheless, these data do
show prograded foresets and a sub-horizontal ero-
sional unconformity at shallow depth, resembling
those on the other lines. On profile BAS923-27, the
continental slope has a dip of 68–78. Sediments
deposited on the slope show high-amplitude reflec-
tions that are fairly continuous in the dip direction,
and we believe that the slope is primarily constructed

Žof debris flow deposits. On the mid-lower slope e.g
.near CMP 2000, Fig. 2d , there is some indication of

small-scale slumping.
Farther north, profile BAS923-27 crosses the con-

tinental rise close to the crest of a large sediment
Žmound represented by a northward loop in the 4000

.m isobath, Fig. 1 . Here, smooth oceanic basement is
overlain by a seismic stratigraphic sequence with a
time-thickness of 1.0–1.2 STWT. This lower se-
quence is characterised by parallel-to-sub-parallel
continuous reflections, and shows no indication of
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migrating sediment waves or buried channel systems.
The top boundary of this sequence is marked by a
continuous, high-amplitude reflection which can be

Žtraced from the northern end of the line at ca. 6
.STWT, Fig. 2d southward beneath the rise and

Žlower continental slope to about CMP 1200, Fig.
.2d . The sequence boundary appears to be con-

formably overlain by younger rise sediments on this
line. However, E–W-trending MCS profiles AWI-

Ž94041rBAS923-24 described below, and shown in
.Fig. 9 , which intersect line BAS923-27 near its

northern end, show the unconformable nature of this
sequence boundary more clearly. This unconformity
is overlain by a sequence with a time-thickness of
1.0–1.2 STWT, which extends to the sea floor, and
shows less continuous reflections. Between CMPs

Ž .6000 and 8000 Fig. 2d , BAS923-27 shows local
truncation of horizontally layered strata in this upper
sequence. This pattern resembles a channel ‘cut-
and-fill’ reflection configuration, and may indeed
describe a buried channel system. Alternatively, these
structures may represent listric fault planes which
have been crossed at a low angle by the seismic
profile. Listric faults are clearly seen in the intersect-

Žing E–W lines AWI-94041rBAS923-24 described
.below, and shown in Fig. 9 , and these profiles

confirm that BAS923-27 runs close to the crest of a
Žlarge mound or sediment drift profile intersection

.marked, Fig. 9 . Profile BAS923-27 also shows ir-
regularities at or near the sea floor. The low resolu-
tion of the MCS profile prevents confident identifica-
tion of these surficial features; they could represent
sediment waves, channels, gullies or slump scars.

3.5. BAS923-25

MCS profile BAS923-25 trends N–S and crosses
the Antarctic continental shelf, slope and rise near

Ž .978W Figs. 1 and 2e . The acoustic architecture of
the outer shelf and slope on this profile differs
markedly from that observed elsewhere within the
area of survey. Here, prograded foresets are absent,
and the outer continental shelf is underlain by a
structural high which appears acoustically chaotic,

Žwith no coherent internal structure centered on CMP
.5750, Fig. 7 . This structure rises to 0.2 STWT

below the sea floor. On unmigrated profiles, the
structural high beneath the shelf and the steep conti-

Ž .nental slope gradient s 78–98 show numerous
strong diffractions. Beneath the slope, diffractions
are generated by discontinuities associated with slope

Ž .failure slumps, and perhaps debris flows , and at
greater depth, by deformed and contorted structure.
In contrast to MCS profiles acquired nearby, profile
BAS923-25 does not show prograded foresets be-
neath the outer continental shelf. Instead, shelf strata

Žonlap the southern flank of the marginal high e.g.,
.at 0.8 STWT south of CMP 5750, Fig. 7 .

Farther north, profile BAS923-25 crosses the con-
tinental rise. Here, the oceanic basement dips to-
wards the continental margin, and is overlain by a

Žsedimentary sequence of uniform thickness 0.5–0.7
.STWT , characterised by parallel reflections which

Žfollow the dip of basement e.g., below 7.9 STWT
.near CMP 3000, Fig. 2e . This lower sequence is

overlain by a middle sequence that thickens appre-
ciably towards the margin and shows strongly diver-

Žgent reflections e.g., between 6.6 and 7.9 STWT at
.CMP 3000, Fig. 2e , which suggests syn-tectonic

deposition. The middle sequence is overlain, in turn,
by an upper acoustic sequence, characterised by

Žsub-parallel, fairly continuous reflections e.g., be-
tween 6.6 STWT and the sea floor at CMP 3000,

.Fig. 2e . The upper sequence shows basal onlap
Ž .labelled in Fig. 2e against a prominent unconform-
ity which extends northward beneath the rise from
the base of the continental slope. On profile
BAS923-25, the stratal geometry and thickness of
the individual sequences suggest that the lower se-
quence was deposited before the basement was tilted
to the south, and that deposition of the middle se-
quence accompanied basement tectonism. At present,
we do not know when, or by what means, this
section of oceanic crust became tilted, although this
process was probably related to nearby basement

Ž .tectonism described by Gohl et al. 1997 .
Profile BAS923-25 shows no indication of sedi-

ment drifts or migrating sediment waves on this part
of the continental rise, although a small channel is

Žseen near the northern end of the line near CMP
.450, Fig. 2e .

3.6. AWI-94042

MCS profile AWI-94042 trends NNE–SSW and
crosses the Antarctic continental shelf, slope and rise
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Ž .Fig. 7. Section from MCS profile BAS923-25 located in Fig. 1 showing the outer continental shelf and slope near 978W. Vertical
exaggeration is ca. 7:1 at the sea floor.

Ž .near 1058W Figs. 1 and 2f . Profile AWI-94042 is
the westernmost transect described in this study, and
lies in the eastern part of the Amundsen Sea. Here,
the continental shelf break lies 540 m below sea
level, and the continental slope has a gradient of
38–48. Unfavourable ice conditions during the MCS
survey hampered data acquisition across the conti-
nental shelf, and AWI-94042 extended only 25 km
landward of the shelf break. As a consequence, we
are unable to properly distinguish separate acoustic
units beneath the outer shelf on this profile. Nonethe-
less, AWI-94042 shows prograded foresets, which
have been truncated by a series of sub-horizontal

Žerosional unconformities Fig. 2f, and shown in de-
.tail in Fig. 8 of Nitsche et al., 1997 .

Farther north, MCS profile AWI-94042 and coin-
cident sub-bottom Parasound data show several dis-
crete, acoustically chaotic-transparent packages
which are separated by bright, coherent reflections

Ž .Fig. 8 . We interpret these packages as debris flow
deposits resulting from mass wasting of the upper
slope. On the nearby continental rise, AWI-94042
shows mainly horizontally layered strata, although
sediment mounds and channels are seen at depths of
-0.5 STWT below sea floor. Swath bathymetry
data show that the unburied channels form part of a
single-channel system which meanders across the
line as it runs northwards. A cross-section of this
channel system is also seen at the western end of

Ž .E–W profile AWI-94041 Fig. 2g . We note that
profile AWI-94042 and possibly profile BAS923-25
Ž .Fig. 2e cross the part of the Antarctic continental
margin that separated from Chatham Rise ca. 80–90
Ma ago. This region forms the oldest oceanic
province within the survey area, and therefore, the
sediment record on this part of the rise may be
expected to span a greater time interval than that
seen on the more easterly profiles.
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Ž . Ž .Fig. 8. a Section of MCS profile AWI-94042 located in Fig. 1 showing debris flow deposits beneath the continental slope near 1058W.
Ž .Similar reflection patterns are seen on all slope transects crossing the area of investigation. b Part of the coincident Parasound

high-resolution sub-bottom profile.

Some of the transects described above are con-
nected by lines running parallel to the continental

Ž .margin Fig. 1 .

3.7. AWI-94041rBAS923-24

MCS profiles AWI-94041 and BAS923-24 are
nearly coincident, and trend E–W along 69830XS,

Ž .parallel to the margin Figs. 1 and 2g . These data
show a large sediment mound or drift developed on
the continental rise. The interpreted line drawing of

Ž .profile AWI-94041 Fig. 2g shows the mound in
relation to surrounding ocean floor, and a separate

Ž .MCS data panel from profile BAS923-24 Fig. 9

shows the internal acoustic architecture of the mound
in detail.

Profile AWI-94041 shows that the sediment
mound is built close to a large buried basement

Ž .trough centered on CMP 7800, Fig. 2g , where the
oceanic crust to the east may have overridden crust

Ž .to the west Gohl et al., 1997 . In particular, the
mound developed above elevated crust to the east of
the trough, and we suggest that uplift of this area
may have contributed to the later formation of the
mound. Here, profiles AWI-94041 and BAS923-24

Žshow that early basement tectonism described by
.Gohl et al., 1997 led to uplift of the ocean floor east

of the trough, and the development of an erosional
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Ž .Fig. 9. Section of MCS profile BAS923-24 located in Fig. 1 showing a large sediment mound on the continental rise near 948W. Vertical exaggeration is ca. 27:1 at the sea
floor.
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Žunconformity labelled at 6.1 STWT near CMP 6500,
.Fig. 9 . This unconformity is seen also on N–S

Žprofile BAS923-27 at ca. 6 STWT near the northern
.end of line, Fig. 2d . Onlap of post-tectonic sedi-

Žments against this surface e.g., at 6.7 STWT near
.CMP 5500, Fig. 9 indicates that a palaeo-high be-

tween ca. CMPs 7000 and 8200 existed during accu-
mulation of these sediments. Profile BAS923-24
shows that the sediment mound has a width of ca.

Ž100 km extending between CMPs 4000 and 8000,
.Fig. 9 , and that its crest rises ca. 700 m above the

Ž .surrounding ocean floor at CMP 7100, Fig. 9 .

BAS923-24 also shows that the mound is asymmet-
Žric in cross-section, with a gentle eastern flank east

. Žof CMP 7100 and a steeper western flank west of
.CMP 7100 . Two channels are developed on the

Žeastern flank of the mound centered on CMPs 4100
.and 5300, Fig. 9 , and sediment waves are clearly

Ždeveloped at its surface between CMPs 5500 and
.6200, Fig. 9 .

An area of higher reflection amplitude beneath the
Žeasternmost channel CMP 4000–4300, at about 5.7

.STWT, Fig. 9 probably represents channel lag de-
posits, indicating that the position of the channel has

Ž . Ž .Fig. 10. MCS profiles TH-86002 and TH-86003 located in Fig. 1 of JNOC. a Part of MCS profile TH-86003 showing one of the
Ž .sediment mounds in detail. Vertical exaggeration is ca. 30:1 at the sea floor. b Interpreted line drawing of MCS profiles TH-86002 and

Ž .TH-86003 showing a in relation to the surrounding sea floor. The thicker line indicates the top of the acoustic basement. Vertical
exaggeration is ca. 24:1 at the sea floor.
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moved slightly to the west over time. This westward
channel migration conflicts with observations of Tu-

Ž .cholke and Houtz 1976 , although their data extend
across different parts of the Bellingshausen Sea,
mostly farther offshore. MCS profiles AWI-94041
and BAS923-24 also show that the channels were
probably generated later than a prominent reflection

Ž .at about 6.2 STWT CMP 4000, Fig. 9 . Between
this reflection and the underlying major unconform-

Žity, there is a sequence of reflections maximum
.time-thickness of 0.5 STWT which onlaps the un-

conformity. This suggests that the development of
the channels and probably that of the mound took
place quite some time after the tectonism that caused
the unconformity.

West of the mound, MCS profiles AWI-94041
and BAS923-24 show a flat-lying seafloor, and
near-surface sediments appear horizontally layered.
Here, the uppermost sequences are intersected by a
small channel at CMP 10100 and a larger channel at

Ž .CMP 19500 Fig. 2g . Unfortunately, reflections
cannot be traced with confidence from one side of
the mound to the other.

3.8. Japan National Oil profiles

Two additional MCS profiles, TH-86002 and TH-
86003, collected by the JNOC have been included in
this study. These lines have been published through

Žthe SCAR-database Yamaguchi et al., 1988; SCAR,
.1992 . They trend parallel to the margin, across the

Žlower continental rise in the Amundsen Sea Figs. 1
.and 10 , and show a series of channels and sediment
Ž . Žmounds Fig. 10b . Fig. 10a expanded part of pro-

.file TH-86003, Fig. 10b is representative of these
data and shows one of the sediment mounds in
detail. Here, profile TH-86003 shows a mound which
rises ca. 350 m above the surrounding seafloor, and
has an apparent width of ca. 60 km. This mound is

Žsmaller than the one seen to the east e.g., on profiles
.AWI-94041 and BAS923-24, Fig. 9 , although we

note that this cross-section is farther away from the
margin. This mound also differs from others de-

Žscribed in this study because its eastern slope which
.dips towards an adjacent channel is more steeply

dipping than its western slope. The gentle western
slope has clearly defined sediment waves in its upper
part. The mound is built above a strong reflection

Ž .seen at ca. 6.2 STWT Fig. 10a . Between CMPs
1600 and 1800, high-amplitude reflections indicate
that the palaeo-position of the nearby channel has
not migrated during the development of the mound.

4. Discussion

We have used the data described above, published
Žecho sounding data National Geophysical Data Cen-

.ter, 1996 , and published data covering the eastern
Žpart of the area McGinnis et al., 1997; Rebesco et

.al., 1997 to compile a map showing the distribution
of channels, sediment mounds and seamounts in the

Ž .Bellingshausen Sea region Fig. 11 . On this map,
long thick arrows represent channels that have been
interpolated between two or more bathymetry andror
seismic lines, assuming a straight or curvilinear path
between ship tracks. Small thin arrows represent
channels that have been identified on single lines
only, or channels that cannot be traced confidently
from line to line. In this case, the channel direction is

Žassumed to trend directly down-slope as defined by
.regional bathymetry data , although we recognise

that some channels will trend obliquely across the
continental rise. Hence, small arrows describe chan-
nel distribution rather than true channel paths.

The continental shelf break has been mapped
from identifications on seismic or echo sounding
profiles where such data exist. Elsewhere, the posi-
tion of the shelf break has been inferred from the

Ž .predicted topography of Smith and Sandwell 1997 ,
although a lack of satellite data south of 728S means
that the position of the shelf edge remains uncertain
in the Amundsen Sea. Seamounts and other outcrop-
ping basement structures are also marked where they
have been identified on seismic lines. In the follow-
ing discussion, we use these data to describe sedi-
mentation processes operating on the continental
shelf, slope and rise in the Bellingshausen and
Amundsen Seas.

4.1. Sedimentation processes on the continental shelf,
slope and rise

4.1.1. The outer continental shelf
As observed elsewhere on the Antarctic margin

ŽAnderson et al., 1983; Larter and Barker, 1989;

Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 191



(
)

F
.O

.N
itsche

et
al.r

M
arine

G
eology

162
2000

277
–

302
293

Fig. 11. Map showing the distribution of main sedimentary and bathymetric features mapped in the area of investigation including channels, sediment mounds and seamounts.
The crests of major mounds are marked with a black line, and ticks mark the steeper flank of the mounds. The continental shelf break position has been derived from seismic

Ž .profiles and bathymetry soundings, and interpolated from predicted bathymetry data Smith and Sandwell, 1997 .
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.Cooper et al., 1991 , the continental shelf in the
Bellingshausen and Amundsen Seas is generally

Ž .deeper 400–600 m below sea level than that seen
at lower latitudes. It is notable also, that profiles
AWI-94002, AWI-94003, BAS923-22, AWI-94030

Ž .and AWI-94042 Fig. 2a–c,f show a gradual in-
crease in water depth across the outermost continen-
tal shelf, landward of the shelf break. Most MCS
profiles crossing the outer shelf show steep, pro-
graded foresets which have been erosionally trun-
cated by sub-horizontal unconformities. Similar char-
acteristics have been reported on other parts of the

ŽAntarctic continental margin e.g., Larter and Barker,
.1989; Cooper et al., 1991 , and have been interpreted

as an indication of deposition by ice sheets grounded
to the shelf edge during times of glacial maximum.
These similarities lead us to conclude that grounded
ice has reached the continental shelf edge many
times on most parts of the Bellingshausen Sea mar-
gin. On several MCS profiles, the stratal geometry of
sequences preserved beneath the outer shelf consists

Žof three distinct units. The lower unit ‘1’ Nitsche et
.al., 1997 is characterised by gently dipping aggrada-

tional strata, and has a similar acoustic structure to
Ž .the ‘Type IIA’ sequences of Cooper et al. 1991 .

These sequences were probably deposited in an envi-
ronment where the West Antarctic ice sheet had not
reached the present outer shelf; while glaciers or the
ice sheet margin may have reached the sea, sedi-
ments were mainly transported across the continental
shelf by marine and glacial marine processes. We
attribute the change in geometry from unit 1 to

Ž .overlying units ‘2’ and ‘3’ Nitsche et al., 1997 to a
fundamental change in the mechanism of sediment
transport across the continental shelf. These upper
units are characterised by more steeply dipping fore-
set reflections, which are usually less continuous
than those of unit 1, and are truncated by sub-hori-
zontal unconformities at their upper limit. Units 2
and 3 have similar characteristics to the ‘Type IA’

Ž .sequences of Cooper et al. 1991 . These sediments
were probably transported at the base of an ice sheet
and deposited where the ice lost contact with the sea

Žfloor, i.e., along the grounding line Larter and
Barker, 1989; Cooper et al., 1991; Powell and Alley,

.1997 . When the grounding line lay at or near the
shelf edge, glacial sediments were deposited directly
onto the upper slope, leading to the generation of

foresets and shelf-edge progradation observed in the
MCS profiles.

The stratal geometry of the outer shelf and the
amount of progradation apparent within it may be
considered a function of sediment supply and the

Žrate of increase in accommodation space the sum of
.shelf subsidence and sea level change during the

development of the prograded wedge. MCS profile
Ž .BAS923-25 Fig. 2e also suggests local tectonic

control on the development of the wedge. However,
existing data do not allow us to properly separate
these effects. On the basis of the regional tectonic

Žframework e.g., Mayes et al., 1990; McCarron and
.Larter, 1998 , we expect the rate of thermal subsi-

dence of the margin to increase gradually from west
to east, in relation to the length of time since the last

Žmajor thermo-tectonic event rifting or ridge–trench
.collision . If we assume that the initial formation of

the prograded wedge occurred after the start of the
ŽMiocene by analogy with neighbouring areas: Larter

.and Barker, 1991b; De Santis et al., 1995 , subsi-
dence resulting from thermal effects should already
have been relatively slow by that time along the
entire Amundsen–Bellingshausen Seas margin.
Therefore, there does not appear to be any reason
why the rate of accommodation should have varied
appreciably along the margin during its subsequent
development. Hence, we surmise that variations in
the total amount of progradation identified in the
MCS data over distances of a few hundred kilome-
ters are principally a function of sediment supply.
Sediment supply to the margin would have been
affected, in turn, by a variety of factors controlling
the volume and dynamics of the ice sheet. An impor-
tant factor would have been the focusing of sediment
transport by ice streams, but data acquired on the
continental shelf are still too sparse to identify source
areas and transport patterns in this region.

The rate of sediment supply to the outer shelf
would have fluctuated with variations in the distance
between the ice grounding line and the continental
shelf edge. When the grounding line advanced to the
shelf edge, the ice sheet could have transported large
volumes of poorly sorted material directly to the
upper slope. However, when the grounding line lay
significantly inshore, some finer-grained sediment
might have been transported to the outer shelf and
slope by tidal motion and shelf currents, but most
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glacial sediments were probably trapped within the
deeper inner shelf area.

MCS profiles presented in this study show along-
margin variation in the acoustic architecture of the
outer shelf, and the amount of shelf-edge prograda-
tion. Spatial variations in the size of the prograded
wedge are also suggested by predicted bathymetry

Ž .data Smith and Sandwell, 1997 which show ‘lobes’
similar to those shown to have been produced by

Žprogradation along the Antarctic Peninsula Larter et
.al., 1997 . The lobate form of the margin appears to

be confirmed by the few bathymetry tracks available
Žin the area. On MCS profile BAS923-25 Fig. 2e and

.Fig. 7 , prograded sequences appear to be absent,
which may suggest low sediment supply to the shelf

Ž .edge. Here, nearby Thurston Island Fig. 1 might
have acted as a barrier to ice streams supplying
sediment from the West Antarctic continent. It is
possible also, that the local structural high observed

Ž .beneath the outer shelf near CMP 5750, Fig. 7
restricted sediment transport to this part of the upper
slope. At its southern end, profile BAS923-25 is
connected to BAS923-27 by E–W MCS profile
BAS923-26, extending along the continental shelf
Ž .unpublished BAS data . BAS923-26 extends
obliquely across prograded sequences just a few
kilometers east of line BAS923-25. Hence, we infer
that the absence of prograded foresets on profile
BAS923-25 is of local extent, although additional
data are required to confirm this.

4.1.2. The continental slope
Ž .Seismic transects presented in this study Fig. 2

show a marked difference in continental slope gradi-
ent between profile AWI-94002 and the other lines.
Easternmost profile AWI-94002 shows a much

Ž .steeper gradient )128, Fig. 2a than the more west-
Ž .erly transects 28–58, Fig. 2b–d,f . This steep slope

gradient is typical of many published profiles from
Žthe Pacific margin of the Antarctic Peninsula Larter

.and Barker, 1989, 1991b . We consider two possible
factors that may have contributed to this difference.
Firstly, the present variation in slope angle may
partly reflect along-slope variations that pre-date de-
position from grounded ice and are the result of
older tectonic processes. Antarctic–Phoenix ridge
segments migrated into the trench west of 808W
before 40 Ma, but did not reach the part of the

Žmargin east of 808W until after 30 Ma Larter et al.,
.1997; McCarron and Larter, 1998 . As a conse-

quence of changes in subduction convergence rate
and direction, changes in spreading rate, and possible
microplate tectonics during the early Tertiary, the
last stages of subduction might have had different
effects on these different sectors of the margin. Slope
gradient may also have been affected by the textural
composition of the glacial sediment supplied to the

Ž .margin. Larter and Barker 1989 suggested that the
Ž .immaturity poor sorting and particle roughness of

glacial sediment might be a factor in the apparent
stability of the steep Antarctic Peninsula slope. We
note that the glacial transport path from Ellsworth
Land to the Bellingshausen Sea margin is consider-
ably longer than equivalent paths in the Antarctic
Peninsula region. Prolonged shearing in a deforming
basal till may break up some of the coarser fraction
of the till and therefore increase the degree of sort-
ing. Hence, if sorting occurs by this means, and if
sediment texture is indeed a factor in slope stability
on glacial margins, then the longer transport path in
the Bellingshausen Sea would result in a lower slope
angle. It is interesting to note that the Antarctic

Ž .continental slope has a relatively low gradient 18–38

in other places where long glacial transport paths
reached the margin at times of glacial maximum,
e.g., eastern Ross Sea, Crary Fan and Prydz Channel

Ž .Fan Haugland et al., 1985; Cooper et al., 1991 .
Variations in sediment composition may also be

related to variations in sea-floor reflection strength
observed on BAS and AWI MCS profiles. A com-
parison of MCS profiles crossing the continental
shelf in the Bellingshausen Sea and Antarctic Penin-
sula regions suggests that sea-floor multiple reflec-
tions are weaker in the Bellingshausen Sea, which
implies a lower sea-floor reflection coefficient in this
region. This is consistent with estimates of interval
velocities for shallow shelf sediments derived from
semblance analyses during processing, which are
typically )2000 m sy1 in the Antarctic Peninsula

Ž .region Larter and Barker, 1989 , but only 1800–
1900 m sy1 in the Bellingshausen Sea. If sediments
deposited on the outer shelf in the Bellingshausen
Sea are, on average, finer-grained, they would tend
to retain more water, and this would explain the
slightly lower seismic velocities, resulting in a lower
reflection coefficient at the sea floor. Alternatively,
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the lower seismic velocities for shallow shelf sedi-
ments in the Bellingshausen Sea could indicate that
they have been subject to less glacial loading and
compaction.

Ž .Published studies Rebesco et al., 1997 have
shown that sediment drifts on the continental rise
near the Antarctic Peninsula are separated from the
continental margin by non-depositional bathymetric
troughs which extend along the foot of the continen-
tal slope. In contrast, the larger sediment mounds in
the Bellingshausen Sea form topographic ridges

Žwhich extend to the continental margin Fig. 11, and
.shown by MCS profile BAS923-27, Fig. 2d . The

absence of a non-depositional trough at the base of
slope may be related to the difference in continental
slope gradient described above. Very high energy
gravity flows generated on the steep slope of the
Antarctic Peninsula margin may have eroded drift
sediments near the base of the slope. However, in the
Bellingshausen Sea, the continental slope is shal-
lower, and down-slope gravity flows may be less
energetic, leading to sediment preservation at the

Ž .base of slope. Rebesco et al. 1997 also described
drift sediments which onlap the lower slope adjacent
to their lobe ‘2’, and suggested that this part of the
Antarctic Peninsula margin had been less active dur-
ing recent glaciations. Hence, we suggest that preser-
vation of sediments on the lower continental slope
may be controlled, in part, by the energy of down-
slope gravity flows generated during times of glacial
maximum.

MCS profiles BAS923-22 and AWI-94030 show
acoustically laminated units which onlap the upper

Ž .continental palaeo-slope Fig. 6 . This geometry
could reflect hemipelagic deposition in the presence
of a contour current on the slope. Predicted

Ž .bathymetry data Smith and Sandwell, 1997 suggest
that here, the upper slope forms part of a broad
sediment ridge, with its crest lying farther to the east
Ž .between 858W and 878W, Fig. 1 . The unusual
landward movement of the palaeo-shelf edge in pro-
file BAS923-22 shows that the rate of increase in
accommodation space outstripped sediment supply to
this part of the margin at least once during the
growth of the prograded wedge. Hence, there have
been times when the sediment input from the inner
shelf to this flank of the sediment ridge near 87830X W
appears to have been comparatively low. This has

led to the preservation of slope facies which were
probably sourced along-slope to the east.

Farther west, the depositional pattern of sediments
beneath the outer shelf remains poorly defined. How-
ever, the acoustic architecture of MCS profile AWI-
94042 suggests that grounded ice has, at some time,
reached the continental shelf edge and transported
sediment to the upper slope in the eastern Amundsen
Sea.

Along most parts of the continental margin inves-
tigated in this study, MCS and high-resolution sub-
bottom profiles show evidence of small-scale slope

Žfailure and debris flow deposits e.g., profile AWI-
.94042, Fig. 8 . However, we find no evidence of

sub-marine canyons along the continental shelf edge
and slope on the existing margin crossings. This
observation conflicts with results of a previous study
based on older and more poorly located bathymetric

Ž .soundings Vanney and Johnson, 1976 that showed
canyons for which we have found no supporting
evidence.

The channels seen in BAS and AWI profile data
appear to extend northward from the foot of the

Ž .continental slope Fig. 11 . This is shown in swath
bathymetry data acquired north of Alexander Island
Ž .Figs. 1 and 12 . On the upper continental slope,
these data show numerous small gullies and scarps,
whereas central parts of the slope have a compara-
tively smooth sea floor. At greater depth, elongated
mounds are seen near the base of slope. Between the
mounds, small channels merge together to form larger
channels on the upper continental rise. Similar fea-
tures have been seen in GLORIA sonographs of the

Ž .Antarctic Peninsula margin Tomlinson et al., 1992 .

4.1.3. The continental rise
On the continental rise, we have identified a

series of sediment mounds and intervening channels
Ž .Fig. 11 . The mounds are usually located along the
western side of the channels, consistent with obser-

Ž .vations of Tucholke and Houtz 1976 . In places
where channels lie along both sides of a mound, the
mound is thought to have been built up from sedi-
ment supplied through the more easterly channel.

Turbidites in sediment cores from the abyssal
Ž .plains Hollister et al., 1976; Wright et al., 1983

suggest that the rise channels formed pathways for
turbidity currents, and it is likely that the intervening

Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 195



( )F.O. Nitsche et al.rMarine Geology 162 2000 277–302 297

ŽFig. 12. Perspective view of two Hydrosweep swath bathymetry stripes from the continental slope north of Alexander Island located in Fig.
.1, and illuminated from NE . These data show small channels on the lower continental slope merging to form the major channel which

separates the large mound in the foreground from the continental slope.

sediment mounds are composed primarily of fine-
grained components from these turbidity currents
which were entrained in ambient bottom currents.
The fact, that mounds or levees are usually seen on
the western sides of the channels, can be explained
by deposition in the presence of a westward-flowing

Žbottom current and Coriolis force e.g., Tucholke,
.1977; Rebesco et al., 1996 . Variations in the shape

and size of the mounds along the margin could
reflect differences in the influence of the bottom
current and sediment supply: while the mound on

Ž .profiles BAS923-24rAWI-94030 Fig. 9 has a simi-
lar acoustic architecture to sediment drifts on the rise

Ž .to the northeast e.g., Rebesco et al., 1996 , the
Žgeometry of the mounds on profile TH-86003 Fig.

.10 more closely resembles that of a classical chan-
Ž .nel levee as described by Stow, 1994 . Direct

Žoceanographic measurements e.g., Hellmer et al.,
.1998 are sparse in this region, and do not describe

bottom current flow in the vicinity of the sediment
mounds; as a consequence, the bottom current regime
in the southern Bellingshausen and Amundsen Seas
remains poorly understood. Nonetheless, westward-
flowing ambient bottom currents have been inferred
previously on the basis of seabed photographs
Ž .Hollister and Heezen, 1967 and nepheloid measure-

Ž .ments Tucholke, 1977 . The nearest published direct
current measurements at the South Shetland trench
Ž .Nowlin and Zenk, 1988 and on the rise north of the

Ž .Antarctic Peninsula Camerlenghi et al., 1997 de-
scribe westward bottom current flow, with speeds
decreasing southwestward from 10–20 cm sy1 at the
South Shetland trench to ca. 6 cm sy1 near 778W. In
addition to a westward-flowing boundary current, the
action of Coriolis force on turbidity currents would
also promote deposition along the western side of the
channels. However, the vertical relief of some
mounds described in this study is larger than that of
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any channel levees reported in areas lacking signifi-
cant bottom current activity. It is possible also, that
bottom circulation varied appreciably during past

Ž .glacial cycles. In particular, Pudsey 1992 proposed
weaker bottom currents during glacial periods in the
Weddell Sea, which is presumed to be the source
area for bottom water flowing westward along the
Antarctic Peninsula margin and Bellingshausen Sea
continental rise.

Farther north, sedimentation processes are thought
to be dominated by the Antarctic Circumpolar Cur-

Ž .rent ACC, e.g., Nowlin and Klinck, 1986 , which is
wind-forced at the sea surface, and affects the entire
water column. ACC flow probably began after the

Žopening of Drake Passage ca. 23 Ma ago Barker and
.Burrell, 1977 . In the eastern Bellingshausen Sea,
Ž .Read et al. 1995 showed that the modern ACC

extends as far south as 678S.
Seismic reflection and high-resolution sub-bottom

Žprofiles presented here and elsewhere e.g., Tu-
.cholke, 1977 show well-formed migrating sediment

waves on the rise in the Bellingshausen Sea. Sedi-
ment waves have been associated with ambient ther-

Žmohaline current flow across sediment drifts Flood
.et al., 1993 and turbidity current flow across deep-

Žsea channel levees e.g., Damuth, 1979; Normark et
.al., 1980; Carter et al., 1990 . Comparison of BAS

and AWI profile data suggests that sediment waves
are more common on the continental rise in the

Bellingshausen and Amundsen Seas than on the rise
adjacent to the Antarctic Peninsula. This may be due,
in part, to the existing distribution of data; sediment
waves described in this study are located farther

Ž .away from the margin 100–200 km than most
MCS profiles obtained in the Antarctic Peninsula
region. Hence, it is possible that sediment waves
have not been widely reported in the Antarctic
Peninsula region due to the lack of data over distal
parts of the rise. Alternatively, it is possible that the

Žcharacteristics of the sediment e.g., grain size or
. Žcohesion or the bottom currents e.g., speed or

.directional stability favour sediment wave formation
in the Bellingshausen Sea.

4.2. Glacial margin sedimentation model

The sedimentation processes described above can
be incorporated into a preliminary sedimentation
model for the glacial margin depositional systems in

Žthe Bellingshausen Sea shown in perspective view,
.Fig. 13 . Before a large ice sheet developed on West

Antarctica, the main sedimentation processes were
probably similar to those found on lower latitude
margins. When ice sheets first reached the open sea,
marine and glacial marine processes were probably
still the main means of sediment transport across the
continental shelf. During subsequent glacial–inter-
glacial cycles, the advance and retreat of grounded

Fig. 13. Simple model describing sedimentation processes in the Bellingshausen Sea.
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ice sheets across the continental shelf would have
resulted in a fundamental change in the shelf–
slope–rise sediment transport system. At glacial
maximum, grounded ice probably reached the shelf
edge in many parts of the Bellingshausen and
Amundsen Seas, which would have caused an in-
crease in the supply of terrigenous material to the
upper slope. Sediment supply would have been espe-
cially high in the vicinity of ice stream termini. This
was probably accompanied by increased sediment
transport down the continental slope by means of
small-scale slumps and debris flows. While the
coarsest fraction settled on the lower slope, other
components were probably incorporated in turbidity
currents which flowed along the channels on the
continental rise toward the abyssal plain. Sediment
preservation on the uppermost rise may have been
controlled, in part, by the energy of subsequent
down-slope flows. MCS and sub-bottom profiles
suggest that slumps and debris flows have been
generated on a broad part of the slope, and that
remobilised material has been transported in tribu-
tary channels which meet near the base of slope to
form major channels on the rise. Here, fine-grained
components from turbidity currents have settled
mainly on the western bank of the channels, having
been entrained in westward-flowing bottom currents
and deflected by Coriolis force. We note that mounds

Ž .are closely associated with channels Fig. 11 , and
that appreciable volumes of terrigenous sediment
have been deposited in the vicinity of channels.
Similar mounds have been found to the northeast, on

Žthe Antarctic Peninsula rise McGinnis and Hayes,
1995; Rebesco et al., 1996, 1997; McGinnis et al.,

. Ž .1997 . Rebesco et al. 1996 interpret these mounds
as sediment drifts, constructed mainly from the fine-
grained components of turbidity currents originating
on the continental slope, entrained in a nepheloid
layer within the ambient southwesterly bottom cur-
rents, and deposited downcurrent. In contrast,

Ž .McGinnis and Hayes 1995 and McGinnis et al.
Ž .1997 suggest that the mounds were generated
mainly by down-slope depositional processes with
less influence of bottom currents. From our data, we
surmise that long-distance nepheloid layer transport
at the base of the westward-flowing boundary cur-
rent has played a comparatively minor role on the
rise in the Bellingshausen and Amundsen Seas, al-

though in some places, bottom currents have had a
major influence on the pattern of deposition of fine-
grained terrigenous sediment, and hence, on con-
struction of mounds. Our model seeks to account for
the wide range of depositional styles observed on the
continental shelf, slope and rise in this region through
variations in sediment supply, and the strength and
stability of bottom currents.

The BAS and AWI MCS profiles in the Bellings-
hausen and Amundsen Seas do not extend through
drill sites, and consequently, we have no reliable
constraints on the age of the prograded sequences
described in this study. Existing studies suggest that
grounded ice reached the continental shelf edge in

Žthe eastern Ross Sea by the early Miocene De
.Santis et al., 1995 , and reached the shelf edge in the

Antarctic Peninsula region in the latest Miocene
Ž .Larter et al., 1997 . In the absence of reliable age
control, the timing of the onset of glacial prograda-
tion in the Bellingshausen and Amundsen Seas re-
mains uncertain, although we suspect that it falls
within the Miocene. While uncertainties remain con-
cerning the regional significance of stratal geometry
transitions within the depositional sequences ob-
served beneath the outer continental shelf, thick drift
accumulations identified on the adjacent continental
rise may still yield a palaeo-environmental record
which is representative of the region as a whole.
Existing studies suggest that the acoustic stratigraphy
of rise drifts may be jump-correlated over large

Ž .distances i.e., 400 km, Rebesco et al., 1997 , and
that these sediment bodies provide a more continu-
ous sedimentary record.

Owing to a paucity of data, the morphology and
depositional architecture of the shelf and slope in the
central Amundsen Sea remains poorly understood.

ŽPredicted bathymetry data Smith and Sandwell,
.1997 and one available bathymetry profile suggest

that canyons may be present in the upper slope
between 1088W and 1128W. JNOC MCS profiles
Ž .Fig. 10 show channels, mounds and sediment waves
on the continental rise similar to those in the Bellings-
hausen Sea, which suggests that similar sedimenta-
tion processes have been active in both areas. Differ-
ences in the geometry of the mounds observed on the
JNOC profiles from those in the Bellingshausen Sea
suggest a lesser influence of westward-flowing bot-
tom currents. This could result from a westward
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decrease in bottom current velocity, or a decrease in
bottom current velocity with increasing distance from
the margin. Additional data are required to resolve
this uncertainty.

5. Conclusions

In this study, we present new MCS profiles,
high-resolution sub-bottom profiles and bathymetry
data acquired across a remote and poorly surveyed
part of the Antarctic margin in the Bellingshausen
and Amundsen Seas. These data show regional varia-
tions in the depositional style of the Antarctic conti-
nental margin. Some specific findings are listed be-
low.

Ž .1 Although there are some general similarities in
the stratal geometry of shelf sequences, MCS data
also show longitudinal variations in the development
of depositional systems on the Antarctic continental
shelf, slope and rise in the Bellingshausen and
Amundsen Seas. Comparison between data acquired
in the Bellingshausen Sea and Antarctic Peninsula
regions also shows similar overall patterns of shelf
sequences, as well as demonstrating differences in
detail between the development history of the margin
in these areas. These differences result from a variety
of factors which affect southern-hemisphere glacial
margin sedimentation including: variations in source
lithology, the rate of sediment supply to the outer
shelf, the length of the glacial transport path, local
tectonic controls, and the influence of bottom cur-
rents on sedimentation.

Ž .2 On most MCS profiles crossing the outer
continental shelf, we identify a broad transition from
gently dipping aggradational sequences, to sequences
with more steeply dipping prograded foresets, which
are truncated at their upper limit by sub-horizontal
unconformities. By analogy with previous studies,
we suggest that the lower aggradational sequences
were deposited in a glacial marine environment where
the West Antarctic ice sheet had not reached the
present outer shelf, and that the upper progradational
sequences were deposited at or near the shelf edge
by grounded ice during times of glacial maximum.
MCS profiles also show large variations in the
amount of shelf edge progradation over distances of
a few hundred kilometers. We suspect that this prin-

cipally reflects variations in sediment supply to the
outer shelf, which would have been affected, in turn,
by the geology of the glacial catchment area and
other factors controlling the dynamics of the West
Antarctic ice sheet.

Ž . X3 Near 87830 W, MCS profiles crossing the
Antarctic continental margin show a thick, current-
influenced slope sequence on the upper continental
slope. Here also, an abrupt landward shift of the
offlap break is observed within progradationalrag-
gradational sequences beneath the adjacent outer
shelf. We infer from these observations that there
have been times when sediment input from the inner
shelf was comparatively low along this part of the
margin. Elsewhere in the Bellingshausen Sea and
Antarctic Peninsula regions, equivalent slope-front
facies are thought to have been overwhelmed by
sediments transported along the shelf–slope–rise
sediment transport path.

Ž .4 We identify sediment mounds developed on
the upper continental rise. We interpret these mounds
as being principally composed of fine-grained mate-
rial which has been transported to the rise by turbid-
ity currents. Coriolis force will have influenced tur-
bidity currents throughout the region, but the size
and shape of one mound in the western Bellings-
hausen Sea implies that entrainment of fine-grained
sediments in westward-flowing ambient bottom cur-
rents was important in this area. Similar bottom
current influence on mound construction to the
northeast on the Antarctic Peninsula continental rise

Ž .has been proposed by McGinnis and Hayes 1995 ,
Ž .Rebesco et al. 1996; 1997 , and McGinnis et al.

Ž .1997 , although their models differ with regard to
the relative influence of these currents. We consider
that the distribution, structure and external form of
the mounds in the Amundsen and Bellingshausen
Seas reflect the relative influence of the bottom
currents, and the nature and volume of sediment
supplied from the adjacent continental margin.

This study shows that sedimentation processes on
the Antarctic continental shelf, slope and rise are
affected by many physical and environmental fac-
tors. In order to distinguish these effects, the whole
sediment transport path from shelf to slope to rise
must be understood. Additional insights may be
gained from comparisons with northern-hemisphere
glacial margin systems.
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Abstract

Seismic reflection profiles, bathymetric and magnetic data collected along and across the continental margin of the
Bellingshausen Sea provide new constraints and interpretations of the oceanic basement structure and Cenozoic glacial history of
West Antarctica. Evidence for tectonic boundaries that lie perpendicular to the margin has been identified on the basis of one
previously unpublished along-slope multichannel seismic reflection profile. By combining several magnetic data sets, we
determined basement ages and verified the positions of possible fracture zones, enabling us to improve previous tectonic and
stratigraphic models. We establish three main sediment units on the basis of one seismic along-slope profile and by correlation to
the continental shelf via one cross-slope profile. We interpret a lowermost unit, Be3 (older then 9.6 Ma), as representing a long
period of slow accumulation of mainly turbiditic sediments. Unit Be2 (from about 9.6 to 5.3 Ma) may represent a period of short-
lived ice advances on the continental shelf. The uppermost unit, Be1 (from about 5.3 Ma to present), apparently consists of rapidly
deposited terrigenous sediment that we interpret as having been transported to the shelf edge by frequent advances of grounded ice.
Listric faults are observed in Be1 and indicate sediment instability due to interactions between different depositional processes.
Correlation of the sediment classification scheme with the continental rise of the western Antarctic Peninsula shows obvious
differences in sediment depositional patterns. We estimate a very high sedimentation rate for Unit Be1 (up to 295 m/my) which
points to an increase in glacial sediment supply due to major glacial outlets that flowed to nearby parts of the shelf edge in Pliocene
and Quaternary times. This is in contrast to the situation at the adjacent Antarctic Peninsular margin and many other parts of the
continental rise around Antarctica.
© 2006 Elsevier B.V. All rights reserved.
Keywords: West Antarctica; Bellingshausen Sea; continental margin; continental rise; sedimentation; Miocene; seismic reflection; sediment drifts
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1. Introduction

Since ice sheets first advanced onto the continental
shelves around West Antarctica, alternations of glacial
and interglacial periods have had a major influence on
the sediment supply across the shelf and into the deep
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sea. The patterns of deposition of late Cenozoic sedi-
ments along the slope and rise of the West Antarctic
continental margin reflect interaction between the
effects of ice sheet fluctuations, mass transport process-
es and bottom currents (Larter and Cunningham, 1993;
Rebesco et al., 1996, 1997, 2002; Nitsche et al., 2000).
Thus, both the sediment stratigraphy and the physiog-
raphy of the sea floor reflect the history of the West
Antarctic glaciation as well as the processes that eroded,
transported and deposited sediments on the outer shelf,
slope and rise of the continental margin.

The first multi-channel seismic profiles in the Bel-
lingshausen Sea were collected in 1993 (Cunningham
et al., 1994). In this paper we present a new profile,
AWI-20010001, which connects a grid of previously
recorded profiles west of the Antarctic Peninsula with
a set of profiles in the western Bellingshausen Sea
Fig. 1. Satellite-derived predicted bathymetric map (Smith and Sandwell, 1
Antarctic continental margin with tracks of seismic lines. The multichannel
were recorded in 1994 and 2001, respectively, with RV Polarstern. The Brit
James Clark Ross cruise in 1993. The dashed line shows the track of single
(e.g. Tucholke and Houtz, 1976). The thin lines show additional seismic pro
ODP Leg 178 are marked with white dots.
and eastern Amundsen Sea (Fig. 1). Together with slope-
parallel seismic lines in the east and west, it forms a
transect that is over 2000 km long and enables a corre-
lation of deposition and transport processes along the
entire West Antarctic continental rise of the south-east-
ern Pacific.

Previous investigations at different sites on the Ant-
arctic continental margins show glacial related sediment
supply to the continental rise since the Late Miocene
and a decrease in sedimentation rates since the Pliocene
(results from ODP Legs 178 and 188, see e.g. De Santis
et al., 1995; Barker and Camerlenghi, 2002; Iwai et al.,
2002). The continuation of this survey effort into the
largely unexplored Bellingshausen Sea is one of the
goals of this study. In particular, this paper will discuss
the influence of grounding ice development on sedi-
mentation processes since the Late Miocene.
997) of the Bellingshausen and eastern Amundsen Sea and the West
seismic (MCS) profiles AWI-94003, AWI-94030 and AWI-20010001
ish Antarctic Survey collected MCS profile BAS-92324 during a RRS
channel seismic data, acquired during a USNS Eltanin cruise in 1970
files which are not used in this paper. Drill sites of DSDP Leg 35 and
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2. Tectonic–sedimentary background

This section briefly summarises previous knowledge
of the tectonic and sedimentary history of the West
Antarctic continental margin. An understanding of the
evolution of the oceanic basement and its tectonic struc-
tures is important for the estimation of sediment ages.
Furthermore, an understanding of the glacial sediment
transport processes should help clarify the relationship
between advances of grounded ice on the continental
shelf during glacial times and the associated develop-
ment and structure of sediment deposits on the conti-
nental slope and rise.

2.1. Basement evolution

The active continental margin of the Bellingshausen
Sea and the western Antarctic Peninsula was converted
to a passive margin via a series of ridge–trench colli-
sions of the Antarctic–Phoenix ridge that progressively
migrated towards the northeast. Such ridge–trench
interactions began at about 50 Ma east of Peter I Island
and continued until about 3 Ma at the northern end of
the Antarctic Peninsula at about 62.5°S (e.g. Barker,
1982; Larter and Barker, 1991; Larter et al., 1997,
1999; Eagles et al., 2004b). The spreading corridors
that formed by the action of these ridge segments are
separated from one another by fracture zones that are
oriented approximately perpendicular to the trench.

The boundary with the Amundsen Sea just to the
west can be defined along a set of north–south trending
tectonic lineations of which the western branch is
named the Bellingshausen Gravity Anomaly (BGA).
The BGA corresponds to a buried basement trough
where Cretaceous oceanic basement dips beneath more
elevated basement to the east (Gohl et al., 1997; Cun-
ningham et al., 2002). Convergent motion at this tec-
tonic boundary occurred in the late Cretaceous from 79
to 61 Ma (Larter et al., 2002; Cunningham et al., 2002;
Eagles et al., 2004a,b). The oceanic crust in between the
BGA and Peter I Island has recently been interpreted as
having formed as part of the erstwhile Charcot Plate
(Larter et al., 2002; Eagles et al., 2004b).

2.2. Glacial history and sediment transport

Geophysical and geological data constraining the
glacial history of the Antarctic Peninsula and the Bel-
lingshausen Sea come from both on- and offshore,
predominantly from the Antarctic Peninsula margin.
The earliest evidence of ice-rafted debris in the region
has been found in sediments exposed on the King
George Island in the South Shetland Islands. These
sediments were dated as early Eocene by Birkenmajer
(1991), but have been reinterpreted as Oligocene sedi-
ments by Dingle and Lavelle (1998) and Troedson and
Smellie (2002). The earliest ice-rafted debris at DSDP
Site 325 was identified in a Middle Miocene core
(Hollister et al., 1976). A number of authors interpret
compilations of benthic foraminiferal oxygen isotope
data (e.g. Miller et al., 1987; Zachos et al., 2001) in
terms of major ice-sheet expansions at the Eocene–
Oligocene boundary and in the Middle Miocene. The
Eocene–Oligocene shift in oxygen isotope ratios is now
widely thought to be related to development of the East
Antarctic ice sheet. However, the timing of the first
development of large ice sheets on West Antarctic con-
tinental shelves remains a subject of debate. Data from
the Pacific margin between the Antarctic Peninsula and
the Ross Sea are sparse, but geophysical and ODP data
acquired from the continental shelf and rise (Location
shown in Fig. 1) give evidence that glacially transported
sediments were supplied to the continental margin in the
middle to Late Miocene (e.g. Bart and Anderson, 1995;
Rebesco et al., 1997; Larter et al., 1997; Nitsche et al.,
1997; Barker and Camerlenghi, 2002). A major change
in sequence geometry on the outer shelf (start of pro-
gradation) was dated as Late Miocene at ODP Site 1097
and interpreted as the start of regular advances of
grounded ice to the shelf edge (Barker and Camerlen-
ghi, 2002). A widely held conceptual model of glacial
sediment transport processes on this margin may be
summarized as follows:

Deformation of subglacial till beneath ice streams
is thought to be the main mechanism transporting
sediment to the shelf edge, at least during the Late
Miocene, Pliocene and Quaternary (Larter and Cun-
ningham, 1993; Dowdeswell et al., 2004a). The ice
grounding line advanced and retreated, controlled by
climatic forcing and ice-sheet dynamics. During gla-
cial maxima, grounded ice extended to the continental
shelf edge, resulting in the transport of sediment by
ice streams and deposition onto the slope (Fig. 2).
Thus, prograding sequences and large oblique wedges
developed often on the outer shelf and slope (e.g.
Larter et al., 1997). Mass transport processes (slumps,
slides, debris flows and turbidity currents) transported
large volumes of sediment material from the continen-
tal slope to the deep basin. Numerous, large turbidity
current channels, which cut on the lower slope and
rise, are identified on many parts of the continental
margin (e.g. Tomlinson et al., 1992; McGinnes et al.,
1997; Anderson et al., 2001, Rebesco et al., 2002;
Dowdeswell et al., 2004b).



Fig. 2. Transport processes of eroded sediment material across the slope and depositional processes on the continental rise along the West Antarctic
margin during glacial maxima (modified after Rebesco et al., 1997).
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2.3. Physiographic expression

Published data on the physiographic expression of
the Bellingshausen Sea is very sparse, coming from
satellite derived bathymetry data (Smith and Sandwell,
1997) and a few seismic profiles (Fig. 1). The satellite
bathymetry suggests a relatively even continental shelf
and shelf widths varying from about 390 km east of
Thurston Island to about 480 km west of Alexander
Island. Three lobes on the continental shelf break that
may have been produced by oceanward migration can
be observed. Sediment supply from the vicinity of
these lobes seems to have fed large sediment depo-
centres on the continental rise. The continental slope
in the Bellingshausen Sea is gently inclined with a
gradient between 1° and 4° and thus shallower than
the slope observed northeast of 77°W along the west-
ern Antarctic Peninsula (gradient between 13° and
17°) (e.g. Cunningham et al., 1994; Nitsche et al.,
1997).

3. Magnetic database

We interpreted helicopter magnetic data that were
acquired during the RV Polarstern cruise ANT18-5a
in 2001 in the eastern Bellingshausen Sea in order
to investigate basement tectonic structures. Acquisi-
tion was with a Scintrex™ caesium-vapour magne-
tometer. The sensor tow-length was 30 m. Altitude
ranged between 150 and 300 m, and the average
helicopter speed was about 80 kn. Values of total
magnetic intensity (measured in nT) were sampled at
100-ms intervals. All total magnetic intensity data
were subsequently processed to eliminate high-fre-
quency noise and spikes, and the global magnetic
reference field (IGRF) was then subtracted from the
data.
4. Seismic database and observations

Two cross-slope MCS profiles, AWI-94003 and
AWI-94030, permit correlations between the outer con-
tinental shelf and the along-slope MCS profiles AWI-
20010001 and BAS-92324 on the continental rise and,
thus, enable a determination and interpretation of the
sedimentary architecture on the continental margin of
the Bellingshausen Sea. The recording methods for, and
processing of the two cross-slope profiles are described
by Nitsche et al. (1997). The acquisition and processing
of Profile BAS-92324 were described by Cunningham
et al. (1994). Profile AWI-20010001 was recorded
using a 96 channel, 600 m hydrophone streamer and
an array consisting of eight airguns with a total chamber
capacity of 24 l. The shot interval was 12 s and the
sampling interval was 2 ms. The seismic data were
processed with standard procedures. After demultiplex-
ing and applying a spherical divergence correction, the
data were sorted and binned into 12.5 m spaced CDP's.
A bandpass filter between 10 and 90 Hz was applied
prior to normal move-out correction and stacking. We
used a deconvolution filter to minimize the bubble
effect and sharpen the reflection arrivals. Due to the
short streamer and thus short move-out, the quality of
the velocity model was not good enough for an appro-
priate estimate of interval velocities. Hence, all depth
values in the following section are only roughly esti-
mated by assuming an average interval velocity in sed-
iment of 2000 m/s.

4.1. Basement structure

The along-slope seismic reflection profile AWI-
20010001 (Figs. 3, and 4a, b and c) shows a distinct
sediment-basement boundary, characterised by a down-
wards change from weak to very strong reflectivity. The



Fig. 3. Seismic reflection profile AWI-20010001, showing the inferred fracture zones and sediment units Be1–Be3. The eastward correlating profile I95-130 (shown above AWI-20010001) clarifies
the age-correlation between both sediment classification schemes.
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Fig. 4. Profile AWI-20010001 between (a) CDP 9000 and 20000, (b) CDP 17750 and 28000 and (c) CDP 24000 and 40000 with detailed sediment units. Arrows mark intersections with profiles
AWI-94003 and AWI-94030.
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basement surface shows considerable relief, with base-
ment highs, depressions and vertical offsets. Most con-
spicuous of these are a basement depression between
CDPs 8000 and 11750 (up to 7.5 s TWT, about 2250 m
b.s.f.), a steep basement step, of about 0.5 s TWT, to the
west, and a wide basement high between CDPs 22500
and 25000. This basement high rises to approximately
5.8 s TWT (about 1000 m b.s.f.) with a relief of about
0.75 s TWT on the eastern side. The basement surface
west of this basement high descends slightly to 6.75 s
TWT at the end of the profile.

Continuing farther west, on profile BAS 92324
(Fig. 5), the basement surface descends smoothly west-
ward between CDPs 1 and 1900. The rough and elevated
basement between CDPs 1900 and 4000 descends to the
west at a similar angle but it is characterized by several
basement steps. West of CDP 5100, the basement rises
up to 6 s TWT (400 m b.s.f.) towards a wide basement
high at CDP 8200 on the eastern side of the BGA. The
steep westerly dipping flank of the basement high dips to
more than 8.5 s TWT (N2700 m b.s.f.), indicating the
tectonic boundary at the BGA.

4.2. Sediment units

The cross-slope profiles AWI-94003 and AWI-
94030 stretch from the outer shelf to the continental
rise and cross profile AWI-20010001 near its eastern
and western ends (at CDPs 10500 and 40000), respec-
tively (Figs. 1 and 3). Profile AWI-94003 (Fig. 6)
shows three units, Unit 1–Unit 3, previously defined
beneath the outer shelf by Nitsche et al. (1997), and
allows a regional continuation of their boundaries up
to profile AWI-20010001 on the continental rise. This
profile shows three sedimentary units, named as units
Be1-3, whose boundaries present the distal paracon-
formities of the unit boundaries beneath the outer
shelf. Be1–Be3 show different seismic reflections
characteristics between CDPs 10000 and 28000 (east-
ern section, Figs. 3, and 4a, b and c). The lower unit,
Be3, is characterized by low-amplitude and sub-paral-
lel to parallel reflections, which are overlain by a set
of strong reflections, unit Be2. The upper unit, Be1, is
characterized by distinct parallel but weaker and
faulted reflections and gentle mounds separated by
channels.

In order to estimate sediment ages, we correlated the
boundaries of units Be1–Be3 with previously estab-
lished seismic units on the western Antarctic Peninsula
continental rise (Rebesco et al., 1997) and continued the
boundaries along assumed isochron reflections of pro-
file AWI-20010001. The classification into three units
cannot be adopted on profile AWI-20010001 west of
about CDP 28000, where the sedimentary reflectors are
characterised by undulations and unconformities (mid-
dle section). Accordingly, we describe the western part
of the profile separately. Farther west, within the do-
main of the BGA, the sediments are strongly affected by
basement tectonics as seen on profile BAS-92324
(western section, Fig. 5). This profile was previously
described by Nitsche et al. (1997) and Cunningham et
al. (2002) and here we give only a short overview of the
main seismic features that are important for the later
discussion.

4.2.1. Eastern section (profiles AWI-94003,
AWI-20010001)

4.2.1.1. Outer continental shelf units (Unit 1, Unit 2,
Unit 3). On the cross-slope profile AWI-94003, the
lowermost outer shelf unit, Unit 1, consists of parallel
and gently seaward dipping reflections, which are trun-
cated seaward along the Unit 1/Unit 2 boundary (Fig.
6). Unit 1 closely resembles the Type IIA sequence as
defined by Cooper et al. (1991) at various locations
along the Antarctic continental margin. Unit 2 shows
upward increasing seaward inclination of the reflections
and truncation of reflections on top of the shelf deposits.
On the basis of identification of foreset reflections and
defining Unit 2 as containing few oblique foreset trun-
cations beneath the outer shelf, we place the Unit 1/Unit
2 boundary approximately 0.8 s deeper than Nitsche et
al. (1997) did. The uppermost unit, Unit 3, shows a
mainly prograding character on the outer shelf, building
a sediment wedge on the slope, whereas the uppermost
0.3 s TWT near the shelf edge is characterised by a
smooth decrease in progradation. In contrast to Nitsche
et al. (1997), we consider the Unit 2/Unit 3 boundary to
lie about 0.2 s TWT deeper, because we interpret the
boundary as the deepest erosional truncation to cross
the entire outer shelf and truncate the top of Unit 2 on
profile AWI-94003. Unit 3 and Unit 2 are characterized
as having a Type IA geometry, after Cooper et al.
(1991).

4.2.1.2. Lowermost continental rise unit (Be3). The
lowermost sedimentary unit, Be3, that we define on
Profile AWI 20010001 is a succession of weak but
mostly horizontal and parallel-bedded reflections with
variable amplitudes (Figs. 3, 4a and b). The maximum
thickness of Be3 is 0.9 s TWT in the eastern part of the
profile (at about CDP 10500). Due to its low reflectiv-
ity, no distinct faults, hiatuses, or buried channels can be
identified within Be3. The basal sediments fill basement



Fig. 5. Profile BAS-92324 between CDP 1 and 10200 with sediment units, modified after Cunningham et al. (20 ) and Nitsche et al. (1997).
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Fig. 6. Profile AWI-94003 with sediment units, Units 1–3, modified after Cunningham et al. (2002) and Nitsche et al. (1997).
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Fig. 7. Profile AWI-94030 with seismic stratigraphic sections, modified after Cunningham et al. (2002) and Nitsche et al. (1997).
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troughs and onlap the basement steps and most other
basement highs, indicating pre-sedimentary tectonic ac-
tivity (e.g. CDP 2500, 11900). The low reflectivity of
this unit changes to stronger parallel reflections between
CDP 18250 and the basement high at about CDP
24000. The sediments that cover the crest of the base-
ment high are uplifted, which indicate post-sedimentary
tectonic activity.

4.2.1.3. Intermediate continental rise unit (Be2). The
low-amplitude reflections of unit Be3 are covered by a
set of continuous and high amplitude reflections, unit
Be2 (Figs. 3, 4a and b). The transition between these
two units is gradual. The thickness of Be2 varies be-
tween approximately 0.4 s TWT (e.g. CDP 14250) and
0.5 s TWT (CDP 17750). Approaching the eastern side
of the basement high (at about CDP 24000), the bound-
Fig. 8. Illuminated satellite-derived gravity anomaly map (McAdoo and Lax
from several cruises' ship-magnetic data and helicopter-magnetic data: The a
collected by R/V Nathaniel B Palmer 9308 (2003), which we obtained from
online at http://www.ngdc.noaa.gov/mgg/gdas/gd_sys.html). The anomaly id
are from a R/V Hakurei-Maru (1981) profile first published by Kimura (198
Kimura. We interpret the anomaly he labelled as 20 as 18n. The two lines o
acquired by USNS Eltanin 42 in 1970. A synthetic magnetic anomaly profile
lines is included in McCarron and Larter (1998). The helicopter-magnetic wig
flown during a R/V Polarstern cruise in 2001.
ary becomes less clear due to the high-amplitude char-
acter of reflectors in both Be2 and Be3.

4.2.1.4. Uppermost continental rise unit (Be1). A
change from the strong reflections of unit Be2 to the
weaker reflections of unit Be1 above indicates a distinct
change in depositional conditions (Figs. 3, 4a and b).
Along profile AWI-20010001, Be1 can be seen to occur
in two broad sediment depocentres, which we named
Depocentre A (CDPs 10000–20000, east–west extent
of approx. 125 km) and Depocentre B (CDPs 24500–
38750, extent of approx. 180 km). Two channels divide
Depocentre A into three sediment mounds (Figs. 3 and
4a). The lowermost part of Unit Be1 within Depocentre
A shows low-amplitude reflections (Fig. 4a). This char-
acter changes upward to long, continuous, parallel,
higher-amplitude, and smoothly undulating reflections.
on, 1997) of the Bellingshausen Sea margin with isochrons identified
nomaly identifications 22n and 21n in the northwest are from a profile
the National Geophysical Data Center GEODAS database (available
entifications to the southeast marked with question marks (20n–18n)
2). Our interpretation of this profile is different from that published by
f anomaly identifications from 26n to 21n and from 24n and 22r were
justifying the interpretation of the anomalies on the first of these two
gle plots in the eastern Bellingshausen Sea were produced from tracks

http://www.ngdc.noaa.gov/mgg/gdas/gd_sys.html
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The uppermost 0.2 s TWT of Be1 show high-amplitude
reflections and locally irregular sediment waves (e.g.
CDPs 17000–19000). The ocean floor is rough, and
two recent channels (CDPs 13000 and 14500) can be
seen. Patches of chaotic and irregular reflections occur
in a wide trough west of sediment Depocentre A (be-
tween CDP's 19250 and 24750), dissected by rounded,
listric faults (Fig. 4b). Unit Be1 shows a similar succes-
sion of reflections in Depocentre B (CDP's 24750 to
28000), but they appear even more irregular, disturbed
and wavy (e.g. CDP 28750) (Fig. 4b and c).

4.2.2. Middle section (profiles AWI-94030,
AWI-20010001)

The characteristics of the sedimentary reflections
change within Depocentre B, west of approximately
CDP 28000. The lowermost 0.7–1.0 s TWT show
weak and smooth reflectivity, so that there is no clear
basis for differentiation of units Be3 and Be2. The
uppermost 1–1.5 s TWT appear more laterally variable
in reflection amplitude, showing sediment bulges (CDP
34750) and buried sediment waves (between CDPs
37250 and 38750). Inside this uppermost rough section
we can identify unconformities (dashed lines, Fig. 4c),
shown by onlapping and downlapping reflectors.

The cross-slope Profile AWI-94030 serves as anoth-
er seismic connection between the continental rise and
shelf (Fig. 7). This profile reveals two acoustic base-
ment highs on the continental slope (CDP 5700 to
8800), interpreted as the top of an accretionary wedge,
and probably composed of deformed and consolidated
sediments (Cunningham et al., 2002). These features are
probably the source of the negative “Continental Slope
Gravity Anomaly” (CSGA) between 87°W and 92°W
(Fig. 8). We identify several sedimentary sequences on
the outer shelf where the prograding character increases
upwards, following Nitsche et al. (1997). The bound-
aries of these sequences seem to merge farther down the
slope (bold line), but reflectors cannot be reliably cor-
related with sediment deposits on the shelf due to the
acoustic basement highs and faults within the sediment
sequences.

4.2.3. Western section (profile 92324)
The sediments in the western section of the Belling-

shausen Sea, within the domain of the BGA, are strong-
ly affected by the underlying basement tectonics as seen
on profile BAS-92324 (Fig. 5). An obvious sedimentary
feature is a prominent unconformity, RU1, on the west-
ern side of the basement high (bold dashed line). Cun-
ningham et al. (2002) divided the underlying sediments
into three sediment units, E2a, E2b and E2c. Unit E2c
consists of mostly basement-parallel reflectors and
onlaps the crest of the basement high. All three units
thin out to the east whereas Units E2b and E2a are
truncated by RU1 to the west. This gently eastward
dipping unconformity is characterised by onlap of the
overlying reflectors, but it does not continue east of
CDP 5000.

5. Discussion

5.1. Tectonic implications

Studies of magnetic seafloor spreading anomalies on
the continental margin of the Bellingshausen Sea define
basement ages ranging from 30 Ma northwest of Alex-
ander Island (Larter and Barker, 1991) to 45 Ma in the
Bellingshausen Sea at about 87°W (McCarron and Lar-
ter, 1998) (Fig. 8). The basement step at CDP 11900 on
Profile AWI-20010001 seems to coincide with a change
in basement age from about 39 Ma (chron 18) in the
east to about 47 Ma (chron 21) in the west (Figs. 3 and
8), if chron 18 is accurately extrapolated from observed
anomalies further northeast along the paleo-subduction
zone. We interpret this basement step as a fracture zone
(FZ), here named the Alexander FZ, although a clear
identification in the satellite-derived gravity anomaly
field is not possible. Another basement offset occurs at
CDP 25000, with its eastern side elevated by about 0.5 s
TWT. We suggest that this step may also have formed at
a FZ, here named Peter I FZ (in reference to Kimura,
1982), because at the margin it separates anomaly 22r
(50 Ma) in the east from anomaly 25r (56 Ma) in the
west. The Alexander and Peter I FZs were previously
interpreted as extensions of the Heezen and Tharp FZs,
respectively (Barker, 1982). However, the Heezen and
Tharp FZs were formed at the Pacific–Antarctic ridge
and its precursor, the Pacific–Bellingshausen ridge,
whereas the Alexander and Peter I FZs were formed in
the Antarctic–Phoenix spreading system (e.g. Larter et
al., 2002). Other basement offsets occur at CDPs 16250
and 37000, but magnetic data are too sparse to be able
to say if they are related to FZs as well.

Basement ages west of the Peter I FZ, within the
suggested Charcot plate fragment, remain uncertain due
to a lack of reliable magnetic data. However, the low-
ermost sediments on the eastern part of profile BAS-
92324 (CDP's 2100 and 4000) onlap uplifted basement
segments, indicating tectonic movements prior to sedi-
mentation (Fig. 5). The unconformity RU1 on the east-
ern side of the BGA, and the lowermost, slightly
elevated, sediments above the unconformity indicate
post-sedimentary movements on this eastern side of
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the BGA, which represented a zone of convergence
between 79 and 61 Ma (e.g. Eagles et al., 2004a,b;
Larter et al., 2002; Gohl et al., 1997). If we assume
that the unconformity formed at the end of uplift along
the BGA at around 61 Ma (e.g. Cunningham et al.,
2002), the sediments beneath this unconformity must
be older than 61 Ma. It is possible that the westward
thickening of the minor sedimentary units E2a, E2b and
E2c (Cunningham et al., 2002) indicate a slightly west-
ward dipping orientation of the basement before the
uplift. The occurrence of three different minor units
may indicate several phases of tectonic movements
along the BGA (e.g. Eagles et al., 2004b). Alternatively,
it cannot be excluded that bottom currents and climate
changes might have been responsible for the differing
Fig. 9. Schematic model of sediment transport processes along the continenta
over the wide continental shelf between Alexander Island and Thurston I
depressions that may be parts of major cross-shelf glacial transport pathway
water depths of up to 680 m in the centre and about 450 m at the rim. The
recently collected on RRS James Clark Ross (Ó Cofaigh et al., 2005) and is co
trough-mouth fan. A further, but shallower, outer shelf depression was o
Depocentre A and may indicate the presence of a further, smaller glacial trou
are schematically adopted from Rebesco et al. (2002).
reflection characteristics and deposition rates of these
minor units.

5.2. Sedimentation processes

5.2.1. Geometric expression
Based on satellite-derived predicted bathymetry

(Smith and Sandwell, 1997, Fig. 1) and seismic profiles
(Figs. 3 and 5) we identified three sediment depocentres
on the continental margin of the Bellingshausen Sea,
lying in front of three shelf edge lobes. We refer to these
as Depocentres A, B and C, from east to west (Fig. 9).
Channels dissect Depocentre A into three minor sedi-
ment mounds that do not show the typical characteris-
tics of sediment drifts as those observed along the
l margin of the Bellingshausen Sea. Sparse bathymetric ship track data
sland, acquired on RV Polarstern cruises in 1994 and 2001, reveal
s. They show a broad trough in front of sediment Depocentre B, with
existence of this trough is confirmed by additional bathymetric data
nsistent with our interpretation of Depocentre B being a wide deep-sea
bserved farther northeast along the shelf-edge in front of sediment
gh. The locations of the sediment drifts along the Antarctic Peninsula
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western Antarctic Peninsula. Depocentre B is the broad-
est and lies in front of a seafloor depression on the
continental shelf indicated by bathymetric ship track
data (Fig. 9) and verified by multibeam echo soundings
surveys on the outer shelf (Ó Cofaigh et al., 2005;
Larter et al., 2004). Depocentre C lies over uplifted
basement along the BGA lineation and constitutes a
large asymmetric sediment mound with an east–west
extent of about 100 km. This mound has been inter-
preted as a sediment drift, characterized by a steep
western and a gentle eastern side, and two recent chan-
nels are observed on its gentle side (e.g. Nitsche et al.,
1997). This entire depositional geometry on the conti-
nental rise of the Bellingshausen Sea is different to that
on the adjacent Antarctic Peninsula margin where con-
tinental rise deposits developed as several discrete sed-
iment mounds and drifts that are clearly separated by
erosional channels (e.g. Rebesco et al., 1997, 2002).

5.2.2. Nature of sedimentary units
The correlation between continental rise- and shelf

deposits via profile AWI-94003 and different seismic
reflection characteristics of units Be1, Be2 and Be3
shows different sediment accumulation patterns, sug-
gesting changes of sediment supply processes. We as-
sume a mainly turbiditic origin for the lowermost
continental rise unit Be3, following the interpretation,
of “Pre-drift” and “Drift-growth” stages along the west-
ern Antarctic Peninsula by Rebesco et al. (1997). On the
continental rise, the sediments infill low lying areas first
and onlap onto basement topography, which is typical
for turbidites. Furthermore, Early Miocene sediments,
recovered in the deepest cores at DSDP Site 235, are
primarily mostly terrigenous (Hollister et al., 1976).

The seismic characteristics of the outer shelf units,
Unit 2 and Unit 3 (Fig. 6), appear similar to the sedi-
ment sequence groups S3–S2 and S1, respectively,
which were established on the continental shelf of the
western Antarctic Peninsula (e.g. Larter and Cunning-
ham, 1993; Larter et al., 1997; Barker et al., 1999).
Results from site 1097 of ODP Leg 178 show glacial
influences as ice rafted till in S1, S2 and the upper part
of S3 (e.g. Barker and Camerlenghi, 2002). The simi-
larities of seismic reflection characteristics between S2
and Unit 2, and S1 and Unit 3, suggest glacial sediment
transport during deposition of Unit 2 and Unit 3 and
their correlating units Be2 and Be1 on the continental
rise. Furthermore, Unit 2 and Unit 1 resemble the Type
IA sequence, as defined by Cooper et al. (1991), which
was interpreted to have been influenced by glacial ero-
sion and transport processes. However, erosional trun-
cations of prograding foresets are rarely seen within
Unit 2, which may indicate ice expansion without a
strong erosional effect on the outer continental shelf.
One possible origin of the strong acoustic impedance
contrasts in Be2 is the presence of extensive slide/debris
flow deposits interbedded with fine grained hemipelagic
sediments. The question of whether or not the base of
Be2 represents the time of the first advance of grounded
ice to the shelf edge remains open.

We think that the truncating unconformity beneath
the outer shelf, between Unit 2 and Unit 3 (Fig. 6), most
likely represents a strong erosional advance of
grounded ice to the shelf edge, but we cannot define
this as the first advance or advances of grounded ice to
the shelf edge, because it could have removed evidence
of previous ice advances. The onset of grounded ice
events on the West-Antarctic continental shelf is still the
subject of controversy and cannot be clarified in this
study. However, we think that the change to strongly
prograding units as shown by the Unit 2/Unit 3 bound-
ary probably represents an important change in glacial
dynamics that led to more strongly erosional ice
advances. The boundary between units Be2 and Be1
coincides with a distinct buried acoustic reflector iden-
tified over a wide area on the Bellingshausen Sea con-
tinental rise by Tucholke and Houtz (1976) on Eltanin-
42 single channel data (track shown in Fig. 1), which
demonstrates the regional extend of this boundary.
Tucholke and Houtz named this reflector Horizon S.
Comparison with data from other parts of the Antarctic
continental slope and rise shows similar variations of
seismic reflection characteristics from stratified units in
the deeper part of a section to faulted reflections, chan-
nel levee complexes and other products of gravity driv-
en processes in the upper part, as seen between Be2 and
Be1. This change of seismic pattern is related to glacial
erosion due to glaciation on the continental shelf (e.g.
Hampton et al., 1987; Miller et al., 1990; Larter and
Cunningham, 1993; Anderson, 1999).

The slightly decreasing progradation in the upper-
most 0.3 s TWTof the outer shelf unit, Unit 3 (Fig. 6), is
observed in the uppermost prograded sediments in
many lines across the Antarctic Peninsula margin and
elsewhere around Antarctica (e.g. Cooper et al., 1991;
Bart and Anderson, 1995; Larter et al., 1997). Besides
changes in climate and ice regime, a further influence
on this change of progradation may be the fact that the
most easily eroded sediment material is removed from
the shelf by the first glaciations, leaving each subse-
quent glaciation with a deeper middle shelf and a more
consolidated substrate. In this way, it is to be expected
that erosion rates, and therefore sediment production
rates, will decline with time given a sequence of glacial
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advances of similar magnitude. A statement on the
frequency of ice advances over the continental margin
of the Bellingshausen Sea is not possible with available
data because the nearest age control comes from drilling
at ODP Leg 178 on the western Antarctic Peninsula
margin (Fig. 1).

5.2.3. Age of sediment units
Direct correlation of the continental rise units Be1–

Be3 with those of seismic profile I95-130 (of the Italian
Programma Nazionale di Ricerche in Antartide, PNRA),
recorded along the western Antarctic Peninsula, shows
distinct differences in seismic stratigraphic pattern (Figs.
1 and 3) from which it is possible to infer differences in
sediment supply and deposition on the Bellingshausen
Sea and western Antarctic Peninsula margin. The units
on the continental rise of the western Antarctic Peninsu-
la were dated and classified by Rebesco et al. (1997,
2002) by correlation with ODP-sites from Leg 178 and
one DSDP-site from Leg 35. The authors defined six
stratigraphic units, numbered M1 to M6 from the sea-
floor down (Fig. 3). Units M6 (36–25 Ma) and M5 (25–
15Ma) were defined as a “Pre-drift Stage” and constitute
turbiditic hemipelagic/pelagic, non-glacial sediments.
Units M4 (15–9.6 Ma) and M3 (9.6–5.3 Ma), whose
development was influenced by bottom currents, were
ascribed to a “Drift growth Stage”. The Units M2 (5.3–
3.0) and M1 (3.0 Ma to the present) were interpreted as a
“Drift maintenance Stage”, showing mixed influence of
bottom currents and glacial sediment transport. The
westward continuation of sediment units M1–M6 on
profile AWI-20010001 is not advisable due to the differ-
ences of the two sediment classification schemes. How-
ever, we can estimate the ages of units Be1–Be3 by
correlating them with the units M1–M6. The correlation
shows that the base of unit Be2 lies about 0.1 s TWT
deeper than the base of Unit M3 (Fig. 3), interpreted as
the base of mainly glacially derived sediment (Rebesco
et al., 1997), and dated at 9.6 Ma using magnetostrati-
graphic data from ODP site 1095 (Iwai et al., 2002).
Thus, discontinuous glacial sediment transport to the
continental rise, which we infer to have produced Be2,
started prior to 9.6 Ma. This conclusion is consistent
with the result from ODP site 1095, where the base of
glacially transported sediments was not reached and the
oldest recovered material is dated at 9.6 Ma (Barker and
Camerlenghi, 2002). The boundary between Be1 and
Be2 coincides with the base of Unit M2, dated at
5.3 Ma (Iwai et al., 2002). With respect to our inter-
pretation of the corresponding Unit 2/Unit 3 boundary
on the outer continental shelf, we infer that the unit
Be1/Be2 boundary indicates an increased sediment
supply to the slope and rise due to grounded ice
advances in the early Pliocene.

The change of seismic reflection characteristics west
of approximately CDP 28000 of profile AWI-20010001
can be explained by changing down-slope sedimenta-
tion processes. The acoustic basement highs along the
continental slope acted as a barrier to the downslope
sediment supply, as seen on Profile AWI-94030 (Fig. 7)
and led to discontinuous sedimentation between the
continental shelf and rise. This results in different sed-
iment accumulation patterns, compared to the eastern
section of the Bellingshausen Sea continental rise. The
unconformities in the upper western part of profile
AWI-20010001 (dashed lines, Figs. 3 and 4c) may be
caused by changing patterns of downslope sediment
deposition, for example in response to changes in sed-
iment input, slope instability or bottom currents. Due to
the discontinuity of reflectors across CDP 28000, it is
difficult to estimate the ages of sediment units identified
on profile BAS-92324 (Fig. 5). Only the prominent
unconformity, which may record the end of an uplift
phase at the BGA at about 61 Ma (e.g. Cunningham et
al., 2002), constitutes a datable reflector. The sediments
above the unconformity must therefore constitute the
entire sediment deposition of the last 61 m.y. but a
reason for the lower sedimentation rate is not obvious
from available data.

5.2.4. Sediment deposition rates
Estimates of sediment deposition rates in the depo-

centres provide the opportunity to evaluate their respec-
tive glacial-derived sediment supplies and compare
these to other sediment depocentres on the Antarctic
continental rise. In order to roughly estimate the sedi-
ment deposition rates of units Be1, Be2 and Be3, we
calculated sediment thicknesses at two locations on
profile AWI-20010001 using the empirical travel-time
versus depth relation of Carlson et al. (1986). We chose
positions at CDPs 16500 and CDP 27400, at the crests
of sediment Depocentres A and B because of their great
sediment thicknesses (Fig. 3). The results are very high
sedimentation rates for Be1, with values of 247 m/m.y.
(CDP 16500) and 295 m/m.y. (CDP 27500), in contrast
to sedimentation rates in Be2 (106 m/m.y.) and Be3 (21
and 13 m/m.y.) (Table 1). In comparison, the highest
known sedimentation rate on the western Antarctic Pen-
insula rise is about 180 m/m.y. in the early Pliocene
(mainly Unit M2), calculated on the basis of magneto-
biochronologic data from ODP site 1096 (Iwai et al.,
2002). The low sedimentation rates of Be2 and Be3 are
less then those of their equivalent units (M3, M4, M5,
M6) farther north-east on the western Antarctic



Table 1
Variability in sedimentation of the Bellingshausen Sea

CDP Unit TWT [s] Compacted
thickness [s]

Sub-bott.
depth [m]

Compacted
thickness [m]

Age [Ma] Sediment deposition
rate [m/my]

16500 Be1 1.35 1.35 1310 1310 5.3 247
Be2 1.70 0.35 1770 460 9.6 106
Be3 2.20 0.50 2550 780 47 21

27400 Be1 1.55 1.55 1560 1560 5.3 295
Be2 and 3 2.00 0.45 2220 660 56 13

Sediment depths, thicknesses and accumulation rates as estimated from the empirical travel-time versus depth relations for deep-sea sediments from
Carlson et al. (1986). Depth (in km) is calculated as Z=−(3.03±0.24)ln[1− (0.52±0.04)T] where T is two-way travel-time in s.
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Peninsula margin (Rebesco et al., 1997). The difference
could be explained by a low rate of erosion prior to
Pliocene times in the source area onshore. The BED-
MAP compilation of subglacial topography (Lythe et
al., 2000) shows that a large part of the subglacial rock
surface in Ellsworth Land is below sea level. If the
situation in the early Tertiary was similar, this area is
unlikely to have been a significant source of eroded
sediment material supplied to the continental margin.
In contrast, the axis of the Antarctic Peninsula is a
plateau, with peaks higher then 2000 m, and thus a
more likely site for ice sheet nucleation during the
Miocene and a more plentiful source of eroded sediment
material.

High sedimentation rates within unit Be1 may be
associated with development of very large ice drainage
basins, high erosion rates on- and offshore, and high ice
flow velocities during the Pliocene and Quaternary.
Furthermore, the great width of the continental shelf
(up to 480 km west of Alexander Island) may have led
to increased glacial basal erosion and entrainment of
sedimentary material due to the long transport distance.
Sparse physiographic information about the Belling-
shausen Sea continental shelf make estimates about
transport paths during advances of grounded ice diffi-
cult. However, we assume that the western shelf trough
indicated by swath bathymetry and sub-bottom profiler
data in front of sediment Depocentre B (Fig. 9) acted as
a major transport path for glacial sediment transport to
the shelf edge. The cross-slope profile AWI-94030
shows that Depocentre B is not separated from the
margin, but is in fact the lower part of a very uniform,
low-angle, prograded slope (Fig. 7). These are typical
characteristics of a trough mouth fan. Our estimation of
a very high sediment deposition rate of unit Be1 and the
structure and enormous width of Depocentre B support
the interpretation of a trough mouth fan which seems to
have been active in Pliocene and Quaternary times.

Although our calculations are crude approximations
to sedimentation rates, the results nonetheless indicate
a trend of increasing sediment accumulation rates
since the early Pliocene. Conversely, ODP drilling on
the continental margin of the western Antarctic Pen-
insula (Leg 178) indicate increasing deposition rates in
the Late Miocene (base of unit M3) and a decrease in
the Pliocene (base of unit M2, after Rebesco et al.,
1997) (e.g. Iwai et al., 2002). This shows a remarkable
difference in time of onset of high sediment deposition
rates, which implies differences in the timing of the
first erosional advance of grounded ice and, thus,
variations of the glacial regime between the western
Antarctic Peninsula and the Bellingshausen Sea conti-
nental margin. Further evaluations which could ex-
plain these differences in glacial development are not
possible with existing data, but a complex history of
multiple glacial advances and retreats in the Belling-
shausen Sea can be inferred based on the presence of
several thick prograding and aggrading sequence
groups beneath the outer shelf as shown on Profile
AWI-94030 (Fig. 7).

5.2.5. Faults in Unit Be1
Various processes may account for the structures in

unit Be1 that resemble faults and listric shear planes,
mainly observed between sediment Depocentres A and
B (between CDPs 19000 and 28000) on profile AWI-
20010001 (Fig. 4b). We suppose that these features are
the product of complex interactions between deposi-
tional processes and slope instability. The high sedi-
mentation rate could have led to a high pore-water
content, which was expelled during diagenesis. A fur-
ther important diagenetic process may have been the
transformation of opal-A to opal-CT, as observed at
sites 1095 and 1096 of ODP-Leg 178 (Volpi et al.,
2003). Local differential compression and compaction
affected the sediment pile's stability. This process may
have resulted in stress-discharge of sediments to the
sides of the sediment depocentres and in the develop-
ment of faults. The fault between CDPs 19000 and
21000 may have developed along the migrating locus
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of a facies boundary between the parallel layered sedi-
ments that accumulated on Depocentre A and a more
chaotic regime on its steep western flank. At about CDP
24500, we can see the influence of basement structure
on the stability of the upper sediments. Here, the crest of
a basement high seems to act as a vertical wedge that
amplifies the instability of the overlying sediments due
to differential strain. Similar patterns have been ob-
served in inter-drift areas along other Antarctic conti-
nental margins, such as along the western Antarctic
Peninsula (e.g. Rebesco et al., 1997; Volpi et al.,
2003) and in the Weddell Sea (e.g. Michels et al.,
2002). Additional parallel seismic and bathymetric
data are required to verify our suppositions concerning
the occurrence of these faults.

6. Conclusions

This paper provides new constraints on the tectonic
and large scale sedimentary architecture of the largely
unexplored continental rise of the Bellingshausen Sea,
mainly based on multi-channel seismic data. This study
provides the following conclusions:

1) The basement structure on the continental rise
permits the identification of tectonic fracture zones. At
least two fracture zones (Alexander and Peter I FZs) and
the ages of four spreading corridors can be estimated
from seismic and magnetic data.

2) The sediment deposits in the middle part of the
continental rise in the study area show distinct vertical
variations in reflectivity characteristics. We divided the
deposits into three sedimentary units, Be1–Be3, based
on a correlation between the continental rise and the
outer shelf via on cross-slope profile. On the continental
rise, these three units can be correlated with stratigraph-
ic Units M1–M6, identified on along-slope profiles on
the western Antarctic Peninsula margin. Based on these
correlations we infer:

The lowermost sedimentary unit, Be3, is older than
9.6 Ma. It probably consists of predominantly turbiditic
sediments and the estimated sediment accumulation rate
was low (up to 21 m/m.y.).

The intermediate sedimentary unit, Be2, was devel-
oped between about 9.6 and 5.3 Ma and can be corre-
lated with an intermediate prograding sedimentary unit
on the shelf edge. We assume that unit Be2 mainly
consists of sediments transported by ice advances on
the continental shelf, but without strong erosion of the
shelf surface. The sediment accumulation rate is esti-
mated to be up to 106 m/m.y.

The age of the uppermost sedimentary unit, Be1,
ranges from about 5.3 Ma up to present. We interpret
this unit as consisting predominantly of terrigenous
sediment transported across the shelf edge by strongly
eroding grounded ice on the shelf, as shown by strong
truncations of underlain foresets and strong prograda-
tion. An approximate sediment accumulation rate of
around 295 m/m.y. is the highest known on the west
Antarctic margin.

3) The high sediment deposition rate of unit Be3
implies an increase of sediment supply to the continen-
tal rise due to frequent advances of grounded ice on the
continental shelf in the Pliocene and Quaternary, which
is contrary to a decrease of the sediment deposition rate
since Pliocene times on other sites of the Antarctic
continental margin. The reason for this discrepancy
remains unclear.

4) Two wide and previously unsurveyed sediment
depocentres are identified on the continental margin of
the Bellingshausen Sea. We name them Depocentre A
in the east and Depocentre B in the west, and we show
that they have developed in Pliocene and Quaternary
times. Depocentre B is interpreted as a trough mouth
fan and may constitute the main discharge area for
glacially derived sediment material.

5) We interpret faults and listric shear planes inside
unit Be1, mainly observed between the two sediment
Depocentres A and B, as the products of complex
interactions between depositional processes and slope
instability, reflecting the variability of sediment stability
along the continental rise.

6) In the western Bellingshausen Sea, the character-
istics of seismic reflections change entirely. Two along-
slope orientated acoustic basement highs acted as bar-
riers to sediment material supplied from the shelf,
leading to a change in the conditions of sediment
transport and deposition. The only clue to estimation
of sediment ages west of 87°W is a prominent uncon-
formity, identified on the elevated eastern side of a
basement trough along the BGA. The unconformity is
assumed to have developed at the end of tectonic uplift
that occurred there around 61 Ma. The orientation of
three westward thickening sedimentary minor units
beneath the prominent unconformity may indicate a
slightly westward dipping orientation of the basement
before the uplift along the BGA.

Finally, we must emphasise that our interpretations
in this paper about tectonic features and sediment
deposits are mainly based on only one along-slope and
one cross-slope seismic profile. To verify our conclu-
sions and to improve knowledge about the tectonic and
sedimentation history in the Bellingshausen Sea addi-
tional geophysical and geological investigations are
required.
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Gridded isopach maps from the South Pacific and their use
in interpreting the sedimentation history of the West
Antarctic continental margin
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[1] We model sediment isopach grids for the southern Pacific margin of West Antarctica on the basis of a
compilation of more than 10,000 km of single-channel and multichannel seismic reflection data and
correlations with ocean drilling sites. Following recent seismic stratigraphic models, we differentiate two
main sequences, the upper of which alone is defined by seismostratigraphic indications for frequent
grounded ice advances to the shelf edge off West Antarctica. The subsequent modeling of sediment
thickness grids allows us to compare the pre-glacially dominated and glacially dominated sedimentary
development of the study area. On the basis of available age constraints from drilling sites, we assume the
onset of accumulation of sediments on the continental rise that were supplied by frequent advances of
grounding ice on the continental shelf to have occurred at about 10 Ma. The thickest glacial sediment
accumulations occur in front of major glacial drainage outlets, i.e., Marguerite Trough on the western
Antarctic Peninsula margin, Belgica Trough in the Bellingshausen Sea, and a depression on the inner and
middle shelves off Pine Island Bay in the Amundsen Sea. Glacially dominated sedimentation rates of
between 140 and 170 m/m.y. are calculated for these sites.
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1. Introduction

[2] The separation of Antarctica from the Austra-
lian and South American continents in Cenozoic
times initiated the development of Southern Ocean
currents, which were important for climate change

[e.g., Kennett, 1977]. The opening of the Tasma-
nian and Drake Passage gateways were essential
prerequisites for the development of the ring-
shaped Antarctic Circumpolar Current (ACC), an
important component of the modern oceans. This
process may also have led to the gradual climatic
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isolation of Antarctica [Kennett, 1977] and thus has
been the focus of various climatemodel experiments
investigating the glacial development of Antarctica
[e.g., Sijp and England, 2004]. However, the open-
ing of gateways is only one of the factors that
influenced the development of circum-Antarctic
currents. Several studies have shown that the ACC
and Antarctic Bottom Water (AABW) are strongly
guided by seafloor topography [e.g., Lazarus and
Caulet, 1993; Rack, 1993]. Recent palaeobathymet-
ric models were based on the kinematics and
thermal subsidence rates of oceanic crust [e.g., Sykes
et al., 1998; Brown et al., 2006], but lack any
consideration of the effects of sediment distribution.
For greater accuracy, sediment accumulations
should also be taken into account in the next
generation of paleobathymetric reconstructions.
To do so will require gridded maps of sediment
thickness.

[3] In this study, we present gridded sediment
isopachs for the Pacific margin of West Antarctica.
Large-scale maps of sediment thicknesses are es-
sential prerequisites for the next generation of
high-resolution paleobathymetric reconstructions.
In addition, maps of sediment thicknesses on
continental margins are useful for studies of terrig-
enous sediment supply and sediment distribution
on the ocean floor. Thick sediments, deposited
during glacial periods when grounded ice streams
eroded the continental shelf, characterize high-
latitude continental margins. These deposits pro-
vide an indirect record of glacial climate [e.g.,
Cooper et al., 1991; Tomlinson et al., 1992; Larter
et al., 1997; McGinnes et al., 1997; Anderson et
al., 2001, Rebesco et al., 1996]. It is possible to
identify features in seismic data that are consistent
with such an amplification of terrigenous sediment
supply, and which can be related to the advance of
grounded ice over the continental shelf to the shelf
edge.

[4] In this study, we use features observed in
seismic profiles to identify and map sedimentary
units that formed (1) prior to advances of grounded
ice on the continental shelf and (2) during later
times when sediment supply was amplified due to
advances of grounded ice to the shelf edge. The
adoption of a date for the first development of
grounded ice allows us to approximate sedimenta-
tion rates and thus make first, tentative, compar-
isons of local glacial sedimentation histories on the
West Antarctic continental margin. Finally, com-
parisons of sedimentary structures on the Antarctic
Peninsula and Amundsen Sea continental rises

enable some speculations on the role of bottom
currents in the Amundsen Sea.

2. Data and Knowledge Base

[5] Our calculation of sediment thicknesses is
based on single-channel and multichannel reflec-
tion seismic profiles acquired between 1989 and
2001. Most of the seismic data are publicly avail-
able in the digital database of the SCAR Seismic
Data Library System (SDLS, available from Insti-
tuto Nazionale di Oceanografia e Geophysica Sper-
imentale(OGS), Trieste, Italy). Seismic data that
are not yet available in digital form are not includ-
ed in this study. In addition, we have taken account
of drilling data from Deep Sea Drilling Project
(DSDP) Leg 35 and Ocean Drilling Program
(ODP) Leg 178. All the seismic profiles and the
ocean drilling sites are shown in Figure. 1.

2.1. Geological Setting

[6] The highest-resolution records of Cenozoic
glaciation of West Antarctica are found in the thick
sediments of trough mouth fans, such as the Crary
Fan in the southern Weddell Sea [e.g., Kuvaas and
Kristoffersen, 1991] or the recently mapped Belgica
fan in the Bellingshausen Sea [Ó Cofaigh et al., 2005;
Scheuer et al., 2006a]. Thick sediments have also
accumulated on the sedimentmounds, channel levees,
and contourite drifts that developed due to interactions
between turbidity currents and along slope bottom
currents [e.g., Rebesco et al., 1996, 1997, 2002;
Faugères et al., 1999; Nitsche et al., 2000].

[7] Many authors have related features observed in
seismic profiles to glacial influences on terrigenous
sediment input. Studies show that these features
include extensive prograding sequences on the
outer continental shelf, thick sediment wedges on
the slope, unconformities overlain by sediment
mounds or drifts on the rise, and erosional channels
caused by turbidity currents [e.g., Hampton et al.,
1987; Cooper et al., 1991, 1995; Rebesco et al.,
1997, 2002; Nitsche et al., 2000; Cunningham et
al., 2002; DeSantis et al., 2003]. Around much of
Antarctica, where the oceanic basement is old
enough, the seismic stratigraphy shows a transition
to these features from earlier patterns that resemble
those on nonglaciated continental margins and are
therefore presumably not influenced, or far less
heavily influenced, by glacial processes.

[8] In the following, we give a brief overview of
the topographic setting and recent knowledge of
the sedimentation processes of the area offshore of
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the Antarctic Peninsula, the Bellingshausen Sea,
and the Amundsen Sea.

2.1.1. Western Antarctic Peninsula
Continental Margin

[9] A large number of seismic and bathymetric data
[e.g., Larter and Cunningham, 1993; Bart and
Anderson, 1995; Rebesco et al., 1996, 1997, 2002;
McGinnes et al., 1997; Dowdeswell et al., 2004;
Hernández-Molina et al., 2004, 2006] and the
results of DSDP Leg 35, site 325 [e.g., Hollister et
al., 1976] and ODP Leg 178 [e.g., Barker and
Camerlenghi, 2002] gave insights into the sedimen-
tation history of the western Antarctic Peninsula
margin (Figure 1). The interaction of a westward
flowing bottom current with downslope turbidity
currents led to the development of eight contourite
drifts and three sediment mounds on the sides
of downslope turbidity channels [e.g., Larter and
Cunningham, 1993; Camerlenghi et al., 1997;
Rebesco et al., 1997]. Rebesco et al. [1996, 1997]
identified six sedimentary units, numbered M1 to
M6, and related the M3/M4 boundary, where they
observed amplified development of sediment drifts
and the onset of erosional channels on the continen-

tal rise, to the onset of grounded ice advances on the
shelf (e.g., drifts 6 and 7; Figure 2a). Ocean drilling
at ODP site 1095 of Leg 178 recovered glacially
transported sediment from just above the M3/M4
boundary, and dated it to 9.6 Ma, but did not reach
the lower boundary of glacially influenced sediment
units.

2.1.2. Bellingshausen Sea

[10] Seismic data from the Bellingshausen Sea are
sparse, but allow the identification of three wide
sediment depocenters on the continental slope
(Figure 1). The largest, depocenter B, is interpreted
as a trough mouth fan [Ó Cofaigh et al., 2005;
Scheuer et al., 2006a]. Correlation of aggrading
and prograding sequences, named units 1–3 and
identified on the continental shelf/upper slope by
Nitsche et al. [1997], with sediments on the conti-
nental rise near the easternmost depocenter, A,
allowed the definition of three continental rise units,
namedBe1 to Be3 (e.g., Figures 2b and 2c) [Scheuer
et al., 2006a]. Correlation with the outer shelf units,
the stratigraphy of the Antarctic Peninsula margin
[Rebesco et al., 1997], and ODP Leg 178 drilling
results indicated that Be1 and Be2 consist predom-

Figure 1. Overview of the South Pacific continental margin of West Antarctica, showing a network of digital
available multichannel (MC) and single-channel (SC) seismic profiles (black lines) and contours of the satellite-
derived predicted bathymetry from Smith and Sandwell [1997] (faint lines). Drill sites of DSDP Leg 35 and ODP Leg
178 are marked with black circles. Dark gray areas indicate landmasses, and medium gray indicates ice shelves.
Important topographic locations are annotated. MBS, Marie Byrd Seamounts; PII, Peter I Island; DGS, DeGerlache
Seamounts; PIB, Pine Island Bay; BT, Belgica Trough; MB, Marguerite Bay; MSHA, middle shelf high axis [after
Larter et al., 1997]. The numbers in red circles indicate the positions of some of the main sediment accumulation
areas, also indicated by bathymetric contour lines. 1, drifts 3 and 4; 2, drifts 6 and 7; 3, depocenter A; 4, depocenter
B; 5, depocenter C; 6, mounds Am3 and 3; 7, mound Am4.
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Figure 2. Interpreted line drawings of five MCS profiles on the South Pacific continental margin of West
Antarctica. Interpretation of (2a) profile IT-95130 refers to Rebesco et al. [1997], (b and c) AWI-20010001 and AWI-
94003 refers to Scheuer et al. [2006a], (d) BAS-92324 refers to Cunningham et al. [2002] and Scheuer et al. [2006a],
and (e) TH-86003 refers to Yamaguchi et al. [1988]. In consideration of these interpretations we defined a boundary
horizon (BH) between pre-glacially dominated and glacially dominated sediments derived from frequent grounding
ice advances to the shelf edge.
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inantly of glacially derived sediments, whereas the
lowermost unit, Be3, developed prior to the onset of
grounded ice on the shelf. No such correlation was
possible for the western Bellingshausen Sea and
Amundsen Sea, due to along-strike changes in the
seismic stratigraphic characteristics [Scheuer et al.,
2006a]. Depocenter C is situated above a basement
uplift at a north-south trending late Cretaceous
tectonic lineation [e.g., Gohl et al., 1997; Larter et
al., 2002] (Figure 1). On the upper continental rise,
depocenter C resembles a sediment drift, but distally
it has the features of a simple channel levee [Nitsche
et al., 1997;Cunningham et al., 2002; Scheuer et al.,
2006a]. According to Larter and Cunningham
[1993] and Scheuer et al. [2006b], the base of the
drifts and channel levees indicate enhanced sed-
iment supply to the continental rise due to
advances of grounded ice to the continental shelf
edge (Figure 2d).

2.1.3. Amundsen Sea

[11] The relief of the continental shelf is influenced
by a large drainage outlet of the West Antarctic Ice
Sheet in Pine Island Bay, which is fed by the Pine
Island and Thwaites glaciers [e.g., Vaughan et al.,
2001; Lowe and Anderson, 2003;Dowdeswell et al.,
2006; Evans et al., 2006]. Data on the continental
slope and rise are scant. One seismic profile shows a
prograding shelf edge [Nitsche et al., 2000]. The
Japan National Oil Company published seismic
profiles that show several sediment mounds sepa-
rated by channels in the east, and shallow basement
and decreasing sediment thickness to the west, near
the Marie Byrd Seamounts [Yamaguchi et al., 1988]
(Figures 1 and 2e). Kimura [1982] identified three
sediment units, A, B and C, and interpreted the
uppermost two, A and B, as consisting of post
middle Miocene terrigenous turbidites, ice-rafted
detritus and pelagic sediments. Site 323 of DSDP-
Leg 35, drilled on the abyssal plain, revealed ice
rafted debris inMiddleMiocene sediments at a depth
of approximately 300 m bsf [Hollister et al., 1976].

2.2. Previous Models of Total Sediment
Thicknesses

[12] The first sediment isopach maps of the South
Pacific region were compiled by Houtz et al. [1973]
and Rodrigues et al. [1986], based on sparse and
mainly analogue seismic data acquired during early
RVEltanin cruises [e.g.,Tucholke andHoutz, 1976],
and on surveys related to DSDP Leg 35 [e.g.,
Hollister et al., 1976]. Hayes and LaBrecque
[1991] published a revised version of this sediment
isopach map by adding data from more recent

seismic reflection profiles and DSDP/ODP drilling.
Recently, the Hayes and LaBrecque data set was
incorporated into the world isopach maps of Laske
and Masters [1997] and Divins [2006]. Since pub-
lication of this second compilation, ODP Leg 178
was completed on the western Antarctic Peninsula
margin [e.g., Barker and Camerlenghi, 2002] and
new digital seismic data were acquired along the
West Antarctic continental margin.

[13] Eagles [2006] modeled a thermally subsided
South Pacific oceanic lithosphere using Stein and
Stein’s [1992] subsidence relationship, and sub-
tracted it from predicted bathymetry [Smith and
Sandwell, 1997] to produce residual bathymetric
anomalies. Under the assumption that most of this
anomaly can be attributed to the presence of sedi-
ments on the seafloor, he used a polynomial for
isostatic correction [Sykes, 1996] to predict total
sediment thickness in the South Pacific.

3. Methods

3.1. Definition of Horizons

[14] In order to calculate sediment thicknesses and
to differentiate between an upper sequence of
sediments whose supply was glacially dominated
and a lower sequence where glacial influence is
less evident, we picked points along correlatable
seismic reflections that define the seafloor, acoustic
basement, and an intervening boundary horizon
(BH). Reflections from the acoustic basement
surface were in most cases clearly identifiable,
with the exception of some of the single-channel
R/V Boris Petrov 1998 profiles where reflection
amplitudes were too low, or beneath the continental
slope where seafloor multiples obscure them
(Figure 1). As described in section 2.1, we used
the presence or absence of certain seismic strati-
graphic features as the criteria for defining the BH.
For example, in the Amundsen Sea, we defined the
BH at the bases of sediment mounds where we
observe the initial occurrence of channels, follow-
ing the interpretations of similar features on the
Antarctic Peninsula margin. We interpolated the
horizons through regions where low data quality,
inconclusive seismic stratigraphy, or tectonic
boundaries prevented correlations. After picking
the horizons, we extracted their two way traveltimes
(TWT [s]) at a spacing of 50 CDPs or traces.

3.2. TWT [s] to Depth [m] Conversion

[15] Sound velocities in the sediments of the Ant-
arctic margin are sparsely known. Downhole meas-
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urements of velocity at ocean drilling sites are very
sparse and the use of short streamers during acqui-
sition (due to ice conditions) often precludes the
generation of a reliable velocity model. The study
of Volpi et al. [2001], for example, shows seismic
interval velocities from stacking velocities that are
very different to downhole velocities measured
during ODP Leg 178. Because of this, we used
an empirical relation [Carlson et al., 1986] for the
transformation of TWT [s] into depth [m], which is
based on 233 correlated depths from Deep Sea
Drilling Project (DSDP) data, ranging up to a depth
of 1.4 s (TWT). Estimated subbottom depths
(in km) are calculated using Z = �(3.03 ± 0.24)
ln [1 � (0.52 ± 0.04) T] where T is two-way
traveltime in [s]; the RMS error in these estimates
is 26 m in depth. The method successfully repro-
duces the generally decreasing seismic velocity
with decreasing depth and has previously been
applied to seismic data acquired on the western
Antarctic Peninsula and Bellingshausen Sea conti-
nental rises [Rebesco et al., 1997; Scheuer et al.,
2006a]. A comparison of the downhole velocities
in sediments above the BH at sites 1095 and 1096
of ODP Leg 178 [Volpi et al., 2001] to calculated
velocities shows a good agreement, and thus
allows confidence in the calculated depth of the
BH. The comparison also shows increasing differ-
ences with depth, as shown by the estimated and
true depth of the acoustic basement (Table 1).

[16] A small number of sound velocities were
determined with sonobuoys deployed along the
seismic profiles TH-86002-009 in the Amundsen

Sea [Yamaguchi et al., 1988]. Table 2 shows
comparisons of the sonobuoy data with the values
calculated after Carlson et al. [1986]. Unfortunately,
details of the sonobuoy deployments, processing
method and exact parameters are not published,
making it impossible to evaluate the reliability of
the sonobuoy sound velocities. Furthermore, sono-
buoy measurements mainly measure the horizontal
velocity component, which often leads to an over-
estimation of velocity values, as the comparison
indicates. Hence we decided to retain the sediment
thicknesses calculated after Carlson et al. [1986] in
the Amundsen Sea.

[17] The formula from Carlson et al. [1986] has
some limitations. TWT-to-depth conversions for
values higher then 1.4 s TWT are extrapolated
and thus not associated with an RMS error. Fur-
thermore, the formula becomes insolvable for val-
ues higher than 3.8 s TWT. Therefore we converted
all TWT values greater than 3.0 s to depth by
assuming an average velocity of 3200 m/s. This
assumption affects only �9% of the data points of
the acoustic basement horizon (Table 2), mainly
observed on the continental slope/rise transition,
and none of the BH picks.

3.3. Additional Input Information

[18] Because of strong seafloor multiple reflec-
tions, we were not able to define acoustic basement
on most profiles crossing the continental shelf.
Here, we used estimates of total sediment thickness
from gravity models made along seismic profiles
BAS-92325 and AWI-94003 instead [Cunningham

Table 1. Comparison of Subbottom Depths, TWT, and Sound Velocities

Subbottom Depth TWT, ms Subbottom Depth, m Sound Velocity, m/s

ODP Site 1095
BH (M3/M4-boundary) 580 505 �1740
Basement 1380a 1430a �2070a

ODP Site 1096
BH (M3/M4-boundary) 1100a 950a �1730a
Basement 2180a 2155a �1980a

Seismic Data at CDP 1276 on Profile It-95135ab

BH (M3/M4-boundary) 550 480 �1735
Basement 1305 1286 �1970

Seismic Data at CDP 4276 on Profile It-95130ab

BH (M3/M4-boundary) 1116 1060 1900
Basement 2148 2477 2306

a
Extrapolated.

b
These values were calculated with the empirical formula of Carlson et al. [1986] using average seismic interval velocities from profiles

IT-95135a (CDP 1276) and IT-95130a (CDP 4276). The comparative depth and velocities come from in situ velocity check shots on site 1095
and 1096 of ODP Leg 178 (Figure 1).
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et al., 2002; Alfred Wegener Institute, unpublished
gravimetric data, 2001]. We exclude estimates of
sediment thicknesses on the middle and inner shelf
due to the lack of reliable data.

[19] In addition to this, in order to maintain a
realistically smooth appearance of the grids in
areas remote from seismic data control, it was
necessary to include about 50 further estimates of
total sediment thickness. On the continental slope
and rise, our estimates were either reasonable
guesses based on the physiographic context, or
by comparison to the nearest seismic profile. We
also referred to regional trends, but not absolute
values, in the predicted sediment thickness grid of
Eagles [2006]. As the abyssal plain is largely
uncovered by newer seismic profiles, we included
estimates of total sediment thicknesses from the
NGDC data set, originally produced by Hayes and
LaBrecque [1991], in the area north of 63�S and
west of 80�W, sampled at 1� spacing. To us, this
section of the data set appears reliable as it is based
on analogue seismic profiles and results from site
323 of DSDP Leg 35 (Figures 3a and 3b).

[20] Because of discontinuous seismic reflections
beneath the continental slope, we were forced to
interpolate the BH along many of the cross-slope
profiles. To do so, we added control points where
necessary along the 1000 m bathymetric contour
based on the average thickness (1800 m) of sedi-
ments above the BH where it is seen in profile
crossings of this contour. On the central part of the
abyssal plain, we assumed that the onset of ice
rafted material, drilled in a depth of approximately
300 m at DSDP site 323, represents the distal
complementary boundary to the BH horizon. We
made no attempt to identify the BH beneath the

Bellingshausen Sea and western Amundsen Sea
abyssal plains, where drilling data are absent.

3.4. Gridding of Sediment Thicknesses

[21] We produced isopach grids of total sediment
thicknesses and of thicknesses of sediments above
and below the BH in the region between 60�Wand
133�W and 62�S and 72�S, with a grid spacing of
2 � 2 min, using a continuous curvature gridding
algorithm [Wessel and Smith, 2004]. We used a low
tension factor in view of the large areas to be
interpolated between data profiles. Before gridd-
ing, we applied a high cut cosine filter (Figure 4) to
the profile data along slope in the Amundsen Sea in
order to prevent short wavelength anomalies relat-
ed to seamounts having an effect on the finished
grid. Elsewhere, low relief of the bounding surfa-
ces, especially the BH, means that no filtering was
required.

4. Results

4.1. Total Sediment Thicknesses

[22] Figures 3a and 3b allow a comparison be-
tween the isopach grid of Hayes and LaBrecque
[1991] and our grid of total sediment thicknesses.
The Hayes and LaBrecque isopachs do not show
the general trends of thick sediment accumulations
on the shelf and slope, and decreasing thicknesses
to the deep sea that recent cross-slope seismic
profiles lend to our grid. Numerous sediment
mounds, drifts and channels on the continental rise
only appear in our grid. In contrast, thicknesses on
the abyssal plain correspond well, as our compila-
tion is largely based on Hayes and LaBrecque’s
there. Our TWT-to-depth conversion is more ap-
propriate than that applied by Hayes and LaBrec-

Table 2. Comparison of Depth, Sediment Thicknesses, and Sound Velocities Coming From Sonobuoy Data and
Seismic Profiles, Which Were Acquired on the Continental Rise of the Amundsen Sea During the TH-86 Cruise of the
RV Hakurei-Marua

Location
Profile/
Trace

Data From Sonobuoy Data From Seismic Profiles

Seafloor,
m

Depth to
Basement,
s TWT

Sediment
Thickness,

m
Velocity,

m/s
Seafloor,

m

Depth to
Basement,
s TWT

Sediment
Thickness,

m
Velocity,

m/s

SB 1 86002a/300 4280 1.57 1800 2300 4455 1.70 1792 2108
SB 2 86003a/2300 4180 2.28 3420 3000 4215 2.04 2290 2245
SB 4 86004c/2650 4560 2.01 2410 2400 4451 1.94 2124 2194
SB 7 86006/1550 4160 0.99 940 1900 4109 0.81 714 1770

a
Sonobuoy data were read off a figure published by Yamaguchi et al. [1988]. The comparative data were calculated on the basis of the digital

seismic profiles TH-86002-009 at the approximate sonobuoy locations, using the formula of Carlson et al. [1986].
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que, who assumed an average sound velocity of
2 km/s in sediments, unless other sound velocities
had been published in the original reports.

[23] Figure 5 shows some of the new observations
that are possible with our grid of total sediment

thickness. Peak thicknesses, exceeding 4000 m,
occur along the continental shelf and slope of the
entire SE Pacific continental margin, with a general
decrease toward the deep sea (e.g., to 700 m at site
323, DSDP Leg 35). Sediment thicknesses on the

Figure 3. (a) Comparison between total sediment thicknesses, based on the latest seismic data (displayed along the
seismic tracks), and the isopach grid from Divins [2006], previously published by Hayes and LaBrecque [1991]
(color image in the background). (b) Differences between both grids imaged along the seismic tracks.
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continental rise and abyssal plain increase from
east to west. Discrete sediment mounds, drifts and
wide depocenters are visible on the continental
rise. Drift 3, north of Adelaide Island (thickness
up to 2700 m on profile It-97235) and drifts 6 and
Drift 7 (Figures 5 and 2a), north of Alexander
Island (maxima of 3200 m at Drift 6 on profile It-
95130) are observed on the western Antarctic
Peninsula margin. Depocenters A, B and C in the
Bellingshausen Sea can also be clearly identified,
with thicknesses of up to 2500 m (depocenter A,
Figures 5 and 2b) and 2600 m (depocenter B) on
profile AWI-20010001. Depocenter C shows a
north striking step in sediment thickness, down-
ward to the west from 4500 to 450 m, which is
related to the underlying basement step (profile

BAS-92324, Figures 5 and 2d). Extending north-
ward from Peter I Island, low sediment thicknesses
coincide with the basement ridge that produces the
De Gerlache Gravity anomaly [Gohl et al., 1997].
Profiles TH-86002 and 003 show widespread thick
sediment cover in the eastern Amundsen Sea
(Figures 5 and 2d). Maximum thicknesses of
2200 m are observed on profile TH-86003, and
thick sediments are recorded along the northern
part of profile TH-86004. To the west of this
profile, sediment thicknesses show a marked de-
crease to less then 250 m.

[24] A comparison between our grid of total sedi-
ment thickness and that of predicted sediment
thicknesses [Eagles, 2006] is shown on Figure 6.

Figure 4. Filtered and unfiltered sediment thicknesses of the profiles Th-86-002/3/8/9, along-slope orientated in the
Amundsen Sea. Gaussian filter with a filter width of 50 traces is used.

Figure 5. Isopach grid of total sediment thickness, calculated on the basis of MCS and SCS data. The faint contours
indicate the satellite-derived predicted bathymetry from Smith and Sandwell [1997].

Geochemistry
Geophysics
Geosystems G3G3

scheuer et al.: gridded isopach maps 10.1029/2006GC001315

9 of 18

Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 232



The sediment thicknesses calculated from residual
bathymetric anomalies are generally much higher
than those measured in our seismic profiles. Peak
differences of about 7 km occur on the upper

continental slope and on the continental rise of
the western Amundsen Sea. In general, the greatest
differences on the continental rise, of around
2000 m, are shown in areas of high sediment

Figure 6. (a) Comparison between the total sediment thicknesses, based on the latest seismic data (displayed along
the seismic tracks), and predicted sediment thicknesses derived from the grid of isostatically corrected residual
bathymetry from Eagles [2006] (color image in the background). (b) Differences between both grids derived by
subtracting the thicknesses based on seismic data from predicted sediment thicknesses, imaged along the seismic
tracks.
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thicknesses such as at Drift 6/Drift 7. In the
western Bellingshausen Sea and near Peter I Island,
predicted sediment thicknesses are up to 4 km
greater than seen in seismic profiles. Elsewhere,
the predicted thicknesses are consistently 1–3 km
greater than seismic data show.

4.2. Pre-glacially Dominated and Glacially
Dominated Sediments

[25] On the continental rise, we observe an overall
trend of westward increasing thicknesses in sedi-
ments above the BH (Figure 7), similar to that in
the grid of total sediment thicknesses. Thicknesses
of more than 1500 m occur at drifts 6 and 7,
depocenters B and C, and in the eastern Amundsen
Sea. Prominent basement highs, probably related to
magmatic intrusions or seamounts around Peter I
Island, or depressions such as that coinciding with
the Bellingshausen Gravity Anomaly (sediment
thicknesses exceeding 3500 m) can be clearly seen.
The low thicknesses of sediments below the BH in
the central Bellingshausen Sea (100–500 m), and
in the western Amundsen Sea near the Marie Byrd
Seamounts are conspicuous. The BH and sedi-
ments below it are not seen off the northernmost
Antarctic Peninsula, where the oceanic basement is
younger than 10 Ma [e.g., Larter and Barker,
1991; Larter et al., 2002].

[26] The variability in the thickness of sediments
above the BH (Figure 8) resembles that for total
sediment thickness. The greatest thickness, of
about 2000 m, is observed on the outer continental
shelf (e.g., profile AWI-94003), and overall thick-
nesses decrease toward the deep sea. The thickest
sediments on the continental rise are observed
at the sediment depocenters, mounds and drifts
(Figure 8; e.g., 1200 m at Drift 3 and 1400 m at
drifts 6 and 7 on profiles IT-97235 and IT-95130).
Sediment thicknesses west of Drift 7 decrease to
250 m in a wide seafloor trough. Very high thick-
nesses of glacial sediments are seen on depocenters
A and B (up to 1500 m and 1700 m on profile
AWI-20010001). Values north of profile AWI-
20010001 can only be guessed at, as there are no
other reliable data. We suppose these depocenters
extend further out to sea than drifts 6 and 7,
because of the thicker sediments above the BH
and the gentler continental slope inclination. Sed-
iment thicknesses above the BH decrease west of
Peter I Island, as shown on profile BAS-92324
crossing sediment depocenter C near the continen-
tal slope (maximum thickness of 750 m). The
Petrov 98 profiles indicate a strong northward
decrease of sediment thicknesses above the BH to
less then 200 m. However, the northernmost of
these profiles, in the vicinity of the De Gerlache

Figure 7. Isopach grid of pre-glacially dominated sediments, related to the period prior to frequent advances of
grounded ice to the shelf edge. Thicknesses are calculated on the basis of MCS and SCS data. The faint contours
indicate the satellite-derived predicted bathymetry from Smith and Sandwell [1997].
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Seamounts, show no features that enable us to
define the BH.

[27] The seismic profiles in the Amundsen Sea
show sediment mounds and drifts separated by
channels above the BH, similar to those on the
Antarctic Peninsula margin (Figures 2a and 2e).
Sediment thicknesses along profile TH-86002 and
the eastern section of TH-86003 indicate four
sediment mounds, which we refer to as Am1–
Am4, from east to west. Profile TH-86003 shows
a westward increasing trend of sediment thick-
nesses west of Am4. The north-south trending
profile TH-86004 indicates maximum thicknesses
of about 700 m and a wide northward extent of
mound Am4. From here, sediment thicknesses
decrease to the west.

5. Discussion

5.1. Terrigenous Sediment Supply

[28] The main reason for the overall east to west
trend of increasing total and pre-glacially dominat-
ed sediment thicknesses on the continental rise and
abyssal plain is the variation in the age of under-
lying oceanic crust, which is mostly due to dia-
chronous cessation of oblique subduction at the

continental margin. Oceanic basement ages vary
from about 3 Ma on the northern Antarctic Penin-
sula margin to about 90–83 Ma in the Amundsen
Sea. [e.g., Barker, 1982; Larter and Barker, 1991;
McCarron and Larter, 1998; Cunningham et al.,
2002; Eagles et al., 2004].

[29] The western shelf of the Antarctic Peninsula is
divided into four major paleoice drainage basins,
which during glacial times fed sediment to turbid-
ity channels offshore and, ultimately, sediment
mounds and drifts on the continental rise [e.g.,
Larter et al., 1997; Rebesco et al., 2002]. The
greatest sediment thicknesses are found off these
main glacial drainage areas (Figures 5 and 7),
indicating that the supply of sediment by grounded
ice streams during glacial periods is the primary
factor for the sediment distribution on the West
Antarctic continental margin. The greatest sedi-
ment thickness is observed at drifts 6 and 7, SW
of Marguerite Trough, the deepest depression on
the western Antarctic Peninsula continental shelf,
excavated by fluctuations of paleoice streams be-
tween Alexander and Adelaide islands [e.g., Ó
Cofaigh et al., 2002].

[30] The topography and the development of sed-
iment accumulations on the Bellingshausen Sea

Figure 8. Isopach grid of glacially dominated sediments, which we relate to amplified downslope sediment supply
due to grounded ice advances on the continental shelf to the shelf edge. Thicknesses are calculated on the basis of
MCS and SCS data. The faint contours indicate the satellite-derived predicted bathymetry from Smith and Sandwell
[1997].
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continental margin east of Peter I Island shows
some distinct differences from the western Antarc-
tic Peninsula continental margin. Instead of several
smaller turbidity channel-related sediment mounds
and drifts, large depocenters have developed.
Bathymetric investigations of the Bellingshausen
Sea outer continental shelf revealed a wide trough
named Belgica Trough, which is interpreted as the
path of a major paleoice stream between Alexander
and Thurston islands [Ó Cofaigh et al., 2005;
Scheuer et al., 2006a]. Depocenter B developed
seaward of this trough and thus was interpreted as a
trough mouth fan by Scheuer et al., which we will
refer to as the Belgica Fan. The thickness of sedi-
ments above the BH on depocenter C is low
compared to those on depocenters A and B, which
may indicate a lesser supply of downslope sedi-
ments on the continental margin east of Thurston
Island during times of frequent grounded ice
advances. Many authors interpret depocenter C as
a contourite drift consisting of glacially dominated
sediments built up by a westward flowing bottom
current, deposited on the elevated eastern side of a
basement step [e.g., Cunningham et al., 1994;
Nitsche et al., 2000; Scheuer et al., 2006b].

[31] The Amundsen Sea continental shelf is fed by
two very active and fast flowing ice streams, the
Pine Island and Thwaites glaciers, which account
for approximately 4% of the outflow from the
entire Antarctic Ice Sheet [Vaughan et al., 2001].
Advances of these streams across the continental
shelf during glacial maxima led to the development
of glacial drainage troughs on the inner to middle
shelf, of which the Pine Island Bay trough is one of
the deepest (>1000 m [Kellogg and Kellogg, 1987;
Lowe and Anderson, 2003]). The cross-slope profile
ANT-94042 shows prograding foresets truncated by
erosional unconformities [Nitsche et al., 2000],
through which we infer a significant supply of
glacially transported sediment to the continental
slope and rise. As the Pine Island Bay trough reaches
the central part of the shelf in front of mound
Am4 [Lowe and Anderson, 2003], and along-slope
profiles show the highest thicknesses of sediments
above the BH at mounds Am3 and Am4, we infer
this area to be the main accumulation zone of
glacially transported sediments.

[32] The reason for the relatively great thickness of
sediments we interpreted as occurring above the
BH at site 323 (about 300 m), in comparison to the
northernmost RV Petrov 98 profiles (about 200 m),
may be a higher biogenic sedimentation rate. This
location lies beyond the Southern ACC Front and

thus in a zone of higher organic production. How-
ever, it should be remembered that the ice rafted
debris recovered near 300 m bsf at DSDP site 323
cannot be unequivocally related to the begin of
grounded ice advances on the continental shelves.

5.2. Sediment Accumulation Rates

[33] The dating of the onset of grounded ice reach-
ing the shelf edge and the accompanying amplifi-
cation of large sediment accumulations such as
drifts or trough mouth fans remains the subject of
debate. The deepest samples of sediment drilled at
site 1095, which were magnetostratigraphically
dated to about 9.6 Ma [Iwai et al., 2002], were
deposited under glacially dominated conditions
[e.g., Barker and Camerlenghi, 2002]. The base
of glacially transported sediments was not drilled,
meaning it was not possible to date the onset of
grounded ice on the continental shelf reaching the
shelf edge.

[34] However, drilling at ODP site 1095 just
reached the boundary between Rebesco et al.’s
[1997] seismic units M3 and M4, or our BH. This
boundary indicates an important change in sedi-
ment drift development due to enhanced down-
slope supply of sediments, in the form of turbidity
currents, which can be related to grounded ice
advances on the continental shelf. Hence it may
be appropriate to apply a minimum age of about
10 Ma to the BH throughout the eastern and central
Bellingshausen Sea in those areas where we can
correlate the M3/M4 boundary. In the western
Bellingshausen Sea and Amundsen Sea, dating of
the BH to 10 Ma is more speculative, as no tie to
site 1095 was possible and recent studies indicate
differences in the dynamic development of
grounded ice reaching the shelf edge since late
Miocene times [Scheuer et al., 2006a].

[35] Our assumption that the BH dates everywhere
to �10 Ma is most likely an oversimplification, but
it is useful because it allows us to make a coarse
comparison of sedimentation histories along the
West Antarctic margin. To do so, we calculated
deposition rates, assuming uncompacted sedi-
ments, at locations in the four highest sediment
thicknesses areas (Figures 5, 7, and 8). Of these,
mound Am3 is sampled more distally, by seismic
profile TH-86003, than the others. In order to
calculate comparable sediment deposition rates
we therefore chose a more proximal point sampled
from our grid, halfway between the seismic profile
and the shelf edge (Table 3).
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[36] Despite the overall increase of sediment thick-
nesses from east to west (Figures 5, 7, and 8), we
observe a decrease of the total and pre-BH sediment
accumulation rates. The high rate of sedimentation
below the BH off the western Antarctic Peninsula
suggests a high sediment supply prior to late Mio-
cene times. This is consistent with Rebesco et al.’s
[1997] interpretation of seismic unit M4 (Figure 2a)
as an initial drift growth stage, with an estimated
onset at 15 Ma. Those authors mentioned that M4
may already have been deposited under glacial
influence and in interaction with a bottom current.
One explanation for this could be the mountainous
nature of theAntarctic Peninsula [Lythe et al., 2000].
Today, it acts as a major barrier to tropospheric
circulation, resulting in high snowfall and accumu-
lation onshore [e.g., Reynolds, 1981]. If this region
was similarly sensitive in Miocene times, then it
is possible to envisage it having responded to
Miocene climate changes with earlier development
of eroding ice streams than the adjacent, more flat-
lying regions. Consistent with this, Scheuer et al.
[2006a] estimated a relatively low sediment accu-
mulation rate in the neighboring Bellingshausen
Sea prior to 5.3 Ma (106 m/m.y. at depocenter A),
which they attributed to the region facing a wide
continental shelf with a hinterland below sea level
[Lythe et al., 2000]. Similar conditions apply for the
Amundsen Sea, and can be invoked to explain the
low accumulation rate there too.

[37] The highest accumulation rate of sediments
above the BH, averaging 170 m/m.y., was estimated
at depocenter B, which correlates with a peak
deposition rate (295m/m.y.) in Pliocene-Pleistocene
times (since 5.3 Ma) calculated by Scheuer et al.

[2006a]. Those authors relate the high sedimentation
rate to the development of a very large ice drainage
basin (Belgica Trough), high erosion rates onshore
and offshore, high ice flow velocities and the great
width of the continental shelf (up to 480 km west
of Alexander Island). Accumulation rates on the
western Antarctic Peninsula, at depocenter A and
mound Am3 are very similar, varying between 140
and 160 m/m.y. Even though sparse data in the
Amundsen Sea make estimates of sediment thick-
nesses and accumulation rates speculative, an esti-
mated accumulation of 160 m/m.y. on the upper
continental rise seems reasonable, with respect to the
similar widths of the Amundsen Sea and Belling-
shausen Sea continental shelves, and the fact that
Pine Island Bay is a large glacial drainage outlet.

5.3. Influence of Ocean Bottom Currents

[38] Temperature measurements [Gordon, 1966],
seabed photography [Hollister and Heezen,
1967], and current meter readings [Nowlin and
Zenk, 1988; Camerlenghi et al., 1997] suggest that
a westward flowing bottom contour current follows
the western margin of the Antarctic Peninsula. The
influence of bottom currents on the distribution of
sediments and structures of sediment deposits
along the West Antarctic continental margin is well
documented by several studies of contourite drifts
at the Antarctic Peninsula margin [e.g., Rebesco et
al., 1997] (Figure 2a). In addition to these, Scheuer
et al. [2006b] identified a channel related sediment
drift at depocenter C in the western Bellingshausen
Sea (Figure 2d). The development of such features
seems to be related to the availability of contouritic

Table 3. Average Sediment Thicknesses and Sediment Deposition Rates Calculated in the Major Accumulation
Areasa

Location Sediment
Deposition
Period, m.y.

Sediment
Thickness, m

Sediment Deposition
Rate, m/m.y.

Drift 6 glacially dominated sediments 10 1400 140
Drift 6 pre-glacially dominated sediments 29 1600 55
Drift 6 total sediments 39 3000 76
Depocenter A glacially dominated sediments 10 1550 155
Depocenter A pre-glacially dominated sediments 37 950 26
Depocenter A total sediments 47 2500 53
Depocenter B (eastern part) glacially dominated sediments 10 1700 170
Depocenter B (eastern part) pre-glacially dominated sediments 46 850 18
Depocenter B (eastern part) total sediments 56 2550 46
Mound Am3 glacially dominated sediments 10 1600b 160b

Mound Am3 pre-glacially dominated sediments 74 1500b 20b

Mound Am3 total sediments �85 3100b 36b

a
We chose locations with approximately the same distance to the shelf edge in order to enable comparisons. Locations are marked by white

triangles on Figures 5, 7, and 8.
b
Sampled values from the grid.
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detritus scavenged from continental slopes by
frequently occurring turbidity currents.

[39] The sediment accumulations on the Antarctic
Peninsula margin and in the Amundsen Sea show
similarities, consisting as they do of sediment
mounds with one steep and one gentle flank sepa-
rated by erosional channels (Figures 2a and 2e).
Although this may be taken as indicating a contour
current influence in the Amundsen Sea, it should be
remembered that the asymmetries of the contourite
drifts on the Antarctic Peninsula margin are not
always consistent with a westward current flow
[Rebesco et al., 2002], and so the orientations of
the Amundsen Sea mounds, with their steep easterly
edges, cannot be considered a strong indicator of the
proposed current’s direction. The higher elevation of
the western channel levees may be related to the
influence of the Coriolis force on turbidity currents.

5.4. Implications for Geodynamics

[40] Eagles [2006] noted that values in his grid of
predicted sediment thicknesses (Figure 6a) were
consistently greater than those in the Hayes and
LaBrecque data set, and attributed this to either or
both of two causes. The first cause was underesti-
mation of sediment thicknesses by Hayes and LaB-
recque due to nonimaging of seismic basement in
many of their data. Although our grid confirms that
the Hayes and LaBrecque data set underestimates
thicknesses, the underestimation is far smaller than
the difference to Eagles’ predicted thicknesses. The
second cause was long wavelength residual bathym-
etry anomalies formed due to crustal thickness
variations and uplift due to flow occurring in the
mantle, known as dynamic topography. Eagles
[2006] noted that dynamic uplift of 1 km would
contribute to overestimates of 3.8–6.9 km in his
predicted sediment thicknesses. The regional sys-
tematic overestimate of 1–3 km in relation to our
grid, shown in Figure 6b, thus suggests dynamic
uplift in the range of 140–790 m affects the region.

[41] Consistent with this uplift, Shapiro and
Ritzwoller [2004] show evidence of a peak in heat
flow beneath Marie Byrd Land, which Morelli and
Danesi’s [2004] tomographic images show is
connected to a widespread low-velocity anomaly
beneath the Bellingshausen and Amundsen Seas
that can be interpreted in terms of warm upwelling
mantle material. Dynamic topography is also often
correlated with other surface manifestations of
mantle convection, notably excess volcanism, for
instance around Iceland [e.g., Louden et al., 2004].
Studies of volcanic rocks from Marie Byrd Land

provide ample evidence for late Cenozoic volcanic
activity [e.g., Hole and LeMasurier, 1994;
Behrendt, 1999; Rocchi et al., 2002]. Offshore, in
the Amundsen Sea, there is further evidence for
excess volcanism at the Marie Byrd Seamounts,
although seismic data and subsidence calculations
on guyots suggest this occurred in Paleogene times.
Peter I Island, further east, is an active volcano that
may also be attributed, along with the nearby De
Gerlache seamounts, to the same cause as the
regional uplift. The peak sediment thickness over-
estimates in Eagles’ [2006] grid coincide with these
centers and thus may be related to increased
dynamic topography around them, or to crustal
thickening associated with the volcanic activity.

5.5. Outlook

[42] The interpolated sediment isopach grids can
be used to adjust existing paleobathymetric models
for the effects of sedimentation. Such grids should
be a central element of paleoceanographic models
that set out to investigate the origins and effects of
topographically steered currents like the ACC or
AABW. To do this for the various times that might
be of interest in the region will require the classi-
fication of the entire sediment package into discrete
dated sediment units. As yet, the sparse data
acquired in the study area do not allow the estab-
lishment of such a classification. The lack of data
coming from deep penetrating ocean boreholes in
the Amundsen Sea makes a dating of sediment
units there especially difficult. Our coarse classifi-
cation into pre-glacially dominated and glacially
dominated sediments along seismic profiles and its
northward extrapolation is the first classification of
the sediments ranging across the South Pacific. Our
assumption that these sequences are separated by
an isochronous surface, BH, is an oversimplifica-
tion, but it enables a first tentative comparison of
sedimentation histories along the West Antarctic
margin which can be used to guide future data
acquisition efforts.

6. Summary and Conclusions

[43] A large set of seismic reflection data acquired
in the Southern Pacific off West Antarctica is used
to model isopach grids that provide insights into
the tectonic structure and sedimentary architecture
of the study area. In the future, grids like these can
be used to improve existing paleobathymetric
models by considering the effects of sedimentation,
in order to provide more precise boundary con-
ditions for models of paleoceanographic develop-
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ment. The approximation of an age of about 10 Ma
for the boundary between predominantly nongla-
cial related sediments and those supplied due to the
advances of grounded ice on the continental shelf
allows approximations of sedimentation rates on
the continental rise and thus a comparison of local
sedimentation histories.

[44] In comparison to the Bellingshausen and
Amundsen Seas, high sedimentation rates on the
western margin of the Antarctic Peninsula prior to
10 Ma can be related to the elevated topography of
the Antarctic Peninsula hundreds of meters above
sea level. This topography presented a source of
terrigenous sediments that was missing from most
other parts of West Antarctica, and may have
promoted weather patterns that gave rise to the
earlier development of ice streams that transported
sediment to the continental rise. In contrast, pre-
glacial sediment accumulation rates in the Belling-
shausen Sea and Amundsen Sea are about half as
much as on the Antarctic Peninsula, which can be
related to low relief of the sediment source area,
most of which lies below sea level.

[45] The distribution of glacially dominated sedi-
ments on the continental rise is, in general, consis-
tent with the arrangement of recent drainage outlets
on the shelf, as the thickest deposits were identified
at the mouths of the Marguerite Trough (Antarctic
Peninsula), Belgica Trough (Bellingshausen Sea)
and in the central Amundsen Sea. Maximum sed-
imentation of glacially dominated sediments is
estimated in the western Bellingshausen Sea and
central Amundsen Sea.

[46] However, differences in sediment accumula-
tion rates suggest significant local variability in the
timing of glaciations and ice advances over the
West Antarctic continental margin. So, we reiterate
the tentative nature of our classification, which is
due to sparse coverage of seismic profiles and very
limited or absent drill hole information.
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Drift deposits document stages of particular dynamic bottom-currents and associated sedimentary transport ac-
tivities. The analysis of seismic reflection data from the Amundsen Sea, southern Pacific Ocean, reveals sediment
drift formation already in Eocene/Oligocene times. This observation indicates bottom current activity and hence
a cold climate for the late Palaeogene in an area, which today lies under the influence of Antarctic BottomWater
(AABW) originating in the Ross Sea. The generation of sediment drifts is accompanied by the occurrence ofmass
transport deposits leading to the identification of a phase of strong ice sheet expansion (15–4 Ma), which due to
a change in ice regime from wet- to dry-based was followed by less material input during the last ~4 Ma.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

During the last years theWest Antarctic Ice Sheet (WAIS) has been
reported to undergo significant changes, especially in the area of Pine
Island Bay, Amundsen Sea Embayment, where large glaciers draining
the ice sheet have shown rapid flow acceleration, increased thinning,
and grounding line retreat (Rignot and Jacobs, 2002; Shepherd et al.,
2004; Thomas et al., 2004). In order to better understand the dynamics
of theWAIS and be able to provide reliable constraints for numerical sim-
ulations of a possible future behaviour of the ice sheet, information on
the development of the WAIS is needed. This, especially for the early
phase, is still under debate and not known in much detail both chrono-
logically and regionally. While good progress has been made over the
last years in reconstructing the development of the ice sheet since the
late Miocene for the western Antarctic Peninsula and Bellingshausen
Sea, the Pliocene for the Ross Sea area and the late Quaternary for Pine
Island Bay, little is known from the greater Amundsen Sea, which lies be-
tween the Ross and Bellingshausen Seas under the east setting Antarctic
Circumpolar Current (ACC) (Orsi et al., 1995; Carter et al., 2009).

The Amundsen Sea is located along the southern Pacific margin of
West Antarctica (Fig. 1). This part of the southern Pacific was created
by rift and breakup processes and the formation of the earliest ocean-
ic crust between Campbell Plateau/Chatham Rise and Marie Byrd
x: +49 471 4831 1149.
e (G. Uenzelmann-Neben).

rights reserved.
Land/Thurston Island Block at 90–80 Ma (Eagles et al., 2004; Gohl
et al., 2007, and references therein). The emplacement of the Marie
Byrd Seamounts (MBS) was a result of magmatic activity at
65–55 Ma or older (Kipf et al., 2008, submitted for publication). Up
to 4 km of sediment have been deposited on top of basement.
These sediment deposits have been subject to extensive reworking
by oceanic currents and, on the shelf, advance-retreat cycles of the
ice sheet.

Presently, the Amundsen Sea lies under the flow of Antarctic Bottom
Water (AABW), which here is formed mainly in the western Ross Sea
(Gordon et al., 2009; Orsi and Wiederwohl, 2009) and participates in
the cyclonic circulation of the Subpolar gyres once it has reached the
oceanic domain (Orsi et al., 1999). Circumpolar Deep Water (CDW) is
observed to flow onto the shelf areas of the Amundsen Sea via bathy-
metric troughs (Jacobs et al., 1996; Thoma et al., 2008). In the Belling-
shausen Sea, a southwest setting flow of bottom water has been
observed close to the continental slope as far west as 83°W (see
Hillenbrand et al. (2008) for a detailed presentation). Based on the
study of sediment drifts, Scheuer et al. (2006b) and Hillenbrand et al.
(2003) inferred that this bottom water flow extends even farther west
to 93°W.

The work presented here will provide insight on the palaeoceano-
graphic evolution of the greater Amundsen Sea, which represents one of
the outflow regions of the Ross Sea gyre into the deep Pacific–Antarctic
Basin (Orsi, 2010) and into which the glaciers of the Pine Island Bay
area drain, by analysing sedimentary features observed in seismic reflec-
tion data.

http://dx.doi.org/10.1016/j.margeo.2011.12.007
mailto:Gabriele.Uenzelmann-Neben@awi.de
http://dx.doi.org/10.1016/j.margeo.2011.12.007
http://www.sciencedirect.com/science/journal/00253227


Fig. 1. Bathymetricmap of theAmundsen Sea (Nitsche et al., 2007). The seismic line locations are shown inpurple (AWI) andblack (JNOC), the yellow star refers to the location of DSDP Leg
35 Site 324 (Shipboard Scientific Party, 1976). The white lines and numbers show the parts of the seismic lines presented as figures. The grey dashed line shows the approximate path of
AABW (Orsi et al., 1999). AT=Abbot Trough, CGT= central Getz Trough, EGT= eastern Getz Trough,WGT=western Getz Trough,MBS=Marie Byrd Seamounts, TI = Thurston Island,
WPIBT = Western Pine Island Bay Trough. Insert map shows the area presented. AP = Antarctic Peninsula, BS = Bellingshausen Sea, RS = Ross Sea, WAIS = West Antarctic Ice Sheet.
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2. Geological setting

No direct evidence for an ice sheet extending onto theWest Antarctic
continental shelves could be detected for the early Cenozoic (Anderson,
1999). A cooling of the surfacewaters has been reported for the Eoceneby
Anderson (1999), which may be due to an already existing proto-Ross
Gyre as proposed by Huber et al. (2004). A direct relationship between
tectonic movements and the onset of massive glaciations can be ruled
out because both the opening of the Drake Passage commencing in
the middle Eocene and the Tasman Gateway (~35.5 Ma) preceded the
largest δ18O increase (Oi1) of the past 50 Ma at 33.55 Ma indicating
major glaciation (Huber et al., 2004; Francis et al., 2008; Miller et al.,
2008).

Observations for early Oligocene times are contradictory. While
Anderson (1999) interpreted mountain glaciers and ice caps appearing
inWest Antarctica and ice streams spreading into the western Ross Sea
by mid-Oligocene, Miller et al. (2008) reported that the ice advanced
from elevated land areas to sea level in the WAIS region already in
the earliest Oligocene. According to Ivany et al. (2006) the Antarctic
Peninsula was covered by a regionally extensive ice sheet during the
Oligocene. The shelf was mainly aggrading during the Oligocene, the
slope was characterised by high-relief canyons and the rise by channel–
levees (Cooper et al., 2009).

Across the Oligocene–Miocene boundary the ice volume experi-
enced a short-lived (200 ka) increase from 40% to 125% of the present
volume (Mi1 incursion) (Wilson et al., 2009). Further growth of the
Fig. 2. a. JNOC profile TH-86008 from the Marie Byrd Seamount area. Note the sediment drifts n
sedimentdrifts in units I, II and III. The thin black lines are small scale faults. c:Northernpart of profi
directly on top of the basement, initially as a confined drift (unit I), then as an elongate drift (unit II
drift apex towards the north. The thin black lines are small scale faults. d: Northern part of profile
transport deposit) in unit II, the patched drift (pd) in units III and IV and the sediment waves (sw)
channel–levee system (C— channel, L— levee) in unit I and the mass transport deposits such as m
WAIS was observed at 14 Ma (Haywood et al., 2009). Bart (2003)
reported at least two WAIS expansions to the shelf edge in the Ross
Sea during this period. Uniform progradation with erosion of topset
strata characterise the Miocene shelf, while the slope and rise showed
fan growth and the construction of large sediment drift bodies and
channel–levees (Cooper et al., 2009). Glacial-interglacial volumes de-
creased on the rise but increased on the slope. They have shifted fur-
ther landwards since the late Miocene.

The Miocene–Pliocene boundary is characterised by a prominent
regional unconformity (Cooper et al., 2009). During the Pliocene sev-
eral warm intervals occurred leading to a strong increase in sea sur-
face temperatures SST (Escutia et al., 2009; Haywood et al., 2009).
Rebesco and Camerlenghi (2008) observe changes in depositional
style on the shelf and slope at ~3 Ma and speculate on a climate
change having led to the transition from polythermal to polar cold,
dry-based ice sheets. Drill information from the Ross Sea gives evi-
dence for rapid oscillations of the WAIS and volume changes between
open water and grounded ice at 2.6 Ma (Naish et al., 2009a, 2009b). A
numerical simulation of WAIS variations by Pollard and DeConto
(2009) for the past 5 Ma ranges from full glacial extents to intermedi-
ate states and brief stages of strong retreat leaving only small isolated
ice caps.

WAIS retreat dynamics have become best known for the period since
the Last Glacial Maximum (LGM) (Domack et al., 1999; Wellner et al.,
2001; Anderson et al., 2002; Lowe and Anderson, 2002, 2003; Ó Cofaigh
et al., 2005; Dowdeswell et al., 2006; Evans et al., 2006; Hillenbrand et
ear the fracture zone. b. JNOC profile TH-86003 F from the western Amundsen Sea. Note the
leAWI-94050 from the area of theMarie Byrd Seamounts. Note the sediment drift developing
) and lastly as an attached drift (unit III). The dark grey dashed line shows themigration of the
AWI-94054 from the western Amundsen Sea. Note the interpreted debris flow (mtd—mass
in unit IV. e: Southern part of profile AWI-94054 from the western Amundsen Sea. Note the
ass transport deposits (mtd) and the patched drift (pd) in unit IV.
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al., 2009a, 2009b). These studies havemainly concentrated on Pine Island
Bay and the Ross Sea. The relationship between ice sheet dynamics and
changes in oceanographic conditionshavebeendealtwith for thewestern
Antarctic Peninsula and the Bellingshausen Sea (e.g. Nitsche et al.,
2000; Rebesco et al., 2002; Hernandez-Molina et al., 2004, 2006; Scheuer
et al., 2006b; Rebesco and Camerlenghi, 2008). For the Bellingshausen
Sea, which lies east of the Amundsen Sea along the Antarctic Peninsula
margin, studies have shown bottom current activities since ~9.6 Ma
(Rebesco et al., 2002; Hernandez-Molina et al., 2004; Hillenbrand and
Ehrmann, 2005; Scheuer et al., 2006b; Uenzelmann-Neben, 2006). A
close interaction of along-slope and down-slope sediment transport
was identified west of the Antarctic Peninsula with indications for a
major advance of the local ice sheet shortly after 15 Ma (Uenzelmann-
Neben, 2006).

According to Haywood et al. (2009) WAIS reached its maximum
extent in the Ross Sea by late Miocene and in the Bellingshausen
and Amundsen Seas by early Pliocene. Due to only few published seis-
mic data and no drilling information this hypothesis is little con-
strained for the deep sea part of the greater Amundsen Sea.
3. Database

Multichannel seismic reflection data gathered by the Alfred-
Wegener-Institut (AWI) in 1994 and 2006 form the base of this
study (Fig. 1). Details of field parameters and processing of the seis-
mic data can be found in Gohl et al. (1997), Nitsche et al. (2000)
and Uenzelmann-Neben et al. (2007). No gain was applied to the
data, neither during processing nor for display. Differences in re-
flection amplitude discussed in the following thus are real. Addi-
tional seismic data (Yamaguchi et al., 1988) were available via the
digital database of the SCAR Antarctic Seismic Data Library System
(SDLS).

A detailed stratigraphic model with age-depth control does not
exist yet. Although profile TH-86002A (Yamaguchi et al., 1988)
crosses the location of DSDP Leg 35 Site 324 (Fig. 1), this only provides
information on the uppermost 200 m of the sedimentary column
(Shipboard Scientific Party, 1976; Tucholke et al., 1976a). Core recov-
ery was relatively poor (51%) producing a lithology of sand, silty clay
and diatomaceous clay of Pliocene to Pleistocene age (Shipboard
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Scientific Party, 1976). For the rest of the sedimentary column, general
changes in sediment structure occurrence and reflection characteris-
tics are interpreted to represent modifications in the depositional re-
gime, e.g. the local circulation system and ice sheet dynamics. Those
are then compared to observations from the Bellingshausen Sea
(Tucholke and Houtz, 1976; Tucholke et al., 1976b; Rebesco et al.,
1996; Nitsche et al., 1997, 2000; Rebesco et al., 2002; Scheuer et al.,
2006a, 2006b) and the Ross Sea (De Santis et al., 1995, 1999; Böhm
et al., 2009) to derive estimates for an age model.

We are aware of the fact that (a) a direct tie to both Bellingshausen Sea
and Ross Sea is not possible and the sedimentary packages there will re-
flect local modifications in the depositional environment, and (b) most
seismic data from the Ross Sea are from the shelf as the data from the
rise are very limited and not yet published. Still, the major events ob-
served in those areas provide general informationon thenature of discon-
tinuities and processes shaping the sedimentary column such as
modifications in climate resulting inwaxing/waning of the ice sheet lead-
ing to erosion on the shelf and increased material input on the slope and
rise.

4. Sedimentary features observed

Before describing the sedimentary units observed in our data in
detail we define the three sedimentary features primarily observed.

4.1. Sediment drifts

Onmost seismic lineswe observe asymmetricmounded, elongated
sediment bodies, which show a steep and a less inclined flank
(e.g. Fig. 2c, CDP 1500–2700, 4.6–6.0 TWT). These mounds show dis-
continuities at their bases and, in places, internal discontinuities. The
internal reflectors are subparallel with mostly moderate amplitudes.
They show onlap and downlap onto the discontinuities. In general,
the different seismic units forming these mounds are lenticular and up-
ward convex. The vertical stacking of the seismic units shows a lateral
migration. Following the classifications of Faugères et al. (1999),
Rebesco and Stow (2001), Stow et al. (2002), and Shanmugam (2006)
we interpret these features as sediment drifts, which have been shaped
by bottom currents. Bottom currents are driven by thermohaline circu-
lation. They persist for long periods of time and can develop equilibrium
conditions (Zenk and Camerlenghi, 2008). Periodic modifications in
flow pattern linked to changes in plate tectonics (e.g. opening/closure
of gateways, formation of barriers such as fracture zones or volcanic pla-
teaus) and/or climatic conditions lead to the formation of the basal and
internal discontinuities observed in sediment drifts (Faugères et al.,
1993; Stow et al., 2002).

Based on their overall morphology and setting, sediment drifts can
be grouped into different classes (Stow et al., 2002): (i) contourite
sheet drifts with a low relief as a basin fill or plastered against the con-
tinental slope. Contourite sheet drifts show a relatively constant thick-
ness and cover large areas. (ii) Elongate mounded drifts are distinctly
mounded and elongate in shape. They can be 1000 km long and up to
2 km thick. They are generally elongated parallel to the margin and
can be both detached and separated from the margin. Elongate drifts
typically show lenticular, convex-upward depositional units overlying
a major erosional discontinuity (Stow et al., 2002). (iii) Channel-
related drifts are related to deep channels or gateways, where the ve-
locity of the bottom circulation is markedly increased. Patch drifts and
contourite fans fall into this category. (iv) Modified drift–turbidite
systems are the result of interacting down-slope and along-slope pro-
cesses (Faugères et al., 1999; Michels et al., 2001; Stow et al., 2002).
Variations in climate, sea-level and bottom circulation lead to an alter-
nation in the dominating sediment transport process. Levee–drifts are
the result showing a marked asymmetry in the size of their levees and
an extended tail in the direction of the dominant bottom current flow
(Faugères et al., 1999; Michels et al., 2001).
4.2. Channel–levee system deposits

Onparts of our seismic lineswe observe pairs of slightly asymmetrical
mounds facing each other, i.e. the steeper flanks are located on the inner
side separated by a channel (e.g. Fig. 2e, CDPs 6300–8800, 4.2–4.5 and
4.6–4.8 s TWT). The westernmound of the pair usually is built-up higher
than the eastern one. Thesemounds also showhighly reflective units sep-
arated by discontinuities. These channel systems flanked by two clear
levees are characteristics common for turbidite systems (Emery and
Myers, 1996; Reading, 1996; Faugères et al., 1999; Michels et al., 2001).
They are the result of episodic turbidity currents. In contrast to the quasi
steady, often along-slope flow of bottom currents, turbidity currents are
event-controlled and act perpendicular to the continental slope (Zenk
and Camerlenghi, 2008). The stronger build-up of the western mound is
the result of the interaction of the down-slope turbidity current with
the Coriolis force, which acts to the left on the Southern Hemisphere.

4.3. Mass transport deposits

A number of chaotic units can be identified on our lines. These are
both laterally and vertically defined with sharp contacts (e.g. Fig. 2e,
CDPs 7800–9800, 3.6–3.8 s TWT). These seismic characteristics point
towards mass transport deposits (Emery andMyers, 1996). According
to Laberg and Vorren (1995; 2000) glacigenic sediments are tempo-
rarily stored on the upper slope when the ice sheet reaches the
shelf break. Due to the high sedimentation rates the sediments be-
come unstable and mass movement such as mass transport deposits
or slumps are generated (Laberg and Vorren, 1995; Reading, 1996;
Laberg and Vorren, 2000). Mass transport deposits can appears trans-
parent, opaque as well as chaotic with discontinuous reflections on
seismic lines (Laberg and Vorren, 1995; Laberg and Vorren, 2000;
Nitsche et al., 2000; Dahlgren et al., 2002; Ó Cofaigh et al., 2003,
2004). They form mounded packages separated by bright coherent
reflections (Nitsche et al., 2000). Mass transport deposits are found
at slopes with gradients b1° (Ó Cofaigh et al., 2003).

5. Observations

Our seismic data show an up to 3400 ms TWT (~4.2 km using a con-
version velocity of vp=2.5 km/s) thick pile of sediments on top of oceanic
basement. We can distinguish up to four sedimentary units (units I–IV)
based on seismic reflection characteristics and sedimentary features
observed.

The oldest sedimentary unit I shows a thickness of 100–1600 ms TWT
(~0.1–2 km) depending of the underlying basement topography. Unit I
mainly fills depressions between basement highs and thus levels out
the basement topography (e.g. Fig. 2d, CDPs 100–2500). Unit I is general-
ly characterised by weak internal reflections and often appears transpar-
ent, which indicates a uniform lithology (Emery and Myers, 1996). We
observe stronger, more continuous reflectors only in the upper part of
unit I. In the area of the Marie Byrd Seamounts, sediment drifts can be
identified within unit I resting directly on basement (e.g. Fig. 2c, CDPs
1600–2700). Moats separate the sediment drifts from the seamounts
andother basement highs (e.g. Fig. 2b, CDPs 1600–1800 and2200–2400).

Sedimentary unit II shows a thickness ranging from 100ms TWT to
600 ms TWT (~0.1–0.8 km). The reflection characteristics of this unit
are variable, often showing continuous internal reflections of moderate
to high amplitude either in the lower or upper part of the unit (Fig. 3c).
Downlap onto the base can be observed (Fig. 3c, CDPs 2000–2200,
2800, 3100). The sediment drifts with the associated moats observed
in unit I in the area of the Marie Byrd Seamounts also extend into unit
II. Additional sediment drifts are observed in unit II north of Thurston Is-
land (Fig. 4b). The steeper flanks of the sediment drifts face towards the
east, while the gentler flanks face the west (Fig. 3c, west of CDP 1800).
We observe channels adjacent to the steep flanks of these sediment
drifts, which later have been filled (Fig. 3c, CDPs 1500–1800).
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Reflections of the channel fill dip away from the apex of the channel
axis, which is characteristic for channel–levee systems according to
Emery and Myers (1996). The sediment drifts show a number of small
scale faults. In a few locations mass transport deposits can be identified
in the upper part of unit II.

Sedimentary unit III shows a thickness of 100–800 ms TWT (~0.1–
1 km). We observe a distinct increase in the number of internal reflec-
tions (e.g. Fig. 3b). Within unit III we can identify a large number of
high amplitude chaotic bodies, whichwe interpret asmass transport de-
posits such as debris flows. They occur primarily in the central and east-
ern Amundsen Sea (Fig. 4c). Thosemass transport deposits partly extend
upwards from mass transport deposits in sedimentary unit II (Fig. 3b,
CDPs 100–700). Several sediment drifts of the eastern Amundsen Sea
Fig. 3. a: JNOC profile TH-86003D from the eastern Amundsen Sea. Note the levee drift. The g
profile TH-86003B from the eastern Amundsen Sea. Note the levee drift. The grey shaded
downlapping reflections. mtd = mass transport deposit. c: JNOC profile TH-86003A from
areas show filled channels, the thin black lines are small scale faults, the arrows (black and
of profile AWI-20060023 from the eastern Amundsen Sea. Note the different levee drifts.
mtd = mass transport deposit.
have their steep flanks facing east. In contrast, the sediment drifts in
the area of theMarie Byrd Seamounts showa steepflank facing the base-
ment highs separated by a moat from the high (Fig. 2b, CDPs 500–1800
and 2150–2700). The sediment drifts in the eastern Amundsen Sea are
separated from each other by channels (Fig. 3d, CDPs 100–8700). Small
scale faults cut through the thicker sedimentdrifts. Close to the continen-
tal slope two channel–levee systems are observed (Fig. 4c).

Sedimentary unit IV shows a thickness of 200–1300ms TWT (~0.2–
1.5 km). We observe weak to moderate, well-layered reflections sepa-
rated by several unconformities (Fig. 3d, CDP 100–8700). In the eastern
Amundsen Sea and in the area of the Marie Byrd Seamounts sediment
drifts are observed. Again the steep flank of the eastern Amundsen
Sea sediment drifts face eastward, while the steep flanks of the Marie
rey shaded areas show filled channels, the thin black lines are small scale faults. b: JNOC
areas show filled channels, the thin black lines are small scale faults, the arrows show
the eastern Amundsen Sea. Note the levee drift west of CDP 1700. The grey shaded
white) show downlapping reflections. mtd = mass transport deposit. d: Eastern part

The grey shaded areas show filled channels, the thin black lines are small scale faults.
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Byrd Seamount drifts face the basement highs (Figs. 2b, CDPs
2100–2900 and 3b, CDPs 100–8900, 10, CDPs 500–1100,). Especially
the sediment drifts in the eastern Amundsen Sea are dissected by
small scale faults (Fig. 3d, CDPs 100–8700). Channels separate the sed-
iment drifts in the eastern Amundsen Sea. They are partly filled.

In the central Amundsen Sea unit IV is characterised by channel–
levee systems. Those are particularly prominent close to the conti-
nental slope (Fig. 4d). Mass transport deposits occur mainly in the
central Amundsen Sea also close to the continental slope.

6. Discussion

The sedimentary structures observed in the seismic data show a dis-
tinct distribution for the different sedimentary units and migration
from one unit to the other.We are aware of the fact that only few seismic
lines cover this huge area and the sedimentary structuresmay have been
imaged obliquely. This limits the validity of the inferred sediment
transport directions. We still analyse the geometry of the sediment drifts
and channel–levee systems to derive aworking hypothesis for the ocean-
ographic development. We will discuss the distribution and possible im-
plications for both down-slope (turbiditic) and along-slope (contouritic)
sediment transport in the following. From this discussion we will infer
modifications in the oceanographic and climatic conditions.

Within sedimentary unit I we observe sediment drifts only in the
area of the Marie Byrd Seamounts (Fig. 4a). They show a steep flank
towards the seamounts, and a moat separates the drifts from the sea-
mounts (Fig. 2a, CDPs 600–1200, and b, CDPs 1500–1800). These sedi-
ment drifts rest directly on basement. Basalts dredged from the Marie
Byrd Seamounts have been dated as young as 65–55 Ma (Kipf et al.,
2008, submitted for publication). However, the basement of the Marie
Byrd Seamount area is likely to be older than the seamounts and may
even contain fragments of thinned continental crust (Gohl, 2008). We
can infer an Eocene or older age for the oldest sediments deposited.
Since sediment drifts are created and shaped by bottom currents



Fig. 4. Depositional and oceanographic model showing the observed sedimentary structures, and the inferred sediment input and bottom current paths for the four distinguished
sedimentary units. AT = Abbot Trough, CGT = central Getz Trough, EGT = eastern Getz Trough, WGT = western Getz Trough, WPIBT = Western Pine Island Bay Trough.
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(Stow et al., 2002; Shanmugam, 2006; Shanmugam and Camerlenghi,
2008) this implies a certain bottom current activity already in Paleo-
gene times. Bottom water is formed by sea surface heat loss leading to
an increase in sea surface density (Van Aken, 2007). The formation of
sea ice and the increase of the sea surface salinity as a result of the
heat loss both additionally increase the surface density generating an
unstable upper water column. This then leads to the onset of a convec-
tivemixing (VanAken, 2007). Today, a deep geostrophic outflowof bot-
tom water from the Ross Sea into the deep Pacific–Antarctic Basin can
be observednear 140°W(VanAken, 2007; Orsi andWiederwohl, 2009).

The indication of bottomwater activity in the western Amundsen Sea
already in Paleogene times derived from the observation of sediment
drifts points towards a cool climate, as suggested by Miller et al. (2005)
and Tripati et al. (2005), with at least a substantial sea ice cover allowing
bottom water formation. The onset of the ACC following the opening of
Drake Passage (after the middle Eocene) and the Tasman gateway
(35.5 Ma) with its incorporated Circumpolar Deep Water (CDW) may
be discussed as another origin for the formation of sediment drifts in
the Amundsen Sea during the Paleogene. CDW is formed by the supply
of saline North Atlantic DeepWater (NADW) exported from the Atlantic,
this creates Lower CDW (LCDW), and the return of slightly less dense,
low-oxygen water from the Indian and Pacific Basins creating Upper
CDW (UCDW) (Rintoul et al., 2001). Without NADW, whose existence
has only been reported for the last 14 My (Frank et al., 2002), CDW is
not produced. So, CDWas theprimarywatermass shaping sediment drifts
in Eocene/Oligocene times is unlikely. Additionally, Anderson (1999)
reported a cooling of the surface waters for the Eocene, which fits an
already existing Proto-Ross gyre as proposed by Huber et al. (2004).

It can be assumed that the Marie Byrd Seamount province was
thermally raised during its formation. Only after cessation of magma-
tism a subsidence process could start. This raised position of the sea-
mount province led to the deflection of the proto-AABW and made it
an ideal target for reworking of sedimentary deposits into sediment
drifts. No observations exist yet for the depositional environment
during the Eocene in this part of Antarctica. De Santis et al. (1995),
however, reported on the earliest traces of glacial processes in the
eastern Ross Sea in late Oligocene times, while De Santis et al.
(1999) refined this interpretation to indications of valley glaciers during
the period late Oligocene (~30 Ma) to early Miocene (~21 Ma). This in-
dicates a cooler climate for the Ross Sea region, which may have led to
the formation of sea ice and hence production of bottom water. This
provides a minimum age frame (Oligocene/early Miocene) following
De Santis et al. (1999). So, we propose the east-setting flow of a proto-
AABW,which originated in the Ross Sea andwas deviated by the topog-
raphy of the Marie Byrd Seamounts, there formed sediment drifts and
flowed onwards to the east in the Eocene to early Miocene (Fig. 4a).

Sedimentary unit II shows sediment drifts in the Marie Byrd Sea-
mount area with a steep flank towards the basement highs and a
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Table 1
Oceanographic/climatological model proposed here in relation to published geological events. 1 (Anderson, 1999), 2 (Bart, 2003), 3 (Böhm et al., 2009), 4 (De Santis et al., 1999), 5 (Escutia et al., 2005), 6 (Francis et al., 2009), 7 (Haywood et
al., 2009), 8 (Hernandez-Molina et al., 2004), 9 (Hillenbrand and Ehrmann, 2005), 10 (Huber et al., 2004), 11 (Miller et al., 2008), 12 (Naish et al., 2009a), 13 (Naish et al., 2009b), 14 (Pollard and DeConto, 2009), 15 (Rebesco et al., 2006), 16
(Rebesco et al., 2002), 17 (Scheuer et al., 2006b), 18 (Uenzelmann-Neben, 2006).

Geological setting Model proposed here

Sedimentary
unit

Proposed
age

Sedimentary features Main area of occurrence Oceanographic/climatological interpretation

Early Cenozoic No evidence for ice sheet on continental shelf1 I 60–
21 Ma

Elongate sediment
drifts

Marie Byrd Seamounts Eastward flow of bottom water (proto-AABW?)
Eocene Cooling of surface waters1, Existing proto-Ross gyre10

Middle Eocene Beginning of opening of Drake Passage6

35.5 Ma Opening of Tasman gateway10

Earliest Oligocene Advance of ice from elevated areas to sea level in WAIS region11

Middle Oligocene Mountain glaciers and ice caps1

30–21 Ma Valley glaciers in Ross Sea4

21–14.1 Ma Transitional stage with expansions of ice caps onto Ross Sea shelf4 II 21–15 Elongate drifts
levee–drifts

Marie Byrd Seamounts
eastern Amundsen Sea

Intensified bottom water activity
cyclonic eddies shed from bottom water?

14 Ma Growth of WAIS7, two reported WAIS expansions to the shelf edge
in Ross Sea2

III 15–4 Elongate drifts
levee–drifts
mass transport deposits

Marie Byrd Seamounts
eastern Amundsen Sea
central/eastern Amundsen Sea

Intensified bottom water activity
cyclonic eddies shed from bottom water
advancing ice sheet14.1–4 Ma Large and thick ice sheet in Ross Sea, Indications for major glacial

sediment transport4

9.6 Ma Bottom current activity in Bellingshausen Sea8, 9, 16, 17, 18

Pliocene Several warm intervals leading to strong increase in surface
temperatures5, ice retreat in Ross Sea after 4 Ma4

IV 4–0 Levee–drifts
mass transport deposits

eastern Amundsen Sea
near continental rise

Bottom water activity has shifted southwards, less intense
change in ice regime from wet- to dry-based

3 Ma Change from wet- to dry based ice sheets15

2.6 Ma Rapid oscillations of WAIS and volume changes between open
water and grounded ice12, 13, 14
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moat separating the drifts from the highs (Fig. 2a, CDPs 600–1200,
and c, CDPs 1600–2700) but we also identify a few sediment drifts
in the eastern Amundsen Sea (Figs.3c, CDPs 1700–3400, and 4b).
These eastern Amundsen Sea drifts have a steep flank facing east-
wards and are separated by filled channels. These sediment drifts rep-
resent the levee–drift type. Levee–drifts comprise a mixed system,
where a bottom current controls or modifies the morphology of sed-
iment accumulations sourced by different processes such as turbidity
currents (e.g. Michels et al., 2001; Rebesco and Stow, 2001; Michels
et al., 2002; Stow et al., 2002). Levee–drifts often are characterised
by a marked asymmetry with one very well developed and one
small levee (Fig. 3a, CDPs 100–1200, and d, CDPs 2200–8700). The oc-
currence of levee–drifts already indicates an increased material input
from the continent with the entrainment of the suspended load of
down-slope turbidity currents within the ambient, in this case, south-
west (on the Southern Hemisphere the Coriolis force deflects to the
left, hence a better developed western levee points to a west-setting
current) directed bottom currents and their deposition down-current.

The increased material input may well be the result of repeated
erosion due to growing mountain glaciers or a local or regional ice
sheet. The occurrence of mass transport deposits mainly in the east-
ern and central Amundsen Sea (Fig. 4b) also supports this interpreta-
tion (Laberg and Vorren, 1995; King, 1997; Laberg and Vorren, 2000;
Ó Cofaigh et al., 2003, 2004). Analysing the distribution of levee–drifts
and mass transport deposits we suggest that the sedimentary materi-
al was supplied via the glacial Abbot Trough on the shelf northwest of
Thurston Island, as well as from the central and western Getz Glacier
troughs (Fig. 4b) in the westernmost Amundsen Sea Embayment. The
glaciers originate at the mountain ranges of coastal Marie Byrd land,
which has been uplifted since about 29–25 Ma due to a mantle
plume (LeMasurier, 2008). There, the shelf is relatively narrow and
the material can be transported across the shelf at short distances.

The southernmost sediment drift observed in the Marie Byrd Sea-
mount area is now built-up into an elongate drift with the steep flank fac-
ing south (Fig. 2c, CDPs 1600–2700). Here, the bottom current flows
along the sediment drift. We can see that the apex of the drift slightly mi-
grates towards the north indicating a northward relocation of the shaping
bottom current. De Santis et al. (1999) reported on a transitional stage
with expansions of ice caps onto the continental shelf of the eastern
Ross Sea for the period 21–14.1 Ma. Bart (2003) identified at least two
WAIS grounding events on the Ross Sea outer shelf at 17.3–15.7 Ma and
15.7–14.4 Ma. This suggests a larger scale cooling and ice expansion lead-
ing to a northward shift of the proto-AABW formed in the Ross Sea. This
northward shifted proto-AABW is inferred to have shaped the sediment
drifts in the Marie Byrd Seamount area as documented in the migration
of the apex of the elongated drift (Fig. 2c, CDP 1600–2700). We thus cor-
relate the deposition of our sedimentary unit II with the period of De
Santis' et al. (1999) transitional stage and assign an age of 21–14.1 Ma.

The geometry of the levee–drifts (steeper flank facing the east) in the
eastern Amundsen Sea points towards a southwest-setting bottom cur-
rent shaping them. Two possible explanations exist for this bottom cur-
rent: a) small cyclonic eddies shed by the east-setting proto-AABW, or b)
a westward continued flow of modified Weddell Sea Deep Water
(WSDW) or Lower Circumpolar DeepWater (LCDW), which has already
been reported to shape sediment drifts in the Bellingshausen Sea and on
the continental margin of thewestern Antarctic Peninsula (Camerlenghi
et al., 1997; Smith et al., 1999; Nitsche et al., 2000; Giorgetti et al., 2003;
Scheuer et al., 2006b; Uenzelmann-Neben, 2006; Hillenbrand et al.,
2008). Unfortunately, no oceanographic information has been published
yet to clarify theorigin of this possible southwest-setting bottomcurrent.

Sedimentary unit III still shows sediment drift formation in the area
of the Marie Byrd Seamounts. In the southern Marie Byrd Seamount
area we now observe the formation of an attached drift instead of an
elongate drift (Fig. 2c, CDPs 1800–3300). The steep flank of this drift
faces northwards compared to a south facing flank of unit II elongate
drift. This points towards a relocation of the bottom current to the north.
Levee–drift formation significantly increased in the central and east-
ern Amundsen Sea (Fig. 4c). Additionally, more mass transport deposits
have been formed (Fig. 4c).We interpret these observations to represent
a steep increase in material input from the continent. Especially the rise
in debris flow formation is an indication for glacial grounding zone ad-
vances (Laberg and Vorren, 1995, 2000; Ó Cofaigh et al., 2003, 2004).
This corresponds well to the change in reflection characteristics to now
recurrently appearing moderate to strong internal reflections (Fig. 3b),
which is an indication for episodic material input e.g. as the result of a
growing ice sheet. Rebesco et al. (2002) identify a similar change in re-
flection characteristics in seismic unit M4 at Drift 7 west of the Antarctic
Peninsula. This unit has also been interpreted to be the result of in-
creased material input due to a growing local ice sheet with a slight de-
crease of this process during deposition of unitM3 (Uenzelmann-Neben,
2006). Using information fromODP Leg 178 Site 1095, ages of 15–9.5 Ma
and 9.5–5.3Mawere assigned to unitsM4 andM3, respectively (Acton et
al., 2002; Iwai et al., 2002; Uenzelmann-Neben, 2006). Haywood et al.
(2009) found evidence for a significant growth of WAIS following 14
Ma. In the Ross Sea, a large and thick ice sheet, deeply shaping the conti-
nental shelf up to the shelf edge, was interpreted for the late Miocene–
Pliocene (14.1–4Ma) (De Santis et al., 1999). Analogue to this we sug-
gest an age of 14.1–~4 Ma for our sedimentary unit III.

Within the lower part of the Miocene/Pliocene unit III (14.1–10Ma)
De Santis et al. (1999) observed mounded sediment bodies, which they
interpret as a document of major glacial sediment transport. Glacial–in-
terglacial volumes were found to increase on the continental slope
(Cooper et al., 2009). We also have identified indications for an advance
of the grounding line in the area of the Amundsen Sea via the increase
in mass transport deposits. Material is interpreted to have increasingly
been supplied via the Western Pine Island Bay Trough (WPIBT) as well
as Getz Trough (WBT, CGT, and EGT) and the Abbot Trough (AT) north-
west of Thurston Island. Dowdeswell et al. (2006) and Evans et al.
(2006) reported on a similarmajor cross-shelf trough at ~114°W through
which fast-flowing ice drained theWAIS under fully-glaciated conditions.
Increased input of sediment leads to down-slope transport via turbidity
currents and mass transport deposits with the formation of channels.
The material is picked up by a bottom current and deposited as levee–
drifts. This bottom current could have its origin in a) local cyclonic eddies
shed from the east-setting proto-AABW, or b) a westward continued
flow of WSDW or LCDW. The east-setting proto-AABW has shifted fur-
ther north with a modification in sediment drift type in the southern
Marie Byrd Seamount area (Fig. 4c).

For sedimentary unit IV, we observe reduction in sediment drift for-
mation in the Marie Byrd Seamount area (Fig. 4d). The central and east-
ern Amundsen Sea also show less sediment drifts and mass transport
deposits but more channel–levee systems. This points towards a general
reduction in material input, which could be a result of a waning local ice
sheet or a modification in ice regime. A retreat of the ice sheet was ob-
served for the Bellingshausen Sea for the period since 5.3 Ma (units M2
and M1) (Uenzelmann-Neben, 2006). Rebesco and Camerlenghi (2008)
observed a modification in seismic stratigraphy from deep erosion of
the continental shelf and slope to prominent growth of steep wedges at
~3 Ma. They suggested this to reflect a change in texture andwater con-
tent of sediment delivered by the Antarctic ice sheet following the tran-
sition from wet- to dry-based ice regimes. Information from DSDP Leg
35 Site 324 (Shipboard Scientific Party, 1976; Tucholke et al., 1976a) al-
lows an assignment of ~4 Ma (Pliocene)— present to sedimentary unit
I, which is in accordance with the observations in the Bellingshau-
sen Sea. The influence of the bottom current appears to be reduced.
In the central Amundsen Sea the material is solely transported by
turbidity currents and deposited in channel–levee systems. The
eastern Amundsen Sea still shows the effect of the bottom current.

In the Ross Sea, Böhm et al. (2009) also observed a change from
wet-based to dry-based ice dynamics of WAIS expansion in the late
Pliocene and considered this to have been a regional modification. In-
stead of overcompaction, the sediments on the shelf now appear to be
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normally compacted (Böhm et al., 2009). De Santis et al. (1999) inter-
preted a maximum extension of the WAIS for the period 10–4 Ma.
After 4 Ma, they see long periods of ice sheets retreating from the
Ross Sea. This further supports our observations.

We suggest the reduction in material input into the Amundsen Sea
since ~4 Ma to be the result of a modification in ice regime from wet- to
dry-based. Episodic down-slope movement primarily via the Western
Pine Island Bay Trough (WPIBT) resulted in the formation of channel–
levee systems, while in the eastern Amundsen Sea along-slope transport
appears to have prevailed. (Fig. 4d).

The model for the oceanographic and climatic development put for-
ward unfortunately suffers from a quite imprecise age-depth model.
The only available tie to a drill site (DSDP Leg 38 Site 324) just provides
information on the upper 200 m of the sedimentary column. Informa-
tion from a deeper drill site is thus desperately needed to better con-
strain the interpretation of seismic data and obtain input parameters
for numerical simulations of climatic and oceanographic variations.

7. Conclusions

Analysing seismic reflection data with respect to sedimentary
structures on the continental rise of the southern Amundsen Sea,
we observe sediment drifts, mass transport deposits such as debris
flows, and channel–levee systems as predominant features showing
a distinct regional and chronological development. We can identify
four major stages in sediment deposition related to modification in
the oceanographic and climatic system (Table 1).

Sediment drifts have already been formed in the oldest sedimentary
sequences deposited in the Marie Byrd Seamount area. A correlation
with erosional events resulting from glacial activity from the Ross Sea
(De Santis et al., 1999) provides a minimum age frame of roughly
60–21 Ma for the oldest sedimentary unit identified. This indicates bot-
tom current activity and hence a significant sea ice cover already in Eo-
cene/Oligocene times. The bottom water shaping the sediment drifts is
supposed to originate in the Ross Sea and flow eastwards with a south-
ward deflection in the area of theMarie Byrd Seamounts. We thus inter-
pret this bottom water to constitute a kind of proto-AABW.

Bottom currents then appear to have intensified with the formation
of drifts in the eastern Amundsen Sea during the period 21–15Ma. The
proto-AABW is inferred to have moved slightly north allowing for the
shaping of levee–drifts by a southwest-setting bottom current closer
to the continental slope. This we interpret to be the result of either cy-
clonic eddies shed from the proto-AABW or a westward extension of
modified WSDW or LCDW (Hillenbrand et al., 2008).

During the third stage the sediment input has significantly increased
documented by a large number ofmass transport deposits such as debris
flows. This can be interpreted as the result of an advancing ice sheet, and
we suggest that this stage represents the major onset of glaciations.
Proto-AABW is shifted further to the north and the southwest-setting
bottom current has also intensified.

A reduction in sediment input since 4 Ma points towards a change in
ice regime fromwet- to dry-based. The central Amundsen Sea appears to
have been affected primarily by down-slope sediment transport whereas
in the eastern Amundsen Sea along-slope sediment transport appears to
have remained the dominant process. The flow of proto-AABW accord-
ingly shifted southward and the intensity of the southwest-flowing bot-
tom current shaping levee–drifts also decreased.

Due to the limited data base, research in the greater Amundsen Sea
is still in its infancy. More seismic as well as deep reaching geological
data are needed to add to the reliability of the presented model.
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We present a reconstruction of the Antarctic topography at the Eocene–Oligocene (ca. 34 Ma) climate
transition. This provides a realistic key boundary condition for modeling the first big Antarctic ice sheets at
this time instead of using the present day bedrock topography, which has changed significantly frommillions
of years of tectonism and erosion. We reconstruct topography using a set of tools including ice sheet-erosion
models, models of thermal subsidence and plate movement. Erosion estimates are constrained with offshore
sediment volumes estimated from seismic stratigraphy. Maximum and minimum topographic reconstruc-
tions are presented as indicators of the range of uncertainty. Our results point to a significant upland area in
the Ross Sea/Marie Byrd Land and Weddell Sea sectors. In addition, East Antarctic coastal troughs are much
shallower than today due to the restoration of material that has been selectively eroded by the evolving ice
sheets. Parts of East Antarctica have not changed since the E–O boundary because they were protected under
non-erosive cold-based ice. The reconstructions provide a better-defined boundary condition for modeling
that seeks to understand interaction between the Antarctic ice sheet and climate, along with more robust
estimates of past ice volumes under a range of orbital settings and greenhouse gas concentrations.
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1. Introduction

The aim is to reconstruct the Antarctic landscape at the Eocene–
Oligocene (E–O) climate transition (ca. 34 Ma). This is important
because experiments to test the sensitivity of ice sheet growth at this
time have thus far relied upon the present day subglacial bedrock
topography, rebounded for removal of ice load, as a boundary
condition (DeConto and Pollard, 2003; DeConto et al., 2007, 2008).
These simulations assumed that tectonism and erosion had made no
significant changes to the Antarctic landscape over the past 34 million
years. However a recent reconstruction of West Antarctica by Wilson
and Luyendyk (2009) suggested this region used to lie largely above
sea level, with tectonism and erosion shrinking it considerably,
reducing the continental area of the whole continent of Antarctica by
10–20% since the Eocene. Land area is a key factor in limiting both
present and past continental ice sheet growth and topography
determines where ice grows, flows and erodes. Hence the robustness
of the results of modeling past ice sheets using different orbital
parameters and greenhouse gas concentrations depends crucially on
using a realistic landscape.

This study follows the general method of Wilson and Luyendyk
(2009) in separately reversing processes that have changed Antarctic
topography: loading of themodern ice sheet; sedimentary deposition,
at least for selected continental shelf areas; erosion; thermal
subsidence of extended terranes; and horizontal plate motion. We
extend the previous work in two important ways: (1) expanding the
restoration for erosion to the entire continent, with constraints from
estimates of circum-Antarctic sediment volume; and (2) expressing
the many significant uncertainties in the reconstruction process by
offering separate reconstructions of maximum and minimum topog-
raphy. We do not claim to present accurate topographic models, but
rather two plausible end-members that are more suitable than the
modern topography for predicting climate and ice sheet behaviour.
We hope that differences in climate or ice sheet predictions between
our maximum and minimum reconstructions will inspire further data
collection including geophysical mapping and drilling to constrain the
gaps in our current knowledge. Because of the limited resolution that
is currently feasible for long-term climate and ice models, we
generally do not address features smaller than about 40 km. We do
not systematically address the evolution of deep-water bathymetry
(below ~1000 m). That issuewill be addressed by the ongoingwork of

http://dx.doi.org/10.1016/j.palaeo.2011.05.028
mailto:dwilson@geol.ucsb.edu
mailto:Stewart.Jamieson@dur.ac.uk
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the Circum-Antarctic Stratigraphy and Paleobathymetry (CASP)
project of a working group under the Scientific Committee for
Antarctic Research (SCAR) Antarctic Climate Evolution program.

The techniques employed in our reconstruction are simple, with
detailed explanations only for our method for flexural isostatic
compensation with partial flooding of the continent, and our model
for glacial erosion of the East Antarctic craton (Section 3 below).

2. Geologic background

2.1. Regional tectonics

The Antarctic continent is generally recognized as having a long-
stable, East Antarctic sector (Fig. 1), with little Mesozoic or Cenozoic
tectonic activity other than passive-margin formation with the rifting
of Gondwana (e.g., Lawver and Gahagan, 1994). The West Antarctic
sector has been more active with considerable Cretaceous and
Cenozoic activity including subduction, gradually decreasing from
most of the margin in the Early Cretaceous to hardly any in the late
Cenozoic (e.g., Larter et al., 2002), extensional rifting in the West
Antarctic Rift System (Behrendt et al., 1991), and volcanism. The
Transantarctic Mountains, a major range with many peaks above
4000 m, form the boundary between East and West Antarctica.
Several lines of evidence indicate that the modern relief in these
mountains was largely established ~55–35 Ma, with subsequent
glacial erosion strongly affecting only limited areas (e.g., Sugden
and Denton, 2004; Miller et al., 2010).

The history of tectonic extension in the WARS is only broadly
understood, as most of the extended area is hidden beneath the Ross
Ice Shelf. Extension in western Marie Byrd Land and the eastern Ross
Sea has been dated at 90–100 Ma (Fitzgerald and Baldwin, 1997;
Luyendyk et al., 2003; Siddoway et al., 2004). The youngest phase of
extension is better understood, having been interpreted from the
seafloor spreading record of motion between East Antarctica and
West Antarctica in the northwestern Ross Sea (Cande et al., 2000).
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Fig. 1. Location map. Bold line shows recent Antarctic coastline, including ice shelves.
Darker gray shading shows bed elevation above modern sea level, after applying a
rebound correction for ice load (Fig. 2b); lighter shading shows bed shallower than
−1000 m. Hachures show West Antarctic Rift System, active in Late Cretaceous and
Cenozoic (Behrendt et al., 1991). Abbreviations: DML, Dronning Maud Land; EL,
Enderby Land; MRL, MacRoberston Land; PEL, Princess Elizabeth Land; QML, Queen
Maud Land; WL, Wilkes Land; G5L, George V Land; OL, Oates Land; VL, Victoria Land;
MBL, Marie Byrd Land; AP, Antarctic Peninsula; LG, Lambert graben; GSM, Gamburtsev
Subglacial Mountains; RsIS, Ross Ice Shelf; RnFIS, Ronne-Filchner Ice Shelf; 270, DSDP
Site 270.
Spreading there since 45 Ma is ~170 km, and since 34 Ma is ~70 km.
Total extension of the WARS can only be inferred from indirect
arguments; estimates range about 300–600 km (Behrendt et al., 1991;
Cande et al., 2000; Wilson and Luyendyk, 2009).
2.2. Sediment volume

The strongest constraint on the extent of continental erosion is the
volume of sediment deposited around the continent. For Oligocene
and younger, sediment distributions are fairly well mapped in the
shallow Ross Sea, most of the East Antarctic margin, and the eastern
Weddell Sea. In contrast, the western Weddell Sea and areas under
the Ross, Ronne, and Filchner Ice Shelves are almost totally
unmapped. For the purpose of estimating minimum and maximum
palaeo-topographic surfaces, we separately estimate minimum and
maximum sediment volumes, as well as densities and the biogenic
fraction needed to calculate the original volume of the source
material.

For the Indian Ocean sector, our observed volumes are based on
the work of Kuvaas et al. (2004) and Leitchenkov et al. (2007, 2008)
(Table 1). The sediment is almost entirely in deep water. We estimate
volume uncertainty at ±10% except for the eastern subdivision which
increases to ±20% due to limited mapping.

In the Ross Sea, our estimates are based on the volume of
sedimentary units RSS-2 and younger from ANTOSTRAT (1995). Units
are well mapped on the continental shelf, poorly mapped in deep
water, and unmapped under the Ross Ice Shelf. Significant uncertainty
also arises because there is only a minimum age for the base of RSS-2
at ~26 Ma (McDougall, 1977; ANTOSTRAT, 1995); we account for the
possibility that a significant volume of sediment below RSS-2 is
younger than 34 Ma. In parts of the Ross Sea, considerable thicknesses
of sediments judged to be older than 34 Ma are not restored.

For the Amundsen Sea and western Bellinghausen Sea sector, our
estimates are derived from the isopach grids of Scheuer et al. (2006a)
and additional thickness estimates from more recently acquired
seismic data in the southern Amundsen Sea (K. Gohl, unpublished).
The seismic horizons which are interpreted as the onset of glacially
deposited sediments (e.g., Nitsche et al., 2000) are correlated from the
drilled and dated continental rise records of the Antarctic Peninsula,
through the Bellingshausen Sea (Scheuer et al., 2006b), and farther to
the Amundsen Sea. With no drill records in this latter sector, any age
estimate for the major onset of deposition of glacially transported
sediments on the shelf and continental rise remains speculative.
Whilst glacially-derived sediments were accumulating on the Ant-
arctic Peninsula continental rise since at least 9.5 Ma, the timing of
onset of glacial sedimentation in the southern Bellingshausen and
Amundsen seas is presently unconstrained by drilling and may have
occurred either earlier or later than along the Antarctic Peninsula.
Uncertainties are large due to incomplete mapping and limited age
control.

Sediment volumes along the Antarctic Peninsula are based on
seismic data from Tucholke and Houtz (1976), Larter and Barker
(1991), Nitsche et al. (1997, 2000), and Cooper et al. (2009), with age
control from DSDP Sites 322 and 325 (Hollister and Craddock, 1976).
We set a significant upper bound for volume based on the possibility
of substantial sediment subduction beneath the northern Peninsula.

Sediment volume for the Weddell Sea is primarily derived and
extrapolated from the seismic stratigraphy mapped by Rogenhagen
et al. (2004) in the eastern Weddell Sea, with age control from ODP
Site 693 (Barker et al., 1988; Miller et al., 1990). Extrapolation was
guided by the very few existing seismic records (Hübscher et al.,
1996; Rogenhagen and Jokat, 2000). Uncertainty is large and can only
be estimated subjectively, due to lack of data under nearly permanent
sea ice. We assume the transition between net deposition and net
erosion since 34 Ma occurs north of the Ronne-Filchner Ice Shelf.



Table 1
Observed sediment volume and source estimates.

Region Observed Volume
106km3

In situ density
(g/cm3)

Biogenic fraction Source density
(g/cm3)

Target source volume
106km3

Name Longitude A—Min B—Max A B A B A B A—Min B—Max

DML 0°–30°E 0.54 0.66 1.95 2.15 0.15 0.05 2.6 2.5 0.34 0.54
EL 30°–60°E 0.63 0.77 1.95 2.15 0.15 0.05 2.6 2.5 0.40 0.63
MRL-PEL 60°–94°E 1.17 1.43 1.95 2.15 0.15 0.05 2.6 2.5 0.75 1.17
QML-WL 94°–124°E 0.54 0.66 1.95 2.15 0.15 0.05 2.6 2.5 0.34 0.54
G5L-OL 124°–165°E 0.48 0.72 1.95 2.15 0.15 0.05 2.6 2.5 0.31 0.59
Ross 165°E–150°W 1.50 3.00 2.10 2.30 0.15 0.05 2.6 2.4 1.03 2.73
Bell-Amun 150°–80°W 1.60 2.60 1.95 2.15 0.15 0.05 2.6 2.4 1.02 2.21
W Penins 80°–~50°W 1.00 2.00 1.95 2.15 0.15 0.05 2.6 2.4 0.64 1.70
Weddell ~50°W–0° 2.40 4.40 2.10 2.30 0.15 0.05 2.5 2.3 1.71 4.18
Totals 9.86 16.24 6.54 14.29

Target volume=Obs Vol.×(1.0−BioFrac.)×IDens/SDens. Region abbreviations from Fig. 1.
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The factors relevant for converting sediment volume to source
volume are not well known.We assume a biogenic fraction, which we
do not restore to the continent, of 5–15%, guided by DSDP and ODP
results around Antarctica. We assume a minimum in-situ density of
1950 kg/m3 for thinner, deep-water sediments and a maximum of
2300 kg/m3 for thicker, shelf sediments. Density of the original source
is assumed in the range of 2500–2600 kg/m3 for the East Antarctic
craton, but possibly as low as 2300 kg/m3 for a largely sedimentary
source for the Weddell Sea. There is a clear division of Nd-isotope
populations of young sediments into East- andWest Antarctic sources
(Roy et al., 2007), suggesting that the sediments are largely derived
from the adjacent part of the continent.

2.3. Climate history

To understand the glacial regime under which the Antarctic
landscape evolved, the stepwise glacial history of Antarctica is pieced
together (Table 2). As will become clear, our approach relies on
modeling glacial extents in East Antarctica. Following the growth of an
initial continental-scale ice sheet at 34 Ma (Barrett, 1989; Hambrey et
al., 1991; Zachos et al., 1992; Zachos and Kump, 2005) ice sheets did
not permanently stabilise at the coast. Isotopic records show that the
initial ice sheet had reduced in size by 33.6 Ma (Zachos and Kump,
2005) and the preservation of Nothofagus pollen assemblages in the
CIROS-1 and CRP-3 cores suggest that the climate was at times similar
to present day southern Patagonia (Mildenhall, 1989; Raine and
Askin, 2001). After 33.6 Ma the ice sheet margin oscillated in pace
with orbital cycles until at least 17 Ma as recorded by sedimentary
Table 2
Stepwise climate variability.

Time
(Ma)

Ice configuration Evid

34.0–33.6 Continental ice sheet initiation. Initi
(Bar

33.6–14.0 Fluctuations between near
modern and near fully
deglaciated states.

Ice r
in C
(Mil
(Cap
Nais
rang

14.0–13.6 Maximum polar ice sheet. Step
from
ice s

13.6–0.0 Similar to present day and
fluctuating in response to
sea level.

Ice r
Hyp
colla
et al
redu
Hem
cycles in the Cape Roberts cores (Cape Roberts Science Team, 1999,
2000; Fielding et al., 2000; Naish et al., 2001; Barrett, 2007) and
isotopic records suggest this cyclicity probably continued until the
mid-Miocene (Pekar and DeConto, 2006). Ice sheet modeling forced
by orbital cycles under a reduced atmospheric CO2 indicate these
fluctuations may have been on a similar scale to those of northern
hemisphere Pleistocene ice sheets (DeConto and Pollard, 2003;
Jamieson and Sugden, 2008) and probably represented Antarctic ice
volumes ranging between ca. 10 and ca. 21 million km3, or 24 to 50 m
of sea level equivalent (Bertler and Barrett, 2010).

A 6–7 °C reduction in Pacific surface water temperature records
mid-Miocene cooling at around 14.2–12.7 Ma (Shevenell et al., 2004;
Holbourn et al., 2005) and was experienced onshore as a transition
from warm- to cold-based localised glaciation in the Transantarctic
mountains (Lewis et al., 2007) and by an expansion of continental ice
under a hyperarid polar climate. By ca. 14 Ma the ice sheet achieved
its maximum extent, reaching the continental shelf edge inmost areas
(Sugden and Denton, 2004). However, by 13.6 Ma the ice sheet had
retreated and in East Antarctica had dimensions similar to present
day, fluctuating in response to sea level and ocean temperature
changes for the majority of the period until present and occasionally
expanding to the continental shelf edge (Denton and Hughes, 1986;
Anderson, 1999; Sugden and Denton, 2004; Mackintosh et al., 2007;
Cooper et al., 2009; Mackintosh et al., 2011).

The glacial history of West Antarctica is more dynamic and less
certain. Stratigraphic evidence from the Ross Sea has been used to
suggest that during the Pliocene it advanced onto the continental
shelf in the Ross Sea multiple times (Bart, 2001) and collapsed
ence

al continental-scale ice recorded in oxygen isotope and sedimentary records
rett, 1989; Hambrey et al., 1991; Zachos et al., 1992; Zachos and Kump, 2005).
educed in scale by 33.4 Ma (Zachos and Kump, 2005) and Nothofagus pollen
IROS-1 and CRP-3 indicates conditions similar to present-day Patagonia
denhall, 1989; Raine and Askin, 2001). Sedimentary cycles in Cape Roberts
e Roberts Science Team, 1999; 2000, Barrett, 2007; Fielding et al. (2000);
h et al. (2001). Model comparison with geomorphology suggests ice volume
e of 10–25 million km3 (DeConto and Pollard, 2003; Jamieson et al., 2010).
cooling in ocean waters (Shevenell et al., 2004; Holbourn et al., 2005). Switch
warm- to cold-based glaciers in Victoria Land (Lewis et al., 2007). East Antarctic
heet stabilises. Ice reaches continental shelf edge (Anderson, 1999).
etreats from shelf edge by ca. 13.6 Ma (Anderson, 1999; Sugden and Denton, 2004).
er-arid polar conditions prevail (Denton et al., 1993). West Antarctic ice sheet
pses and reforms in the warmer climate that prevailed until 3–2 Ma ((Naish
., 2009; Pollard and DeConto, 2009) after which both ice sheets fluctuate in a
ced way in response to sea level changes from growth and collapse of N
isphere ice sheets (Denton and Hughes, 1986; Mackintosh et al., 2007).
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periodically (Naish et al., 2009). Modeling suggests collapse (up to
+7 m sea level equivalent) could be driven by obliquity-paced ocean-
induced melting under globally higher temperature and CO2 condi-
tions (ca. 3 °C above present and 400 p.p.m.v.; Pollard and DeConto,
2009). Collapses may not have been limited to the Pliocene and the
presence of late Pleistocene diatoms beneath the Whillans ice stream
suggests that there was a more recent collapse of the West Antarctic
Ice Sheet (Scherer et al., 1998). Conversely, the lack of erosional
features on volcanoes in Marie Byrd Land has led to suggestions that a
stable cold climate has existed since the mid-Miocene (Rocchi et al.,
2006).

3. Modeled processes

Our approach is to integrate simulations of ice sheet behaviour,
glacial erosion, tectonics, plate movement and lithospheric dynamics
to reconstruct the palaeotopography of Antarctica at the E–O
transition. The reconstruction is constrained using local-, regional-
and continental-scale evidence for the pattern of landscape evolution
as well as an understanding of landscape evolution gained from the
beds of former northern hemisphere ice sheets.

3.1. Flexural isostasy

Many steps of our reconstructions incorporate flexural isostatic
response to changes in surface loads. We use the standard model of a
thin elastic plate overlying an inviscid fluid, implemented using
Fourier transforms following Banks et al. (1977). The effective elastic
thickness of the plate is a free parameter of the model; for simplicity
we use a uniform value of 35 km for the entire continent, which is
neither absurdly low for the East Antarctic craton nor absurdly high
for recently activeWest Antarctica. It is common for the flexuremodel
to predict partial flooding or emergence of continental areas. This
flooding or emergence changes the load imposed by water on the top
of the plate, indicating that a simple, single-step calculation does not
accurately reflect the flexural response. We therefore iterate toward
an internally consistent model by using the flexed topography to
calculate a new water load, and repeat the process several times until
the magnitude of flexure is less than a few meters. The reconstructed
pre-glacial water load also includes the effect of adding the modern
Antarctic ice to the ocean, which we approximate as a simple 60-m
sea level rise, ignoring spherical-earth effects.

3.2. Glacial erosion model

Erosion of sediment by ice is the most widely distributed physical
process that we aim to account for in this reconstruction. We use the
GLIMMER-CISM 3-dimensional ice sheet model (Rutt et al., 2009)
with a coupled erosion model (Jamieson et al., 2008) to understand
patterns of long-term glacial landscape evolution. The ice sheet model
uses the shallow ice approximation and therefore assumes that ice
surface and bed slopes are shallow and thus that longitudinal stress
has a negligible effect upon ice behaviour (Hutter, 1983). Given that
we model ice configurations at a 20 km resolution this assumption is
robust. The model is thermomechanically coupled and therefore
enables the pattern of basal melting and basal ice velocity to be
simulated.

Glacial erosion occurs where there is water at the base of the ice to
provide lubrication between the ice and its bed to enable sliding
(Boulton, 1972). Therefore, modeled erosion patterns are determined
by the distribution of basal melt-rates (as a proxy for water pressure)
at the ice sheet base, basal sliding velocity and lithological
susceptibility to erosion. The latter term is treated initially as a
constant due to the inaccessibility of the Antarctic bed as is
geothermal heat flux which is important for predicting melting
(Näslund et al., 2005; Jamieson et al., 2008), but for which no long-
term reconstruction exists. Basal sliding velocity is controlled by basal
shear stress and a 'slipperiness' parameter describing the tractive
conditions at the ice/bed interface. This 'slipperiness' term is modeled
as a function of basal melt-rate such that as pressure melting point is
reached and melting begins and increases, the most rapid increase in
slip (and therefore basal sliding velocity and erosion) is felt at low
melt-rates (Jamieson et al., 2008). By tuning the relationship between
basal melt-rate and slip it is possible to alter the sensitivity of glacial
erosion to basal velocity. This can ensure that constrained incision
depths (e.g. the depth of a coastal trough) are achieved whilst also
balancing a basin-wide sediment budget against offshore volume
constraints. Where there is no basal melting in the model, the ice
sheet is frozen to its bed and therefore protects the landscape from
erosion. Such a model is well suited to understanding landscape
evolution in regions like East Antarctica where the ice sheet is
terrestrial and topographically confined (Jamieson and Sugden, 2008;
Jamieson et al., 2010).

4. Reconstruction steps

We describe our reconstruction steps in the order they are
performed. The amplitude of the isostatic response to each step can
depend on the sequence because of the sensitivity of water load to the
intermediate steps. We perform the erosion restoration after
horizontal plate motion, as this sequence simplifies generating
sensible models in the area of faults modeled as active in the
Oligocene but not since, with abrupt changes across the speculatively-
located faults present in the thickness of the erosion restoration but
not the modern topography. Revisions from theWilson and Luyendyk
(2009) model are extensive for restoring erosion. However, for other
processes we follow the Wilson and Luyendyk (2009) approach
closely, but incorporate estimates of uncertainty in the scale of the
modifications as we construct the minimum and maximum models.

4.1. Initial topography

Our starting point for topography is the BEDMAP dataset of Lythe
et al. (2001), downsampled to 10-km grid spacing (Fig. 2a). In the
Marie Byrd Land area of West Antarctica, several recent studies have
reported significant improvements to the topographic database
(Luyendyk et al., 2003; Behrendt et al., 2004; Holt et al., 2006;
Vaughan et al., 2006; Wilson and Luyendyk, 2006), and we
incorporate these updates in our grid (Fig. S1). Additionally, we
remove several volcanic edifices younger than 34 Ma in Marie Byrd
Land and Victoria Land (e.g. LeMasurier and Rex, 1989). For simplicity,
and because the edifices may be associated with significant intrusive
bodies, we do not account for isostatic compensation of the edifices.

4.2. Ice load

Our restoration for load of the modern ice closely follows Wilson
and Luyendyk (2009). We start with a small restoration for the
ongoing rebound for ice removed since the Last Glacial Maximum.
This effect is poorly known (e.g. James and Ivins, 1998) so we use the
model for present vertical motion of Denton et al. (1991) multiplied
by 3000 years. The maximum change is a ca. 50 m increase in the
elevation of the southern Antarctic Peninsula. Next we apply the
weight of the current grounded ice from BEDMAP as an upward load
and calculate flexural rebound as previously described. The resulting
topography is shown in Fig. 2b.

4.3. Thermal subsidence

Our restoration for thermal subsidence in the WARS also closely
follows Wilson and Luyendyk (2009). The tectonic extension history
is approximated as a series of adjacent, non-overlapping regions each
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Fig. 2. (a) Present-day Antarctic bed topography, slightly updated from BEDMAP (Lythe et al., 2001). (b) Topography after isostatic rebound from removal of the present-day ice load.
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with a uniform stretching factor and an instantaneous extension age.
This simplification allows application ofMcKenzie's (1978) 1-Dmodel
for subsidence in response to increase of the thermal gradient during
extension. We calculate predicted subsidence within each region in
the absence of a water load and smooth the resulting grid on a scale of
40 km to approximate horizontal heat conduction.We then iteratively
calculate the flexural isostatic response to flooding the subsided area
with water. For our maximum reconstruction, we use a slight
modification of the thermal subsidence model as Wilson and
Luyendyk (2009, Fig. S2), but for the minimum reconstruction we
reduce the thermal subsidence by a factor of 0.9 and recalculate the
isostatic response to flooding as a simple model of potential
overestimation of subsidence.

4.4. Shelf sedimentation

In the Ross Sea, we remove stratigraphic units RSS-2 and younger,
as mapped by ANTOSTRAT (1995). Under the Ross Ice Shelf, our
minimum surface uses the same sediment thickness as Wilson and
Luyendyk (2009), following the assumption that most of area has
incurred net sedimentation. In contrast, our maximum surface follows
the assumption that most of the area has incurred net erosion. In the
Weddell Sea, we remove sediment to the W4 reflector of Rogenhagen
et al. (2004), extrapolated to the western Weddell Sea (Fig. S3). We
apply flexural compensation of the sediment load based on a density
of 2300 kg/m3.

4.5. Horizontal plate motion

The amount of relative motion between East and West Antarctica
since 34 Ma in the Ross Sea is well constrained at about 70 km by the
anomaly C13 reconstruction of Cande et al. (2000). We use the same
finite rotation asWilson and Luyendyk (2009) (71.5°S, 35.8°W, 1.14°)
to extrapolate this motion across the WARS. This alternative, within
the Cande et al. (2000) confidence interval, tapers the relative motion
to about one-third of the Ross Sea value where we connect the plate
boundary to the triple junction with the Phoenix plate at the
subduction zone adjacent to the Antarctic Peninsula. We include
small motion to undo back-arc spreading at Bransfield Strait (68.5°S,
79°W,−3.2°).We also includemotion of the South Orkneymicroplate
(68.2°S, 34.4°W, 12.60°) following Eagles and Livermore (2002).
Because the motions since 34 Ma are relatively small, we simply
remove grid cells in the extended area and translate West Antarctic
elevations based on the finite rotations (Fig. S4).

4.6. East Antarctic erosion restoration

We underpin our erosion restoration model with a set of
assumptions. The beds of former northern hemisphere ice sheets
show that an array of glacial features would be expected to evolve as
an ice sheet waxes and wanes (Kleman et al., 2008). These range from
small-scale alpine glacial features on localised highlands, to large-
scale radial troughs incised at the coast under continental-scale ice
conditions. Glacial erosion has lowered the interior of Scandinavia by
on the order of 10's of meters during the Quaternary. We assume that
similar landscapes evolved at comparable rates in Antarctica where
ice sheets have fluctuated between local, regional and continental
scales since 34 Ma. We also assume that the large-scale coastal
troughs that drain East Antarctica already existed at the E–O boundary
and have since been enhanced by selective glacial erosion (Jamieson
and Sugden, 2008; Jamieson et al., 2010). For glacial troughs to evolve
and selective erosion to occur, an existing topographic feature must
have existed, probably in a lower amplitude form, before the growth
of an ice mass. Evidence for the pre-existence of valley systems
includes the Palaeozoic-Mesozoic age Penck-Jutul Trough in Dronning
Maud Land, and the Mesozoic Lambert graben (Mishra et al., 1999;
Näslund, 2001). On shorter timescales, geomorphic evidence indicates
that parts of the Transantarctic Mountains retain signals of pre-glacial
fluvial incision and passive-margin development (Baroni et al., 2005;
Jamieson and Sugden, 2008) and that much of East Antarctica may
retain its large-scale fluvial drainage spacing (Jamieson et al., 2005).

We simulate a set of 13 successively larger 'steady-state' ice
masses over Antarctica following and extending the approach of
Jamieson et al. (2010). Their extents are not prescribed, but instead
reflect the simplicity with which the modeled climate is stepped from
a ‘Patagonian’ regime towards a ‘Polar’ regime in order to generate
equilibrium glacial configurations. Given the stepwise history of key
climate changes for Antarctica since the Oligocene (Table 2), each of
the configurations are assigned to a time period so that we can
calculate the overall lifespan of each scale of ice sheet. By calculating
erosion potential for each ice mass scenario and scaling it by the
length of time over which it may have existed, we calculate total
erosion potential. Sensitivity tests reflect the uncertainty in our
understanding of ice sheet history between 33.6 and 14 Ma and
therefore the potential variation in the scales and erosive capacity of
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ice sheets during that time. Additional uncertainty is inherent in the
model due to the difficulty of predicting the onset zone for basal
melting in the interior of East Antarctica because of potential
sensitivity to changes in geothermal heat flux (Pollard et al., 2005;
Jamieson et al., 2008). However, because this onset zone tends to be
found on flatter areas of the bed where the ice surface gradient is
shallow and where streaming does not occur at the present day,
modeled sliding velocities are never high. Therefore the error in
erosion potential resulting from uncertainties in geothermal heat flux,
which is kept constant at 42 mW/m2, is likely to be small. The final
erosion potential calculation reflects an intermediate-scaled set of
modeled ice sheet scenarios (Fig. 3).

To obtain a final maximum andminimum erosion estimate for East
Antarctica, erosion potential is adjusted so that: 1) incision does not
exceed present day trough depths; 2) incision is limited to zero where
cold-based ice is predicted to have protected the landscape; 3) inland
erosion is within reasonable bounds as defined by extrapolating
Quaternary erosion patterns in the Scandinavian ice sheet (Stroeven
et al., 2002; Kleman et al., 2008); 4) total erosion reflects either the
maximum or the minimum offshore sediment volumes after adjust-
ment for biogenic fraction and compaction. The latter step requires
individual scaling of drainage basin ‘erodibility’, which was initially
assumed to be uniform across the continent, so that the correct
sediment volumes are produced by each basin (Table 3). Scaling
factors for each basin reflect the upper and lower error bounds for
offshore sediment volumes.

Our initial attempts to restore glacial erosion tended to fill the
coastal valleys whilst only replacing a fraction of the total source
volume deduced from offshore sediment volume. We therefore infer
that the model underpredicts the amount of material eroded from
zones where ice slides at low-to-medium velocities. Accordingly, we
scale the erosion calculation using power-law of less than 1 so that the
contribution of intermediate basal ice velocities to erosion rates is
enhanced relative to minimum and maximum rates. This adjustment
is the equivalent of making an adjustment in the relationship between
basal melt-rate and basal slip so that efficient erosion can be achieved
with less water at the bed than initially assumed. We find that if the
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Fig. 3. Ice sheet scales and their contributions to modeled sediment restoration. The
most significant contribution of sediment (between 50 and 60%) comes from the
continental-scale ice sheet. The distinction between scales of ice sheet follows a similar
approach to Jamieson et al. (2010) and reflects the size of steps in climate forcing used
to generate successively larger steady-state ice masses. Sensitivity tests using larger or
smaller ice sheets in the periods between 33.6 and 14.2 Ma show that variation in ice-
sheet scale does not significantly change the overall pattern of eroded sediment.
However, in analysing the difference between the small and large ice scenarios, the
model is shown to be sensitive to uncertainty in the longevity of ice volumes of over
16 million km3 volume. Therefore an intermediate longevity for such ice volumes is
assumed in the final reconstruction.
power is too small, erosion is over-balanced towards the interior of
East Antarctica. If it is too large the coastal troughs are overfilled. A
continent-wide exponent of 0.4 satisfies constraints provided by
offshore sediment volume and coastal trough depth, and compares
well with expected rates of erosion inferred from interior zones of ice
sheets in the Northern hemisphere (Kleman et al., 2008). The
modeled pattern of erosion is shown in Fig. 4.

4.7. West Antarctic erosion restoration

Existing ice sheet and glacial erosion models are not suited to
marine-based systems like West Antarctica which are underlain by
soft sediment, the deformation of whichmeans that the links between
mechanical erosion and ice velocity decouple. Thus, for the large
amounts of erosion needed to restore the non-cratonal areas of West
Antarctica we employ a constrained system of surface fitting.
Following Wilson and Luyendyk (2009), we fit a smooth surface to
a series of trial points above the topography, determine the load
removed by subtracting the topography from the trial surface
(assuming a uniform rock density of 2500 kg/m3 as a simple average
for both sediment and basement), and calculate isostatic compensa-
tion of the restored surface.We iteratively adjust the trial surface to fit
constraints including the source volume inferred from sediment
volume (Table 1) and the assumption that modern glacial drainage
approximately follows the pre-34-Ma drainage. We join the separate
models for East and West Antarctic erosion by allowing the pre-
dictions to overlap and simply taking the maximum.

For the area of the Ronne-Filchner Ice Shelves, draining to the
Weddell Sea, our maximum model follows the assumption that the
area in the Eocene was a mature sedimentary basin, filled to
approximately Eocene sea level. In contrast, our minimum model
assumes sediment supply was not adequate to fill the basin.
Alternatives for restored regional average elevation ranging from
near sea level to near −500 m are permitted by the poorly known
offshore sediment volume. For the Ross and Amundsen Sea drainages,
relations between sediment volume, source area, and present
topography require that most of the drainages reconstruct above
sea level. In the latter areas, large differences in erosion thickness
produce only moderate changes in predicted topography because
isostatic compensation preserves only ca. 20% of the change in
thickness as change in surface elevation.

4.8. Special cases

The Lambert graben is an early Mesozoic rift extending well into
the continental interior (Mishra et al., 1999). Current water depth
does not permit grounding of ice, even for ice sheets moderately
thicker than at present (Taylor et al., 2004). Because of the age of the
graben, we assume it had filled with sediments to sea level by the
Eocene. We use iterative surface fitting as used for most of West
Antarctica to model the post-Eocene erosion of the graben fill.

LeMasurier and Landis (1996) argue that the present highlands of
Marie Byrd Land have been uplifted from near sea level since Eocene
by mantle plume activity. While this suggestion remains controver-
sial, we allow for the possibility by adjusting our minimum model by
subtracting an elliptical dome surface, dimensions 1000×500 km,
with maximum amplitude of 1 km (Fig. S5). Our maximum model
does not include this adjustment.

5. Results and discussion

In general, our model-eroded volumes (Table 3) are within
reasonable bounds of the target volumes derived from observed
sediment volumes (Table 1). Exceptions include the Dronning Maud
Land and Enderby Land sectors (0–60°E), where we limit the restored
eroded volume to avoid overfilling coastal troughs. Our model-eroded



Table 3
Modeled eroded volume restored.

Region Minimum model Maximum model

Name Longitude Target volume
(106km3)

Model volume
(106km3)

Area
106km2

Average thickness
(km)

Target volume
106km3

Model volume
106km3

Area
106km2

Average thickness
(km)

DML 0°–30°E 0.34 0.30 0.57 0.52 0.54 0.30 0.57 0.52
EL 30°–60°E 0.40 0.37 0.69 0.55 0.63 0.37 0.69 0.55
MRL-PEL 60°–94°E 0.75 0.83 1.96 0.42 1.17 1.16 1.96 0.59
QML-WL 94°–124°E 0.34 0.37 1.78 0.21 0.54 0.53 1.78 0.30
G5L-OL 124°–165°E 0.31 0.34 1.34 0.25 0.59 0.51 1.34 0.38
Ross 165°E–150°W 1.03 1.24 2.17 0.57 2.73 2.35 2.34 1.00
Bell-Amun 150°–80°W 1.02 1.13 1.03 1.10 2.21 1.75 1.03 1.70
W Penins 80°–~50°W 0.64 0.29 0.50 0.58 1.70 0.38 0.51 0.75
Weddell ~50°W–0° 1.71 2.38 3.81 0.63 4.18 3.70 3.82 0.97
Totals: 6.54 7.25 13.85 0.52 14.29 11.05 14.04 0.79
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volumes here, the same for our maximum and minimum models, are
slightly below the minimum target values. In western DronningMaud
Land, Jacobs and Lisker (1999) infer that a large volume of Jurassic
lava was eroded from the present highlands by 100 Ma. We speculate
that at 34 Ma, much of the resulting sediment was on the shallow
continental shelf, andwas later eroded and redeposited in deepwater.
We have not attempted to tune the model for such an erosion pattern
that departs from predictions based on the assumption of ice acting on
a uniform substrate. A more serious mismatch occurs for the Antarctic
Peninsula, where fitting the minimum and maximum target volumes
would require average eroded thicknesses of 1.3 and 3.4 km,
respectively. We probably have underestimated the erosion of the
southern Peninsula, the only place with enough room to provide the
source volume. For the Ross, Amundsen, and Weddell sectors, where
the uncertainty in the volume of observed sediment is large and
subjective, and the effort to revise the model erosion volume is
significant, we have not forced the model volumes to the full range of
the targets estimated from sediment volume. We allow a moderate
buffer so that the models are not likely to be rendered obsolete by
modest improvements in our knowledge of the offshore sediment
volume.

In West Antarctica, our reconstructions (Fig. 5) contain a
substantial upland feature as a result of the infilling of the Ross Sea
and Amundsen Sea sectors. The large volumes of sediment offshore of
these sectors require a minimum average reconstructed elevation
slightly above present sea level and permit an average elevationmany
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Fig. 4. Modeled erosion pattern before (left) and after (right) power-law scaling. Maximu
system. The scaling factors tune the erosion volumes to match the targets based on sedime
hundreds of meters higher. Our reconstruction is certainly artificially
smooth, as horst-and-graben fabric visible in ice-penetrating radar
(Luyendyk et al., 2003; Behrendt et al., 2004) would be expected to
have already been present prior to glacial erosion.

In East Antarctica, the changes to the topography are more subtle
because the volume of sediment restored is smaller (Table 3), but the
area over which it is distributed is larger. Key features include the
partial filling of coastal troughs including the Lambert graben which is
filled to near present day sea level (Taylor et al., 2004) but remains a
significant feature (Mishra et al., 1999). Our erosion model predicts
that highland areas now buried under cold-based zones of the East
Antarctic ice sheet existed on a similar scale to present in the
Oligocene. For example on the Gamburtsev subglacial mountains our
topographies retain the alpine glacial landscape which was recently
mapped by Bo et al. (2009) thus adding to evidence suggesting it was
sculpted before the E–O boundary and continental-scale glaciation. In
Dronning Maud Land we change the upland areas very little. This is
consistent with evidence that although focussed glacial erosion by
wet-based ice and local alpine glaciers in the Jutulsessen area
excavated a ca. 1200 m deep valley system at between 34 and
14 Ma, an early Permian palaeo-plateau is otherwise preserved
(Näslund, 1997, 2001).

On the flanks of the Gamburtsev subglacial mountains, the
depression which now contains subglacial Lake Vostok is intact but
is shallower at the E–O boundary according to our reconstructions.
Other subglacial overdeepenings of varying scales including the
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Aurora andWilkes basins are not significantly different to the present
day. Indeed, across much of the interior of East Antarctica, our model
suggests that the landscape has been lowered by less than 300 m since
the E–O boundary. This is in line with the depths expected if rates
from the shorter-lived northern hemisphere glacial landscapes such
as Scandinavia are extrapolated over longer periods (Kleman et al.,
2008).

Important constraints for several aspects of our reconstruction
come from the geologic record at DSDP Site 270 in the Ross Sea, which
shows an Oligocene marine transgression over terrestrial regolith
(palaeosol) on basement gneiss now at ~1000 m below sea level (Ford
and Barrett, 1975; Hayes et al., 1975). DeSantis et al. (1999) tested
simple models for sediment loading and thermal subsidence of this
area and found few models consistent with this rather large
subsidence for an area often considered tectonically stable through
the Cenozoic. They found that either the effective elastic lithosphere
must be very thick (70 km) for the load of thick sediment in the
adjacent basin to drive the subsidence, or the time of tectonic
extension must be younger than the commonly assumed 90–100 Ma
for thermal contraction to drive the subsidence. Our results are
generally similar, with the Site 270 basement most easily restoring
above sea level at 34 Ma if extension in the central Ross Sea is younger

http://www.antscape.org
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than 70 Ma with a stretching factor at least 2.0. Our maximum model
restores the site to 120 m above modern sea level, while our
minimum, with slightly reduced thermal subsidence, restores to
30 m. Larger reductions in modeled thermal subsidence would not
satisfy the observational constraint here. We found that for models
with thin elastic lithosphere (20 km or less), isostatic compensation
was essentially local and extreme models of recent extension or high
stretching factor would be required for basement to have subsided
1000 m since after 34 Ma. These experiments guided our choice of the
simplifying assumption of a uniform elastic thickness of 35 km.

We compare the hypsometry of our reconstructions against a
previous reconstruction of West Antarctica (Wilson and Luyendyk,
2009) and the present day bed dataset used as the basemap for our
reconstruction (Fig. 6). Hypsometric analysis of the reconstructions
elucidates the changes in distribution of land area over elevation. Key
differences include a significant increase in area above sea level
caused by the filling of the Ross and Weddell Seas and the Lambert
Trough and the associated decreases in the area at between 0 and
700 m depth. The filling of the Ross and Weddell Seas are strongest in
the Maximum reconstruction and the majority of the material
restored is added to a source area below 1000 m elevation. Above
this height the present hypsometry is very close to that of Wilson and
Luyendyk (2009). Thus at elevations above ca. 1000 m, the difference
in topographic distribution between the present bed and the
reconstructions are the result of sediment restoration in the central
uplands of East Antarctica where relatively small amounts of material
are distributed over a wide area.

The implications of the differences in topography between present
day and our reconstructions are that the feedbacks between
topography and climate would support increased ice volume at the
E–O boundary. Much of this would result from the changes in West
Antarctica with the increased elevations in East Antarctica making a
small but nonetheless important contribution. Comparedwith an area
above modern sea level of 10.5×106 km2 for the ice-rebounded
modern topography of Fig. 2b, our minimum reconstruction has an
area of 12.4×106 km2 above modern sea level, and our maximum,
13.0×106 km2. We suggest that volume may be on the order of
magnitude that is currently lost in the gap between ice volume
records and modeled ice sheets (e.g. DeConto et al., 2008; Miller et al.,
2008). Any Early Oligocene ice sheet in West Antarctica would not
have been marine-based in nature as hitherto assumed in models of
E–O ice. Rather, we suggest that Early Oligocene West Antarctic Ice
Sheet was dynamically different due to its terrestrial nature as it
would have been grounded to a lesser extent below sea level.
Therefore it is likely to have been less responsive to changes in sea
level and ocean temperature. This indicates that the dynamics of the
ice streams which dominate the drainage of the present day West
Antarctic system may have changed significantly over time. For
example perhaps such fast-flowing regimes underlain by deformable
sediment did not exist on such a scale in the early evolution of the ice
sheet. The implication is that as the bed was lowered it may have
evolved into a more dynamic marine-based ice sheet, with significant
volumes of eroded material being deposited offshore in the West
Antarctic Rift System.

The work described herein forms part of the wider ANTscape
project to reconstruct palaeotopographies at a range of key transitions
over the last ~100 Ma. We anticipate that the E–O boundary
reconstructions will be refined in response to a number of future
dataset releases. These are likely to include an improved present day
dataset along the lines of ALBMAP (Le Brocq et al., 2010) that will
provide a more accurate present day topography upon which to base
our reconstructions. New high-resolution bed data of the present
Antarctic bed, including that introduced by Bell et al. (2011) will
strengthen our knowledge of subglacial topography and basal
processes in East Antarctica. Improvements in the accuracy of offshore
sediment data used to constrain our erosion models are anticipated as
a result of the CASP project to develop an age controlled circum-
Antarctic dataset of sediment thicknesses. Ongoing work will also
help separate the signals of ice sheet and climate fluctuations
recorded in deep sea sediment cores. This will enable higher temporal
resolution ice sheet and erosion modeling to be carried out and may
clarify the importance of various ice sheet scales in contributing
sediment to the shelf. Therefore we anticipate a more accurate picture
of onshore glacial erosion dynamics will be made possible.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.palaeo.2011.05.028.
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The distribution and internal architecture of seismostratigraphic sequences observedon theAntarctic continental
slope and rise are results of sediment transport and deposition bybottomcurrents and ice sheets. Analysis of seis-
mic reflection data allows to reconstruct sediment input and sediment transport patterns and to infer past chang-
es in climate and oceanography. We observe four seismostratigraphic units which show distinct differences in
location and shape of their depocentres and which accumulated at variable sedimentation rates. We used an
age–depthmodel based on DSDP Leg 35 Site 324 for the Plio/Pleistocene and a correlationwith seismic reflection
characteristics from the Ross and Bellingshausen Seas,which unfortunately has large uncertainties. For theperiod
before 21Ma,we interpret low energy input of detritus via a palaeo-delta originating in an area of the Amundsen
Sea shelf, where a palaeo-ice stream trough (Pine Island Trough East, PITE) is located today, and deposition of this
material on the continental rise under sea ice coverage. For the period 21–14.1Mawepostulate glacial erosion for
the hinterland of this part ofWestAntarctica,which resulted in a larger depocentre and an increase inmass trans-
port deposits.Warming during theMidMiocene Climatic Optimum resulted in a polythermal ice sheet and led to
a higher sediment supply along a broad front but with a focus via two palaeo-ice stream troughs, PITE and Abbot
Trough (AT). Most of the glaciogenic debris was transported onto the eastern Amundsen Sea rise where it was
shaped into levee-drifts by a re-circulating bottom current. A reduced sediment accumulation in the deep-sea
subsequent to the onset of climatic cooling after 14Ma indicates a reduced sediment supply probably in response
to a colder and drier ice sheet. A dynamic ice sheet since 4Ma deliveredmaterial offshoremainly via AT and Pine
Island TroughWest (PITW). Interaction of this glaciogenic detrituswith awest-setting bottomcurrent resulted in
the continued formation of levee-drifts in the eastern and central Amundsen Sea.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Because of modern global warming and their possible contribution
to sea level rise and flooding of low lying coastal areas (e.g. Bamber
et al., 2009; Gomez et al., 2010; Hu et al., 2011) both Antarctic and
Greenland ice sheets have moved into the focus of public and scientific
interest. Research has concentrated on short-term dynamics of the ice
sheets in order to understand their vulnerability to a changing climate
by collecting multi-disciplinary data (e.g. Wellner et al., 2001; Lowe
and Anderson, 2002; ÓCofaigh et al., 2005; Naish et al., 2007; Nitsche
et al., 2007; Bentley et al., 2010; Gomez et al., 2010; Jakobsson et al.,
2010; Bart et al., 2011; Bradley et al., 2012; Konfirst et al., 2012;
Hillenbrand et al., 2013) as well as carrying out numerical simulations
(e.g. Thoma et al., 2008; Pollard and DeConto, 2009; DeConto et al.,
2012; Assmann et al., 2013; Jacobs et al., 2013).
(G. Uenzelmann-Neben).
Little has been known about the long-term development especially
of the West Antarctic Ice Sheet (WAIS), which as a marine based ice
sheet generally reactsmore sensitively to both atmospheric and oceanic
warming than the largely terrestrial East Antarctic Ice Sheet (EAIS).
Information on the early phase of WAIS formation and the Cainozoic
glacial history in the greater Amundsen Sea is scarce. Drilling in Wilkes
Land, an area influenced by the EAIS, has shown thatmid Eocene cooling
there was initiated by early flow of the cold Antarctic Counter Current
across the Tasmanian Gateway (Expedition 318 Scientists, 2011; Pross
et al., 2012; Bijl et al., 2013). This cold Antarctic Counter Current has
also bathed the Amundsen Sea implying a cold climate for that area
during the Paleogene. Uenzelmann-Neben and Gohl (2012) presented
indications for a pre-Miocene sea-ice cover in the Amundsen Sea
based on the study of sedimentary features imaged by seismic reflection
data. We here add to the discussion of the transition from pre-glacial to
glacial deposition in the Cainozoic by analysing depositional patterns
and the distribution of the sedimentary sequences.

Antarctic BottomWater (AABW) originating in the Ross Sea (Gordon
et al., 2009; Orsi and Wiederwohl, 2009) flows through the Amundsen

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gloplacha.2014.06.004&domain=pdf
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Seawithin the cyclonic Antarctic Circumpolar Current (ACC) (Orsi et al.,
1999). The shelf of the Amundsen Sea is influenced by CDW reaching
the fringes of the WAIS via bathymetric troughs (Jacobs et al., 1996;
Thoma et al., 2008; Jacobs et al., 2011; Arneborg et al., 2012). A south-
west setting flow of bottomwater has been observed close to the conti-
nental slope of the Bellingshausen Sea (see Hillenbrand et al., 2008, for a
detailed presentation).

Our analysis of the depositional pattern and distribution of sedi-
mentary strata in the Amundsen Sea rise allows the reconstruction of
material input from the West Antarctic continent and sediment trans-
port processes. These in turn are strongly influenced by, and hence
help us to decipher, modifications in climatic and oceanographic condi-
tions in the Amundsen Sea, which is affected by the outflow of the Ross
gyre (Orsi, 2010) and WAIS drainage.
2. Palaeoenvironmental setting

The Amundsen Sea along the southern Pacific margin of West
Antarctica (Fig. 1) originates from rift and breakup processes and the
formation of oceanic crust between Campbell Plateau/Chatham Rise
and the Marie Byrd Land/Thurston Island Block at 90–80 Ma (Eagles
et al., 2004; Gohl et al., 2007; and references therein). Intraplate volca-
nism at 65–56 Ma led to the formation of the Marie Byrd Seamounts
(Kipf et al., 2013). The crystalline basement is covered by up to 4 km
of sedimentary strata, which have been extensively reworked by ocean-
ic currents in the deep sea (Yamaguchi et al., 1988; Nitsche et al., 2000;
Uenzelmann-Neben and Gohl, 2012) and by advance–retreat cycles of
the ice sheet on the shelf (Lowe and Anderson, 2002; Dowdeswell
et al., 2006; Nitsche et al., 2007; Uenzelmann-Neben et al., 2007;
Fig. 1.Bathymetricmap of the Amundsen Sea (Nitsche et al., 2007). The seismic line locations ar
35 Site 324 (Shipboard Scientific Party, 1976). The white lines and numbers show the parts of t
imate path of AABW (Orsi et al., 1999). AT= Abbot Trough, DGT = Dotson Getz Trough, MBS
West, TI = Thurston Island. Insert map shows the area presented. AP = Antarctic Peninsula, B
Graham et al., 2009; Weigelt et al., 2009; Weigelt et al., 2012; Gohl
et al., 2013; Hochmuth and Gohl, 2013).

The existence and size of an early Cainozoic ice sheet in West
Antarctica is still under debate as no clear evidence has been found,
yet. A proto-Ross gyre (Huber et al., 2004) may have led to a cooling
of surface water (Anderson, 1999). Indirect evidence points towards a
significant sea ice cover in the Ross Sea in the Oligocene
(Uenzelmann-Neben and Gohl, 2012). Both the opening of the Drake
Passage commencing in middle Eocene times and the Tasmanian
Gateway (36–30 Ma) predate the largest δ18O increase (Oi1) of the
past 50 Ma, which is interpreted to represent the onset of major glacia-
tion in Antarctica (Huber et al., 2004; Miller et al., 2008; Francis et al.,
2009).

It has been suggested that mountain glaciers and ice caps existed in
West Antarctica during the Oligocene, with ice streams spreading
into the western Ross Sea (Anderson, 1999) and advancing to sea
level in other regions (Miller et al., 2008). Ivany et al. (2006) reported
a regionally extensive ice sheet for the Antarctic Peninsula during the
Oligocene, while Cooper et al. (2009) observed aggradation on the
West Antarctic shelf, high-relief canyons on the continental slope and
channel-levees on the rise during that time.

The Mi1 excursion (Oligocene–Miocene boundary) represents a
short-lived (200 ka) increase in ice volume from 40% to 125% of the
present volume (Wilson et al., 2009). Haywood et al. (2009) report fur-
ther growth of the WAIS at 14 Ma with Bart (2003) observing at least
two WAIS expansions to the Ross Sea shelf edge. The West Antarctic
shelf during the Miocene is characterised by uniform progradation
with erosion of topset strata (Cooper et al., 2009). The slope and rise
showed fan growth and the construction of large sediment drift bodies
and channel-levees (Cooper et al., 2009; Uenzelmann-Neben and Gohl,
e shown in purple (AWI) and grey (JNOC), the yellow star refers to the location of DSDP Leg
he seismic lines presented as Figs. 2, 6 and 7. The light grey dashed line shows the approx-
= Marie Byrd seamount area, PITE= Pine Island Trough East, PITW= Pine Island Trough
S = Bellingshausen Sea, RS = Ross Sea, WAIS = West Antarctic Ice Sheet.
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2012). Starting in late Miocene glacial–interglacial volumes were
deposited further landward.

A regional unconformity characterises the Miocene–Pliocene
boundary at the West Antarctic continental margin (Cooper et al.,
2009). A strong increase in sea surface temperatures occurred during
several warm intervals in the Pliocene (Escutia et al., 2009; Haywood
et al., 2009). A change from polythermal to polar cold, dry-based ice
sheets at ca. 3 Ma has been suggested by Rebesco and Camerlenghi
(2008). Rapid oscillations and volume changes of the WAIS in the
Ross Sea region during the middle Pliocene were reconstructed from
sedimentary sequences deposited in open water and at the base of
grounded ice, respectively (Naish et al., 2009a; Naish et al., 2009b).
Numerical simulations of WAIS variations for the past 5 million years
supported by drilling results from the Ross Sea indicate phases with
intermediate to full glacial extent and brief intervals of ice-sheet col-
lapse leaving only small isolated ice caps (Pollard and DeConto, 2009).

Most information on WAIS dynamics is available for the period
since the last glacial maximum and is based on geomorphological,
sedimentological and chronological data sets collected predominantly
from the shelves in the Amundsen and Ross seas (e.g. Domack et al.,
1999; Lowe and Anderson, 2002; Smellie et al., 2009; Anderson et al.,
2011; Jakobsson et al., 2012; Kirshner et al., 2012; Livingstone et al.,
2012; Klages et al., 2013). On the outer continental shelf of the eastern
Amundsen Sea Embayment the glacial trough eroded by the Pine
Island–Thwaites palaeo-ice stream had two outlets: The eastern Pine
Island Trough (PITE) with a mouth at ~106°W (Graham et al., 2010)
and the western Pine Island Trough (PITW) with a mouth at ~114°W
(Evans et al., 2006). During the last few glacial periods palaeo-ice stream
flowmayeither have switchedbetween these twooutlets or ice streamed
in the whole area between PITW and PITE (Lowe and Anderson, 2002;
Evans et al., 2006; Graham et al., 2010; Jakobsson et al., 2012).

A few studies investigated the relationship between ice sheet dy-
namics and changes in oceanographic conditions for the Amundsen
and Bellingshausen Seas. On the basis of seismic reflection profiles
from the western Antarctic Peninsula margin that were correlated
with drill cores, Rebesco et al. (2002) and Uenzelmann-Neben (2006)
identified a close interaction of contouritic and turbiditic sediment
transport with indications for a major advance of the local ice sheet
shortly after 15Ma. There iswidespread evidence for bottom current ac-
tivity since ~9.6 Ma in this area and in the Bellingshausen Sea further to
the west (e.g. Nitsche et al., 2000; Rebesco et al., 2002; Hernandez-
Molina et al., 2004; Hillenbrand and Ehrmann, 2005; Scheuer et al.,
2006b; Uenzelmann-Neben, 2006). Uenzelmann-Neben and Gohl
(2012) inferred bottom current activity as early as the Paleogene and
the onset of major glaciations in West Antarctica at 14.1 Ma from seis-
mic reflection profiles on the continental rise in the Amundsen Sea,
but chronological control was poor.

The study presented here builds on the analysis of sedimentary
structures byUenzelmann-Neben andGohl (2012). Adding new seismic
profiles and analysing the distribution of the seismic units we will
contribute to a better understanding of material input from the West
Antarctic continent and sediment transport processes.

3. Methods

3.1. Database

This study is based onmultichannel seismic reflection data gathered
by the Alfred-Wegener-Institut (AWI) in 1994, 2006 and 2010 (Fig. 1).
Details of field parameters and processing of the seismic data gathered
in 1994 and 2006 can be found in Gohl et al. (1997), Nitsche et al.
(2000) and Uenzelmann-Neben et al. (2007). During the cruise in
2010 four GI-guns©, with a volume of about 2.4 l each, were used as a
seismic source. Each of the GI-guns© consisted of a generator chamber
(0.72 l volume) producing the seismic signal, and an injector chamber
(1.68 l volume), which was triggered with a 33 ms delay to suppress
the bubble. The GI-guns© were fired every 10 s (corresponding to a
shot-spacing of approximately 25m), producing signalswith frequencies
of up to 300 Hz. Data were received using a digital seismic data acquisi-
tion system (SERCEL SEAL©), consisting of both onboard and in-sea
equipment. The total active streamer length was 3000 m, consisting of
240 channels.

Processing of the seismic reflection data comprised geometry defini-
tion using the ship's navigation data, and CDP-sorting with a CDP spac-
ing of 25m.Nodeconvolutionwas carried out, since the short signal and
absence of seafloor multiples in our data did not require this. A precise
velocity analysis (every 50 CDP) was carried out and used for normal
move-out correction. Stacking velocities are accurate within 10% and
were converted to interval velocities using Dix's formula (Yilmaz,
2001). Residual static corrections and coherency filters were applied
to further improve the data quality. After stacking, anOmega-X timemi-
gration was carried out, to correctly image strongly inclined surfaces
(Yilmaz, 2001). No gainwas applied to the data, neither during process-
ing nor for display. Thus, differences in reflection amplitude discussed in
the following are real. Additional seismic data (Yamaguchi et al., 1988)
were available via the digital database of the SCAR Antarctic Seismic
Data Library System (SDLS).

DSDP Leg 35 Site 324 (Fig. 1), the only drill site in the study area,was
crossed by profile TH-86002a (Yamaguchi et al., 1988) but unfortu-
nately this site only provided information on the uppermost 200 m of
the sedimentary column (Shipboard Scientific Party, 1976; Tucholke
et al., 1976a). Core 324 retrieved sediments consisting of sand, silty
clay and diatomaceous clay of Pliocene to Pleistocene age, but recovery
was relatively poor (51%) (Shipboard Scientific Party, 1976). Other di-
rect information concerning the time frame from drill sites is either
too far away or from different environments or both (DSDP Leg 35
Site 323–380 nm, deep sea (Tucholke et al., 1976b); ODP Leg 178 Sites
1095 and 1096–540 nm, continental rise (Iwai et al., 2002); DSDP Leg
28 Site 271–1500 nm, Ross Sea shelf (Shipboard Scientific Party,
1975b); DSDP Leg 28 Site 274–2000 nm, continental rise (Shipboard
Scientific Party, 1975a)).

3.2. Seismostratigraphic model

Uenzelmann-Neben and Gohl (2012) put forward a seismostrati-
graphic model for the wider Amundsen Sea. They used the age–depth
model provided by DSDP Leg 35 Site 324 (Shipboard Scientific Party,
1976) for the upper 200 m of the sedimentary column comprising
Pliocene/Pleistocene units and correlated this with observations on
general changes in reflections characteristics. Variations in reflection
characteristics for the deeper lying sequences were interpreted to
represent modifications in the depositional regime and compared to
observations from the Bellingshausen Sea (; Tucholke and Houtz,
1976; Tucholke et al., 1976b; Rebesco et al., 1996; Nitsche et al., 1997;
Nitsche et al., 2000; Rebesco et al., 2002; Scheuer et al., 2006a;
Scheuer et al., 2006b), which were tied to DSDP Leg 35 and ODP Leg
178 results, and the Ross Sea (De Santis et al., 1995; De Santis et al.,
1999; Böhm et al., 2009), there correlated with results from DSDP
Leg 28, to derive an age model. We make use of this stratigraphic
model being aware of its poor chronological control but modify the
names of the sedimentary units to distinguish them from the Ross Sea
and Amundsen Sea shelf by adding the acronym ASR (Amundsen Sea
rise).

Uenzelmann-Neben and Gohl (2012) identified four sedimentary
units on top of basement (Fig. 2, Table 1). The oldest unit ASR-I is
characterised by weak internal reflections and is partly transparent.
This unit fills the basement topography (Fig. 2a) and is assumed to
represent the period from ~60 to 21Ma. Unit ASR-I shows elongate sed-
imentary drifts in the Marie Byrd Seamount area as a result of an east-
ward flow of bottom water. Sedimentary unit ASR-II was deposited
between21Ma and 14.1Ma and shows variable, continuous internal re-
flections of moderate to high amplitude (Fig. 2a, b and e, Table 1).



Fig. 2. a) JNOC profile TH-86002 from the eastern Amundsen Sea. In the east the profile crosses DSDP Leg 35 Site 324. b) Profile AWI-20100131/20100132 from the central Amundsen Sea.
mtd=mass transport deposit, pd= patched drift. c) Profile AWI-20100130. d)Uninterpreted blow-upof sediment drift on profile AWI-20100131. e)Uninterpreted blow-up of sediment
drift on profile AWI-20100130. Note the onset of levee-drift formation in unit ASR-II. The thin black lines represent small-scale faults and the shaded areas filled channels. For location see
Fig. 1.
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Fig. 2 (continued).
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Elongate drifts can be observed within this unit in the Marie Byrd Sea-
mount area while levee-drifts characterise the unit in the eastern
Amundsen Sea (Fig. 2c and e). Both drift types are interpreted to relate
to intensified bottom water activity.

In sedimentary unit ASR-III (14.1–4 Ma) an increase in internal re-
flections and mass transport deposits additionally to elongate and
levee-drifts were observed (Fig. 2, Table 1). This was interpreted to rep-
resent a further intensification of bottom water activity and an advanc-
ing ice sheet. The youngest sedimentary unit ASR-IV (4–0 Ma) shows
moderate, well layered reflections separated by several unconformities
(Fig. 2, Table 1). Levee-drifts and mass transport deposits observed in
this unit were interpreted as results of a southward shift of the bottom
water and a change in basal ice-sheet conditions to polythermal.

The basal reflectors of units ASR-I to ASR-IV, and the seafloor reflec-
tion of all existing seismic profiles of the Amundsen Sea slope and rise
were tracked, thicknesses of the different units computed, and maps
of reflector depths and unit thicknesses compiledwith the aim to better
define and describe the sedimentary environments. We converted the
reflector depths and unit thicknesses into depth using interval velocities
derived from stacking velocities using Dix's Formula.

Palaeo-seafloor highs and depocentres will be presented and
discussed. Although these terms usually are used as the highest loca-
tions and thickest part, respectively, we specifically defined them as
the root mean square (rms) value of the reflector depth and unit
thickness, respectively, in order to be explicit and avoid equivocality.
Within the depocentres we observed additional foci of deposition,
which we pointed out. Shape and location of a depocentre relative
to the continental slope and older depocentres reveal the loci of
major sediment accumulation and allow conclusions about transport
pathways and processes. A depocentre oriented parallel to the slope
is interpreted to document dominance of along-slope sediment
transport, whereas a depocentre perpendicular to the slope is
interpreted to indicate dominance of down-slope sediment trans-
port. We also computed accumulation rates for the depocentres
(Table 2). These observations are combined with the occurrence of
sedimentary features in the study area, such as sediment drifts and



Table 1
Seismostratigraphic model of Uenzelmann-Neben and Gohl (2012).

Sedimentary
unit

Proposed age Thickness
(min, max)
in ms TWT
(in m)

Reflection characteristics Sedimentary features Main area of occurrence Oceanographic/climatological
interpretation

ASR-I 60 (?)–21 Ma 100–1600
(250–4000)

Weak internal reflections, partly
transparent, infill of basement
topography

Elongate sediment drifts Marie Byrd Seamounts Eastward flow of bottom water
(proto-AABW?)

ASR-II 21–14.1 100–600
(175–1050)

Variable, continuous internal
reflections of moderate to high
amplitude in either the lower or
upper part, downlap onto base

Elongate drifts levee-drifts Marie Byrd Seamounts
eastern Amundsen Sea

Intensified bottom water activity
cyclonic eddies shed from bottom
water?

ASR-III 14.1–4 100–800
(150–1200)

Increase in number of internal
reflections

Elongate drifts levee-drifts
mass transport deposits

Marie Byrd Seamounts
eastern Amundsen Sea
central/eastern Amundsen
Sea

Intensified bottom water activity
cyclonic eddies shed from bottom
water advancing ice sheet

ASR-IV 4–0 200–1300
(200–1300)

Moderate, well-layered reflections
separated by several unconformities

Levee-drifts mass transport
deposits

Eastern Amundsen Sea near
continental rise

Bottom water activity has shifted
southwards, less intense change in
ice regime from wet- to dry-based
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mass transport deposits (mass transport deposits), that have been
previously reported.

We are aware of the fact that the number of seismic lines is small and
they are far apart. This results in a certain ambiguity of our findings. Still,
we consider it important to report and discuss our observations to pro-
voke further research in this area.We thus limit the discussion to chang-
es and trends.

4. Results

The top of the basement shows a high in the area of the Marie Byrd
Seamounts (MBS) (Fig. 3a, shaded area). This high extends slightly NE-
wards. The deepest basement is observed between PITW and AT. Unit
ASR-I shows a broad depocentre (shaded area in Fig. 4a) parallel to
the continental slope, which does not extend far into the ocean. The
thickest parts of the depocentre (N2500 m, bold outline) can be ob-
served a) continent-wards of the MBS in front of the Dotson-Getz
Trough (DGT), b) between Pine Island Trough West (PITW) and PITE,
and c) in front of Abbott Trough (AT) (Fig. 4a, black outlined areas).

The base of unit ASR-II also shows a high in the MBS area (shaded
in Fig. 3b). This high is smaller than the one observed for the basement.
We observe an extension towards the SE (to the slope offshore from
PITW) rather than towards the NE. The deepest part of the horizon is
located in the NE of the area of investigation with two smaller troughs
seaward of PITW. Unit ASR-II again shows a broad depocentre (shaded
in Fig. 4b) parallel to the continental slope, which extends further
into the ocean than unit ASR-I's depocentre (Fig. 4a and b). The thickest
parts of the depocentre as outlined by the black lines in Fig. 4b (N750m)
can be observed a) in the NE offshore from PITE, b) in three locations in
Table 2
Characteristics for the sedimentary units and the associated depocentres.

Unit, age Base reflector Depocentre

Form
(rms value of unit thickness)

ASR-I, (60?)–21 Ma High in MBS area, low in the east Broad front of shelf, does not ex
far into ocean; thickest part bet
AT and PITW

ASR-II 21–14.1 Ma MBS high smaller, closer to
continental slope, low in the NE

Broad, extending farther into oc
thickest part in NE and in front
and PITE

ASR-III 14.1–4 Ma MBS high less pronounced 2 main depocentres: a) in front
west of AT, ⊥ shelf break, b) in
and west of PITW, || shelf break

ASR-IV 4–0 Ma MBS high || to shelf break, still
highest in the W

Between AT and PITW, ⊥ shelf b
front of PITW and further to the W, and c) in front of AT. Two of the
three thick depocentres have been deposited in up to 250 m deep
troughs (Fig. 3b) but the westernmost depocentre directly indicates
an increased sediment input. The foci of the depocentres have shifted
relative to those of unit ASR-I except the one in front of AT.

The MBS area appears still elevated at the base of unit ASR-III but
is less pronounced (Fig. 3c). The shallowest part is found closer towards
the continental slope. Similar to the base of ASR-II that of ASR-III lies
relatively deep in the NE. For unit ASR-III we observe no longer a single,
but twodepocentres that coincidewith locationswhere ASR-II had been
thickest: a) in front and slightly west of PITW, and b) in front and slight-
ly west of AT (Fig. 4c). Depocentre a) is still parallel to the shelf break
and the continental slope,whereas depocentre b) is orientedperpendic-
ular to shelf break and continental slope.

For the base of unit ASR-IV we observe a broad high, which extends
eastwards from the MBS and is oriented parallel to the shelf break
(Fig. 3d). The NE is characterised by a deep lying base of ASR-IV, which
is less pronounced and deepens towards the deep sea. Unit ASR-IV
shows depocentres only in the eastern part of the study area, where
they cover about the same areas as the depocentres in unit ASR-III
(Fig. 4c and d, Table 2). Three depocentres are located between AT
and PITW and are oriented perpendicular to the continental slope. The
thickest parts (N800 ms TWT) are found on the continental slope.

5. Discussion

The sedimentary units show distinct depocentres and some of
those have shifted through time. The distance between the seismic
lines covering the study area is large in parts (Fig. 1) and thus the
A
(km2)
with vP
(m/s)

Thickness
(m)

Volume
(1013 m3)

Sedimentation
rate
(m/my)

Accumulation
rate
(m3/my)

tend
ween

29,511 (5000) 1778 5.247 45 1.3 ∗ 1012

ean,
of AT

53,255 (3500) 599 3.189 86.7 4.6 ∗ 1012

and
front

32,918 (3000) 594 1.955 58.96 1.9 ∗ 1012

reak 30,412 (2000) 578 1.758 144.5 4.4 ∗ 1012



Fig. 3. Depth to horizonmaps for the horizons a) top basement, b) base unit ASR-II, c) base unit ASR-III, and d) base unit ASR-IV. Note the different depth scales for the differentmaps. The
shaded areas show the high stands of the horizons. There, the horizons rise above the rms-value of the horizon depth. AT= Abbot Trough, DGT= DotsonGetz Trough,MBS= Marie Byrd
seamount area, PITE = Pine Island Bay Trough East, PITW = Pine Island Trough West, TI = Thurston Island.
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interpolation of the picked horizons and sedimentary units into the un-
covered parts is affected by uncertainties. Nevertheless, the general
trend observed in both horizon depth and unit thickness is probably
correct and will be interpreted with respect to sediment material
input (dimension and favoured path) and transport process (down-
slope versus along-slope). This discussion will then lead to inferences
on modifications in climatic and oceanographic conditions. The bottom
current paths are inferred from the occurrence and distribution of sed-
imentary features, e.g. sediment drifts and mass transport deposits
(for details see (Uenzelmann-Neben and Gohl, 2012)).

Sedimentary unit ASR-I appears to be dominated by the basement
high in the area of the MBS (Figs. 3a and 4a). This area obviously had
been elevated since the MBS magmatism, which is at least 56 Ma old
(Kipf et al., 2013). This high appears to have prevented material trans-
port from the slope to the northwest, which is documented by the
depocentre observed between the MBS and the continental shelf
(Fig. 4a). The thickest part of the unit ASR-I depocentre is found in the
eastern part of the study area, where sediments filled a depression in
the basement (Figs. 3a and 4 a). This depocentre lies between AT and
PITW.

The sedimentation rate with an rms value of 45 m/my lies well
within the range for a deep sea environment (Table 2).We observe sed-
iment input along the whole continental margin with a focus between
AT and PITW (Fig. 5a). Unit ASR-I appears to level out the basement
topography. Uenzelmann-Neben and Gohl (2012) reported sediment
drift formation within sedimentary unit ASR-I north of and within
theMBS area. They concluded that a bottom current shaping those drifts
was deflected by theMBS around them, but did not influence the upper
continental rise. The sedimentation east of the MBS therefore was not
influenced by the bottom current and thus the basement topography
there could be levelled out by sediment infill (Fig. 5a).

As the area of the MBS was elevated (~2000 m at 56 Ma, (Kipf et al.,
2013)), the water mass shaping the sediment into sediment drifts
(see Fig. 2 of Uenzelmann-Neben and Gohl, 2012) could not have
flown as deep as AABW does today (4000 m and deeper, Van Aken,
2007). This indicates a lower density for the water mass. The forma-
tion of a bottom/deep water with a lower density may not require
full glacial conditions but only a significant sea ice cover in winter as
suggested by Uenzelmann-Neben and Gohl (2012). We rule out
halothermal bottom/deep water formation, since this appears to be re-
stricted to very warm and confined basins (Van Aken, 2007). Further-
more, a cold westward flowing Antarctic Counter Current has been
reported to have initiated mid Eocene cooling in Wilkes Land and
downward convection after the opening of the Tasmanian Gateway
~49–50 Ma (Expedition 318 Scientists, 2011; Bijl et al., 2013) thus
supporting this hypothesis.

In their reconstruction of the Antarctic topography at 34Ma,Wilson
et al. (2012) infer an increased ice volume for West Antarctica at the
Eocene/Oligocene boundary. They suggest a terrestrial ice sheet for
the Early Oligocene, which would have been less affected by sea level
changes and ocean temperature variations. The detritus eroded by this
early ice sheet was deposited mainly in the West Antarctic Rift and
little material was transported towards the Amundsen Sea (Wilson
et al., 2012). Combining this information with the discussion presented
by Uenzelmann-Neben and Gohl (2012), who suggest a cool climate
with a significant sea-ice cover to allow bottom/deep water formation



Fig. 4. Thickness maps for the sedimentary units a) ASR-I, b) ASR-II, c) ASR-III, and d) ASR-IV. Note the different thickness scales for the different maps. The shaded areas show
the depocentres of the units. There, the units are thicker than the rms-value of the unit thickness. The heavily outlined areas show foci within the depocentres. AT = Abbot Trough,
DGT = Dotson Getz Trough, MBS = Marie Byrd seamount area, PITE = Pine Island Trough East, PITW= Pine Island Trough West, TI = Thurston Island.
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already in Eocene/Oligocene times, and the lack of channels and mass
transport deposits observed in our seismic profiles for unit ASR-I
(Figs. 2c and 6), we argue for a continuous, low-energy sediment
input from the continent with depositional foci offshore from the DGT,
the AT and the outer shelf between PITE and PITW (Fig. 5a). Graham
et al. (2010) discuss a broad ice stream outflow spanning from PITE
to PITW for the late Quaternary covering an accumulation area of
~500,000 km2 at the last glacial maximum (LGM). Taking this into ac-
count we interpret the foci of the ASR-1 depocentres as palaeo-deltas
and suggest that at least on the outer shelf the modern palaeo-ice
stream troughs reflect the locations of river beds, which have been lo-
cated there before 21 Ma. The rivers delivered the main sediment load
to the palaeo-shelf break in a low energy environment (Fig. 5a).

The MBS area influences the depth of the base of unit ASR-II, with
the palaeo-seafloor high having slightly shifted towards the conti-
nental slope (Fig. 3b). We interpret this shift as the consequence of
the formation of the western ASR-I depocentre. The ASR-II depocentre
is still broad and parallel to the continental slope but extends much
farther northwards than that of unit ASR-I (Fig. 4b). It covers roughly
53,225 km2, which is almost twice the size of unit ASR-I's depocentre
(Table 2). A possible interpretation would be simply a build-out of
the shelf break, which during deposition of unit ASR-I may have lain
further south. Studying seismic lines on the Amundsen Sea shelf, Gohl
et al. (2013) did not see any indications for progradation and a north-
ward shift of the shelf break for the period 21–14.1 Ma, which is sup-
ported by our lines crossing the continental slope and rise (Figs. 2c,
6b, and c). Sedimentation rates also have nearly doubled within unit
ASR-II (Table 2). This points towards increased sediment input along
this part of the Amundsen Sea embayment (Fig. 5b), whichwe attribute
to intensified glacial erosion in the hinterland due to a growth of moun-
tain glaciers thatmay have coalesced to ice caps and not just a build-out
of the shelf. Consequently, we conclude glacial conditions in this part of
West Antarctica already during the Early Miocene.

This hypothesis is supported by the findings of Rocchi et al. (2006),
who could demonstrate that ice caps had affected the Amundsen
Sea hinterland possibly as early as 29–27 Ma and certainly by ca.
15 Ma. According to our age model unit ASR-II covers the period from
Mi 1a (21.2 Ma, Miller et al., 1991) to the mid-Miocene Climatic Opti-
mum (MMCO) (17–15 Ma, Miller et al., 1987; Zachos et al., 2001).
Deep-sea oxygen isotope data on benthic foraminifera show that the
Antarctic ice sheet underwent periods of instability during this time
(e.g. Zachos et al., 2001). The ice sheet was polythermal, which resulted
in high rates of glacial erosion and production of melt water delivering
large volumes of suspended material to the continental margin
(Haywood et al., 2009). The uplift of coastal Marie Byrd Land since
about 29–25Ma due to amantle plume appears to have aided increased
sediment input via the formation of mountain glaciers (LeMasurier,
2008). West of the Antarctic Peninsula, down-slope sediment transport
increased from 15 to 9.5 Ma (Uenzelmann-Neben, 2006). We suggest
that ice in the hinterland of the Amundsen Sea Embayment was more
sensitive to warming trends towards the MMCO. This may indicate
not only the existence of mountain glaciers for this period but a
marine-based low-altitude ice sheet as well, which is more sensitive
to variations in air temperature (e.g. Pritchard et al., 2012).



Fig. 5. Depositional and oceanographic model showing the observed sedimentary structures (Uenzelmann-Neben and Gohl, 2012), the depocentres (shaded areas) and the inferred sed-
iment input and bottom current paths for the four distinguished sedimentary units. AT= Abbot Trough, CGT= central Getz Trough, DGT= Dotson Getz Trough,MBS= Marie Byrd sea-
mount area, PITE = Pine Island Trough East, PITW = Pine Island Trough West, WGT = western Getz Trough.
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The thickest part of unit ASR-II's depocentre is found in the NE
and has a slope parallel shape (Fig. 4b). A narrower thick part of the
depocentre lies directly seaward of AT. Obviously the sedimentary
material was channelized through AT and PITE in a higher energy envi-
ronment (please note the increased number of channels and mtds in
this unit, Figs. 2b, 6a and b, and 7b), partly deposited seaward of AT
and PITE (Fig. 5b), but most of the material was transported farther
seawards. There, the sediment was shaped into levee-drifts by a re-
circulated bottom-current (Figs. 2c and e and 5b). Three smaller foci
of unit ASR-II's depocentre north of PITW are probably the result of
continued input via the proposed palaeo-delta.

The MBS region still forms a palaeo-seafloor high at the base of unit
ASR-III but is less elevated above the surrounding seabed (Fig. 3c).
Material input from the shelf apparently was much reduced during
deposition of unit ASR-III. Instead of one large depocentre, we now ob-
serve two with a size reduced to about 60% of the size of the unit ASR-II
depocentre (Fig. 4c) and a sedimentation rate reduced to 70% compared
to that of unit ASR-II (Table 2). The eastern unit ASR-III depocentre lies
seaward of the AT, but it is smaller than the thickest part of the unit ASR-
II depocentre. This depocentre is aligned perpendicular to the conti-
nental slope in its southern part and parallel to the continental slope
farther in the north (Fig. 4c). We interpret this as indications for contin-
ued strong down-slope transport of glaciogenic debris sourced from the
AT (Fig. 5c), which is also supported by the occurrence ofmass transport
deposits in this unit (Fig. 7). Farther seaward the material was then
picked up by a re-circulating bottom current and shaped into levee-
drifts (Figs. 2c and e and 5c).

The second depocentre lies between PITW and DGT. Its shape
points towards material input along a broader front and not only via
the shelf troughs (Fig. 4c). Supply of glaciogenic debris through
PITW may have played a more important role than that through PITE
during glacial intervals in this period (Fig. 5c). Patch drifts observed
on the continental slope indicate a re-shaping of the material by
bottom currents (Figs. 2b and d, 6b, and 6c).We also suggest that during
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Fig. 7. a) Profile AWI-94042 from the eastern Amundsen Sea. b) Part of profiles AWI-20100130/20100129 from the eastern Amundsen Sea. mtd=mass transport deposit. The thin black
lines represent small-scale faults and the shaded areas filled channels. For location see Fig. 1.
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intervals between 14 and 4 Ma ice streams advanced more frequently
between PITW and DGT across the shelf and supplied the material to
the depocentre observed on the adjacent slope and rise (Fig. 5c).

Less detrital input from the shelf may be a result of a cooler ice
sheet following the major cooling event at the mid-Miocene Climate
Transition (MMCT, ~14 Ma, 1–2 my duration), which occurred at the
Middle–Late Miocene boundary (Flower and Kennett, 1994). This re-
duced rates of glacial erosion and melt water production (Haywood
et al., 2009). Gohl et al. (2013) infer a warm period for the latest
Miocene/earliest Pliocene with a retreating ice sheet. According to
them polythermal glacial activity resulted in high material input to the
shelf, but appears to not have reached the continental slope.

For unit ASR-IV we observe three depocentres in the eastern
Amundsen Sea, which are aligned perpendicular to the continental
slope (Fig. 4d). The sedimentation rate has almost tripled compared to
that of unit ASR-III, while the accumulation rate computed for the
depocentres increased by a factor of 2.3 (Table 2). The size of the
depocentres in unit ASR-IV is about the same as for unit ASR-III. Material
input via AT and PITE appears to have been dominant.

Uenzelmann-Neben and Gohl (2012) report fewer mass transport
deposits and sediment drifts that now are mainly observed in the cen-
tral Amundsen Sea. They attributed this to less material input due to a
change in ice-regime from wet- to dry based as proposed for other
parts of the West Antarctic margin by Böhm et al. (2009) and Rebesco
and Camerlenghi (2008), and consistent with WAIS advances across
the Ross Sea shelf only during a few short glacial periods between
Fig. 6. a) ProfileAWI-20060023parallel to the shelf break. b) Profile AWI-94054 from thewester
Sea. C = channel, L = levee, mtd = mass transport deposit, pd = patched drift. The thin blac
Fig. 1.
4 Ma and today (De Santis et al., 1999). Sedimentation rates and
accumulation rates observed by us have strongly increased from unit
ASR-III to unit ASR-IV (Table 2), which contradicts the formerly pro-
posed reduced sediment input.

Unit thickness and sedimentation rates suggest a change from
polythermal to dry-based ice already at 14.1 Ma with the onset of
renewed cooling after the MMCT, which is consistent with the conclu-
sion of Rocchi et al. (2006) for the glacial history of Marie Byrd Land.
We propose that AT and PITE have been the primary outlets for the ice
draining into the Amundsen Sea since 4 Ma (Fig. 5d). Less material
was provided via the DGT. This indicates that palaeo-ice streams ema-
nating from today's Pine Island Glacier, Thwaites Glacier and Abbot Ice
Shelf as well as Cosgrove Ice Shelf were quite dynamic and were fre-
quently waxing and waning during glacial/interglacial stages of the
past 4 Ma. Hochmuth and Gohl (2013) have observed a build-out of
the outermost shelf of the AT by 75 km since the onset of glacial
conditions. Gohl et al. (2013) suggested repeated advances of grounded
ice to the outer shelf as the reason for progradation of the continental
shelf since 3.7 Ma supporting our interpretation.

6. Conclusions

We analysed seismic reflection data from the continental slope and
rise aiming at reconstructing sediment input (pathways and hence
source areas on the shelf, amount) and sediment transport processes
and to infer climatic and oceanographic changes. Thicknesses and
nAmundsen Sea. c) Part of profiles AWI-20100140/20100139 from the easternAmundsen
k lines represent small-scale faults and the shaded areas filled channels. For location see
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depocentres of four sedimentary units were studied, which varied sig-
nificantly through time, similar to the inferred sedimentation rates.
The depocentres show distinct differences in location and shape.
The oldest unit ASR-I (N21 Ma) shows a narrow depocentre parallel to
the continental slope interpreted to represent low energy input
(Fig. 5a). We have observed a focus in deposition near 106°W and attri-
bute this to sediment supply through a palaeo-delta, which later
became PITE. Sediment drifts observed in the elevated MBS area indi-
cate an active water mass with a density between that of today's
AABW and LCDW. This points towards a significant sea ice cover but
not full glacial conditions for the period before 21 Ma.

For unit ASR-II (21–14.1 Ma) we observe a strong increase in sedi-
ment input documented by a larger depocentre and much higher sedi-
mentation rates. We interpret this as evidence for glacial conditions in
West Antarctica already during the Early Miocene. Warming as the re-
sult of the MMCO resulted in a wet-based ice sheet and led to a higher
sediment supply. Glaciogenic debris was supplied from the shelf along
a broad front but with a main pathway through PITE and AT (Fig. 5b).
Most of the material was transported onto the eastern Amundsen Sea
rise where it was shaped into levee-drifts by a re-circulating bottom
current (Fig. 5b).

Unit ASR-III (14.1–4 Ma) is characterised by two smaller
depocentres seaward of AT and PITW and reduced sedimentation
rates (Fig. 5c). The onset of stronger cooling after 14 Ma resulted in a
cooler and dryer based ice sheet leading to less glacial erosion and less
material input.

A dynamic ice sheet since 4 Ma characterised by growth and decay
during cold and warm phases, respectively, is documented by a strong
increase in sedimentation rates. Material was dominantly supplied to
the rise via AT and PITW and much less sediment was provided from
thewestern Amundsen Sea shelf (Fig. 5d). The pulsed glaciogenic debris
input from the shelf interacted with a west-setting bottom current on
the rise resulting in the continued formation of levee-drifts in the east-
ern and central Amundsen Sea (Fig. 5d).

The presented model is still tentative and suffers from the lack of
age–depth and lithological information. Drill sites in the Amundsen
Sea are desperately needed to gain high resolution insights into the evo-
lution of climate and oceanography of West Antarctica. This study pre-
sents a basis for the identification of suitable drill locations.
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[1] The Amundsen Sea continental shelf is one of the most remote areas of coastal Antarctica and was
relatively unexplored until the late 1980s. Over the last two decades, increased oceanographic and
geological interest has led to several cruises that resulted in sufficient bathymetric data to compile a fairly
detailed regional map of the Amundsen continental shelf. We have combined available multibeam and
single-beam bathymetry data from various sources and created a new regional bathymetry of the
Amundsen Sea continental shelf and margin. Deep trough systems that dominate the inner shelf are aligned
with present glaciers and separated by shallower ridges. Shaped by paleo-ice streams, these features merge
into a small number of broader troughs on the middle shelf and shoal seaward. They now serve as conduits
and reservoirs for relatively warm Circumpolar Deep Water. This new compilation is a major improvement
over previously available regional maps and should aid the numerical modeling of ocean circulation, the
reconstructions of paleo-ice streams, and the refinement of ice sheet models.
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1. Introduction

[2] The Amundsen Sea continental shelf is located
between 100� and 135�W, south of 71�S, along the
margin of the Marie Byrd Land sector of the West

Antarctic Ice Sheet (WAIS) (Figures 1 and 4). As
one of the more remote Antarctic coastlines, with a
nearly perennial sea ice cover and little if any
bottom water formation, it remained largely unex-
plored until the mid 1980s. Interest in the region
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increased with the 1994 discovery that the ice shelf
at the terminus of the Pine Island Glacier was
melting orders of magnitude faster than the Ross
and Filchner-Ronne Ice Shelves [Jacobs et al.,
1996; Jenkins et al., 1997; Hellmer et al., 1998],
accompanied by increased velocity, thinning and
grounding line retreat [Rignot, 1998; Rignot and
Jacobs, 2002]. A melt rate exceeding 40 m/yr near
its grounding line [Rignot and Jacobs, 2002]
appears to be driven by ‘‘warm’’ Circumpolar
Deep Water (CDW) that floods deeper areas of
the Amundsen Sea continental shelf. Subsequent
investigations have revealed high melt rates for
other Amundsen Sea ice shelves, thinning and
increased velocities of tributary glaciers, and de-
creasing ice surface elevations of the adjacent
WAIS drainage basins [Wingham et al., 1998;
Rignot and Thomas, 2002; Shepherd et al., 2004;
Thomas et al., 2004; Davis et al., 2005]. Such
findings have revived longstanding concerns about
ice sheet stability in this sector [Hughes, 1973],
particularly as the WAIS is mostly grounded below
sea level [Drewry et al., 1982] and the global ocean
is warming [Levitus et al., 2005].

[3] Much of the rapid melting occurs within deep
troughs on the inner shelf, presumably cut when
the ice streams of larger ice sheets were grounded
on the present seafloor [Lowe and Anderson, 2002;
Evans et al., 2006]. As these features now extend
beneath the small Amundsen Sea ice shelves, it is
important to understand how the troughs facilitate
CDW access to the ice, along with their character-

istics and connections to the shelf break. A better
description of the continental shelf bathymetry
could become a key element in improved models
of ocean circulation, ocean-ice interactions and ice
sheet behavior [Philippon et al., 2006], and in
reconstructions of paleo-ice flow [Kellogg and
Kellogg, 1987; Lowe and Anderson, 2002; Evans
et al., 2006; Larter et al., 2007].

[4] While several previous studies of Amundsen
Sea bathymetry provided significant new insights,
most have been restricted to local areas covered by
single cruises. The aggregated tracks of several
expeditions, including recent cruises on the RRS
James Clark Ross and R/V Polarstern in 2006 and
the Nathaniel B. Palmer in 2007, have now been
compiled into a chart that provides an overview of
the regional bathymetric setting and its geological,
oceanographic and glaciological implications.

2. Setting of the Amundsen Sea
Continental Shelf

[5] The tectonic structure of the Amundsen Sea
continental shelf results mainly from the Late
Cretaceous rifting and breakup between New Zea-
land and the Marie Byrd Land and Thurston Island
blocks, and may also have been affected by the
existence of an independent Bellingshausen Plate
until the early Tertiary [Stock and Molnar, 1987;
Mayes et al., 1990; Larter et al., 2002; Eagles et
al., 2004; Gohl et al., 2007]. It has been suggested
that the southern boundary of the Bellingshausen
Plate crossed the continental shelf of the Amund-
sen Sea embayment [Larter et al., 2002; Eagles et
al., 2004; Gohl et al., 2007].

[6] The present continental shelf was sculpted
during past glaciations, displaying surface and
subsurface features that indicate grounded ice has
reached the outer shelf several times [Kellogg and
Kellogg, 1987; Nitsche et al., 1997; Lowe and
Anderson, 2002; Evans et al., 2006]. Earlier cruises
discovered several deep troughs on the inner shelf
[SPRITE Group, 1992; T. B. Kellogg et al., Former
rock-floored ice-streams on the Amundsen Sea
continental shelf, unpublished manuscript, 2000],
and subsequent investigations of the trough origi-
nating in Pine Island Bay reported exposed crys-
talline bedrock on the inner shelf, changing to
dipping strata with overlying recent sediment cover
toward the mid-shelf [Lowe and Anderson, 2002;
Uenzelmann-Neben et al., 2007]. Mega-scale gla-
cial lineations in this trough indicate that it was
occupied by paleo-ice streams. The shallower outer

Figure 1. Antarctica with the location of the Amundsen
Sea. Outline is based on Antarctic Digital Database 4.1
[Thomson and Cooper, 1993] (http://www.add.scar.org/).
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shelf areas (�500 m) show widespread iceberg
furrows on the seafloor, and broad shelf break
depressions that may be related to inner shelf
troughs [Lowe and Anderson, 2002; Evans et al.,
2006; Walker et al., 2007].

3. Data Compilation

[7] Multibeam swath-mapping on several recent
expeditions has significantly improved our knowl-
edge of bathymetric features on and along the
Amundsen Sea continental shelf. Here we integrate
those data and add other available bathymetric and
geophysical measurements to create a new regional
map of this sector of the continental margin. Our
sources include single-beam and multibeam ba-
thymetry available through the NSF-funded Ant-
arctic Multibeam synthesis database [Carbotte et
al., 2007], soundings from earlier cruises in the
GEODAS database [National Geophysical Data
Center, 1996], and measurements from James
Clark Ross cruises JR84 and JR141, Polarstern
cruises ANT-XI/3, ANT-XII/4, ANT-XVIII/5a,
and ANT-XXIII/4, and NB Palmer cruise 07-02
(Table 1 and Figure 2).

[8] Usually the shoreline boundary of bathymetry
compilations is simply set to 0 m, whereas bathy-
metric features in West Antarctica often continue
below the ice shelves and ice sheet. To accommo-
date these sub-ice features we integrated ice sheet
basement data from the US Airborne Geophysical
Survey of the Amundsen Sea Embayment, Antarc-
tica (AGASEA) and the UK Basal Balance And
Synthesis (BBAS) projects [Holt et al., 2006;
Vaughan et al., 2006] and less detailed topography
from the BEDMAP project [Lythe et al., 2000] for
areas west and north of the AGASEA/BBAS data
sets. Our compilation extends from �100�W to
135�Wand 68�S to 76�S, reaching from the Abbot,
Cosgrove and Pine Island ice fronts in the eastern
Amundsen Sea to the western end of the Getz Ice
Shelf, and covering the entire continental slope and
most of the continental rise.

[9] Data processing and integration followed the
scheme in Figure 3. All single-beam soundings
were converted into a common format and then
imported into ArcGIS software (ESRI). Most of the
swath-bathymetry data sets were initially ping
edited and processed aboard ship. We reduced the
swath-bathymetry data to manageable size by cre-
ating grids of 200–250 m resolution using MB-
system [Caress and Chayes, 1996] or Fledermaus
IVS [Mayer et al., 2000], depending on the original

format, and imported those grids into ArcGIS, re-
converting raster to point data. These point data
were the basis for generating new grids. Positional
accuracy of the data sets varies, but most data used
for this compilation (1988 and younger) were
obtained with GPS systems that reached an accu-
racy of <100 m. Navigation data from earlier
cruises, which represent a small fraction of the
whole compilation and were used to fill gaps in
sparsely covered parts of the continental rise, were
collected using the older US Navy TRANSIT
satellite navigation system, accurate to �2 km or
better, or celestial navigation. To accommodate
positional inaccuracies and the varying density of
available data we chose a 2 km grid resolution.
After testing several interpolation schemes we
settled on a ‘‘natural neighbor’’ algorithm [Sibson,
1981] as implemented by ArcGIS for grid forma-
tion. This algorithm exactly recovers reference
points and can handle highly irregular data distri-
butions [Sambridge et al., 1995], suitable for the
present Amundsen Sea where areas covered by
high-density swath-bathymetry data are typically
separated by large gaps (Figure 2). As data quality
varies between individual surveys, several itera-
tions were required to identify and remove dispa-
rate measurements. This included single or small
groups of measurements that created obvious arti-
facts in the grid including local, unrealistically
deep holes and edge effects resulting from less
reliable outer beams of multibeam swaths.

4. New Amundsen Sea Bathymetric
Map

[10] The resulting compilation outlines for the first
time the full extent and shape of the Amundsen Sea
continental shelf, defining its shelf break along
most of its length (Figure 4). Seaward of the
coastline, the continental shelf narrows westward
from >400 km north of Pine Island Bay to 100–
200 km west of Siple Island. The outstanding
features on the continental shelf are its deep and
rugged inner shelf troughs that typically merge and
shoal seaward of the ice shelf fronts. Individual
troughs often merge into single features by mid-
shelf, with the eastern shelf dominated by two
trough systems. The one in Pine Island Bay com-
bines troughs that originate from the Pine Island,
Thwaites, and Smith Glaciers. A second system
includes troughs from the Dotson and eastern Getz
ice shelves. Maximum depths in both systems
exceed 1600 m, but are not always near the
present-day ice fronts. These dendritic trough sys-
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Table 1. Survey ID, Data Type, Navigation Equipment, Date, and Sources Used for Compilation, With Selected
References Describing or Utilizing These Data

Survey ID Data Type Navigation Year Source Reference

ELT11 single-beam
PDR 12 kHz

sextant 1964 GEODASa

ELT17 single-beam
PDR 12 kHz

sextant 1965 GEODASa

ELT33 single-beam
PDR 12 kHz

TRANSIT/sextant 1968 GEODASa

DSDP35GC single-beam
12 kHz/GIFFT

TRANSIT 1974 GEODASa Tucholke and Houtz [1976]

THB80 single-beam
unknown

unknown 1981 GEODASa Yamaguchi et al. [1988]

DF85 single-beam
SeaBeam 12 kHz

TRANSIT 1985 GEODASa Kellogg and Kellogg [1987]

PD190L02 single-beam
EDO depth tracker

GPS 1990 GEODASa

NBP92-08 single-beam
Simrad:EK500

GPS 1992 GEODASa

PS92 single-beam GPS 1992 GEODASa SPRITE Group [1992]
RITS94B multibeam

SeaBeam
GPS 1993 NGDCb

NBP94-02 single-beam
Simrad:EK500

GPS 1994 GEODASa Jacobs et al. [1996]

ANT-XI/3 multibeam
Hydrosweep DS-1

GPS 1994 AWIc Nitsche et al. [2000]

ANT-XII/4 multibeam
Hydrosweep DS-1

GPS 1995 AWIc Nitsche et al. [2000]

NBP96-02 multibeam
SeaBeam:2112

GPS 1996 AMBSd

NBP99-02 multibeam
SeaBeam:2112

GPS 1999 AMBSd Lowe and Anderson [2002]

NBP99-09 multibeam
SeaBeam:2112

GPS 1999 AMBSd

NBP00-01 multibeam
SeaBeam:2112

GPS 2000 AMBSd

BEDMAP various various/GPS 2000 BEDMAP Lythe et al. [2000]
ANT-XVIII/5a multibeam

Hydrosweep DS-2
GPS 2001 AWIc Scheuer et al. [2006]

JR84 multibeam
Simrad EM120

GPS 2003 SPRIe Dowdeswell et al. [2006a];
Evans et al. [2006]

ANT-XXIII/4 multibeam
Hydrosweep DS-2

GPS 2006 AWIc Larter et al. [2007];
Gohl et al. [2007];
Uenzelmann-Neben et al. [2007]

JR141 multibeam
Simrad EM120

GPS 2006 BASf Larter et al. [2007]

AGASEA/BBAS radar GPS 2006 AGASEA/BBAS Vaughan et al. [2006];
Holt et al. [2006]

NBP07-02 multibeam
Simrad EM120

GPS 2007 AMBSd

a
GEODAS Web site: http://www.ngdc.noaa.gov/mgg/geodas/geodas.html.

b
National Geophysical Data Center http://www.ngdc.noaa.gov/.

c
Alfred Wegener Institute for Polar and Marine Research.

d
Antarctic Multibeam Bathymetry and Geophysical Data Synthesis Web site: http://www.marine-geo.org/antarctic/.

e
Scott Polar Research Institute.

f
British Antarctic Survey.
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tems are separated by a bank extending northward
from the Bear Peninsula, with water depths of
�250–400 m, where deep-draft icebergs go
aground. Recently collected swath bathymetry data
that have been included in the new bathymetric
compilation show that geomorphic features inter-
preted as subglacial meltwater features [Lowe and
Anderson, 2003] are widespread throughout the
inner shelf troughs.

[11] Several smaller troughs and trough systems
are found near Cosgrove Ice Shelf, and off Carney
Island and the central and western Getz Ice Shelf
fronts. These inner shelf troughs commonly display
rugged relief, to >200 m in Pine Island Bay, and a
host of smaller features including striations,
grooves, drumlins, and mega-scale lineations in-
dicative of glacial erosion [Wellner et al., 2001;
Lowe and Anderson, 2002]. Similar troughs also
appear along other parts of the Antarctic continen-
tal margin [Pudsey et al., 1994; Canals et al., 2000,
2002; Ó Cofaigh et al., 2002, 2005] and previously
glaciated margins in the northern hemisphere [e.g.,
Stokes and Clark, 2001; Ottesen et al., 2005;
Dowdeswell et al., 2006b; Shaw et al., 2006].

[12] Depths along the continental shelf break aver-
age �500 m, but vary from �400 to >600 m
(auxiliary material1 Figure S2). An outer shelf
depression near 114�W has been charted in some

detail [Dowdeswell et al., 2006a; Walker et al.,
2007], but persistent sea ice has limited mapping of
other shelf break depressions NW of Thurston and
Siple Islands. Connections between these depres-
sions and inner-shelf troughs remain to be con-
firmed by more detailed mapping of mid-shelf
areas usually covered by perennial ice. West of
Siple Island a trough near �128�W can more
clearly be followed from the ice edge to the shelf
break.

1Auxiliary materials are available in the HTML. doi:10.1029/
2007GC001694.

Figure 2. Distribution of the various data sources that form the basis for the new bathymetric grid. Red areas show
the coverage of the multibeam bathymetry data, blue lines represent tracks of individual soundings, and green areas
represent additional data sets that we used for areas covered by continental ice. Table 1 provides details.

Figure 3. Processing scheme used to integrate the
different data sets and create the final grid.
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[13] The general morphology of the continental
slope and rise is comparable to other parts of the
Antarctic continental margins. The slope ranges
from 2�–5� with parts of the upper slope being
dissected by gullies that in some areas converge
downslope and feed into large channels that cross
the continental rise [Dowdeswell et al., 2006a;
Lowe and Anderson, 2002]. More detailed multi-
beam coverage of both the slope and shelf is
needed to definitively relate gullies, depressions,
lineations, troughs and paleo-ice streams. In addi-
tion to sedimentary features previously reported on
the continental slope [Dowdeswell et al., 2006a] a
series of mounds radiate away from the slope
between 105�W and 110�W. These mounds con-
nect to known features on the lower continental
rise [Yamaguchi et al., 1988; Nitsche et al., 2000;
Scheuer et al., 2006]. North of Siple Island
(125�W–127�W) the slope is interrupted by a large
SE-NWoriented ridge at depths of 1–3 km, incised
by steep canyons. Its shape and water depth
preclude glacial links, but its proximity to the
Mt. Siple volcano and Marie Byrd Seamounts
suggests a tectonic origin.

[14] Earlier depictions of the Amundsen Sea region
(BEDMAP/ETOPO/GEBCO in Figure 5) predated

the marine multibeam data utilized here, and so
are deficient in several important respects. How-
ever, control for the current bathymetry is still
uneven, with many large gaps between ship tracks
(Figure 2), some resulting from the typical distri-
bution of perennial sea ice. The depth accuracy
varies accordingly, being highest in areas with
modern multibeam cover, but containing signifi-
cant uncertainties in the large interpolated areas.
Seams between detailed multibeam bathymetry and
interpolated areas can cause artifacts such as sud-
den changes in seafloor roughness and the outward
bulge of the lower continental slope between
121�Wand 125�W. The seafloor bathymetry is still
unknown beneath the ice shelves, although recent
airborne radar missions suggest the continuation of
some troughs below the Smith, Thwaites and Pine
Island Glaciers [Holt et al., 2006; Vaughan et al.,
2006].

5. Implications

[15] Concerns about ice sheet mass balance and sea
level change have recently focused on the Amund-
sen Sea because high basal melt rates of its small
ice shelves are positively correlated with acceler-

Figure 5. Other representations of Amundsen Sea bathymetry: (a) GEBCO [Mammerix and Cande, 1982],
(b) ETOPO-2 [Smith and Sandwell, 1994, 1997], and (c) BEDMAP [Lythe et al., 2000], compared to (d) the new
bathymetry grid. The largest differences appear in the outline of the shelf break and in the trough and ridge structures.
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ating ice streams and apparent draw-down of the
adjacent ice sheet [Shepherd and Wingham, 2007].
The shelf bathymetry is thought to play a substan-
tial role in this process, both as a gateway facili-
tating CDW intrusions near the shelf break and a
link to deep ice shelf grounding lines. There are
indications from observations and models that
warm deep water may preferentially move onto
continental shelves via shelf break curvatures and
depressions [Dinniman et al., 2003; Walker et al.,
2007]. However, CDW rises well above the
Amundsen shelf break across a wide area [Jacobs
et al., 2002], and as yet little is known about the
temporal variability of its penetration onto the
shelf. Once in the troughs, the saltiest and therefore
densest deep water sinks and flows into the ice
shelf cavities, its melting potential enhanced by the
seawater freezing point depression with increasing
pressure [Jacobs et al., 1996].

[16] One consequence of recent work in the
Amundsen Sea is that models of ice sheet behavior
must now be updated to include the effects of an
evolving ocean and its ice shelves. Similarly,
models of the ocean circulation must properly
account for this remarkable continental shelf, its
fringing ice shelves and persistent sea ice cover.
Quite different results may be obtained from mod-
els based on the bathymetry reported here, com-
pared to that shown on prior maps (Figure 5). The
new bathymetry could impact estimates of ice shelf
melting, WAIS mass balance, and ocean freshen-
ing. The locations and depths of the trough systems
are also important for reconstructions of paleo-ice
flow and deglaciation. This compilation of Amund-
sen Sea bathymetry represents a major improve-
ment over previously available regional data sets,
which involved far more interpolation between
sparser, less accurate observations. A larger-scale
version of the map is available in the auxiliary
material (Figure S1), and the grid may be obtained
from http://www.marine-geo.org/link/entry.php?id=
Amundsen_Sea_Nitsche.
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Multichannel seismic reflection profiles provide a record of the glacial development in the western
Amundsen Sea Embayment during the Neogene. We identified a northwest-dipping reflector series of more
than 1 s TWT thickness (N800 m) on the middle continental shelf indicating well-layered sedimentary units.
The dipping strata reveal a striking alternation of reflection-poor, almost transparent units and sequences of
closely spaced, continuous reflectors. We suggest that the distinct changes in reflection character represent
episodes of ice sheet advance and retreat forced by climate changes. Boundaries between acoustic units are
sharp, but without chronological data we cannot constrain the rapidity of glacial advances and retreats. Due
to the similarity between the seismic stratigraphy and the lithology in bore-hole records from the Amundsen
Sea and Ross Sea, we infer that dipping strata have accumulated since an intensification of glaciation in the
Miocene. On the inner and middle shelf we can identify at least four episodes of ice sheet expansion. We
conclude that the West Antarctic Ice Sheet has responded sensitively to climate variations since the Miocene.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

There have been dramatic changes in West Antarctic Ice Sheet
(WAIS) volume within short time periods since the Last Glacial
Maximum (LGM). Over recent decades, the two largest ice-streams
that drain into Pine Island Bay, Pine Island Glacier and Thwaites
Glacier (Fig. 1), have shown rapid flow acceleration, thinning and
grounding line retreat (e.g., Vaughan et al., 2001; Rignot and Jacobs,
2002; Rignot, 2008). It has been suggested that this area may be the
most likely site for the initiation of a collapse of the two million km2

WAIS which would result in a global sea-level rise of 3.3 to 6 m
(Hughes, 1981; Oppenheimer, 1998; Mitrovica et al., 2009; Bamber et
al., 2009). In order to predict the further development of theWAIS and
its impact on sea level rise it is important to put the recent changes
into context with the dynamics and development of the ice sheet in
the geological past.

Reconstructions of the glacial history on the shelf of the Amundsen
Sea have concentrated on the late Quaternary (e.g. Lowe and
Anderson, 2002; Evans et al., 2006; Uenzelmann-Neben et al., 2007;
Smith et al., 2009; Larter et al., 2009). Studies on older ice sheet
dynamics in the region are restricted to the continental slope and deep
sea (e.g., Nitsche et al., 1997, 2000; Scheuer et al., 2006).

In this study we present the first multichannel seismic reflection
data from the western Amundsen Sea Embayment (Fig. 1) to improve
understanding of older glacial development and processes on the
: +49 471 48313560.

l rights reserved.
inner and middle shelf. A record of repeated expansion of the WAIS
onto the continental shelf is preserved in the local sedimentary
composition and depositional style. These, in turn, are manifested in
the reflection characteristics and reflector configuration on seismic
reflection profiles. In this paper, we present an interpretation of
seismic data in order to reconstruct climate-related late Cenozoic ice
sheet variations on the shelf in the western Amundsen Sea
Embayment.

2. Regional setting

The Amundsen Sea is located along the southern Pacific margin of
West Antactica (Fig. 1). In commonwith other shelf areas of Antarctica
the shelf of the Amundsen Sea Embayment deepens inshore, mainly
due to cumulative glacial erosion, and also to lithospheric flexure
caused by the load of the modern WAIS (e.g. ten Brink et al., 1995;
Anderson, 1999). Pronounced glacial troughs incise the inner
continental shelf down to 1000–1600 mwater depths in their deepest
parts (Nitsche et al., 2007; Larter et al., 2009). These troughs converge
towards the middle shelf and extend across the outer shelf, which has
a mean water depth of 500–600 m, with greatly reduced relief (Lowe
and Anderson, 2002; Nitsche et al., 2007). At the present day the main
ice streams flowing from the WAIS into Pine Island Bay are the Pine
Island and Thwaites Glacier systems (e.g. Ferrigno et al., 1993;
Vaughan et al., 2001). During glacial periods these ice streams and
others carried glacial sediments onto the shelf in the Amundsen Sea
Embayment, and gravity-flow processes carried sediment further
down the continental slope into the deep sea.

mailto:estella.weigelt@awi.de
http://dx.doi.org/10.1016/j.gloplacha.2009.07.004
http://www.sciencedirect.com/science/journal/09218181


Fig. 1. Bathymetric map of the western Amundsen Sea Embayment (Nitsche et al., 2007) with the locations of the seismic reflection lines AWI-20060003 to AWI-20060007 (black
lines). Dashed black lines mark the change of chaotic seismic facies to seaward dipping strata. White boxes show the locations where reflection poor sequences outcrop at the surface
or toplap against grounding zone wedges. The dark grey boxes mark the location of grounding zone wedges.
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The timing of the onset of glaciation in the Amundsen Sea
Embayment is poorly constrained, but seismic profiles and drilling
data along the Antarctic Peninsula reveal an extensive prograding and
aggrading of the continental shelf during the late Cenozoic, which is
associated with glacial processes (Cooper et al., 2008). Larter (2008)
summarized that a regular supply of both glacially derived terrigenous
sediments and interglacial biogenic sediments has reached the
continental rise of the Antarctic Peninsula since at least the Middle
Miocene. For late Quaternary times the development of an extended
ice sheet in the Amundsen Sea Embayment is better constrained.
Evans et al. (2006) proposed that theWAIS reached the shelf edge and
was drained by at least one palaeo-ice stream during the LGM.
Afterwards, the ice sheet retreated in phases, with the most rapid
recession occurring between 16 and 12 kyr to near its present limits
(Lowe and Anderson, 2002).
3. Material and methods

Multichannel seismic data were acquired from the western
Amundsen Sea Embayment during RV Polarstern cruise ANT-XXIII/4
as part of a collaboration between the Alfred Wegener Institute for
Polar and Marine Research (AWI) and the British Antarctic Survey
(BAS) (Fig. 1) (Gohl et al., 2007; Larter et al., 2007). Seismic sources
consisted of three GI-guns™ with a total generator volume of 2.2 l
generating frequencies up to 250 Hz. Seismic reflections can be
identified at frequencies up to 100 Hz which implies a vertical
resolution in soft sediments of about 8 m. Shots were fired every 12 s
corresponding to a distance of 31 m. The data were recorded with a
96-channel streamer (600 m active length) at a sample rate of 1 ms.
The seismic data processing comprised sorting (25 m CDP interval),
and a detailed velocity analysis (every 50 CDP, ~1.2 km), which
enabled a successful suppression of seabed multiples in areas where
the sea floor is relatively smooth and underlain by unconsolidated
sediments. Noise was successfully suppressed via a Karhunen–Loeve
filter (Yilmaz, 2001). Finally, the traces were stacked and migrated
with a finite-difference time migration. Together with the seismic
lines, sub-bottom profiler data (Parasound parametric system, with
18 kHz primary frequency and secondary frequencies 2.5–5.5 kHz)
were recorded, which we incorporated in this study to provide
supplementary information about the uppermost sedimentary layers
on a scale of metres.
4. Results

More than 620 km of multichannel seismic reflection profiles were
recorded in the western Amundsen Sea Embayment. The signal
energy was sufficient to image the sedimentary column down to a
sub-bottom depth of more than 800 m with a vertical resolution of
about 8 m. Seismic units were classified on the base of reflection
character, reflection strength and termination structures. Reflector
horizon dips and the thicknesses of sedimentary units were calculated
according to the velocity model used for the normal move-out
correction.

The sea-floor morphology of the observed area is highly variable.
Close to the present day coastline the topography is very rough (Larter
et al., 2009). Several troughs with relief differences of more than
600 m cut through the shelf, and the water depth reaches almost
1600 m in some areas (Figs. 2 and 3). Here, the seismic lines show an
opaque, scattered reflection pattern without any internal reflectors.
Strong peg-leg multiples indicate a hard sea-floor. Only some thin



Fig. 2. Seismic line AWI-20060003 and interpretation. Dark grey parts mark reflection-poor units in between the dipping strata. Light grey colored sequences show wedges of
agradational reflections which in some locations cover the seawards dipping strata. The dashed line locates the transition from bedrock on the inner shelf to seaward dipping strata
on the middle shelf.
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sediment pockets (b80 ms TWT (two-way traveltime) corresponding
to ~60 m) in steep-sided depression can be identified (e.g. AWI-
20060005, CDPs 400–500, Fig. 3).

On the middle shelf and outside the troughs, the topography is
generally smooth with a water depth of 500 m on average. Only small
surface undulations of few metres amplitude and width characterize
the sea floor. Here, reflector series of more than 1 s TWT thickness
(N800 m) were recorded indicating sedimentary sequences which
cover the northward-dipping surface of acoustic basement (Fig. 3).
These strata show a seaward dip with a distinct flattening from the
inner to the outer shelf (Fig. 3).The changes of flattening ranges from
1.7° to 0.9° considering an interval velocity of 2300 m/s in average for
the sedimentary layers.

The dipping strata show striking changes in reflection pattern.
Reflection-poor, almost transparent seismic units alternate with
sequences of closely spaced, continuous reflectors (Fig. 4). The P-wave
velocities for all dipping strata vary between 2000 and 2500 m/s. The
limited offset range of our data means we cannot constrain interval
velocities precisely enough to determine whether or not there is a
systematic difference between P-wave velocities in the reflection-poor
and reflection-rich units.
In the inner shelf region the seawards dipping strata outcrop at the
sea floor (Figs. 3, 4b, and 5). On the seismic lines, we identified no
reflections between the sea floor and the truncated surface of the
dipping strata, which constrains any sedimentary cover layer to be
thinner than 8 m. Also, the incorporated sub-bottom profiler
(Parasound) data only show one strong sea floor reflection and no
coherent sub-bottom reflection signals (Fig. 6). The sea floor is
furrowed by incisions of 10–15 m depth and 100–200 m width. As a
consequence of numerous out-of-plane reflections due to this small-
scale roughness, we could not resolve any further layering in the
uppermost part of the seismic sections.

On a relatively shallow part of the middle shelf the dipping strata
are covered by awedge like sequence of horizontal reflections (Fig. 3).
This wedge thickens seawards to almost 150 m at the northernmost
end of our lines.

Numerous reflection-poor vertical pipes with sharp vertical
boundaries were identified (Fig. 5). Those features are on average
500mwide, and vary in length from a fewmetres up to 500m. On our
seismic lines we located most of those features in the middle region of
shelf. We cannot observe a correlation of their locations with
reflection-poor or reflection-rich strata. The pipes have their origin



Fig. 3. Compilation and interpretation of seismic lines AWI-20060005, AWI-20060006 and AWI-20060007. Dark grey parts mark reflection- poor units in between the dipping strata. Light grey colored sequences showwedges of agradational
reflections which in some locations cover the seawards dipping strata. The dashed line locates the transition from bedrock on the inner shelf to seaward dipping strata on the middle shelf.
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Fig. 4. Two examples of the two main acoustic facies (for location see Fig. 3). Reflection-poor units alternate with sequences of closely spaced, continuous reflectors.
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and terminate at a variety of different depths and stratigraphic levels.
Often, continuous reflection signals are visible below them. A lot of
these vertical structures are covered by overlying reflectors, and the
pipes seem not to continue to the seafloor. The Parasound data do not
show evidence for leakage of fluids at the sea floor (Fig. 6).
Fig. 5. Part of seismic reflection line AWI-20060006 (for location see Fig. 3). The black boxesm
for pipes are marked in dark grey, and reflection-poor sequences are displayed in light grey
5. Discussion

In this contribution we focus on the seaward-dipping strata
displayed in our seismic records on the inner and middle shelf.
Similar sequences dipping seaward at a low angle have been recorded
ark the location and penetration depth of the two Parasound sections (Fig. 6). Examples
. Dashed black lines show the location of vertical faults.



Fig. 6. Examples of Parasound recordings (for location see Fig. 3) The data show just strong surface reflections and no internal reflection signals indicating the presence of hard
surface matter.
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on many parts of the Antarctic shelf and are believed to result from
repeated episodes of glacial erosion on the inner shelf and deposition
on the outer shelf (e.g., Larter and Barker, 1989; Cooper et al., 1991;
Anderson, 1999).

We identified a prominent alternation of reflection-poor units and
sequences of closely spaced, continuous reflectors in the dipping
strata (Figs. 2 and 3), which we suggest document strong changes in
the depositional environment. Reflection-poor units indicate homo-
geneous or poorly-stratified deposits and/or a strong scattering of
acoustic energy by point sources (large clasts). Glacially-deposited
sediments typically include diamictites (tills etc.), which are poorly or
non-sorted sediments with a wide range of clast sizes. Studies on
other glacially modified continental shelves have shown that the
acoustic signature of diamicton lithofacies ranges from chaotic to
transparent (Vorren et al., 1989, King et al., 1991). Also, high-
resolution acoustic data (less than 0.3 m) on the Antarctic Pensinsula
Pacific Margin showed that diamictons drilled at ODP Sites 1100, 1102
and 1103 lack internal stratification (Vanneste and Larter, 1995).
Comparison of seismic records from the continental shelf of the Ross
Sea with cores from DSDP Sites 270 and 272 indicate that acoustically
transparent facies represent subglacial stratawhich have a diamictite-
like grain size distribution (De Santis et al., 1995, De Santis et al., 1997).
A cycle of ice sheet advance and retreat across the shelf usually leaves
a layer of diamictite covering the sea floor (e.g., Stoker et al., 1997;
Sloan and Lawver, 1997). Moving grounded ice additionally reworks
the deposits, and may mix underlying sediments or bedrock into tills
through local erosion (e.g., Cooper et al., 1997). We thus propose that
reflection-poor units indicate an extended and sometimes grounded
ice sheet during a cold, polar climate interval.

In contrast, high-amplitude, closely-spaced reflectors result from
marked changes of sedimentary physical properties. These are
indications for strong variations in the composition and diagenesis
of the deposited material and for changes in depositional style. Bartek
et al. (1997) recorded similarly layered seismic facies in the Ross Sea
and hypothesized that such strata are related to distal glacial-marine
deposition. Correlations of DSDP Sites 270–272 with seismic lines
imply that regularly stratified acoustic units correspond to sequences
of fine grain size distribution, indicating deposition in a more ice-
distal environment (De Santis et al., 1995, De Santis et al., 1997).
Glacial-marine and/or open water conditions allow a stronger
diversification and stratification of deposits, leading to continuous
reflections. We suggest that seismic facies showing more continuous
internal reflections are of glacial-marine origin, and thus indicate
warmer periods. We regard the reflection pattern to be a result of
climate conditions, and suggest that the alternation of reflection-poor
and reflection-rich strata represents changes in depositional condi-
tions due to ice sheet advances and retreats. Our interpretation is in
good agreement with the ‘glacial sequence stratigraphic model’
developed by Powell and Cooper (2002). Their model depicts that
glacial advances develop morainal banks consisting of unstratified
gravel, sand, diamict and till, leading to chaotic or transparent seismic
reflection pattern. In contrast, during glacial retreats, stratified
deposition of mud prevailed, and is expressed in seismic reflection
profiles as a succession of continuous reflectors.

We interpret an alternation between cold climate periods with an
extended ice-sheet and more temperate periods. Sequence bound-
aries between reflection-poor and reflection-rich seismic units are
quite distinct, but the lack of any chronostratigraphic constraints
prevents an estimate of the duration of the cold and warm periods or
the transitions between them.

The vertical reflection pipes we observe in our data show sharp
vertical boundaries (Fig. 5). We can identify reflection signals below
them and, hence, we exclude gas bearing chimneys. They can be
interpreted as dewatering structures (e.g. Syvitski, 1997). We take the
occurrence of dewatering pipes as further evidence for a glacial origin
and overprinting of the reflection-free seismic units.

A major problem is to define the age of the dipping strata and with
it the episodes of ice sheet extension because drill sites do not yet exist
within the Amundsen Sea Embayment. Therefore, we tried to find
constraints to estimate at least a minimum and maximum age for the
strata.

Thewedge-like succession on themiddle shelf provides evidence for
the latest grounding line retreat (Figs. 1 and 3). The dipping strata
described earlier toplap beneath that wedge, suggesting a period of
erosion followed by later aggradation. Lowe and Anderson (2002)
described a similar sedimentary wedge in the trough extending north
from Pine Island Bay and interpreted it as a grounding zone wedge, a
remnant of an ice sheet retreat ∼16 kyr ago. Because of the similar
structure and close location of the grounding zone wedge described by
Lowe and Anderson (2002) and the wedge-like succession we observe,
we consider both structures to have the same origin. Therefore, we
tentatively suggest that the dipping stratawere formedprior to the LGM.

A maximum age is given by the strata which cover the bedrock. As
bedrock we define the chaotic seismic facies present on the inner part
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of the shelf, and we suggest Unit-A to be the first sequence composed
of lithified sediments as indicated by weak internal reflections (Figs. 2
and 3). However, we doubt that this oldest unit consists of glacial
deposits. The low reflection strength in Unit-Amay be a consequence of
a reduction in acoustic impedance contrasts as a result of compaction
and cementation. Also, some reflections in Unit-A indicate folding,
whereas the reflectors in the younger strata (from Unit-B further
seawards) indicate undeformed layering (Figs. 2 and 3). A similar
change of deformed to undeformed strata is recorded in the trough that
extends north from Pine Island Bay (Lowe and Anderson, 2002), as well
as along the Antarctic-Pacificmargin (Bart andAnderson,1995; Larter et
al., 1997). Lowe and Anderson (2002) suggest that the whole sequence
of seaward dipping strata in the Pine Island Bay region has accumulated
since Late Cretaceous/Paleocene times. Because our data show no traces
of an ancient shelf break it remains unclear if units A and B might have
been deposited as prograding sequences along a palaeo-continental
slope or already under subglacially conditions on the shelf. However,
regular advances of grounded iceonto the continental shelf aroundWest
Antarctica started much later, in Miocene times (summarized by
Anderson, 1999; Larter, 2008) with grounded ice first reaching the
shelf edge during theMiddle or Late Miocene (Larter et al., 1997, Barker,
Camerlenghi, Acton et al., 1999). Although these time constraints are
weak we suggest that only Unit B, which displays continuous strong
reflectors (Figs. 2 and 3), has been deposited since the onset of glacial
advances onto the shelf in thewestern Amundsen Sea Embayment. The
high amplitude reflections indicate major changes in depositional
environment probably related to changes in ice cover. With these
constraints we suggest that beginning with the deposition of Unit B the
succession of dipping strata records ice sheet variations between
sometime in the Miocene and the LGM. We re-emphasize that this is
just an assumption and drilling or coring is needed to gain an age for the
formation of those strata.

Additionally, we compared our analysed stratal pattern to that
observed in other regions with a better age control given by drilling
records. A seismic stratigraphy, tied into ODP Leg 178 sites, indicates a
steep increase of sediment deposition on the continental rise along
the Bellingshausen and Amundsen Sea margin between 10 and 5 Ma
which is interpreted as the beginning of ice sheet advances across the
shelf (Scheuer et al., 2006). On seismic profiles across the outer shelf
of the southern Amundsen Sea prograding and aggrading sequences
were observed and interpreted as the result of several advances of the
ice sheet across the shelf (Nitsche et al., 1997, 2000). A sedimentary
succession similar to the reflection pattern identified by us is observed
in the western Ross Sea. Eleven lithofacies, ranging from ice-proximal
diamictites to open-marine diatomites were identified and related to
frequent advances and retreats of the ice-shelf since the Middle
Miocene in borehole records of the ANDRILL project (Naish et al.,
2008; McKay et al., 2008). Although those drilling sites are distant
from the Amundsen Sea shelf, on another part of the Antarctic margin,
the data provide a clue to the age of dipping strata, and support our
interpretation that the alternation in reflection pattern results from
ice sheet variations due to alternation between cooler and more
temperate climate conditions in West Antarctica.

Restrictions by heavy sea-ice conditions prevented seismic profil-
ing across the outer shelf. We therefore did not record all possible
cycles of ice sheet advance and retreat. On seismic line AWI-
20060005, which is oriented nearly perpendicular to the coast, we
observed at least five changes between layered and chaotic strata, and
on section AWI-20060006, running oblique to the coast, about eight
changes during the Neogene and Quaternary periods (Fig. 3).

In summary, we have evidence for at least four episodes of ice
sheet expansion, but due to our seismic resolution, the fact that our
seismic lines only cover the inner and middle shelf, and extensive
erosional phases we cannot resolve all periods of ice sheet advance
that occurred on the Amundsen Sea shelf since the Miocene. We infer
that large ice sheet fluctuations occurred already in Miocene times in
the Amundsen Sea, and that the WAIS has responded quite sensitively
to climate changes.
6. Conclusion

New high-resolution multichannel seismic reflection data of
provide a record of the glacial development and processes on the
shelf of the western Amundesen Sea Embayment through late
Cenozoic time.

The sea-floor morphology of the observed area is highly variable.
Close to the present coast, several hundred meter-deep troughs
indicate that palaeo-ice streams in a thick, grounded ice sheet caused
massive erosion. On the middle shelf and outside the troughs, the
topography is generally smooth and shows only small surface
undulations.

The most interesting features on the seismic profiles are observed
on the middle part of the shelf. Pronounced seaward-dipping reflector
series indicate well layered sedimentary units of more than 1 s TWT
thickness (N800 m). The units outcrop at the sea floor, which is
evidence for intensive erosion during at least the last glacial cycle. On
a relatively shallow part of themiddle shelf the strata toplap beneath a
grounding zone wedge, which resembles a grounding zone wedge
reported by Lowe and Anderson (2002) and is hence considered to be
related to a stillstand in grounding line retreat. The strata reveal a
striking alternation of reflection-poor, almost transparent, units and
sequences of closely spaced, continuous reflectors. We suggest that
this alternation represents changes in depositional conditions due to
repeated episodes of ice sheet extension that are related to climate
variations. Reflection-poor units are regarded as indicating a cold
climate period, whereas reflection-rich units developed during
warmer times.

We further suggest that strata from Unit B and younger developed
since the onset of glacial advances onto the continental shelf around
West Antarctica in Miocene times. On the basis of the marked changes
in reflection character we suggest a repeatedwaxing andwaning of ice
sheets during the Neogene and Quaternary. Beneath the inner and
middle shelf we can identify at least four episodes of ice sheet
expansion, but most likely more such episodes occurred. We
emphasize that the ice sheet in the Amundsen Sea Embayment
responded sensitively in its expansion to climate changes throughout
the late Cenozoic.
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INTRODUCTION
The Intergovernmental Panel on Climate 

Change (IPCC, 2007) has highlighted future 
changes in the dynamics of large ice sheets as 
the largest uncertainty in sea level–rise projec-
tions. Understanding processes that control ice 
discharge is therefore of societal and economic 
importance. Ice discharge from the Antarctic 
and Greenland ice sheets occurs mainly through 
fast-fl owing ice streams (Bamber et al., 2007). 
Geophysical and drilling investigations of mech-
anisms at ice-stream beds that enable streaming 
fl ow have been conducted over more than two 
decades (e.g., Alley et al., 1986; Engelhardt and 
Kamb, 1998; Smith et al., 2007), but have been 
limited by inaccessibility of fi eld sites and the 
diffi culty of investigating an interface buried 
beneath hundreds of meters of ice.

Although investigating modern ice sheet beds 
is diffi cult, pristine subglacial bedforms from a 
formerly more extensive ice sheet are preserved 
in many deep troughs on the Antarctic continen-
tal shelf, and large areas of the former ice base 
can be imaged using modern swath sonar tools 
(Pudsey et al., 1994; Canals et al., 2000; Wellner 
et al., 2001, 2006; Ó Cofaigh et al., 2002).

Wellner et al. (2001) described a typical 
progression of bedform types along paleo–ice 
fl ow paths, from grooves, roches moutonnées, 
and subglacial meltwater channels on the inner 
shelf, through a zone of drumlins associated 
with a transition from crystalline to sedimen-
tary substrates, to mega-scale glacial lineations 
on the outer shelf. Furthermore, Wellner et al. 
(2001, 2006) interpreted this progression of 
bedform types as being associated with accel-

erating ice fl ow rates, with the zone of drumlins 
marking the onset of streaming fl ow. Ó Cofaigh 
et al. (2002) showed that extensive multibeam 
swath bathymetry data collected along Margue-
rite trough, Antarctic Peninsula, was generally 
consistent with this model.

Here we present new multibeam swath bath-
ymetry data collected from the Amundsen Sea 
embayment, compiled with sparse preexisting 
data, covering the most extensive, continuous 
area (9950 km2) yet imaged on the inner conti-
nental shelf around Antarctica. We describe sub-
glacial bedforms that indicate a zone of paleo–ice 
stream convergence, and interpret the high spatial 
variability in seafl oor morphology as indicating a 
complex regime at the former ice base.

PREVIOUS WORK IN THE AMUNDSEN 
SEA EMBAYMENT

Approximately 25% of the area of the West 
Antarctic Ice Sheet (WAIS) drains into the 
Amundsen Sea embayment (Fig. 1). Hughes 
(1981) suggested that the Amundsen Sea embay-
ment sector is the most likely site for initiation 
of WAIS collapse. This remains a concern today 
(Vaughan, 2008), but relatively little is known 
about the history of the major glacial systems in 
the Amundsen Sea embayment sector.

Wellner et al. (2001) published the fi rst mul-
tibeam bathymetry and seismic refl ection data 
from the Amundsen Sea embayment, and rec-
ognized that there was a change in subglacial 
morphology associated with a substrate transi-
tion from acoustic basement on the inner shelf 
to sedimentary strata further offshore. Addi-
tional geophysical data and sediment cores from 

a large cross-shelf trough that extends offshore 
from Pine Island Bay (Fig. 1) were interpreted 
by Lowe and Anderson (2002, 2003) as showing 
that grounded ice had extended onto the outer 
shelf during the last glacial cycle. From radiocar-
bon dates on calcareous microfossils in sediment 
cores, Lowe and Anderson (2002) concluded 
that ice retreated from the outer shelf prior to ca. 
16 ka (14C yr) and had retreated to the inner shelf 
by 12 ka. Evans et al. (2006) presented multi-
beam data showing streamlined bedforms that 
extend to the shelf edge in a trough at 114°W, 
and argued that their characteristics suggested 
that the WAIS was grounded to the shelf edge 
during the Last Glacial Maximum (LGM).

DATA ACQUISITION
Multibeam echo-sounding data were collected 

on RRS James Clark Ross and RV Polarstern in 
early 2006. On James Clark Ross a Kongsberg 
EM120 system with 191 beams in the range 
11.25–12.75 kHz was used, and on Polarstern, an 
Atlas Hydrosweep DS-2 system with 59 beams at 
15.5 kHz was used. Beam raypaths and seafl oor 
depths were calculated in near real time using 
sound velocity profi les derived from conductivity-
temperature-depth casts on the same cruises. Pro-
cessing consisted of rejecting outlying values and 
gridding using a near-neighbor algorithm. Sparse, 
preexisting multibeam data were included in the 
grid (GSA Data Repository item DR11). Subbot-
tom echo sounder profi les were collected along 
all survey lines. Navigation data were acquired 
using the global positioning system.

GENERAL PHYSIOGRAPHY
In the western Amundsen Sea embayment, 

three 17–39-km-wide troughs extend seaward 
from modern ice shelf fronts (Figs. 1, 2, and 
Fig. DR2). Within 70 km of the ice fronts these 
troughs merge northward into a single trough 
that is 65 km wide at 600 m depth (Larter et al., 
2007; Nitsche et al., 2007). This trough becomes 
shallower with increasing distance offshore, but 
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Subglacial bedforms reveal complex basal regime in a zone of paleo–
ice stream convergence, Amundsen Sea embayment, West Antarctica
Robert D. Larter1, Alastair G.C. Graham1, Karsten Gohl2, Gerhard Kuhn2, Claus-Dieter Hillenbrand1, James A. Smith1, 
Tara J. Deen1, Roy A. Livermore1, and Hans-Werner Schenke2

1British Antarctic Survey, High Cross, Madingley Road, Cambridge CB3 0ET, UK
2Alfred Wegener Institut für Polar und Meeresforschung, Postfach 120161, D-27515 Bremerhaven, Germany

ABSTRACT
The fl ow of ice streams, which account for most discharge from large ice sheets, is con-

trolled by processes operating at the ice stream bed. Data from modern ice stream beds are 
diffi cult to obtain, but where ice advanced onto continental shelves during glacial periods, 
extensive areas of the former bed can be imaged using modern swath sonar tools. We present 
new multibeam swath bathymetry data analyzed alongside sparse preexisting data from the 
Amundsen Sea embayment. The compilation is the most extensive, continuous area of multi-
beam data coverage yet obtained on the inner continental shelf of Antarctica. The data reveal 
streamlined subglacial bedforms that defi ne a zone of paleo–ice stream convergence, but, in 
contrast to previous models, do not show a simple downfl ow progression of bedform types 
along paleo–ice stream troughs. We interpret high spatial variability of bedforms as indicat-
ing a complex mechanical and hydrodynamic regime at the former ice stream beds, consistent 
with observations from some modern ice streams. We conclude that care must be taken when 
using bedforms to infer paleo–ice stream velocities.
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continues northwest to the shelf edge where its 
axis, between 118° and 119°W, is still deeper 
than 500 m (Figs. 1 and 3).

The easternmost tributary trough extends 
from the Dotson Ice Shelf and the other two 

extend from parts of the Getz Ice Shelf either 
side of Wright Island. We refer to them as, from 
east to west, the Dotson, Getz A, and Getz B 
troughs. These troughs are all more than 1000 m 
deep at the modern ice fronts.

SUBGLACIAL BEDFORMS
Elongated bedforms revealed by the multi-

beam data are aligned parallel to the axes of the 
tributary troughs and show overall convergence 
with increasing distance from the ice margin 
(Fig. 2). The data show a large amount of vari-
ability in seafl oor morphology across, along, 
and between the troughs. The morphology in the 
southern part of the Getz B trough is markedly 
different from that in the other two.

In the southernmost Dotson trough, within 30 
km of the 2006 ice front, the range of bedforms 
observed includes irregular scours, linear grooves, 
drumlins, mega-scale glacial lineations, and chan-
nels with variable orientations and undulating 
thalwegs (Fig. 4A). The streamlined bedforms 
have elongation ratios ranging from 3.5:1 to 40:1. 
Clusters of drumlins are spread across the trough 
axis 20–25 km north of the ice front, and ~20 km 
farther north, where both the trough axis and the 
elongation direction of bedforms have rotated to 
a northwest trend. Farther northwest, mega-scale 
glacial lineations are the dominant bedforms 
along the axis of the Dotson trough, but continue 
to be interspersed with drumlins (Fig. 2).

The Getz A trough within 30 km of the 2006 
ice front exhibits a range of bedforms similar 
to that observed in the Dotson trough. Stream-
lined bedforms with a range of elongation ratios 
similar to those in the Dotson trough are the 
dominant bedforms in the central 25 km of the 
Getz A trough, although isolated, scoured highs, 
some with amplitudes exceeding 300 m, also 
occur within this zone (Fig. 2). Approximately 
30 km north of the ice front, a zone of drumlins 
and grooves occurs on a sill that extends across 
the trough and rises to <900 m (Fig. 2).

In addition to bedforms indicative of gla-
cial overriding, the southern part of the Getz B 
trough also exhibits a range of bedforms sug-
gestive of erosion by fl owing water. Anastomos-
ing channels are the dominant bedforms in the 
central part of the trough within 25 km of the 
ice front. Many of the channels have undulating 
thalwegs, and the network of channels extends 
over highs within the trough that rise more 
than 300 m above its fl oor (Fig. 2). The largest 
channels (as wide as 4500 m, incised to 450 m) 
merge eastward in a dendritic pattern, and some 
contain meanders (Fig. 4B). There is a transition 
to northeast-trending, elongated drumlins and 
mega-scale glacial lineations as the dominant 
bedforms in the trough 35–40 km northeast of 
the ice front (Fig. 2). Some of the mega-scale 
glacial lineations continue across a broad sill at 
the mouth of the Getz B trough, parts of which 
rise to <700 m (Fig. 2). This sill is colinear with 
the one at the mouth of the Getz A trough.

In the 35 km to the north of the sills, mega-
scale glacial lineations are interrupted by further 
bands of scoured highs and drumlins. There is an 
abrupt northern limit to this zone of varied bed-

Figure 1. Amundsen Sea embayment map showing tracks of 2006 cruises on RRS James 
Clark Ross (red) and RV Polarstern (blue). Regional bathymetry from Nitsche et al. (2007). 
Moderate resolution imaging spectroradiometer (MODIS) mosaic of Antarctica is shown in 
onshore areas. Box indicates location of Figure 2. White lines indicate locations of profi les 
in Figure 3. Inset shows location of main map.
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forms at ~73°30′S, beyond which mega-scale gla-
cial lineations are the only bedforms in the next 
40 km along the trough (Figs. 2 and 4C). Seismic 
profi les show that this boundary coincides with 
a change in substrate from acoustic basement 
to the south to northward-dipping sedimentary 
strata to the north (Wellner et al., 2001; Larter et 
al., 2007). Subbottom profi ler data show either no 
seafl oor penetration or very thin sediment cover 
everywhere to the south of this boundary (Fig. 
DR3A), suggesting that the observed bedforms 
are eroded into or directly overlie bedrock.

As the main Dotson-Getz trough shallows 
northward, randomly oriented furrows cut-
ting across mega-scale glacial lineations are 
encountered at 760 m depth (Fig. 4D). Such 
furrows are characteristic of ploughing by ice-
berg keels (Barnes and Lien, 1988; Pudsey et 
al., 1994). Shallower than 700 m, only 20 km 
farther north along the trough axis, mega-scale 
glacial lineations are completely obliterated by 
iceberg furrows.

The Dotson-Getz trough continues to shallow 
northward all the way to the shelf break (Fig. 1; 
Nitsche et al., 2007), with an average gradient of 
0.08° (Fig. 3). On each profi le shown in Figure 
3, the only interruption to this northward shoal-
ing is one <30-m-high, seaward-inclined ramp 
near 73°S. These profi les preclude the existence 
of any large grounding zone wedges or moraine 
banks farther seaward on the shelf that could 
plausibly be interpreted as marking the limit of 
LGM grounding line advance (cf. Shipp et al., 
1999; O’Brien et al., 1999). This is consistent 
with the interpretation that the grounding line in 
the Amundsen Sea embayment advanced to the 
shelf edge (Evans et al., 2006). The cross-trough 
profi le in the inset in Figure 3 demonstrates that 
the trough continues across the outer shelf, albeit 
with a relief of only ~70 m.

DISCUSSION AND CONCLUSIONS
Bedform elongation ratios of as much as 40:1 

close to the modern ice fronts in the Dotson and 

Getz A tributary troughs indicate that paleo–ice 
streams fl owed along them during the last gla-
cial period (cf. Canals et al., 2000; Ó Cofaigh 
et al., 2002; Stokes and Clark, 2002). Similarly 
elongated bedforms, within 40 km of the Getz 
B ice front, indicate that streaming fl ow also 
occurred at least in the northeast part of that trib-
utary trough. The pattern of bedforms indicates 
fl ow convergence northward, which necessarily 
also implies fl ow acceleration.

Using sparser multibeam bathymetry data, 
Wellner et al. (2001) suggested that initiation of 
streaming fl ow was coincident with the change 
in substrate at ~73°30′S. This boundary coincides 
with downfl ow change to very uniform bedforms, 
which suggest a uniform basal dynamic regime, 
probably involving an extensive basal till layer 
(Fig DR3B; cf. Alley et al., 1986; Dowdeswell et 
al., 2004). However, the new data presented here 
leave little doubt there was streaming fl ow much 
farther south that continued until a late stage dur-
ing the last glacial cycle.

Many channels observed in the inner part of 
the Getz B trough and near the fl anks of the Getz 
A and Dotson troughs have undulating thal-

wegs and run into shallower water depths with 
increasing distance offshore. These characteris-
tics indicate that they were formed by subglacial 
water fl ow, like similar features in Pine Island 
Bay (Lowe and Anderson 2002, 2003), Mar-
guerite trough (Ó Cofaigh et al., 2002), Palmer 
Deep (Domack et al., 2006), and Wright Valley 
in the Transantarctic Mountains (Lewis et al., 
2006). The extent and size of the channels indi-
cate that there have been times of abundant sub-
glacial meltwater supply in this area, but over 
what period and how frequently fl ows occurred, 
how water fl owed farther offshore where obvi-
ous channels are lacking, and what happened to 
the meltwater bedload, are all unresolved ques-
tions (Smith et al., 2009).

Within the tributary troughs, mega-scale gla-
cial lineations are interspersed with drumlins, 
scoured bedrock highs, and channeled areas, 
and mega-scale glacial lineations are disrupted 
by bands of drumlins several times along some 
paleo–fl ow lines. The close spatial association 
and alternation of these different types of bed-
forms makes it implausible that they could result 
from substantial spatial variations in paleo–ice 
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Figure 3. Bathymetric profi les along Dot-
son-Getz trough. Open arrows mark short 
seaward-inclined ramps. Inset shows profi le 
across outer shelf part of trough, with ver-
tical scale expanded compared to main fi g-
ure. Small fi lled arrows mark intersections 
of profi les A and B with the cross-trough 
profi le. Profi le locations are shown in Figure 
1. Scale bars represent distances along and 
across trough when profi les are projected in 
true geographic directions indicated in top 
right of fi gure and inset.

Figure 4. Shaded relief images of selected multibeam bathymetry data areas. Grid cell size is 30 
m, projected in Universal Transverse Mercator zone 11S. Locations are shown in Figure 2. A and 
B are illuminated from northwest, C from west, D from northeast; all with 45° elevation. A: Varied 
bedforms in Dotson trough. B: Channels in Getz B trough; arrows mark meanders. C: Bound-
ary between zone of varied bedforms and zone containing only mega-scale glacial lineations 
(MSGL), which coincides with substrate boundary in seismic profi les. D: Transition from MSGL 
to iceberg furrows in Dotson-Getz trough, with bathymetric contours at 40 m intervals.
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fl ow velocity. The high spatial variability sug-
gests a complex ice stream basal regime, prob-
ably involving patches of dilated, deforming till 
interspersed with basal sliding over so-called 
“sticky spots” (Stokes et al., 2007) and areas 
of channelized subglacial meltwater fl ow. This 
interpretation is consistent with results of geo-
physical investigations of conditions at the base 
of several modern ice streams, including Rutford 
Ice Stream (Smith, 1997; Smith et al., 2007; King 
et al., 2007), Talutis Inlet (Vaughan et al., 2003), 
and Pine Island Glacier (Smith and Scott, 2007). 
The extensive area covered by the data presented 
here suggests that such complex basal regimes 
cannot be dismissed as exceptions, and therefore 
reliable prediction of the future behavior of mod-
ern ice streams may require collection of exten-
sive geophysical data to map their bed conditions. 
Furthermore, although there are few data on geo-
logical structure beneath the WAIS, what little 
information exists suggests the substrate is likely 
to be variable (e.g., Bentley and Clough, 1972), 
and therefore more similar to the inner shelf area 
studied here than areas further offshore that are 
underlain by extensive sedimentary strata.

The extensive new data presented here from 
a zone of paleo–ice stream convergence and 
acceleration show that downfl ow progression 
of bedform types is not necessarily as simple as 
proposed by Wellner et al. (2001, 2006). High 
local variability suggests that the main controls 
on bed morphology in this largely bedrock-
fl oored, inner shelf area are spatial variations in 
basal processes and resistance of the bedrock to 
erosion, rather than fl ow velocity. This in turn 
implies that caution must be exercised in infer-
ring paleo-fl ow rates from relict bedforms alone. 
While mega-scale glacial lineations are a reli-
able indication of intermediate to fast fl ow, the 
absence of elongated bedforms does not neces-
sarily indicate slow fl ow, and there is a substan-
tially increased risk of past fl ow regimes being 
misinterpreted if data coverage is only partial.
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The development of landscapes and morphologies follows initially the tectonic displacement structures of the
basement and sediments. Such fault zones or lineaments are often exploited by surface erosional processes
and play, therefore, an important role in reconstructing past ice sheet dynamics. Observations of bathymetric
features of the continental shelf of the Amundsen Sea Embayment and identification of tectonic lineaments
from geophysical mapping indicate that the erosional processes of paleo-ice stream flows across the
continental shelf followed primarily such lineaments inherited from the tectonic history since the Cretaceous
break-up between New Zealand and West Antarctica. Three major ice flow trends correspond to different
tectonic phases in east–west, northwest–southeast and north–south directions. East–west oriented basement
trends correlate with coastline trends and overlay tectonic lineaments caused by former rift activities.
Directional trends with northwest–southeast orientation are observed for the glacial troughs of the western
embayment outer shelf, the western Pine Island Bay coastal zones, and the inner Pine Island glacial trough and
are associated with a distributed southern plate boundary zone of the former Bellingshausen Plate. The north–
south trend of the main Pine Island glacial trough and the north–northeast trend of the Abbot Ice Shelf trough
on the outer shelf follow the predicted lineation trend of an eastern branch of the West Antarctic Rift System
extending from the Thwaites drainage basin northward into Pine Island Bay. An understanding of this context
helps better constrain the geometries and sea-bed substrate conditions for regional paleo-ice sheet models.
l rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Tectonically induced displacements of crust, basement and sedi-
ments are the underlining process controlling the development of
landscapes and morphologies which are exploited by surface erosional
activities. This context becomes in particular important for reconstruct-
ing continental ice sheets at various stages since the beginning of glacial
cyclicity. Reconstructing past West Antarctic ice sheet dynamics in the
area of the Amundsen Sea Embayment plays an important role as the
Pine Island, Thwaites, Smith and Kohler glacier systems of the
Amundsen Sea Embayment have thinned at an alarming rate, while
flowspeedof someof themhas dramatically increased (e.g. Rignot et al.,
2008; Pritchard et al., 2009). Their catchment area alonehas an ice-mass
potential for about 1.5 m of sea-level rise (Vaughan, 2008). Modeling
results by Pollard and DeConto (2009) suggest that the ice sheet in the
Amundsen Sea Embayment has behaved with similar retreat dynamics
in earlier epochs, at least since the Pliocene. This paper demonstrates
that there is a relationship between the tectonic lineaments inherited
from the complex tectonic history of this area since the Cretaceous
rifting between New Zealand and West Antarctica, and the flow paths
taken by major ice streams. This helps better constrain the geometries
and sea-bed substrate conditions for regional paleo-ice sheet models.
2. Tectonic background

The geological history of the Amundsen Sea Embayment and its
present geographical outline was controlled by several distinct tectonic
phases.

The processes during rifting and break-up of New Zealand from
West Antarctica dominate most of the present tectonic nature of the
continental margin of the Amundsen Sea (Fig. 1). Eagles et al. (2004a)
illustrate that early Pacific–Antarctic separation evolved first as rifting
and crustal extension between Chatham Rise and western Thurston
Island block and along the present-day Bounty Trough between
Chatham Rise and Campbell Plateau (Grobys et al., 2007) as early as
90 Ma. Rifting possibly continued along the present Great South Basin
between the Campbell Plateau and the South Island of New Zealand
until the rift was abandoned in favor of a new extensional locus to the
south, forming the earliest oceanic crust between Campbell Plateau
and Marie Byrd Land at 84–83 Ma. The eastern boundary between
Chatham Rise and Campbell Plateau at 90 Ma – before the formation
of Bounty Trough – was situated off the western Amundsen Sea
Embayment at about 120°–125°W.

http://dx.doi.org/10.1016/j.palaeo.2011.02.022
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Fig. 1. Plate-kinematic reconstruction of the tectonic development in the Amundsen Sea area from 90 to 61 Ma. The plates are rotated according to rotation parameters compiled and
derived by Eagles et al. (2004a). Abbreviations are: PAC Pacific plate, PHO Phoenix Plate, CR Chatham Rise, CP Campbell Plateau, SNS South Island New Zealand, GSB Great South
Basin, BT Bounty Trough, BS Bollons Seamount, WA West Antarctica, MBL Marie Byrd Land, AP Antarctic Peninsula, ASE Amundsen Sea Embayment, PIB Pine Island Bay, BP
Bellingshausen Plate, and WARS West Antarctic Rift System faults. The development is explained in the main text.
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From about 79 Ma or earlier, the Bellingshausen Plate (Fig. 1)
moved as a micro-plate independently on the southern flank of the
mid-Pacific spreading ridge until about 61 Ma when a major plate
reorganization occurred in the South Pacific (e.g. Larter et al., 2002;
Eagles et al., 2004a,b). The small plate's western boundary was
situated in the area of the Marie Byrd Seamounts; its eastern
transpressional boundary lies along the Bellingshausen Gravity
Anomaly lineament in the western Bellingshausen Sea (Gohl et al.,
1997; Eagles et al., 2004a). Although its southern plate boundary has
been projected to extend from theMarie Byrd Seamount area onto the
shelf andmainland for reasons of completeness (Eagles et al., 2004a,b),
it is not clearly identified and it may be of a distributed boundary
type.

The plan shape of Pine Island Bay has stimulated several
researchers to suggest that the bay is the location of a major crustal
boundary between the Marie Byrd Land block to the west and the
Thurston Island/Ellsworth Land blocks to the east (e.g. Dalziel and
Elliot, 1982; Grunow et al., 1991; Storey, 1991) which may have been
active during the Late Cretaceous New Zealand–Antarctic break-up or
even before in the early Mesozoic or Paleozoic. However, direct
evidence is still missing. Conceptual models suggest that Pine Island
Bay was affected by the West Antarctic Rift System, which may have
played a deformational role in the onshore and offshore eastern
Amundsen Sea Embayment at some stage (Fig. 1). Jordan et al. (2010)
invert airborne gravity data for crustal thickness revealing extremely
thin crust and low lithospheric rigidity for the onshore Pine Island Rift
and interpret this as a result of West Antarctic Rift activity. Müller et
al. (2007) suggest that from chron 21 (48 Ma) to chron 8 (26 Ma) the
West Antarctic Rift System was characterized by the extension in the
Ross Sea embayment and dextral strike-slip in the east, where it was
connected to the Pacific–Phoenix–East Antarctic triple junction
(Fig. 1) via the Byrd Subglacial Basin and the Bentley Subglacial
Trench, interpreted as pull-apart basins. Müller et al. (2007) infer that
transtensional tectonic reactivation may have occurred along a zone
from the Thurston Island/Ellsworth Land block into the western
Bellingshausen Sea in the Eocene/Oligocene as part of the eastern
tectonic activity of the West Antarctic Rift System. It is also possible
that such transtensional activity also occurred earlier farther west in
Pine Island Bay along a north–south striking zone (Dalziel, 2006;
Ferraccioli et al., 2007; Gohl et al., 2007; Jordan et al., 2010), either as a
reactivation of a former crustal block boundary or an initial
deformation forming the paleogeographic outline of Pine Island Bay.

A further aspect of the tectonically induced geomorphological
development of the Amundsen Sea Embayment is the as yet little-
quantified effect of the Marie Byrd Land dome uplift. The erosion
surface across the dome is uplifted to elevations of 400–600 m along
the coast and rises to 2700 m inland at the crest (LeMasurier, 2008).
Crustal thickness estimates are derived from receiver function
analysis and show that the crust beneath the central dome is about
25 km thick and that it is supported by a low-density mantle, which
may indicate a hot spot (Winberry and Anandakrishnan, 2004).
This thickness is consistent with the measured crustal thickness of
22–24 km at the adjacent western Amundsen Sea Embayment shelf
(Gohl et al., 2007). The Marie Byrd Land dome is not considered a
northern flank of the West Antarctic Rift System, as earlier studies
suggested, but it is an integrated featurewithin the rift system and has
risen since about 29–25 Ma (LeMasurier, 2008).

3. Geophysically observed lineaments

Grids of geophysical potential field data of the Amundsen Sea
Embayment reveal distinct trends of lineaments, which can be linked
to tectonic phases. Linear trends in the satellite-derived gravity
anomaly grid of McAdoo and Laxon (1997) (Fig. 2) as well as magnetic
anomalies (Gohl et al., 2007) of the western Amundsen Sea
embayment, running sub-parallel to each other, are interpreted as
indicating an intrusive crustal origin. Their NE–SW trend parallels the
initial spreading center's azimuth between Chatham Rise and West
Antarctica and can thus be related to rift processes occurring during
breakup or just beforehand. The only 22–24 km thick crust beneath
the inner shelf, as derived from seismic refraction data (Gohl et al.,
2007), suggests a crustal thinning process. These observations infer
tectonic and magmatic processes leading to a failed initial rift or
distributed crustal extension in the Amundsen Sea Embayment. Such
rifting must have been active before 90 Ma or accompanied the rifting
in Bounty Trough and its northward translation of Chatham Rise at



Fig. 2. Satellite-derived gravity anomaly map of the Amundsen Sea Embayment (McAdoo and Laxon, 1997) with interpreted tectonic lineaments. Red lines mark lineaments
generated during pre-breakup rifting between New Zealand and West Antarctica; green lines represent lineaments caused by a distributed system of a shifting southern
Bellingshausen Plate boundary; yellow lines indicate possible traces of a northward trending branch of the eastern West Antarctic Rift System. The black dotted line shows the
boundary between outcropping basement to the south and the sediment basin on the shelf as identified by seismics (Graham et al., 2009;Weigelt et al., 2009). Abbreviations are: PS
Peacock Sound, PGA Peacock Gravity Anomaly, PG Pine Island Glacier, and TG Thwaites Glacier.
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this time. Although earlier reconstructions demonstrate a reasonable
break-up fit of the shelf-break lines of the conjugate New Zealand
eastern plateau and West Antarctic margins (e.g. Larter et al., 2002),
recent geophysical data indicate that the crust of the outer Amundsen
Sea Embayment thinned or fragmented extremely before break-up,
leaving the continent–ocean boundary several tens of kilometers
oceanward of the shelf-break (Gohl, 2008, 2010).

The gravity anomaly grid (Fig. 2) also shows a distinct linear,
WNW–ESE striking positive anomaly across the outer continental
shelf of the Amundsen Sea Embayment in northwestward extension
from Peacock Sound between Thurston Island and the mainland
(Larter et al., 2002; Eagles et al., 2004a,b). This so-called Peacock
Gravity Anomaly is modeled with an underlying high-density body
(Gohl et al., 2007) and is interpreted as a magmatic zone, which
overprinted the NE–SW trending rift structure. Magnetic data show
that magmatic intrusions were emplaced in some places along this
boundary (Gohl et al., 2007). Consistent with the plate-kinematic
process described for the Bellingshausen Plate (Eagles et al., 2004a),
one can infer that this feature acted as an active southern
Bellingshausen Plate boundary of relatively minor extensional and
translational movements.

A geophysical signature of a major crustal block boundary in Pine
Island Bay, separating theMarie Byrd Land and Thurston Island blocks,
is not obvious from potential field data (Gohl et al., 2007; Gohl, 2010).
If such a crustal boundary exists, its signature is possibly overprinted
by the effects of Cenozoic magmatic intrusions and recent volcanism
(e.g. LeMasurier, 1990; Corr and Vaughan, 2008). The deeply incised
inner and middle shelf of Pine Island Bay with glacial troughs and
channels reaching 1000–1500 m depth (Lowe and Anderson, 2002;
Larter et al., 2007; Graham et al., 2010) may in addition obscure
interpretations of the magnetic anomaly field. It seems likely that the
surface-erosional processes exploited such a crustal boundary zone, as
originally suggested by the SPRITE Group (1992), and/or further
eroded a major fault system generated by West Antarctic Rift System
activity. Thismay have laid the base for the formation of themain Pine
Island Trough, stretching from the mouth of the Pine Island Glacier to
the middle shelf in NW and NNW orientations.

4. Basement relief and sediments

The compiled bathymetry of the Amundsen Sea Embayment by
Nitsche et al. (2007) illustrates a continental shelf, which is divided
into two bathymetric provinces, the eastern and western Amundsen
Sea Embayment, each heavily incised by a deeply eroded glacial
trough system (Fig. 3). The provinces are separated by a northwest
trending ridge of less than 500 m water-depth. The deepest troughs
reach 1600 to 1200 m water-depth near the glacier mouths from
where they converge onto the middle shelf (Larter et al., 2007;
Graham et al., 2009). The glacial troughs shallow to about 700–500 m
depth on the middle to outer shelf. Multi-beam data from both
provinces reveal streamlined subglacial bedforms which change
spatially in substrate characteristics (Graham et al., 2009, 2010;
Larter et al., 2009). On the inner shelf, some troughs are incised by
narrow channels which, in the case of the Getz B Ice Shelf trough,
strike in east–west direction parallel to the main trough, before a
transition to a northeast-trend occurs farther offshore (Larter et al.,
2009). This divergence of the erosional path from the direct outflow to
the outer shelf can best be explained by the blockage of the flow path
by highly resistive basement rock units such as high-grade magmatic
dikes, striking in an east–west direction.

Geophysical surveys in the last decade have revealed some insight
into the structure of the basement and sediments of the Amundsen

image of Fig.�2


Fig. 3. Bathymetric pattern of the Amundsen Sea Embayment, compiled by Nitsche et al. (2007) from single and multibeam data along indicated ship-tracks until 2006, and with the
following interpreted underlying tectonic lineaments: black hashed lines are lineaments from distributed parallel rift axes before the New Zealand–West Antarctic breakup, black
dotted lines represent a shifting southern Bellingshausen Plate boundary, black solid lines indicate a projected West Antarctic Rift System lineament. Solid red and green lines are
tectonic lineaments interpreted from the gravity anomaly field of Fig. 2 for comparison. The red hashed line indicates the topographic and basement ridge which acts as boundary
between western (W–ASE) and eastern embayment (E–ASE).
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Sea Embayment shelf. A distinct boundary between outcropping
crystalline basement of relatively rough morphology to the south and
the sedimentary shelf basin of oceanward dipping strata to the north
is clearly imaged in seismic profiles (Lowe and Anderson, 2002; Larter
et al., 2007; Graham et al., 2009; Weigelt et al., 2009; Gohl, 2010) and
can bemapped across the embayment (Fig. 2). The sediments north of
the boundary increase in thickness to at least 800 m, possibly much
thicker.

Seismic data from RV Polarstern cruise ANT-XXIII/4 and RRS James
Clark Ross cruise JR141 in 2006 indicate that the bathymetric ridge,
separating the eastern from the western embayment (Fig. 3), is
underlain by elevated older sediments which dip westward towards
the main glacial trough (Graham et al., 2009; Weigelt et al., 2009).
New, as yet unprocessed seismic data from the RV Polarstern cruise
ANT-XXVI/3 in early 2010 (Gohl, 2010) also indicate a similar
declining pattern to the east of the ridge crest towards the eastern
embayment trough. It can therefore be assumed that this ridge is
underlain by elevated crystalline basement extending north of Bear
Peninsula.
Basement crops out or is scarcely covered by sediments with a few
narrow pockets and troughs of thicker sediments along the eastern
side of Pine Island Bay between the Pine Island Glacier Trough,
Canisteo Peninsula, Burke Island and northward to the Abbot Ice Shelf
mouth (Uenzelmann-Neben et al., 2007). This also includes a narrow
trough south of King Peninsula connecting to the Cosgrove Ice Shelf.
Groups of tiny granitoid and gneissic islands, some cut by mafic dikes,
line up mostly in northwest trending clusters, such as the Brownson
Islands and Backer Islands southwest and south of Canisteo Peninsula
(Fig. 3). This directional trend coincides with the general strike
directions of the bathymetric ridge between the eastern and western
embayments and the main glacial troughs of the middle to outer shelf
of the western embayment (Fig. 3). The bathymetry and seismic
records of inner Pine Island Bay show numerous distributed basement
ridges and domes within the main glacial Pine Island Trough. Some
are aligned in an east–west orientation, others do not show any
preferred aligned orientation. Lacking samples from the submarine
basement, it can only be assumed that they consist of rock material
similar to that of the adjacent small islands. These edifices have
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probably served as pinning points at times when the ice shelf covered
the inner shelf and, therefore, affected its retreat mechanism and
rates.

5. Glacial pathways

Seismic reflection data in the Pine Island Bay region show that the
outer shelf and slope have undergone both progradational and
aggradational deposition of sediments since themid-Miocene. Erosional
unconformities are present on the outer shelf, implying the former
presence of a grounded ice sheet (e.g. Nitsche et al., 2000; Lowe and
Anderson, 2002). The presence of mega-scale glacial lineations and
grounding zone wedges on the outer shelf indicates that the ice sheet
extended to, or near, the shelf edge during the last glacial maximum
(Lowe and Anderson, 2002; Evans et al., 2006; Graham et al., 2010) and
possibly during glacial periods prior to the last one. Ice stream advances
would have followed low-lying morphologies such as pre-existing
troughs. Three main groups of directional trends can be observed in the
compiled bathymetric and topographic grid of the Amundsen Sea
Embayment (Fig. 3). In superposing the bathymetric impression of the
main glacial troughs and intra-trough channels onto an interpretedmap
of tectonic features in the embayment, it can be inferred that past ice
streams followed primarily tectonically inherited lineaments.

(1) The east–west oriented basement features and deviated glacial
troughmorphology of the inner shelf of the western embayment align
with general trends in the Bakutis Coast coastline and the elongated
inner Getz Ice Shelf. This east–west trend also correlates with the
dominant trends in basement ridges crossing the main Pine Island
Trough of inner Pine Island Bay and with the ESE-trending onshore
subglacial topography of the Crosson Ice Shelf drainage basin. This
trend field coincides with the distributed series of rift axes during the
New Zealand–Marie Byrd Land separation process before break-up in
the Late Cretaceous, as derived from plate-kinematic reconstructions
(Figs. 1 and 2).

(2) A remarkable coinciding NW–SE to WNW–ESE directed trend
can be observed for the glacial troughs of the western embayment
outer shelf, the Peacock Sound (Abbott Ice Shelf), the Cosgrove Ice
Shelf and glacial trough, and the Pine Island glacial trough of the inner
Pine Island Bay shelf and onshore. Plate-kinematic models predict that
the southern boundary of the Bellingshausen Plate existed in the same
directional trend. This observation of parallel trending morphological
expressions suggests that this plate boundary must have acted as a
Fig. 4. Models of ice sheet extent and retreat paths in the Amundsen Sea Embayment at
cosmogenic exposure dates by Johnson et al. (2008) and microfossil analyses by Lowe and
directions and are colored according to drainage basin groups. Tectonic lineaments in the ba
topographic compilation is from Nitsche et al. (2007).
distributed plate boundary system crossing oceanic and continental
crust with a shifting boundary axis.

(3) The north–south trend of themain Pine Island glacial trough on
themiddle shelf and the NNE-trend of the outer Abbot Ice Shelf trough
on the outer shelf follow the predicted lineation trend of an eastern
branch of theWest Antarctic Rift System extending from the Thwaites
drainage basin northward into Pine Island Bay (Dalziel, 2006;
Ferraccioli et al., 2007; Gohl et al., 2007; Jordan et al., 2010). Graham
et al. (2010) describe that the extended Pine Island–Thwaites paleo-
ice stream possibly took the westerly path on the outer shelf and
switched to the northerly path at a later time. The timing of such a
switch cannot be established at this stage, but it cannot be excluded
that younger tectonic processes changed the bathymetry on the shelf.

Much of the shelf and the near-shelf continental basins of the
Amundsen Sea Embayment would have been below sea-level (Holt et
al., 2006; Vaughan et al., 2006), making significant pre-glacial erosion
less likely. By the time major glacial cycles occurred in the coastal and
shelf areas in the early to middle Miocene, almost all tectonic
basement features and faults had already existed and were exploited
by glacial erosional processes of periodically advancing grounded ice
streams. It seems obvious that erosional and ice-flow processes are
largely controlled by outcropping basement lineaments. It is less
obvious how tectonic lineaments under a thick sediment cover, as
observed for the middle and outer shelf (Weigelt et al., 2009), control
ice stream flows. An explanation is that the sediment morphologies
along these major tectonic lineaments became never entirely leveled
before glacial onset and during interglacial times due to continuous
oceanward flowing bottom currents.

Regarding the uncertainty of the timing of any West Antarctic Rift
activity in this region, it is not impossible that continued tectonic
movements occurred in Pine Island Bay and altered the early flow
paths of the Pine Island and Thwaites ice stream systems. However, a
better understanding of the processes, extent and timing of the West
Antarctic Rift System tectonics is urgently needed.

As the retreat history of glacial cycles before the last glacial period
cannot be reconstructed for theAmundsen Sea Embayment at this stage,
due to an yet uncompleted stratigraphic model and missing age
constraints for the shelf, an attempt is made to illustrate the retreat of
grounded ice sheet since the last glacialmaximum in a schematic sketch
(Fig. 4). The Holocene age constraints come from cosmogenic exposure
dating results from rock samples on the mainland and islands (Johnson
et al., 2008), from carbon isotope dates of foraminifera samples in shelf
the last glacial maximum (LGM) at about 20 ka and at 12 ka. Retreat ages are from
Anderson (2002) and Hillenbrand et al. (2009). Arrows indicate major ice stream flow
ckground (gray solid, dotted and hashed lines) are according to Fig. 3. The bathymetric/
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sediments of Pine Island Bay (Lowe and Anderson, 2002), and from
diatomaceous ooze and mud cored at the inner shelf of the western
embayment (Hillenbrand et al., 2009). It must be noted that the
individual retreat ages suffer from large uncertainties. However, the fact
that the differentmethods of different areas converge to similar ages for
retreat to the inner shelf in the early Holocene places some degree of
confidence in the general retreat trend. The retreating ice limits along
the shelf are estimated by interpolating between the benchmark
locations of age control. Independent of the processes causing ice
sheet retreats (e.g. warm Circum-Polar Deep Water incursions), it is
valid to assume that the retreat paths of themain ice streams follow the
present glacial troughs due to the loss of ground control in their deeper
bathymetry (Fig. 4), while pinning points of shallow banks and ridges
continued to hold back the retreat for a little longer until continued
melting thinned the grounded ice enough for farther retreat.

6. Conclusions

Observations of the bathymetric pattern of the Amundsen Sea
Embayment shelf and identification of tectonic structures from
geophysical mapping indicate that the erosional processes of paleo-ice
stream flow across the continental shelf followed primarily tectonic
lineaments inherited from the complex tectonic history since the
Cretaceous break-up between New Zealand and West Antarctica. East–
west oriented basement features of the embayment and glacial trough
morphology of the inner shelf of thewestern embayment correlatewith
coastline trends and overlay tectonic lineaments interpreted as rifting
axis active at pre-breakup times.Directional trends inNW–SE toWNW–

ESE orientation are observed for the glacial troughs of the western
embayment outer shelf, the Peacock Sound, the Cosgrove Ice Shelf and
trough, and the inner Pine Island glacial trough and are superposed on
lineaments of a distributed southern plate boundary zone of the former
Bellingshausen Plate. The dominant north–south trend of themain Pine
Island glacial trough on themiddle shelf and the NNE-trend of the outer
Abbot Ice Shelf trough on the outer shelf follow the predicted lineation
trend of an eastern branch of the West Antarctic Rift System extending
from the Thwaites drainage basin northward into Pine Island Bay.

These results help better constrain the geometries and sea-bed
substrate conditions for regional paleo-ice sheet models.
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Abstract. Increasing evidence for an elaborate subglacial
drainage network underneath modern Antarctic ice sheets
suggests that basal meltwater has an important influence on
ice stream flow. Swath bathymetry surveys from previously
glaciated continental margins display morphological features
indicative of subglacial meltwater flow in inner shelf areas of
some paleo ice stream troughs. Over the last few years sev-
eral expeditions to the eastern Amundsen Sea embayment
(West Antarctica) have investigated the paleo ice streams
that extended from the Pine Island and Thwaites glaciers. A
compilation of high-resolution swath bathymetry data from
inner Pine Island Bay reveals details of a rough seabed to-
pography including several deep channels that connect a se-
ries of basins. This complex basin and channel network is
indicative of meltwater flow beneath the paleo-Pine Island
and Thwaites ice streams, along with substantial subglacial
water inflow from the east. This meltwater could have en-
hanced ice flow over the rough bedrock topography. Meltwa-
ter features diminish with the onset of linear features north of
the basins. Similar features have previously been observed in
several other areas, including the Dotson-Getz Trough (west-
ern Amundsen Sea embayment) and Marguerite Bay (SW
Antarctic Peninsula), suggesting that these features may be
widespread around the Antarctic margin and that subglacial
meltwater drainage played a major role in past ice-sheet dy-
namics.

1 Introduction

Response of the Antarctic ice sheets to changing climate con-
ditions is one of the largest uncertainties in the prediction of
future sea-level (IPCC, 2007). Much of that response will de-
pend on the behaviour of large ice streams, the main conduits
of ice flux from the inner portions of the ice sheets to the
coast (Bentley, 1987; Bennett, 2003). Understanding how ice
streams behaved in the past can improve predictions of future
changes (e.g., Stokes and Clark, 2001; Anderson et al., 2002;
Vaughan and Arthern, 2007; Livingstone et al., 2012).

The West Antarctic Ice Sheet (WAIS) is considered espe-
cially vulnerable, because the WAIS is mainly grounded be-
low sea level (Hughes, 1973), with ice shelf margins exposed
to “warm” Southern Ocean water masses (Joughin and Al-
ley, 2011). About 25–35 % of the WAIS is currently draining
into the Amundsen Sea, mostly through the Pine Island and
Thwaites glaciers (Drewry et al., 1982; Rignot et al., 2008).
These ice streams are potential weak points in the ice sheet
because they occupy troughs that become steadily deeper
towards the WAIS interior and are buttressed by relatively
small ice shelves (Hughes, 1973; Vaughan et al., 2006). The-
oretical studies have concluded that ice grounding lines are
unstable on such reverse gradients and, therefore, once re-
treat starts it may proceed rapidly (Weertman, 1974; Schoof,
2007), as recently observed under the Pine Island Ice Shelf
(Jenkins et al., 2010).
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Interest in the Amundsen Sea sector has increased since
studies showed that Pine Island and Thwaites Glaciers are
presently thinning significantly (Wingham et al., 1998; Shep-
herd et al., 2001) and that their flow velocity has increased
up to 4000 m yr−1 (Rignot and Thomas, 2002; Joughin et al.,
2010). These changes appear to be caused by strong melt-
ing under their floating extensions, driven by the intrusion
of relatively warm Circumpolar Deep Water (CDW) onto the
continental shelf (Jacobs et al., 1996; Jenkins et al., 1997;
Hellmer et al., 1998; Rignot and Jacobs, 2002; Shepherd et
al., 2004; Jacobs et al., 2011; Pritchard et al., 2012). As a
consequence, these ice streams now account for an ice loss of
∼ 50–85 Gt yr−1 (Rignot et al., 2008; Pritchard et al., 2009)
and already contribute to current sea-level rise (Shepherd and
Wingham, 2007; Rignot et al., 2011).

While those observations document ice stream change
over the last few decades, detailed marine geological stud-
ies of the previously glaciated seafloor have established a
framework of past ice sheet extent, flow pattern, and ground-
ing line retreat in the Amundsen Sea sector since the Last
Glacial Maximum (LGM), defined as the time interval∼ 23–
19 kyr before present (BP) in the Southern Hemisphere (Liv-
ingstone et al., 2012). The regional bathymetry shows a
large cross-shelf trough system that extends from the present
Thwaites and Pine Island ice shelves to the outer continen-
tal shelf (Fig. 1; Nitsche et al., 2007). Detailed studies of
this trough system revealed that it was occupied by a paleo
ice stream and documented an episodic retreat soon after the
LGM on the outer and middle continental shelf (Graham et
al., 2010; Jakobsson et al., 2011, 2012).

The grounding line of the paleo-Pine Island Ice Stream
shifted from the outer shelf to the central shelf by
∼ 16 400 cal yr−1 BP, followed by another landward shift that
left the central shelf covered by an ice shelf from∼ 12 300
to ∼ 10 600 cal yr−1 BP (Lowe and Anderson, 2002; Kirsh-
ner et al., 2012). An episode of ice shelf collapse believed to
have been triggered by warm deep water incursion onto the
shelf prompted rapid grounding line retreat towards the inner
shelf (Kirshner et al., 2012).

The retreat history and dynamics of the paleo ice stream
in inner Pine Island Bay is less well understood. New radio-
carbon dates from sediment cores located∼ 93 km from the
modern grounding line of Thwaites Glacier and∼ 112 km
from that of Pine Island Glacier suggest minimum ages for
grounded ice retreat of∼ 10 350 and∼ 11 660 cal yr−1 BP,
respectively (Hillenbrand et al., 2013). Cosmogenic surface
exposure ages on erratics from the flanks of Pine Island
Glacier in the Hudson Mountains yielded a record of pro-
gressive ice thinning for the last∼ 14.5 ka BP that is consis-
tent with the marine record, although the few available dates
do not provide much detail about variations in thinning rates
or different episodes of retreat of the Pine Island-Thwaites
drainage basin (Johnson et al., 2008).

Fig. 1. Bathymetry map of the Amundsen Sea shelf with the red
rectangle marking the location of the Pine Island Bay study area in
Figs. 2 and 4 (based on Nitsche et al., 2007). PIT marks the Pine
Island Trough system and GT the Dotson-Getz Trough System.

Published bathymetry data from Pine Island Bay revealed a
complex seafloor dominated by deep bedrock basins with lo-
cal patches of a generally thin sedimentary cover (Fig. 2b)
(Kellogg and Kellogg, 1987b; Lowe and Anderson, 2002).
Lowe and Anderson (2002) identified a series of detailed
morphological features, which they interpreted as gouges, p-
forms and drumlins formed by glacial erosion (their zones
1, 2; see Fig. 2b) and mega-scale glacial lineations formed
by ice streams overriding sediment deposits (zone 3). The
change in seafloor morphology was linked to changes in
subglacial substrate from crystalline bedrock to sediment
near the inner to middle shelf transition (Wellner et al.,
2001; Lowe and Anderson, 2002). These data also led to
the first identification of subglacial meltwater channels on
the Antarctic continental shelf (Lowe and Anderson, 2003).
Both the presence of subglacial meltwater and the variability
of subglacial substrate could have significantly influenced ice
stream behaviour, as lubricated beds and sedimentary sub-
strate tend to allow faster ice flow, whereas dryer beds and
exposed bedrock may result in higher bed friction (Bennett,
2003). A detailed understanding of the origin of the sub-
glacial features, configurations and substrates could, thus,
provide critical information on the dynamics of these ice
streams.

Here we present extensive new high-resolution swath
bathymetry with almost complete coverage of inner Pine Is-
land Bay (Figs. 1, 2). These data reveal networks of channels
eroded by subglacial meltwater, with possible implications
for ice flow mechanisms and subglacial water sources of the
Pine Island and Thwaites Ice Streams.
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Fig. 2. (a)High-resolution bathymetry map of Pine Island Bay with artificial sun-illumination from the NE. Many of the larger gaps in the
data set are due to icebergs at the time of data collection. Dashed red lines mark boundaries between morphological distinct areas 1 to 3. Red
boxes mark detailed views shown in Fig. 3. Red dots mark sediment core locations. The inset in the upper right corner shows lithology of
sediment core PS75/159. Background image is from the Landsat Image Mosaic of Antarctica (LIMA).(b) Multibeam bathymetry data from
the same area published previously by Lowe and Anderson (2002, 2003). Red dotted line marks the boundary between the geomorphic zones
1 and 2 defined by Lowe and Anderson (2002).

2 Data and methods

Since 1999, several expeditions have obtained swath
bathymetry data in the Pine Island Bay area (Table 1). In
particular, unusually favourable sea ice and weather condi-
tions in early 2009 and 2010 permitted the acquisition of
high-quality data for most of Pine Island Bay directly sea-
ward of the Pine Island Ice Shelf. Operating equipment in-
cluded various Seabeam, Kongsberg, and Atlas Hydrosweep
swath sonar systems (Table 1). Data were corrected for
sound velocity based on numerous CTD and XBT casts. The
raw soundings were processed and edited on-board using
MB-system (Caress and Chayes, 1996) on R/VNathaniel
B. Palmer and RRSJames Clark Ross, and CARIS/HIPS
(Hydrographic Information Processing System) on R/VPo-
larsternand IBOden.

We combined the different swath bathymetry data and gen-
erated a new bathymetry grid of Pine Island Bay at 35 m res-
olution using mbgrid from MB-system. The final grid was
imported into ESRI’s ArcGIS geographic information sys-
tem for further analysis.

Simultaneously with its multibeam bathymetry survey,
R/V Polarsternacquired PARASOUND sub-bottom profiler
data. The PARASOUND system is a hull-mounted sub-
bottom profiler that transmits two primary frequencies at
around 18 kHz to produce a parametric secondary pulse
with frequencies selectable between 2.5–5.5 kHz (Grant and
Schreiber, 1990). We used a 4 kHz signal and processed it
including signal correlation, basic filtering (2–6 kHz band-
pass), amplitude normalisation and noise reduction. Maxi-
mum penetration depths were digitised by hand and georef-
erenced using the ship GPS navigation (Rackebrandt, 2006).
Sub-bottom data collected on other cruises listed in Table 1
were not available for this study or were of poor quality
caused by the rough terrain.

Multichannel seismic profiling in proximity to the ice
shelf edge of the Pine Island Glacier was conducted from
R/V Polarsternin 2010 with a source array consisting of two
generator-injector (GI) air guns shot every 6 s, and recorded
with a 600 m long analogue hydrophone streamer of 96 chan-
nels. We applied standard seismic data processing includ-
ing a predictive deconvolution filter for the removal of the
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Table 1.Expeditions with multibeam data used for this compilation.

Cruise Ship Year System PI

NBP9902a NB Palmer 1999 SeaBeam 2112 J. Anderson (Rice U.)
NBP0001a NB Palmer 2000 SeaBeam 2112 S. Jacobs (LDEO)
ANT-XXIII/4 Polarstern 2006 HydroSweep DS2 K. Gohl (AWI)
NBP0702a NB Palmer 2007 EM 120 S. Jacobs (LDEO)
JR179 James C. Ross 2008 EM 120 R. Larter (BAS)
OSO0708b Oden 2008 EM 120 M. Jakobsson (U. Stockholm)
NBP0901a NB Palmer 2009 EM 120 S. Jacobs (LDEO)
ANT-XXVI/3 Polarstern 2010 HS DS2 K.Gohl (AWI)

a From Antarctic and Southern Ocean Data Portal (http://www.marine-geo.org/).
b From Oden Mapping Data Repository (http://oden.geo.su.se/)

.

receiver and source ghost signal and a bandpass filter of 15–
100 Hz.

3 Results

The compilation of swath bathymetry data resulted in a com-
prehensive 35 m-grid that covers large parts of Pine Island
Bay (Fig. 2). The grid includes most of the main paleo-ice
stream trough while data gaps remain in shallow areas north-
east of the trough and around Iceberg B22A, which was for-
merly an ice tongue extending from Thwaites Glacier.

The overall seafloor morphology varies significantly over
the mapped region, but three areas with different seabed
characteristics can be distinguished. The seafloor morphol-
ogy of the northernmost study area 1 (north of∼ 74◦ S) is
characterised by moderate relief with water depths in the
range 500–1100 m, gradually shoaling seaward and domi-
nated by linear features (Fig. 2). This pattern continues north-
ward towards the mid-shelf, where it changes into mega-
scale glacial lineations (MSGL) interrupted by grounding
zone wedges as described by Graham et al. (2010) and Jakob-
sson et al. (2012). Area 2 adjacent to the southeast, between
74.8◦ S and 74◦ S, is characterised by a very rugged terrain
with shallow ridges and deep (1400–1650 m) basins. The in-
nermost section (area 3) directly in front of the Pine Island
Ice Shelf has a moderate relief with water depths between
500 and 1000 m, clearly defined parallel, linear features ori-
entated along the trough axis, and a few ridges and mounds
orientated oblique to the trough axis.

3.1 Linear features

Pine Island Bay is characterised by various types of linear
subglacial features (Fig. 3). The central part of area 1 is dom-
inated by drumlin-shaped ridges, which are elongated and
tear-shaped, with some “whaleback” ridges and crag-and-tail
features (Fig. 3a). These mostly parallel or sub-parallel fea-
tures are 25–80 m high, 300–1500 m wide and between 1500
and 8000 m long. They taper from south to north, thus, indi-
cating paleo-ice flow in that direction (Bennett and Glasser,

1996). Crossing acoustic sub-bottom profiles demonstrate
that the sedimentary cover of these bedforms is very thin
or absent (Figs. 4, 5) and suggests formation of the crag-
and-tail and drumlin shapes in a hard substrate such as stiff
till or rock. The absence of a thick sediment cover is con-
sistent with evidence from seismic profiles showing that the
seafloor south of∼ 73.5◦ S is mainly underlain by acoustic
basement interpreted as crystalline bedrock (Lowe and An-
derson, 2002, 2003; Uenzelmann-Neben et al., 2007). This
has also been observed in inner sections of several other
Antarctic paleo-ice stream troughs (e.g., Wellner et al., 2001;
Ó Cofaigh et al., 2002; Larter et al., 2009). Sediment cores
from area 1 recovered thin layers (<2.2 m) of mud interca-
lated with diamicton (site PC40; Lowe and Anderson, 2003)
and silty diamicton (site PC41; Lowe and Anderson, 2002),
respectively (see Fig. 2 for locations). The occurrence of di-
amicton in such shallow depths also indicates that these fea-
tures were probably formed subglacially.

The central area 2 contains fewer drumlin-shaped features.
Instead the data show widespread grooves, mainly on ridges
and bedrock highs (e.g., Fig. 3b, c, d). Most of the grooves
are 2–10 m deep, 50–150 m wide and incised into the under-
lying substrate. They generally follow the orientation of the
main trough and are likely to have been created by ice flow-
ing across topographic highs (Bennett and Glasser, 1996).

The smoother, innermost area 3 is also dominated by lin-
ear features, here 10–20 m high, 200–400 m wide and 2–8 km
long (Fig. 3e). In contrast to the other regions, many of these
lineations appear to be depositional, with elongation ratios
> 10 : 1 comparable to that of MSGLs (Stokes and Clark,
2001). Several other features are drumlin-shaped, but the lack
of good-quality acoustic sub-bottom data from this area pre-
cludes attribution of their formation in a sedimentary sub-
strate. However, multichannel seismic data from the south-
ern part of area 3 show that part of this section consists of
> 100 m of sedimentary strata (Fig. 6). Following examples
from other Antarctic shelf areas we interpret these features
as glacial lineations and drumlins that are more typical for
sedimentary substrate (e.g., Wellner et al., 2001;Ó Cofaigh
et al., 2002).
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Fig. 3. (a–e)Detailed examples of morphological features includ-
ing glacial lineations (GL), basins, channels, drumlin-shaped ridges
and grooves.(f) Undulating thalweg and(g) cross-section of large
channel marked in(d).

The comprehensive data coverage allows us to map the orien-
tation of these linear features in detail (Fig. 7). The parallel
and sub-parallel features are oriented from 285–290◦ in the
inner part of area 3 (Fig. 2) and progressively change in ori-
entation through area 2 (330–340◦) to 350–360◦ in outer area
1. These directions correspond to the general orientation of
the paleo-ice stream trough system.

3.2 Basins

The dominant morphological features of area 2 are slightly
elongated, deep (up to 1650 m), and several kilometre wide
seafloor depressions more than 300 m below the surround-
ing seafloor (800–1100 m). Often the edges of these basins
are marked by steep slopes, which are intersected by numer-
ous channels (Fig. 3c, d). Maximum water depths are several
hundred meters greater than near the present ice shelf front
(1000–1100 m; Fig. 2a). Lowe and Anderson (2003) have in-
terpreted some of the basins as features initially eroded into
bedrock by ice and later modified by meltwater flow. Sim-
ilar basins have been observed in several other inner shelf
locations around Antarctica (Wellner et al., 2006) including

Fig. 4. (a)Sediment thickness (coloured dots) derived from PARA-
SOUND data, modified from Rackebrandt (2006). Black line
indicates segments of R/VPolarstern ANT-XXIII/4 ship track
where no significant sediment thickness was identified. Multibeam
bathymetry data with artificial sun-illumination are shown as back-
ground. Details in insets(b), (c), and(d) show that thicker sediment
deposits occur mainly in channels, but not in every channel. Loca-
tion of Fig. 5 is marked by red line.

the Dotson-Getz Trough (Larter et al., 2009), and Marguerite
Bay (Anderson and Fretwell, 2008).

The deepest parts of some basins show linear or drumlin-
shaped features (Fig. 3d), indicating they were filled with
grounded ice during previous glaciations. Acoustic sub-
bottom profiles from the inner shelf generally show sediment
cover < 5 m thick, but with localised, 10–40 m thick sedi-
ment pockets in some of the deepest basins (Fig. 4; Racke-
brandt, 2006). Seismic lines crossing the northern basins
have revealed over 75 m (>50 m) of sediment fill in some
places (Uenzelmann-Neben et al., 2007), and at least 300 m
of sediment near the Pine Island Ice Shelf edge (Fig. 6).
Sediment cores from the basins of area 2 have typically re-
covered long (up to 10 m) sequences of unconsolidated mud
and sandy mud, occasionally with a diamicton at the core
base (e.g., site PS69/295-1; Ehrmann et al., 2011). These
pockets of unconsolidated sediment have likely been de-
posited since the last retreat of grounded ice from these
basins (Smith et al., 2009b).

3.3 Channels

The detailed bathymetry shows two types of channels in
Pine Island Bay. The first type connects the deep basins
and is 200–400 m deep, 1–2 km wide, and 10–15 km long
(Figs. 2, 3c, d, f, g). The second type is smaller and more
variable in size and geometry, 10–200 m deep, 150–1500 m
wide and 2–25 km long (Fig. 3a–e). Most channels of both
types are anastomosing with undulating and meandering
thalwegs. Channel orientation varies, with some connect-
ing to the main channels and others almost perpendicular
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Fig. 5. PARASOUND example showing∼ 20 m of sediment fill in
the channels and no sediments on slopes and ridges. See Fig. 4 for
location.

to the paleo-ice flow defined by glacial lineations (Fig. 7,
blue lines). The undulating and meandering geometry of the
channels (Fig. 3f) and their oblique orientation with regard
to the general trough direction indicate that they were not
formed by grounded ice flow. A sediment core from a chan-
nel in area 2 (PC 46) recovered a∼ 0.5 m thick section of
mostly sand and gravel at the top that may have originated
from the bed-load of former meltwater flows (Lowe and An-
derson, 2003). Similar channels have been observed in in-
ner shelf regions of other paleo-ice stream troughs around
Antarctica (e.g., Wellner et al., 2006; Anderson and Fretwell,
2008; Smith et al., 2009b), on previously glaciated margins
in the Northern Hemisphere (e.g., Booth and Hallet, 1993;
Jorgensen and Sandersen, 2006), and onshore in the Dry Val-
leys in the Transantarctic Mountains (Lewis et al., 2006).

3.4 Thickness of unconsolidated sediments

The maximum sub-bottom penetration depth of the PARA-
SOUND signal in areas 2 and 3 indicates the presence or
minimum thickness of unconsolidated sediments (Fig. 4).
Most of the track does not show any sedimentary cover,
confirming earlier interpretations that the inner Pine Island
Bay seafloor consists mostly of a hard substrate, presum-
ably bedrock. However, some channels and basins are char-
acterised by significant sediment infill (>5 m) (Figs. 4c, 5),
while other channels are barren of unconsolidated sediments.
Since the PARASOUND signal is unlikely to penetrate con-
solidated stiff till, most sediment layers visible in the PARA-
SOUND data probably correspond to sands, silts and muds
that have not been consolidated by overriding ice and, there-
fore, are likely to be of post-glacial origin. Turbidity currents
or other mass transport mechanisms may have concentrated
sediment in the deeper basins by scouring and redepositing
material from shallower shelf areas or other channels, but

the available acoustic sub-bottom data are still too sparse to
clearly verify such a pattern.

4 Discussion

This new compilation of high-resolution bathymetry from
Pine Island Bay allows a more detailed analysis and inter-
pretation of ice flow and subglacial meltwater drainage than
in previous studies (Kellogg and Kellogg, 1987b; Lowe and
Anderson, 2002, 2003).

4.1 Paleo-ice flow

Linear morphological features observed in Pine Island Bay
are typical of Antarctic paleo-ice stream troughs (e.g., Canals
et al., 2000;Ó Cofaigh et al., 2002; Wellner et al., 2006;
Dowdeswell et al., 2007). Their orientation can be interpreted
as the direction of past ice flow (Boulton and Clark, 1990;
Clark, 1993). In area 3, i.e., in front of the present Pine Is-
land Ice Shelf, the past ice flow was in the same direction
as the present flow of Pine Island Glacier. The flow direction
turned slightly northward in area 2 at the confluence with the
paleo-ice stream extending offshore from Thwaites Glacier,
and then followed the outline of the main trough (Fig. 7,
black lines).

A few lineations at the southern edge of the data between
104◦ W and 106◦ W indicate that streaming ice flow also oc-
curred in the area between Pine Island and Thwaites glaciers,
which indicates that during the LGM the ice streams were
wider than today or, less likely, their trunks shifted their lo-
cations.

The flow lines joining the main flow north of∼ 74.5◦ S
document the confluence of Pine Island and Thwaites
glaciers, and farther north the convergence with Smith
Glacier (Nitsche et al., 2007; Graham et al., 2010). This
flow convergence would have resulted in an increase in flow
speed, which is suggested by the higher elongation ratios of
lineations and other subglacial bedforms at this point, com-
pared to those of features further south.

Previous studies of paleo-ice stream troughs on the
Antarctic continental shelf have shown that the innermost
shelf usually consists of rugged terrain similar to the central
part of Pine Island Bay, i.e., area 2, and that this morphology
often changes in the mid-shelf region towards a smoother to-
pography and well-defined, more elongated subglacial lin-
eations (MSGL) (see review in Livingstone et al., 2012).
This change usually coincides with the transition from ex-
posed bedrock on the inner shelf towards sedimentary sub-
strate on the middle-outer shelf, the rugged terrain result-
ing from subglacial bedrock erosion of the sediment cover
(Wellner et al., 2006). Based on these differences in seafloor
morphology and underlying seismic character, Lowe and An-
derson (2002) distinguished two zones in Pine Island Bay.
They describe their innermost zone 1 as being dominated by
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Fig. 6.Seismic profile (bold solid line) recording a sedimentary basin of at least 300 m thickness off the ice shelf edge of Pine Island Glacier.
Dotted lines mark other seismic profiles. Blue lines in seismic section mark a set of horizons within the sedimentary strata. The vertical scale
bar is based on an estimated seismic velocity of 2000 m s−1 in the sediments. See Fig. 2 for location.

crystalline bedrock and observed that the onset of ice stream-
ing coincided with the transition to sedimentary substrate
which dominates in zone 2.

Area 1 of this paper basically coincides with zone 2 of
Lowe and Anderson (2002), while the new bathymetry com-
pilation reveals a distinct change in seafloor morphology near
the present ice shelf, allowing us to subdivide their zone 1
into areas 2 and 3. Area 3 is less rugged and the shape of
several features indicates a depositional origin rather than
bedrock erosion (Figs. 2, 3). The absence of deep basins in
this area suggests that they were either not excavated, e.g.,
due to different substrate properties or, if such basins were
formed in the past, they have been filled with sediment as
indicated by seismic data (Fig. 6), e.g., while the grounding
line of the ice stream was located farther north. Smooth bot-
tom morphology of some other deep basins in area 2 suggests
they might be partly filled with sediment as well.

Lowe and Anderson (2002, 2003) argued that sedimen-
tary substrate is largely absent south of the transition from
sedimentary strata on the middle shelf to acoustic base-
ment on the inner shelf at∼ 73.5◦ S. The only exception
is a small patch of∼ 100 m thick, layered sediments over-
lying acoustic basement on the up-stream flank of a crys-
talline bedrock outcrop that was recorded directly west of the
Pine Island Glacier front by Kellogg and Kellogg (1987a).
Lowe and Anderson (2003) assumed that these sediments
are related to subglacial meltwater flow and form a sea-
ward thinning wedge. Seismic profiling from R/VPolarstern
in area 3 (Fig. 6) reveals> 300 m thick layered sedimen-
tary strata extending over at least 10 km, however. The near-
horizontal strata indicate basin-wide regular vertical deposi-
tion more indicative of basin fill than a wedge. Moreover, our
multibeam data from this region clearly show subglacial lin-
eations, which closely resemble sedimentary features of the
mid- and outer shelf areas (Fig. 3e). This observation may

imply that either the near-surface sediments are subglacial
till or, if the assumption of Lowe and Anderson (2003) is
correct, Pine Island Glacier overrode the subglacial meltwa-
ter sediments after their deposition. The lithology of core
PS75/159-1 (Fig. 2) does not confirm the presence of till or
meltwater deposits, but it does document the presence of un-
consolidated sediments near the seabed (Gohl, 2010).

Based on observations of present ice flow and models of
shear stress, Joughin et al. (2009) concluded that the main
trunk of the modern Pine Island Glacier is resting on a mixed
bed of soft sedimentary strata alternating with a hard sub-
strate, possibly consisting of crystalline bedrock. This con-
clusion was recently supported by analyses of bed rough-
ness under Pine Island Glacier and its tributaries (Rippin et
al., 2011). The presence of crystalline bedrock and sedimen-
tary beds in inner Pine Island Bay demonstrates that such a
mixed bed also existed there. The sedimentary substrate pos-
sibly enabled or facilitated fast ice flow (e.g., Studinger et al.,
2001). This finding implies that bed conditions and resulting
flow of the paleo-Pine Island Ice Stream varied much more
spatially than previously thought.

The general scarcity of sediment cover in areas 1 and 2
also suggests rapid post-LGM grounding-line retreat from
the middle to inner shelf, assuming that subglacial sediment
transport rates were as high as envisaged (e.g., Alley et al.,
1989; Nyg̊ard et al., 2007). Although several shoals cross
these areas, there is no geomorphological indication of a pro-
longed still stand of the grounding line, which would have
resulted in the formation of a sedimentary ridge or ground-
ing zone wedge as observed farther north in the Pine Is-
land Trough (e.g., Lowe and Anderson, 2002; Graham et al.,
2010; Jenkins et al., 2010; Jakobsson et al., 2011, 2012).
Rapid deglaciation is also consistent with the radiocarbon
chronology of sediment cores that indicates fast grounding-
line retreat from a grounding zone wedge north of the study
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Fig. 7.Digitised lineations indicating ice flow (black), minor (dotted
red) and major meltwater channels (red with arrows). The extent
of swath bathymetry data is shown as grey shaded area. Light and
dark grey shaded areas represent ice shelves and land, respectively,
from the Antarctic Digital Database v6 (http://www.add.scar.org/).
Note that smaller channels are cutting into the bottom of some larger
basins.

area at∼ 12 cal kyr (Kirshner et al., 2012) and from inner
Pine Island Bay before∼ 10.3–11.7 cal kyr (Hillenbrand et
al., 2013).

While there is evidence that grounded ice retreated rapidly
from the mid-shelf to the inner shelf and probably reached
within 93 km of its current position as early as∼ 11 kyr ago
(Hillenbrand et al., 2013), retreat might have been slower
across area 3, allowing sediments to be deposited in in-
ner Pine Island Bay. This could have been a result of ice-
shelf buttressing caused by local pinning of grounded ice on
islands and peninsulas surrounding inner Pine Island Bay.
Modern observations indicate that the grounding line of Pine
Island Glacier has retreated by∼ 30 km since 1973 (Jenkins
et al., 2010), with∼ 20 km of this retreat occurring rapidly
from 1992 to 2007 (Rignot, 1998; Shepherd et al., 2001;
Jenkins et al., 2010). A stable grounding line deep within
inner Pine Island Bay, caused by buttressing from the sur-
rounding land (Fig. 1) or pinning on the shallower ridges in
this area for much of the Holocene, could have provided a
source for the observed sediments in this area. In addition,
some of the sediments of 300 m thick sequence could have
been deposited during previous glaciations and escaped ex-
cavation during the last glacial period. Determining the ori-
gin and age of these sediments will require longer sediment
cores than can be recovered with standard gravity and piston
coring.

4.2 Meltwater flow

Studies that first reported some of the seafloor basins and
channels in Pine Island Bay interpreted them as meltwater
features (Lowe and Anderson, 2002, 2003). The more de-
tailed mapping of these basins and channels allows recon-
struction of the associated flow network (Fig. 7). The undu-
lating character of many channels and their deep incision into
bedrock strongly suggests subglacial formation, and the ex-
tensive network of channels and basins indicates the former
presence of abundant subglacial meltwater. In general, low
basal shear stress over sedimentary substrate facilitates fast
ice flow, whereas high basal shear stress over hard, rugged
bedrock results in slow flow (Bell et al., 1998; Wellner et al.,
2001). However, abundant subglacial meltwater in innermost
Pine Island Bay could have lubricated the paleo-ice stream
bed, allowing fast ice flow across stretches of rugged bedrock
topography if the volume of meltwater was sufficient to flow
both within major channels and across non-channelised ar-
eas (cf. Kamb, 2001; Bell, 2008). If meltwater flow was re-
stricted to a channel system, then basal shear stresses are
likely to have been higher, with the possibility that rugged
bedrock perturbations acted as localised sticky spots.

Basins and channels are most abundant in area 2. No large
channels are present in area 3 and north of area 1, although
there are a few smaller ones (Fig. 3e). Subglacial meltwa-
ter channels with dimensions greater than the spatial resolu-
tion of multibeam swath bathymetry systems have been ob-
served in sedimentary substrate underlying modern Antarc-
tic ice streams (e.g., King et al., 2004). Large channels have
also been reported near the mouth of the Belgica Trough
(Noormets et al., 2009) and on the mid-shelf in the Ross Sea
(Wellner et al., 2006), but overall there is a lack of such fea-
tures in sediments covering the mid- and outer shelf sections
of all known Antarctic paleo-ice stream troughs (Ó Cofaigh
et al., 2005). One mechanism to explain their absence is that
water could be transported through the sediment, i.e., by Dar-
cian flow within the subglacial till, which has a higher perme-
ability than the acoustic basement (Kamb, 2001). Although
low till permeability might not be sufficient to transport large
amounts of water quickly, microscopic studies on tills from
Antarctic paleo-ice stream troughs have revealed ductile de-
formation structures in soft till overlying dewatered stiff till
(Reinardy et al., 2011). This observation suggests signifi-
cant basal meltwater transfer within the subglacial sediment
bed. The water could also be distributed and transported in
a broad, thin layer at the ice-sediment interface (Walder and
Fowler, 1994; Noormets et al., 2009), which is apparently oc-
curring at the bed of some modern ice streams (e.g., Peters
et al., 2007). In these cases, constant reworking of sediment
could prevent the establishment of a permanent channel sys-
tem. Since overriding grounded ice probably overprinted pre-
viously formed sedimentary features on the Antarctic conti-
nental shelf throughout the last glacial period, the subglacial
sedimentary bedforms observed today in soft substrate areas
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are likely to be only the last snapshot of basal conditions just
before the grounded ice retreated (e.g., Smith et al., 2007;
King et al., 2009). For smaller meltwater volumes, trans-
port in the sediment layer is the most likely scenario, while
we would expect larger, episodic floods to create meltwa-
ter channels in sediments underneath grounded ice. If such
floods happened earlier during the last glacial period or dur-
ing previous glaciations, their deposits could have been re-
worked by grounded ice during the last ice stream advance.

4.3 Potential sources of meltwater

Although we can measure the size of the basins and chan-
nels, it is unclear when, to what extent and how long they
contained meltwater. It is unlikely that all large basins were
completely filled with meltwater. Instead, the basins were
probably partially filled with meltwater at the bottom and ice
above. And even if different basins harboured meltwater at
different times, a significant amount of sub-glacial meltwater
would have been required to form such an extensive channel
network.

The most common source of subglacial water is melt-
ing at the bottom of the ice sheet due to a combination of
ice thickness, geothermal heat flux at the bed, and frictional
heating due to rapid ice flow (Joughin et al., 2004; Llubes
et al., 2006). Meltwater production could be enhanced by
a higher geothermal gradient underneath parts of the WAIS
(Shapiro and Ritzwoller, 2004). Joughin et al. (2009) mod-
elled a basal melt rate of 1.7 km3 yr−1 for the present day
Pine Island Glacier system, which is significantly higher
than previous, conservative estimates of 0.24–0.5 km3 yr−1

by Lowe and Anderson (2003). If the water flowed continu-
ously through the 0.49 km2 cross-section of one of the ma-
jor channels (Fig. 3g), it would trickle along at 0.1 mm s−1,
and increase only to a few mm s−1 if the channel was mostly
filled by ice. Although sufficient to transport the meltwater
generated by pressure melting, it seems unlikely that such
low flow rates could erode the observed channel network.

Joughin et al. (2009) calculated a higher melt rate of
3.5 km3 yr−1 for the current Thwaites Glacier. If the potential
meltwater production of the Thwaites Glacier was also larger
than that of Pine Island Glacier in the past, we would expect
a major contribution from the Thwaites system to the melt-
water network in Pine Island Bay. Indeed, the bathymetry
shows several large channels originating from the grounding
line of Thwaites Glacier, indicating meltwater contribution
from this system. The channel network also indicates that
meltwater entered the paleo-ice stream trough from the Ve-
lasco Glacier and northern Hudson Mountains northeast of
the main trough (Figs. 2, 7), where no large ice stream is cur-
rently located. There, thicker ice and a modified ice flow pat-
tern during periods of maximum glaciation could have cre-
ated basal conditions that also favoured subglacial melting.

An alternative or additional source of meltwater could be
related to subglacial volcanic activity. The hinterland of the

Amundsen Sea contains numerous volcanoes including the
Hudson Mountains just east of Pine Island Bay (LeMasurier,
1990). Studies have shown that volcanoes, in the Marie Byrd
Land volcanic province were active during the Pleistocene
when this area was covered with an ice sheet (Blankenship
et al., 1993; Wilch et al., 1999). An unusual reflector in radar
data suggests a volcanic eruption in the Hudson Mountains
as recently as 2200 yr ago (Corr and Vaughan, 2008). A vol-
canic eruption has the potential to produce large amounts
of meltwater and, thus, could trigger a large flood event
(Roberts, 2005; Bennett et al., 2009). If it covered a large
area with volcanic ash that reduced albedo and facilitated sur-
face melting, water might penetrate through the glacier to its
bed and form highly erosive moulins as in Greenland today
(Eyles, 2006; Sundal et al., 2011).

Overall, it seems likely that meltwater erosion of these
large basins and channels occurred episodically over many
glacial cycles. The question remains as to when these basins
and channels formed and when they were last subject to sub-
glacial water storage and drainage.

4.4 Timing of meltwater flow and channel development

The deep (>300 m) incisions of the large channels and the
formation of the deep bedrock basins suggest that these fea-
tures formed as a result of many flow events over the pe-
riod of many glacial cycles, possibly since the Mid-Miocene
(Lowe and Anderson, 2003). Although we do not know the
precise nature of the bedrock, the lack of visible reflections
in available seismic data suggests that these are not sedimen-
tary, but rather igneous or metamorphic rocks, which are less
erodible and were reported from several outcrops in the Pine
Island Bay region (e.g., Debese et al., 2012; Sheen et al.,
2012).

The development of similar channels and basins over
many glacial cycles has also been suggested for the neigh-
bouring Getz and Dotson areas (Graham et al., 2009; Smith
et al., 2009b) and Marguerite Bay (Anderson and Fretwell,
2008). A larger number of smaller channels and basins may
have been active during early glaciations, with some cap-
turing more of the ice and meltwater flow over time and,
as a result, have become larger, capturing more and more
of the subglacial meltwater flow. In addition to meltwater
flow, formation of the larger basins could have been initi-
ated by overdeepening processes that are often observed un-
der glaciers (Cook and Swift, 2012).

So far no dates have been reported that would directly al-
low the identification and timing of different flow events.
Based on thick coarse-grained layers found in a sediment
core from a smaller channel (PC46; Fig. 2) Lowe and An-
derson (2003) suggested that a major outburst flood occurred
at the end of the last glaciation, since these units are not over-
lain by post LGM sediments. However, Smith et al. (2009b)
concluded that similar layers recovered from subglacial melt-
water channels in front of the Dotson-Getz ice shelves might
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have been re-deposited from the steep sides of the channels
by gravitational down-slope processes. One of their studied
cores recovered LGM till, but no sediments of possibly flu-
vial origin, giving evidence for channel formation before the
last grounded ice advance.

As sediment core PC46 was taken from a smaller side
channel (Fig. 2), that core may not be representative of the
entire flow network. No sediment cores have been recovered
from the main channels despite several attempts, but numer-
ous cores successfully targeted the basin infills of area 2.
Some of these basins contain several 10 s of metres of sedi-
ment and the up to 10 m-long cores recovered unconsolidated
fine-grained glacimarine sediments of probable Holocene
age (Ehrmann et al., 2011), but no thick units of coarse-
grained fluvial sediments similar to those in core PC46 were
found as would have been expected from meltwater flow de-
posits at the LGM or during the last deglaciation. We cannot
rule out the possibility that LGM meltwater flow deposits are
present within the basins at larger sub-bottom depth, i.e., be-
yond the reach of standard gravity and piston coring. How-
ever, the recovery of a basal diamicton possibly representing
a subglacial till at site PS69/295-1 (Ehrmann et al., 2011),
combined with the lack of sediment indicating recently active
channel-basin networks (Figs. 4, 5), suggests that such flows
were mainly active during pre-LGM times and that grounded
ice-sheet advance during more recent glacial periods eroded
the coarse material and transported it offshore.

Kirshner et al. (2012) argued that a widespread draping silt
unit within Pine Island Bay (Unit 1) may have been sourced
by plumes of sediment-laden water flowing from beneath the
Pine Island ice stream based on its unique character (well
sorted silt with virtually no ice-rafted debris [IRD] or micro-
fossils) and the rapid and dramatic change from more proxi-
mal glacimarine sedimentation to this style of sedimentation
at∼ 7000 cal yr BP.

4.5 Comparison with other Antarctic meltwater
networks

The subglacial meltwater features in Pine Island Bay are not
unique. Similar features have been observed in other parts
of the inner Antarctic continental shelf (Wellner et al., 2006)
including Marguerite Bay (́O Cofaigh et al., 2002, 2005; An-
derson and Fretwell, 2008), the Dotson-Getz Trough (Larter
et al., 2009; Smith et al., 2009b), and the western Antarc-
tic Peninsula (Evans et al., 2004; Domack et al., 2006). In
addition, similar terrestrial meltwater features discovered in
the Transantarctic Mountains have been interpreted to have
formed between 12.2 and 14.4 Myr ago through erosion
by fast-flowing subglacial meltwater during multiple flow
events (Sugden and Denton, 2004; Lewis et al., 2006).

There is increasing evidence for active subglacial lakes
below the Antarctic ice sheets (Bell et al., 2007; Fricker et
al., 2007; Smith et al., 2009a). Satellite altimetry data show
changes in surface elevations that indicate draining of some

lakes and refilling of others (Wingham et al., 2006; Fricker
et al., 2007). Fricker and Scambos (2009) identified a series
of 20–30 km-wide subglacial lakes close to the grounding
line of Mercer and Whillans ice streams (Siple Coast, West
Antarctica). These dimensions are of the same order as the
large basins described in this paper, although the bedrock
geology might be different. Similar to the proposed mech-
anisms described by Fricker and Scambos (2009), subglacial
meltwater draining into inner Pine Island Bay could have
collected in one basin until a water pressure threshold was
reached. When water pressure lifted the ice barrier in the con-
necting channels, the water drained into the next basin down-
stream. More generally, the observed bedrock structures in
Pine Island Bay seem likely to channelise meltwater flow be-
tween basins at the expense of sheet flow at the ice-bed inter-
face.

Details on scales up to a few hundred metres are usually
not resolved in radar data. High-resolution swath bathymetry
data capable of resolving such features on the continen-
tal shelves of formerly glaciated margins can, thus, provide
valuable information about subglacial meltwater flow and
help to understand drainage processes at the base of contem-
porary ice sheets.

5 Conclusions

This compilation of old and new swath bathymetry data from
Pine Island Bay provides a coherent and detailed picture of
a formerly glaciated inner continental shelf allowing more
complete mapping and analysis of bedforms than previously
available from discrete swath tracks. The resulting map re-
veals details that are critical for the understanding of past ice
flow behaviour, subglacial processes and their spatial vari-
ability.

Our compilation confirms and extends the general zona-
tion of erosional subglacial bedforms in crystalline bedrock
on the inner shelf and subglacial depositional features on sed-
imentary substrate on the mid-shelf as previously identified
by Lowe and Anderson (2002). Added here is a zone near-
est the Pine Island Ice Shelf front characterised by smooth
topography and showing up to 300 m of sediments. This
finding documents that sedimentary substrate on the inner
shelf of Pine Island Bay is more widespread than previously
thought. The complex pattern of rugged crystalline basement
alternating with smooth sedimentary substrate in inner Pine
Island Bay is consistent with observations under the modern
Pine Island Glacier. The seafloor topography and sediment
presence of inner Pine Island Bay indicate that post-LGM
floating and partially grounded ice may have persisted in the
area directly in front of the modern ice front for a longer time
than in other parts of the Pine Island Trough system.

The orientation and location of the complex subglacial
meltwater channel network suggest significant meltwater
supply not only from Pine Island Glacier, but also from the
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Thwaites Glacier and from the Hudson Mountains. Meltwa-
ter volumes currently generated underneath the Pine Island
and Thwaites glaciers would probably not be sufficient to
generate the observed channel-basin network if discharged
continuously. More likely this network was generated over
several glacial cycles by episodic flow events caused by stor-
age and release of meltwater through subglacial lakes, with
possible additional contributions from subglacial volcanic
eruptions.

Comparison of basin dimensions with those of modern
subglacial lakes suggests that the active systems might be
connected by channel networks resembling those in Pine Is-
land Bay. The increasing number of paleo-meltwater features
discovered by high-resolution swath bathymetry on differ-
ent parts of the Antarctic continental margin provides a de-
tailed, view of subglacial flow systems that should allow fur-
ther consideration of related hydrodynamic processes and ice
dynamics. A better understanding of the timing and nature
of subglacial meltwater flow in Pine Island Bay will require
more targeted sediment sampling from the large basins and
channels, some beyond the range of standard piston coring,
and improved sub-bottom or high-resolution seismic cover-
age of these features.
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and Evans, J.: Morphology of the upper continental slope in the
Bellingshausen and Amundsen Seas – Implications for sedimen-
tary processes at the shelf edge of West Antarctica, Mar. Geol.,
258, 100–114, 2009.
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Abstract: Sedimentary sequences of the continental shelf of the eastern Amundsen Sea Embay-
ment in West Antarctica represent records of past outlet glaciers and ice streams. The former
flow of ice streams was channelled through glacial troughs, which now form large bathymetric
depressions. We therefore selected one of the largest troughs, the Abbot glacial trough in the
outer shelf, to analyse its glacial depositional and erosional history, based on horizon-stratigraphy
derived from seismic data. Several basement highs channellized the delivery of sediment and con-
trolled the grounded ice sheet in early glacial periods. Both pre-glacial and full glacial seismic
facies were identified. Glacially transported and deposited sediments extended the shelf break
by 75 km from the pre-glacial shelf-edge. The main Abbot glacial trough contains sediment
from confluent ice flows of the Pine Island/Thwaites, Cosgrove and Abbot Glacier systems, as
well as smaller contributions from local ice streams emanating from Thurston Island. Sherman
Island of Peacock Sound played an important role in the dynamics of the Abbot Glacier by dividing
the ice flow into two ice streams, which interfered with the main glacial sediment transport paths
from the south. This study contributes to an understanding of the formation of the Amundsen Sea
shelf and the extent of past ice sheet advances.

The continental shelf of the Amundsen Sea Embay-
ment holds a sedimentary archive that, if deci-
phered, has the potential to help reconstruct the
major glacial periods of the West Antarctic Ice
Sheet from early glacial advances to the grounded
ice sheet retreat since the Last Glacial Maximum.
Unlike the continental shelves of the Ross Sea and
Filchne–Ronne embayments, the Amundsen Sea
Embayment was fed entirely by the West Antarctic
Ice Sheet, since it was unaffected by flow dynamics
of the East Antarctic and Antarctic Peninsula ice
sheets. Despite this significance for understanding
past advance and retreat cycles of West Antarctic
Ice Sheet, the shelf of the embayment has rarely
been investigated. Most of its sea-floor stratigraphy
remains unknown owing to unfavourable sea ice
conditions that have prevented systematic seismic
survey and drilling programmes. The first seismic
profiles and analyses of an improving grid of multi-
beam bathymetric data (Nitsche et al. 1997, 2007;
Lowe & Anderson 2002, 2003; Evans et al. 2006;
Graham et al. 2010; Jakobsson et al. 2011, 2012)
have shown that the ice sheet was grounded on the
middle continental shelf, with excursions onto the
outer shelf in some glacial periods.

This study focuses on the herein-named Abbot
glacial trough, which represents the easternmost
glacier outlet of the Amundsen Sea Embayment,
incised into the outer continental shelf west and

NW of Thurston Island (Fig. 1). Newly acquired
seismic-reflection profiles crossing the outer conti-
nental shelf allow, in combination with gravimet-
ric measurements, an analysis of the sedimentary
strata and their underlying crystalline basement.
By introducing a first horizon-stratigraphic model
of the area, the glacial and pre-glacial sedimentary
history of the Abbot glacial trough can partly be
deciphered. In addition, the influence of the crys-
talline basement on the behaviour of the local ice
streams will be discussed. Furthermore, sedimen-
tation in this area, as well as additional sedimen-
tation provided by medium-sized ice streams
coming from Peacock Sound (Abbot Ice Shelf ) and
smaller glaciers originating on Thurston Island,
are evaluated.

Geological background

The Amundsen Sea Embayment (Fig. 1) formed as
a consequence of the Cretaceous breakup between
the former Gondwanian blocks of greater New
Zealand (Zealandia) and West Antarctica (Eagles
et al. 2004; Gohl et al. 2007). Later, internal rift-
ing related to the West Antarctic Rift System was
active in this region during the Cenozoic Era
(Dalziel 2006; Gohl et al. 2007; Jordan et al.
2009). Therefore, the Amundsen Sea Embayment
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was subject to extensional and rifting forces act-
ing in both east–west and north–south directions,
which thereby shaped the current structure of the
crust and basement (Gohl et al. 2013).

Repeated advance and retreat of the West Ant-
arctic Ice Sheet sculpted the present day bathymetry
of the continental shelf (Lowe & Anderson 2002;
Evans et al. 2006; Nitsche et al. 2007; Larter et al.
2009; Jakobsson et al. 2011, 2012). Similar to other
continental polar shelves, the Amundsen Sea
Embayment shelf deepens inshore and shows a

reduced relief on the middle and outer shelf,
where the water depth is between 400 and 600 m
(Nitsche et al. 2007). On the middle shelf, south
of Burke Island, the boundary between the outcrop-
ping crystalline basement and the oceanward-
dipping sedimentary sequences is clearly observed
(Lowe & Anderson 2002; 2003; Uenzelmann-
Neben et al. 2007; Gohl et al. 2013).

The large Pine Island/Thwaites glacial trough
dominates the bathymetry of the inner and mid-
dle continental shelf of the eastern embayment

Fig. 1. Overview of the bathymetry of the eastern Amundsen Sea Embayment and Pine Island Bay after Nitsche et al.
(2007). Red lines mark multichannel seismic profiles discussed in this study. Grey lines mark other existing seismic
lines, including single-channel profile NBP-9902 (Lowe & Anderson 2002). Mean water-depths on the continental shelf
reach 400–600 m (white to light blue zones) and extend to more than 1200 m (middle to dark blue zones).
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(Fig. 1). It was carved by the Pine Island and
Thwaites ice streams, which converged in the mid-
shelf area (Nitsche et al. 2007). On the outer shelf,
the trough branches into a system of shallow and
wide depressions with multiple glacial outlets
incising the shelf break (Nitsche et al. 2007).
Whether these outlets acted simultaneously during
an advanced ice sheet or resulted from a change in
flow direction of the major ice stream is still being
debated. Graham et al. (2010) argued that an east-
ern outlet was established later than the western
outlet and therefore the main outlet during later
expansions of the West Antarctic Ice Sheet. This
concept of flow-switching is supported by a differ-
ent degree of overprinting of mega-scale glacial
lineations in both outlets. Possibly, younger mega-
scale glacial lineations are present at the eastern
outlet. Little is known about the Abbot glacial
trough in the easternmost outer shelf, or its relation-
ship with the ice streams of the main Pine Island/
Thwaites trough, the outlet of Cosgrove glacier
(Cosgrove Ice Shelf) between Canisteo Peninsula
and King Peninsula, and the Abbot glacier (Abbot
Ice Shelf ) in Peacock Sound. Most of the outer
shelf remained outside the range of detailed ship-
borne geophysical surveys because of severe sea-

ice conditions, until an unusual open-water situation
occurred in early 2010, allowing the acquisition of
such data.

Data acquisition and processing

As part of the geophysical data-acquisition pro-
gramme during the R/V Polarstern expedition
ANT-XXVI/3 in 2010 (Gohl 2010), multichannel
seismic reflection profiles were also collected on
the outer continental shelf and the Abbot trough
in the eastern Amundsen Sea Embayment (Fig. 1).
The seismic data discussed here were recorded
with a 3000 m-long digital solid streamer, of the
type Sercel SentinelTM, with 240 channels towed
at a constant water-depth of 10 m. A cluster of
three GI-GunsTM, each with a volume of 0.72 l for
the generator and 1.72 l for the injector, was towed
at 5 m water-depth. The shot interval was 12 s, and
records with 1 ms interval were sampled. Gravi-
metric measurements were carried out simulta-
neously with an on-board Bodenseewerke KSS31
gravimeter.

All seismic lines were treated with the same
general processing flow. The shot-gathers were

Fig. 2. Northern segment of seismic-reflection profile AWI-20100126b (marked by red line in the inset map; dotted
black line shows the shelf edge) with basement depths derived from gravity-anomaly modelling. Unconformities
ASS-u3, ASS-u4 and ASS-u5 are marked in red; internal structures of sedimentary units ASS-A1, ASS-A2, ASS-A3 and
ASS-A4 are marked in blue. The ice-flow direction is indicated by the dark blue arrow.
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sorted into CDP (common depth point) bins of 25 m.
General band-pass filtering of 10–120 Hz was
applied to the data. A detailed velocity analysis
was followed by a parabolic radon transformation
to reduce the strong multiple reflections that are
typically observed on glaciated continental shelves,
as well as to enhance the visibility of underly-
ing reflectors. After stacking, an omega-x finite-
difference migration was applied to image the
position of dipping reflectors. For further enhance-
ment of the resolution of particular profile sec-
tions, multiple filters were applied before final
editing.

Even after careful multiple suppression, deeper-
lying basement reflections are not visible or remain
uncertain in large parts of the profiles, possibly
because of the relatively small airgun source and
attenuating effect of the multiples. Therefore gravi-
metric recordings were used and forward density-
depth modelling was applied to the free-air anomaly
data in order to aid outlining of the sediment-to-
basement boundary. A constant crust-mantle depth
of 22 km, derived by Gohl et al. (2007) for this
region of the shelf, was used to constrain the lower
model boundaries.

Seismic horizon stratigraphy

Based on the seismic reflection profiles (Figs 2–4 &
6), we derived a basic horizon stratigraphy for the
area of the Abbot glacial trough (Fig. 5). Datable
sediment samples only exist from shallow gravity-
cores and box-samplers that were used to recon-
struct the timing of grounding zone retreat since
the Last Glacial Maximum (Lowe & Anderson
2002, 2003; Hillenbrand et al. 2009; Kirshner et al.
2012). Deeply penetrating drill cores from the
Amundsen Sea shelf do not exist. Therefore, the
seismic horizon stratigraphy that is presented here
relies entirely on the observation of seismic reflec-
tion characteristics and its comparison with other
glaciated continental shelves, such as on dated
sequences from the Ross Sea shelf (Anderson &
Bartek 1992; Bart & Anderson 2000; Chow &
Bart 2003).

Where acoustic basement is relatively shallow, it
can be identified mainly in the seismic sections as
a reflective band, setting the lower limit of layered
sequences. Deeper lying basement of uncertain
seismic identification, or lack of it, had to be verified
by gravity modelling. Four large sedimentary units

Fig. 3. Seismic-reflection profile AWI-20100127 (marked red line in inset map, dotted black line shows the shelf
edge) with basement depths derived from gravity-anomaly modelling. The profile crosses the Abbot glacial trough.
Major unconformities and layer boundaries are marked as in Figure 2. The flow-direction of smaller ice streams
from Thurston Island is indicated by the dark blue arrow, and the crossed circle annotates the northward flow direction
of the main Pine Island ice stream. Yellow stars indicate the location of the different depocentres within the unit
ASS-A3.
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can be distinguished from their seismic facies and
from observations of erosional discontinuities. The
discontinuities are labelled, from the oldest to the
youngest, as ASS-u3 to ASS-u5 (Amundsen Sea
Shelf unconformity). The sedimentary units are
named ASS-A1 to ASS-A4 (Amundsen Sea Shelf
Abbot glacial trough) from oldest to youngest
(Fig. 5).

Sedimentary unit ASS-A1 consists of short
reflectors, which have mainly low amplitudes and
are discontinuously layered (Figs 2–4). This homo-
geneous unit is interlayered with occasional bands
of closely spaced reflectors of high amplitude,
which are traceable across the shelf. ASS-A1 is
present in all seismic lines as a massive sedimen-
tary package with a thickness of between 3 and
6.5 km that crops out at the sea floor on parts of
the middle shelf. On the outer shelf, ASS-A1 thins

and is mainly overlain by an erosional unconfor-
mity ASS-u3. ASS-u3 is also present on the mid-
shelf, cutting into ASS-A1 as a trough-like structure.

Sedimentary unit ASS-A2 occurs on top of
unconformity ASS-u3 on the outer shelf (Figs 2–4).
This unit shows continuous, strong, slightly inclined
reflectors. It varies little in thickness throughout
the outer shelf, but could not be identified in the
Peacock Sound area.

Above discontinuity ASS-u4, the sedimentary
strata of unit ASS-A3 consist of prograding clino-
forms and sequences, showing continuous layering
between high-and low-amplitude reflections (Figs
2–4). This unit is present mainly on the outer
shelf, but also in the trough-like structure on the
outer middle shelf.

In all profiles, a third major erosional disconti-
nuity ASS-u5 cuts into the older strata (Figs 2–4).

Fig. 4. Seismic-reflection profile AWI-20100128 (marked red line in inset map, dotted black line shows the shelf edge)
with basement depths derived from gravity-anomaly modelling. The profile crosses the outer shelf and slope east of the
main Abbot glacial trough. Major unconformities and layer boundaries are marked as in Figure 2. The dark blue arrow
indicates the flow-direction of smaller ice streams from Thurston Island. The corresponding ship-borne free-air
gravity-anomaly profile is shown in the bottom graph, with the black line being the measured data, and the red line
being the calculated model response (see text for explanation).
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Above ASS-u5, a small sedimentary unit, ASS-A4,
is present throughout the continental shelf. It mim-
ics the sea floor with continuous and strong reflec-
tors. This sedimentary package varies only slightly
in thickness. The sea floor is represented by a very
strong reflector, which shows diffraction hyperbo-
lae, as a result of the abundant iceberg-scouring
and the resulting roughness of the sea floor.

In order to outline the depth of the crystalline
basement more accurately, 2-D forward modell-
ing on ship-borne free-air gravity-anomaly data
was performed along all seismic profiles (example
in Fig. 4). The depth of the crust-mantle bound-
ary was kept constant at 22 km after Gohl et al.
(2007), and the crystalline crust subdivided into
three layers of typical continental crustal densi-
ties of between 2.70 and 2.90 g cm23 from top to
bottom. The combination of the gravimetric models
and the depth-converted seismic profiles helped
identify the weak reflectors that represent the top
of the crystalline basement. The resulting basement
topography varies strongly towards the continental
slope. Here, several areas with elevated basement
reach a depth of up to 500 m below the sea floor
(Figs 2–4), whereas adjacent basins have a depth
of between 3.4 and 4.5 km. Two deeper basins
with depths of over 6 km, located north of Thurston
Island and at Peacock Sound, were also modelled.

Comparison with horizon stratigraphy

of outer Ross Sea shelf

The major sedimentary units and unconformities
identified (Figs 2–4) can be related to the drilled
(DSDP Leg 28; Hayes et al. 1975) and dated strata
of the Ross Sea continental shelf by similarities in
the seismic facies and erosional pattern. ASS-u3 is
a strong erosional discontinuity, representing the
change of the depositional environment from aggra-
dational to progradational. On the Ross Sea shelf,
this corresponds to RSU-4, marking the interface
of the first advance of the West Antarctic Ice Sheet
across the continental shelf (Anderson & Bartek
1992). Therefore, the underlying unit ASS-A1 is
likely to represent the strata deposited in a pre-
glacial environment (possibly Cretaceous to mid-
dle/late Miocene; Anderson & Bartek 1992; Chow
& Bart 2003). ASS-A2 represents the transition
towards a full glacial environment in Antarctica
when ice sheets were present on the continent and
advanced occasionally onto the shelf (Anderson
& Bartek 1992). The discontinuity ASS-u4 marks
the changeover between a transitional to a full
glacial environment. The prograding sequences of
ASS-A3 are comparable with unit RSS-7 of the
Ross Sea, which was deposited during the Pliocene
and Pleistocene epochs (Anderson & Bartek 1992).

Fig. 5. Overview of sedimentary units and erosional discontinuities from the Abbot glacial trough, including
description of the unit and sedimentary processes and depositional environment.
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Fig. 6. Southern part of seismic profile AWI-20100126b, which bypasses the Abbot Ice Shelf of Peacock Sound
(red line of inset map with ice-flow indicated by blue arrows; dotted black line shows the shelf edge). The interpretation
of the bottom profile shows alternating zones of strong (grey) and weak (white) reflectivities in transitional and glacially
dominated periods. The pre-glacial strata (ASS-A1) lie beneath unconformity ASSu-1.
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ASS-A4 consists of the sediments deposited after
the last glacial maximum, and ASS-u5 represents
the erosional surface of this last advance of the ice
sheet to the outer shelf.

Discussion

Pre-glacial setting of the outer shelf

The outer continental shelf of the eastern Amundsen
Sea Embayment is crossed by tectonic lineaments,
striking mainly NE–SW as interpreted from grav-
ity and magnetic anomaly data (Gohl 2012; Gohl
et al. 2013). Our observed and modelled basement
highs and lows appear as horst-and-graben struc-
tures that correlate with one of the tectonic linea-
ments, which has been associated with Cretaceous
rifting between New Zealand and West Antarctica
(Fig. 7; Gohl 2012; Gohl et al. 2013).

Despite the lack of any drilling and outcropping
sediment samples from the Amundsen Sea Embay-
ment, the observation of seismic-reflection charac-
teristics leads to the inference that sequence unit
ASS-A1 represents the building-up of sediments
on the continental shelf before the glaciation of

West Antarctica took place. Multiple basement
highs with adjacent small basins are present on the
outer shelf (Fig. 7), channellizing the pre-glacial
deposition. At the location where ASS-A1 crops
out at the sea floor at its northernmost position
(CDP 9700 of Fig. 2), the sediments are highly
reworked and show only little lamination. This
location represents the pre-glacial shelf break.
Therefore, the pre-glacial shelf break in the area of
the Abbot trough is 75 km further inshore than the
present-day shelf break (Figs 2 & 8). The undulat-
ing basement topography of the present outer shelf
and slope is covered by a few hundred metres of
sediment of pre-glacial origin within the glacial
trough (Figs 2 & 3), whereas few to no pre-glacial
strata cover the basement ridges outside of the
glacial trough off Thurston Island (Fig. 4). A distinct
basement-high limits the pre-glacial and glacial
shelf extent at this location, highlighting the role
of basement tectonics on the outer shelf.

Glacial sedimentation

The Cretaceous tectonic lineaments and base-
ment ridges of the outer shelf appear to have also
constrained deposition of glacially eroded and

Fig. 7. Bird’s-eye view of the three interpreted seismic profiles of the outer Abbot glacial trough, on top of a Bouguer
gravity-anomaly map calculated from satellite-derived gravity data of Andersen et al. (2010). Solid dark green lines
illustrate the locations and directional trends of basement ridges observed from seismic data and gravity modelling, and
which correspond to positive Bouguer-anomaly lineaments. The dotted green line symbolizes a possible connecting
basement ridge or escarpment between observed ridge segments.
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transported sediment (Figs 2–4). Inside the Abbot
trough, the glacial strata (ASS-A3) consists of mul-
tiple prograding sequences leading to growth of
the outer shelf from the pre-glacial shelf break into
the position of the present-day continental slope
(Fig. 2). ASS-A3 consists of smaller clinoforms in
the south and larger sequences after depositing
over the top of the northern basement ridge. Thus,
younger strata extend into the former basin, creat-
ing a till delta (Anderson & Bartek 1992; Larter
& Vanneste 1995; Bart & Anderson 2000; Smith
et al. 2011). A cross-section of this till delta can
be observed in a section across the Abbot trough
between CDP 66 and 500 (Fig. 3). Following fur-
ther examination of the internal structure, the pos-
ition of the former depositional centre of the

glacial trough can be identified (Fig. 3). In the
younger strata, an eastward shift of the depocentre
is visible. Graham et al. (2010) proposed an east-
wards trend of the main Pine Island/Thwaites ice
stream in younger glacial periods. In earlier gla-
cial cycles, the sedimentation in the Abbot glacial
trough was channellized into the basin between
the two basement-highs north of the pre-glacial
shelf break (Figs 3 & 7). Only after sedimentation
had become level with the northern basement-high
did progradation proceed northwards down the
slope during later glacial cycles, leading to reloca-
tion of the depocentre of the till delta to the east.
Dowdeswell et al. (2006a) showed in 3D seismic
data from the Norwegian continental margin that
the change in ice-stream flow can occur between

Fig. 8. Bathymetric maps illustrating the ice flow pattern during glacial maxima as interpreted from the seismic data
(a) and the growth of the outer shelf and outward migration of the shelf break (orange solid and hashed lines) from
pre-glacial times (b) to full glacial periods (c). The solid red line marks the seismic profiles in this paper. The dark green
line illustrates the boundary between outcropping inner shelf basement and the shelf sedimentary basin. Basement-highs
on the outer shelf are indicated by the brown dotted lines and the grey hashed lines of (b) are projected tectonic
lineaments from Gohl (2012). Bathymetry is from Nitsche et al. (2007). B.I. is Burke Island. S.I. is Sherman Island.
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glacial advances because of the accessibility of new
sedimentary basins. Therefore, the Abbot trough
may have experienced a higher discharge of ice and
sediment during later glacial cycles, since formerly
inaccessible accommodation space had become
available. This led to continental shelf progradation
by the build-up of a till delta.

East of the main Abbot trough, the configura-
tion of the slope differs strongly (Fig. 4). Only thin
sediments cover the northern basement-high, and
the glacial sedimentary sequences are limited by
the basement, resulting in shelf aggradation (Dow-
deswell et al. 2006b). We also observe that the ori-
entation of the clinoforms of ASS-A3 creates a
radial pattern (Figs 4 & 7). Therefore, multiple
small ice streams originating from Thurston Island
seem to have been the source of these sequences
(Fig. 8). Such small ice streams had insufficient
capacity to overcome the basement-high, and thus
enabled significant deposition on the shelf break
and slope.

Through the limited supply of sediment to the
outer shelf, deposition was restricted to the pre-
existing basins between the basement ridges. Thus
sedimentation was limited to the outer shelf, lead-
ing to aggradation, with minimal to no change in
the position of the shelf break between pre-glacial
and glacial periods.

In the section crossing the Abbot trough from
west to east, a distinct boundary between the gla-
cial infill structure of the till delta and small pro-
grading sequences from the east is exposed (Fig. 3).
At this location, the larger, fast-flowing ice stream
following the main Abbot trough absorbed the
smaller ice streams from the east, merging their
ice masses and deflecting sediment transport from
a westwards to northwards flow direction towards
the shelf slope.

Abbot Ice Shelf

The seismic profile AWI-20100126b bypasses the
outlet of the west-flowing Abbot Ice Shelf in
Peacock Sound (Fig. 6). The record shows dis-
tinct bands of strong reflectors enclosing zones of
weak and partially chaotic reflections within the
sedimentary unit ASS-A3. A similar record has
been interpreted, for the western Amundsen Sea
Embayment, as depositional sequences alternating
between full glacial and less glacially dominated
periods in Miocene times (Weigelt et al. 2009).
Although the age is speculative, the depositional
processes appear to have been similar to those in
the eastern embayment. Two small troughs, with
a small sedimentary high in between, form a
W-shaped reflection pattern between CDPs 7500
and 8500, partly representing local erosional uncon-
formities. It can be inferred from this observation

that the ice streams from Peacock Sound carved
two individual glacier outlet troughs, a southern
and a northern outlet, orthogonally or obliquely
into the main Pine Island/Thwaites and Cosgrove
glacial trough deposits of the shelf. The dividing
sedimentary high lies along the ice flow-direction
and inline with the location of Sherman Island, an
island in Peacock Sound which divides the Abbot
Ice Shelf (Figs 1 & 6). In the pre-glacial sequence
ASS-A1, the two-outlet pattern is also visible but
less pronounced compared with the glacial strata.
This island seems to have played an important role
in the ice-sheet dynamics of the Abbot Ice Sheet,
channellizing the flow of ice into a southern and
northern stream.

Conclusions

Seismic-reflection data, supplemented by gravity
modelling results for basement depths, reveal the
pre-glacial and glacial sedimentary dynamics of the
outer shelf of the eastern Amundsen Sea Embay-
ment, which is dominated by the Abbot glacial
trough as a major bathymetric depression. Several
basement-highs, inherited from Cretaceous breakup
and Cenozoic rifting processes, have constrained
sedimentation. These basement ridges played a key
role in the development of the Abbot glacial trough.
They channellized sediment deposition, and may
have controlled the ice-sheet dynamics by acting
as pinning points or barriers in early glacial periods.

By establishing a first basic horizon stratigra-
phy, we identify pre-glacial (ASS-A1), transitional
(ASS-A2) and glacial (ASS-A3) seismic facies.
The pre-glacial continental shelf-break was located
approximately 75 km further inshore than the
present-day Abbot glacial trough. When the first
ice sheet advances onto the outer shelf took place,
the depocentre moved towards the outer shelf
and the continental slope. The NE–SW-striking
basement-highs restricted deposition to NW of
Thurston Island throughout early glacial advances,
leading to aggradation of glaciomarine sediment
on the continental shelf. Later, this basement bar-
rier was partly overcome, allowing progradational
deposition over the shelf break in younger glacial
periods.

The main Abbot glacial trough contained
merged flows from the Pine Island/Thwaites, Cos-
grove and Abbot glacier systems, in addition to
small contributions from local ice streams on Thur-
ston Island. Sherman Island of Peacock Sound
played an important role in the ice-dynamics of
the Abbot glacier, by dividing the northwestwards
ice-flow into two ice streams, which interfered
with the main glacial sediment transport from
the south.
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Studies of the sedimentary architecture and characteristics of the Antarctic continentalmargin provide clues about
past ice sheet advance–retreat cycles andhelp improve constraints for paleo-ice dynamicmodels since early glacial
periods. A first seismostratigraphic analysis of the Amundsen Sea Embayment shelf and slope of West Antarctica
reveals insights into the structural architecture of the continentalmargin and shows stages of sediment deposition,
erosion and transport reflecting the history frompre-glacial times to early glaciation and to the late Pleistocene gla-
cial–interglacial cycles. The shelf geometry consists of a large pre- and syn-rift basin in themiddle shelf region be-
tween basement cropping out on the inner shelf and buried basement ridge and highs on the outer shelf. A
subordinate basin within the large basin on the mid-shelf may be associated with motion along an early West
Antarctic Rift System branch. At least 4 km of pre-glacial strata have been eroded from the present inner shelf
and coastal hinterland by glacial processes. Six major sedimentary units (ASS-1 to ASS-6) separated by five
major erosional unconformities (ASS-u1 to ASS-u5) are distinguished from bottom to top. Unconformity ASS-u4
results from a major truncational event by glacial advance to the middle and outer shelf, which was followed by
several episodes of glacial advance and retreat as observed from smaller-scale truncational unconformities within
the units above ASS-u4. Some of the eroded sediments were deposited as a progradional wedge that extends the
outer shelf by 25 to 65 km oceanward of the pre-glacial shelf-break. We compare the observed seismic character-
istics with those of other Antarctic shelf sequences and assign an Early Cretaceous age to bottom sedimentary unit
ASS-1, a Late Cretaceous to Oligocene age to unit ASS-2, an Early toMid-Miocene age to unit ASS-3, aMid-Miocene
age to unit ASS-4, a Late Miocene to Early Pliocene age to unit ASS-5, and a Pliocene to Pleistocene age to the top
unit ASS-6. Buried grounding zone wedges in the upper part of unit ASS-5 on the outer shelf suggest pronounced
warming phases and ice sheet retreats during the early Pliocene as observed for the Ross Sea shelf and predicted by
paleo-ice sheet models. Our data also reveal that on the middle and outer shelf the flow-path of the Pine
Island-Thwaites paleo-ice stream system has remained stationary in the central Pine Island Trough since the ear-
liest glacial advances, which is different from the Ross Sea shelf where glacial troughs shifted more dynamically.
This study and its stratigraphic constraints will serve as a basis for future drilling operations required for an im-
proved understanding of processes and mechanisms leading to change in the West Antarctic Ice Sheet, such as
the contemporary thinning and grounding line retreat in the Amundsen Sea drainage sector.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The reconstruction of the dynamic history of Antarctic Ice Sheet
(inlay map of Fig. 1) expansion and retreat since the onset of Southern
elmholtz-Centre for Polar and
ophysics, Am Alten Hafen 26,
1.

rights reserved.
Hemisphere glaciation improves our understanding of ice sheet growth
andmelting processes and thus predictions of future ice-sheet behavior.
Because theWest Antarctic Ice Sheet (WAIS) has a lower elevation than
the East Antarctic Ice Sheet (EAIS) and most of its base is grounded
below sea level, the WAIS is likely to have been more sensitive to
changes in atmospheric and oceanographic conditions. Results from
deep drilling on the Ross Sea shelf have shown that open-water condi-
tions prevailed in that region for long periods of the Early Pliocene
(5–3 m.y. ago) (McKay et al., 2009; Naish et al., 2009), suggesting a
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Fig. 1. Bathymetric map of Amundsen Sea Embayment (ASE) (updated version from Nitsche et al., 2007, 2013) illustrating main glacial troughs which are deeply incised into the
outcropping basement (gray semi-transparent area) of the inner shelf. Black lines mark all existing multi-channel (solid lines) and single-channel seismic profiles (hashed and dot-
ted lines) annotated with their profiles names. Carney Platform, Bear Ridge, Western Outer Bank, Eastern Outer Bank, Abbot Trough, Pine Island Trough, Pine Island Trough West
(PITW) and Pine Island Trough East (PITE) are yet unofficial geographical names used in this paper for better orientation. In the text we refer to the “western ASE shelf” being the
Amundsen Sea shelf west of Bear Ridge, Western Outer Bank, Dotson-Getz Trough and Carney Platform, the “central ASE shelf” being the area between Eastern Outer Bank, PITW
and the eastern flank of Bear Ridge, and the “eastern ASE shelf” being the area of Pine Island Trough, PITE, Abbot Trough and Pine Island Bay. The inlay map of Antarctica shows the
ice divides (black lines), main ice flow directions (dark blue arrows) (both simplified after Drewry (1983)), the outline of the Transantarctic Mountains (dotted bold black line;
TAM), and the study area of the ASE (red box). Other abbreviations in the inlay map are: WA West Antarctica, EA East Antarctica, AP Antarctic Peninsula, RS Ross Sea, PB Prydz
Bay, WS Weddell Sea.
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partial or full collapse of the WAIS at times when atmospheric carbon
dioxide concentrationswere as high as 400 ppm(whichwill be reached
again within the next 5 years on current trends: http://www.esrl.noaa.
gov/gmd/ccgg/trends/) and planetary temperatures were up to 3 °C
higher than today. However, the data used for interpreting past WAIS
behavior are extremely scarce and may be spatially biased to some de-
gree. The continental shelf and slope drill sites of the Antarctic Drilling
Program ANDRILL (Harwood et al., 2009; Levy et al., 2012), the Deep
Sea Drilling Project DSDP Leg 28 (Hayes and Frakes, 1975) and the
Cape Roberts Project CRP (Cape Roberts Science Team, 1999, 2000)
are all located in thewestern and central regions of the Ross Sea Embay-
mentwhere the signals interpreted forWAIS dynamics cannot be clear-
ly separated from the influence of ice draining the EAIS through the
Transantarctic Mountains (Kerr and Huybrechts, 1999; Bart, 2005).

Ice sheet discharge into the Amundsen Sea Embayment (ASE)
(Fig. 1) is entirely sourced from the WAIS (inlay map Fig. 1). The
WAIS volume corresponds to an equivalent of 3–5 m eustatic sea level
change (Bamber et al., 2009; Fretwell et al., 2013), and about one
third of it is stored in drainage basins that discharge through outlet gla-
ciers onto the ASE shelf. The largest drainage systems are those of the
Pine Island and Thwaites glaciers, which are known for their current
flow acceleration, fast retreat, rapid thinning and high basal melt rates
of floating ice at their termini that exceed those of any other Antarctic
outlet glacier outside the Antarctic Peninsula (Rignot, 2008; Rignot et
al., 2011; Pritchard et al., 2012). Past expansion and retreat of grounded
and floating ice across the continental shelf of the ASE must have left
signals and traces of glacial sediment accumulation, transport and
erosion. Thus, a study of the sedimentary architecture and characteris-
tics of the ASE margin will provide clues of past ice sheet advance–
retreat cycles and help improve constraints for paleo-ice dynamic
models of the WAIS since early glacial periods.

Seismic profiles acquired over recent years enabled us for the first
time to characterize and map seismostratigraphic sequences from a
large part of the ASE shelf and slope (Fig. 1). The dataset reveals the
architecture of the continental margin, with patterns of sediment de-
position, erosion and transport allowing the reconstruction of its his-
tory from pre-glacial times to early glaciation and to late Pleistocene
glacial–interglacial cycles. We infer ages for the seismostratigraphic
units and present a depositional model that serves as a basis for un-
derstanding processes of glacial advance and retreat of the WAIS.

2. Tectonic and depositional setting

The ASE comprises one of the broadest continental shelves along the
Pacific margin of West Antarctica (Fig. 1). Pine Island Bay in the eastern
ASE has long been suggested to delineate a Paleozoic/Mesozoic crustal
boundary between the Thurston Island block and the Marie Byrd Land
block, because its eastern border offsets the coastlines of Marie Byrd
Land and the Thurston Island region (Dalziel and Elliot, 1982; Storey,
1991; DiVenere et al., 1994). Plate-tectonic reconstructions infer that
this region was a key area for continental rifting and breakup between
the Chatham Rise east of New Zealand and Marie Byrd Land starting
at 90 Ma (Larter et al., 2002; Eagles et al., 2004; Wobbe et al., 2012),
about 10–15 m.y. after the collision of the Hikurangi Plateau with
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Chatham Rise and the cessation of the Gondwana margin subduction
(e.g., Davy et al., 2008; Kipf et al., 2012). Airborne magnetic and
satellite-derived gravity data grids revealed a series of quasi-linear
southwest-northeast directed anomalies on the ASE shelf, interpreted
as traces of magmatism along distributed rift axes before breakup
(Gohl et al., 2007, 2013). The relatively small crustal thickness of
22–24 km measured on the inner to middle shelf (Gohl et al., 2007)
supports the hypothesis of a rifted and thinned continental crust in
the ASE. Plate-kinematic reconstructions also suggest that the ASE
crust has been subject to deformation along the southern boundary of
the Bellingshausen Plate which was active between about 79 and
61 Ma (Eagles et al., 2004;Wobbe et al., 2012). This deformation is sup-
ported by observations of northwest–southeast trending lineaments in
the potential field grids (Gohl et al., 2007, 2013). A third set of linea-
ments, striking north–northeast, suggests a third phase of deformation
and intrusion, which has been associated with a possible branch of the
West Antarctic Rift System (Gohl et al., 2007, 2013). The existence of
such a rift branch in the ASE was also postulated by Dalziel (2006)
and Jordan et al. (2010). A north–south oriented strike–slip motion
with transtensional deformation can be derived for the Amundsen–
Bellingshausen Sea sector of West Antarctica by applying rotation pa-
rameters for East–west Antarctic relative motion, as a study by Müller
et al. (2007) demonstrated for the Eocene to Miocene. Gohl (2012)
and Gohl et al. (2013) suggested that the tectonic–magmatic architec-
ture inherited from the three main crustal deformation phases has
placed some degree of control on sedimentation and glacial flow direc-
tions at later times as observed by correlation to the directional bathy-
metric trends of paleo-ice stream troughs (Nitsche et al., 2007).

The earliest recorded multi-channel seismic (MCS) reflection data
from the ASE show that at 104° W (Fig. 1) the outer shelf and slope
sediments have undergone both progradational and aggradational
deposition probably since the Middle Miocene (Nitsche et al., 1997,
2000). Aggradation dominated the strata geometry in younger stages.
A long single-channel seismic (SCS) profile (Lowe and Anderson,
2002, 2003) follows the main glacial Pine Island Trough and reveals
oceanward inclined sediment sequences on the middle shelf north
of bedrock cropping out on the inner shelf. The dipping strata typical
for Antarctic shelves (e.g., Cooper et al., 1991, 2008; Anderson, 1999)
are possibly of Cretaceous to Miocene age and buried by aggradation-
al, less consolidated strata of supposedly Pliocene–Pleistocene age
(Lowe and Anderson, 2002). Several unconformities separate the
dipping strata and may represent phases of subglacial erosion.
Dowdeswell et al. (2006) describe these SCS data from the outer
shelf and upper slope close to 108º W (Fig. 1) as showing mainly ag-
gradation on the shelf and minor progradation on the shelf edge and
slope. While most of the inner shelf of Pine Island Bay is void of major
sedimentary cover, as observed in seismic and acoustic subbottom
profiles (Lowe and Anderson, 2003; Nitsche et al., 2013) and inferred
frommagnetic data (Gohl et al., 2013), a few small and shallow basins
are observed close to its eastern shore (Uenzelmann-Neben et al.,
2007) and close to the front of Pine Island Glacier (Kellogg and
Kellogg, 1987; Nitsche et al., 2013). The western ASE shelf is separat-
ed from the eastern shelf by a bathymetric high (Nitsche et al., 2007),
here named ‘Bear Ridge’ as it extends north from Bear Peninsula
(Fig. 1). Oceanward dipping mid-shelf strata north of outcropping
basement are observed in seismic data from the Dotson–Getz Trough
collected in 1999 and 2006 (Wellner et al., 2001; Graham et al., 2009;
Weigelt et al., 2009, 2012) and exhibit alternating sequences of low
and high reflectivity, whichWeigelt et al. (2009) interpret as episodes
of major glacial advances and retreat in the Miocene.

Observations of sub- and proglacial bedforms in multi-beam swath
bathymetry surveys, such as mega-scale lineations and grounding
zone wedges, indicate that grounded ice expanded onto the middle
to outer shelf during the last glacial maximum (LGM) (Lowe and
Anderson, 2003; Dowdeswell et al., 2006; Evans et al., 2006; Graham
et al., 2009, 2010; Larter et al., 2009; Jakobsson et al., 2012; Klages et
al., 2013). The retreat of the ice sheet from the ASE shelf since the
LGM is documented in both these swath-bathymetric records and
sedimentary facies sequences recovered in cores (Lowe and Anderson,
2002; Smith et al., 2009, 2011; Hillenbrand et al., 2010, 2013;
Ehrmann et al., 2011; Jakobsson et al., 2011; Kirshner et al., 2012;
Nitsche et al., 2013). According to these studies, most of the grounded
ice had retreated to the inner shelf already by the early Holocene.

To date, no core records of the stratigraphic composition and chro-
nology of the major depositional sequences on the ASE continental
shelf and slope exist. Onshore outcrops on islands, coastal cliffs and
nunataks above the ice sheet in the ASE consist entirely of Mesozoic
and Permian granitoids, gneisses and volcanics as well as Cenozoic vol-
canic rocks (e.g., Pankhurst et al., 1993, 1998;Mukasa andDalziel, 2000;
Rocchi et al., 2006; LeMasurier, 2008; Kipf et al., 2012). Although pre-
dominantly unconsolidated subglacial and glacimarine sediments on
the shelf have been sampled by shallow sediment coring and grab sam-
pling, drilling of more consolidated strata has not been attempted yet.

3. Data acquisition and processing

The database of SCS andMCS records from the shelf and slope of the
ASE (Fig. 1) used for this study was acquired during five ship expedi-
tions from 1994 to 2010. The first MCS data were collected from the
outer shelf, slope and rise during RV Polarstern expedition ANT-XI/3 in
1994 and described in Nitsche et al. (1997, 2000). Wellner et al.
(2001), Lowe and Anderson (2002, 2003) and Dowdeswell et al.
(2006) described SCS datasets collected along Pine Island Trough and
the Dotson-Getz Trough during RV Nathaniel B. Palmer cruise NBP9902
in 1999.More SCS datawere collected on the outer shelf and themiddle
shelf of the western ASE during RRS James Clark Ross cruise JR141 in
early 2006 (Larter et al., 2007; Graham et al., 2009), followed by MCS
data recorded on RV Polarstern cruise ANT-XXIII/4 in the same season
of 2006 (Gohl, 2007; Uenzelmann-Neben et al., 2007; Weigelt et al.,
2009, 2012). Due to unusually favorable sea-ice conditions in the season
of early 2010, we were able to acquire more than 3500 km of MCS data
from the middle to outer shelf, the slope and the continental rise of the
Amundsen Sea during RV Polarstern expedition ANT-XXVI/3 (Gohl,
2010). The shelf profiles targeted the strata along the main axes of the
Dotson–Getz Trough, the Pine Island Trough and the Abbot Trough,
which is a glacial trough extending NNE-wards offshore from the west-
ern end of the Abbot Ice Shelf (Fig. 1), with some profiles crossing the
troughs, inter-ice stream ridges between the troughs and tributaries
feeding into the main troughs on the inner shelf or branching off
them on the outer shelf.

Most MCS data of the 2010 expedition were collected using a
3000 m long digital solid streamer (Sercel Sentinel) with 240 channels.
Only in areas with sea-ice coverage, we changed to an older 600 m long
analogue streamer (Prakla) with 96 channels. Both streamers were
towed at a nominal water depth of 10 m. We recorded the data of
both systems with a 1 ms sampling interval and did not apply a filter
during recording with the exception of an anti-alias filter. As airgun
source, we used a cluster of up to three GI-Guns (Sercel) of 150 in.3 vol-
ume (sum of 45 in.3 generator and 105 in.3 injector volumes) each, as-
sembled underneath a steel frame to prevent ice damage, set to ‘True
GI-Mode’ for minimizing the bubble effect, and fired at 3 m water
depth with 195 bar operational pressure at intervals between 6 and
12 s. Due to an unsolved permitting issue with the German Federal En-
vironment Agency, we had to refrain from using airguns of larger vol-
umes that would have been necessary in order to obtain reflections
from the basement in large parts of the middle to outer shelf and
slope. In order to obtain better P-wave velocities from the shelf sedi-
mentary rocks, we deployed six ocean-bottom seismometers (OBS)
along the east–west aligned profile AWI-20100100/AWI-20100133
(Fig. 1) over the middle to outer shelf of the eastern ASE. The OBS sys-
tems recorded the GI-Gun shots fired every full minute. A summary of
the acquisition instruments aswell as the recording and data processing
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parameters of all seismic surveys of the ASE shelf and slope is given in
Tab. S1 of the electronic supplement.

Standard data processing was initially applied to all seismic reflec-
tion records of the 2010 expedition (Tab. S1). The presence of
over-compacted sediments (glacial tills) close to the seafloor is typi-
cal for polar continental shelves and, consequently, seafloor multiples
of particularly large amplitudes are present throughout all seismic
profiles. We applied various processing strategies to suppress seafloor
multiples as much as possible, which included filtering in the fre-
quency–wave number (f–k) domain or through a Radon transform
(τ–p domain). In case of good signal-to-noise ratios of the data in reg-
ular time–distance (t–x) domain, multiples were suppressed to a
large degree, improving the appearance of primary reflections. In
areas of low signal-to-noise ratios, and for data recorded with the
short streamer, the suppression results are rather meager. A particu-
lar problem affects profiles that cross shallow parts of the outer shelf,
e.g. profile AWI-20100132. Here, numerous icebergs plowed deeply
into the seafloor (Evans et al., 2006; Graham et al., 2010). Such fur-
rows generate large amplitude diffractions in the seismic wave-field
and attenuate the deeply penetrating energy, in particular at the
higher frequency band emitted by GI-Guns. They also aggravate at-
tempts to remove seafloor multiples because the diffractive energy
also reverberates as part of the multiple reflection signal. A configura-
tion of airguns with larger volumes and, thus, a lower mean frequen-
cy, probably would have enabled a penetration of primary energy
down to basement depths even in shelf areas where sedimentary
strata are thickest. Numerous seismic profiles have data gaps due
to shut-downs of the airgun sources when marine mammals were
observed.

4. Seismic characterization and horizon stratigraphy

Given the absence of physical properties data for ASE shelf sedi-
ments measured on long drill cores or determined by borehole logging,
our interpretation of seismic facies has to rely exclusively on the obser-
vation of seismic horizon analysis and reflection characteristics. A
comparison to interpreted seismic sections and drill-hole controlled
seismostratigraphy from other Antarctic continental shelves – mainly
the Ross Sea shelf – is used to aid in our seismic profile characterization
and our assignment of ages to the seismostratigraphic units observed
on the ASE shelf. The main observational parameters in our analysis
include (1) continuity of seismic reflectors, (2) distribution of relative
reflection amplitudes, (3) stratigraphic and structural seismic layer
boundaries (discontinuities, faults, downlapping, onlapping), (4) ge-
ometry of reflectors (horizontal, disturbed, undisturbed, folded, faulted,
inclined/dipping), and (5) internal acoustic structure of seismic units
(transparent, stratified).

We conduct our analysis beginning in the western ASE and pro-
gressively move eastward to the eastern embayment, thereby pro-
ceeding from the inner to outer shelf and slope in each region
(Fig. 1). Emphasis is placed on profiles parallel and perpendicular to
the main paleo-ice stream troughs in order to obtain an indication
for structural trends and true dips. Up to six major sedimentary
units (ASS-1 to ASS-6) and five dominant erosional unconformities
(ASS-u1 to ASS-u5) can be identified for most of the ASE shelf from
bottom to top.

4.1. Western ASE shelf

A transect of combined MCS and SCS profiles AWI-20100119 and
BAS056-S111 (Fig. 2) follows the Dotson–Getz Trough from the inner
to outer shelf and slope. It shows reflection characteristics representing
the main depositional sequences along this trough, although the outer
shelf profile had to deviate from the trough axis due to thick sea-ice
cover. Oceanward dipping strata overlying acoustic basement that
were previously recorded in profiles at the inner-to-middle shelf
transition (Graham et al., 2009; Weigelt et al., 2009) continue seaward
across the middle shelf. In the section extending from outcropping
basement to about 73° S (shot-points 6700 to 4000 of BAS056-S111),
the reflector sequences are continuous, highly stratified, of medium
to high amplitudes, and dip between 4.2° and 2.0° at the inner to
mid-shelf transition (Fig. 2). ASS-u1 marks an unconformity between
70 and 200 ms two-way travel-time (TWT) above the northward dip-
ping basement. Deformation from faulting and folding appears locally
deeper than 1.1 s TWT at shot-points 4200 and 5400 of BAS056-S111
(Fig. 2). The inclination of the strata decreases to 1.0–0.5° on the mid-
dle shelf within sequence ASS-3. ASS-3 and younger sequences exhibit
more variable, less laminated seismic facies than the underlying strata
and display alternating zones of strong and poor reflectivity, which
Weigelt et al. (2009) also observed in other profiles from the ASE
mid-shelf (Figs. S1–S3 in supplementary material). A series of short un-
conformities and erosional truncations affects ASS-3 and all younger
sequences. The major unconformities are annotated with ASS-u3
and ASS-u4 (Fig. 2). The outer shelf northwest of about 72° 40′ S
(CDP 3000 of AWI-20100119) is dominated by strong progradation
towards the shelf break. The lowermost prograding sequences downlap
onto the older strata, and downlapping also characterizes the younger
prograding units. A major erosional unconformity, ASS-u5, truncates
most of the dipping sequences beneath horizontally stratified, un-
disturbed deposits thinning from the topmost 0.2 s TWT on the outer
shelf to less than 0.05 s TWT on the middle shelf. Two large grounding
zone wedges (GZW) observed in the topmost sequence on the middle
shelf correlate with seaward-inclined ramps observed on parallel
bathymetric profiles (Larter et al., 2009) and document temporary
stillstands of grounding line retreat since the LGM (e.g. Alley et al.,
1989; Larter and Vanneste, 1995; Howat and Domack, 2003; Graham
et al., 2009, 2010).

4.2. Central ASE shelf

Profile AWI-20100139 (Fig. 3) follows the outer Pine Island Trough
West (PITW), which branches off westward from the main Pine Island
Trough (Evans et al., 2006). The lowermost sequence overlying the
acoustic basement consists of semi-continuous reflectors between 3.2
and 4.4 s TWT that rise northward from the middle shelf to the shelf
edge. We interpret this thin unit as partially stratified sedimentary se-
quence (ASS-1) lying on top of the upward tilted basement surface
with regionally concordant dip and, thus, being of pre-breakup age.
Basement reflections are rather subtle in terms of amplitude and conti-
nuity, possibly due to minor acoustic impedance contrasts between
crystalline bedrock and the highly compacted and indurated sedimenta-
ry rocks of units ASS-1. A thick sequence of sedimentary strata (ASS-2)
downlaps onto unconformity ASSu-1, which truncates these oldest sed-
imentary rocks. The top of unit ASS-2 is locally truncated by unconformi-
ty ASSu-2 onto which another stratified set of oceanward inclined
reflectors (ASS-3) downlaps. ASS-3 is erosionally truncated by uncon-
formity ASSu-3 that is overlain by unit ASS-4. This sequence of sedimen-
tary strata dips oceanward from the mid-shelf. Unconformity ASSu-4
truncates unit ASS-4 and is overlain by an up to 1.5 km (1.3 s TWT)
thick sequence of horizontal strata of varying reflection characteristics.
We distinguish various zones of strong reflections alternating with
reflection-poor zoneswithin this unit, separated by continuous horizons
of relatively large amplitude. These high-amplitude horizons exhibit lo-
cally restricted unconformities, but it remains unclear from the data,
whether these unconformities indicate any significant shift in deposi-
tion and/or age. The uppermost sequence ASS-6 on top of unconformity
ASSu-5 can be clearly distinguished from the sequences below by its al-
most transparent reflection character in the MCS data. Northward of
CDP 3000 (Fig. 3), the sediment strata of units ASS-5 and ASS-6 form a
progradational wedge building the outermost 25 km of the modern
top shelf. However, it is interesting to note that these prograding strata
directly downlap onto unconformity ASSu-4.



Fig. 2. Composite of seismic profiles BAS056-S111 and AWI-20100119 following the Dotson-Getz Trough of the western ASE shelf and across the upper slope. Main unconformities
ASS-u1 to ASS-u5 separating the major seismostratigraphic units ASS-1 to ASS-6 are marked and annotated. Other dominant reflectors within these units are highlighted by the
dark blue lines. Note normal faults within folded strata on the inner shelf. Black arrows indicate crossing seismic lines. GZW stands for grounding zone wedge. Description of seismic
horizons and reflection characteristics is in the text. See profile locations in Fig. 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Within the upper sequences of unit ASS-5 (Fig. 3), two lens-shaped
features are observed that have a geometry typical for GZWswith a steep-
er ice-distal (lee) side and a more attenuated ice-proximal (stoss) side.
We interpret these features as buried grounding zone wedges (bGZW)
(Dowdeswell and Fugelli, 2012). bGZWs were formed on the shelf by
retreating grounded ice sheets when the retreat of the grounding zone
came to a temporary halt (e.g. Larter and Vanneste, 1995; Dowdeswell
Fig. 3. Seismic profile AWI-20100139 following the outer Pine Island Trough West of the ce
arating the main sedimentary units ASS-1 to ASS-6 are marked and annotated. Other domi
seismic cross-lines. GZW stands for grounding zone wedge; bGZW stands for buried GZW.
location in Fig. 1.
and Fugelli, 2012). bGZW 1 shows at 1.25 s TWT near CDP 500, and the
stratigraphically higher bGZW 2 can be observed at 1.20 s TWT near
CDP 2300. The surfical GZW at CDP 1400 is identified as an exposed
bedform feature of uppermost unit ASS-6. The two crossing SCS lines
BAS056-S112 and BAS056-S113 (R. Larter, unpublished data) show
buried and exposed grounding-zone wedges of similar shape and lack
of internal stratificationwithin the upper part of units ASS-5 and ASS-6.
ntral ASE shelf and across the upper slope. Main unconformities ASS-u1 to ASS-u5 sep-
nant seismic horizons within the sediment units are line-drawn. Black arrows indicate
Description of seismic horizons and reflection characteristics is in the text. See profile



120 K. Gohl et al. / Marine Geology 344 (2013) 115–131
Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 348
4.3. Eastern ASE shelf and Pine Island Bay

A set of north–south trending seismic profiles and several crossing
profiles cover a large part of the central Pine Island Trough from
the inner shelf to its outer shelf branches. The composite MCS tran-
sect consisting of profiles AWI-20100132, AWI-20100134 and AWI-
20100135 (Fig. 4a) follows the western trough flank and images se-
quences of sedimentary strata down to maximum basement depths
of about 7 km below seafloor on the middle shelf (using an average
P-wave velocity of 3.5 km/s for the sedimentary column). However,
the relatively small airgun source and strong seafloor multiple reflec-
tions prevent unambiguous identification of a deep continuous reflec-
tor as the top of the acoustic basement. Our interpretation is derived
from the observation that the lowermost northward dipping sedi-
mentary strata downlap onto a deep-lying, discontinuous and weak
reflector rising from the middle to outer shelf. We cannot entirely ex-
clude the possibility, however, that the apparent top of the acoustic
basement represents the top of compact, highly consolidated or
even lithified sedimentary strata.

We observe five main unconformities in this composite profile
(Fig. 4a). Lowermost unconformity ASS-u1 separates units that exhib-
it minor deformation but dip slightly in opposite directions under-
neath the inner shelf. The unit between unconformities ASS-u1 and
ASS-u2 is partially deformed and disrupted by faults on the inner
shelf. The strongest erosional signature characterizes unconformity
ASS-u4 in the mid-shelf section of the profile, where it truncates the
strata of unit ASS-4. ASS-u4 can be traced seaward to the outer
shelf. There, a wedge of progradational foreset beds downlaps onto
it, as observed in profile AWI-20100139 from the outer PITW
(Fig. 3). The lack of progradation beneath ASS-u4 on the outer shelf
indicates that it may represent the paleo-shelf seabed before ground-
ed ice reached the outer shelf. Despite the remnants of seafloor mul-
tiple reflections at the shelf break, it is possible to trace ASS-u4 to the
base of the continental slope and farther onto the continental rise
where it can be correlated with the top of seismostratigraphic Unit
2 of Uenzelmann-Neben and Gohl (2012). They estimated an age of
21–14 Ma for their Unit 2 from an indirect correlation to a pre-
glacial to glacial transitional stage with ice caps expanding onto the
eastern Ross Sea shelf as observed by De Santis et al. (1999). The up-
permost unconformity ASS-u5 truncates middle shelf strata down to
about 400 m depth below seafloor and can also be traced onto
the continental rise, where it corresponds to the top reflector of
Unit 3 with an age of 4 Ma (Uenzelmann-Neben and Gohl, 2012) de-
rived from long-distance horizon correlation to DSDP Site 324 in the
western Bellingshausen Sea (Tucholke et al., 1976).

The SCS profile NBP9902-11 of Lowe and Anderson (2002, 2003)
(Fig. S4) follows the deepest section of the central Pine Island Trough
and then crosses the outer shelf. The strata and unconformity se-
quence above the seafloor multiple resembles that of our composite
MCS profile (Fig. 4), except that on NBP9902-11 we identify ASS-u2
with a rather large uncertainty. The strata beneath this unconformity
are moderately folded and faulted, while strata above it and further
seaward exhibit little evidence of deformation. ASS-u4 is the domi-
nant unconformity and separates oceanward dipping strata from
more horizontally layered sequences. The “amalgamated glacial un-
conformity” of Lowe and Anderson (2002) is named ASS-u5 in our
analysis. Graham et al. (2010) and Jakobsson et al. (2012) identified
a large GZW on the seafloor above ASS-u5 at the transition from the
inner to middle shelf (Fig. S4).

MCS line AWI-20100122 (Fig. S5) follows the eastern flank of the
central Pine Island Trough. Although the top of the acoustic basement
north of CDP 3600 is poorly imaged, it appears that between CDP
3600 and CDP 1800 the configuration of the overlying strata (below
ASSu-5) largely conforms with the undulating basement relief. Fold-
ing and faulting of the oldest sedimentary strata is clearer than in
the two parallel profiles further to the west. The reflection character
changes from deformed reflectors to steadily northward dipping stra-
ta in the northern part of this profile. The youngest unconformity
ASS-u5 with up to 250 m of overlying horizontally layered strata
can be traced along most of the profile.

Progradational deposits characterize the outer shelf along the
eastern flank of the central Pine Island Trough as the composite of
profiles AWI-20060001, -0002 and AWI-94042 (Fig. 5) reveal. The
progradational wedge of the outermost shelf is overlain by an aggra-
dational unit that is up to 460 m thick, as previously described by
Nitsche et al. (1997). However, the new seismic profiles presented
here extend further landward and reveal that the onset of oldest
progradation was located at least 60 km south of the present shelf
break above unconformity ASS-u4. The crossing, east–west striking
SCS profile BAS056-S114 (Fig. S6) shows eastward prograding se-
quences overlain by aggradational, slightly wavy strata. The aggrada-
tional units in profiles AWI-20060001, -0002 and BAS056-S114 are
up to 700 m thick (conversion of 0.6 s TWT by using a P-wave veloc-
ity of 2300 m/s for highly consolidated sedimentary strata). Unfortu-
nately, the use of the short streamer for the 2006 MCS surveys and
numerous diffractions from iceberg scours compromised attempts
to suppress seafloor multiple reflections and, thus, deeper horizons
could not be imaged.

Uenzelmann-Neben et al. (2007) analyzed seismic profiles AWI-
20060010 and -0011 along the easternmost Pine Island Bay close to
the shores of Canisteo Peninsula and King Peninsula (Fig. 1a,b). They
identified up to 300 m thick sedimentary strata in a glacial trough
extendingWNW-wards from the Cosgrove Ice Shelf (‘Cosgrove Trough’
in Klages et al., 2013) and northward dipping and thickening strata in
the NNE-ward striking Abbot paleo-ice stream trough, which is wider
and deeper than the western and eastern branches of outer Pine Island
Trough (Fig. 1). The new seismic profiles AWI-20100126b, -0127 and
-0128 (Fig. 1) have recently revealed that the seabed underlying
Abbot Trough is characterized by strong progradation and that its sedi-
mentary architecture is controlled by various basement highs and
ridges (Hochmuth and Gohl, in press).

The seismic profiles AWI-20100126a, AWI-20100121, AWI-
20100133 and BAS056-S114 cross the central Pine Island Trough
and its eastern outer shelf branch (PITE) in an east–west direction,
link the trough-parallel lines (Fig. 1) and enable a detailed spatial
analysis of the seismostratigraphic units and unconformities. Profile
AWI-20100126a (Fig. 6) and composite profiles AWI-20100120 and
-0121 (Fig. 7) reveal a sedimentary sub-basin within the mid-shelf
part of central Pine Island Trough with up to 4–4.5 km thick infill at
about 108° 30′ W. To the east, this sub-basin is bound by a steeply
rising basement, which further ascends towards a basement high
northwest of Burke Island (Fig. 6). In the central Pine Island Trough
we correlated major unconformities with those observed in the
trough-parallel profiles. Unconformity ASS-u1 terminates at the
basement flank, while unconformity ASS-u2 can be traced along
the entire profile AWI-20100126a. The major glacial unconformity
ASS-u5, whose subbottom depth roughly conforms with the bathy-
metric incision of the central Pine Island Trough, truncates the unit
ASS-3 on AWI-20100126a (Fig. 6) while ASS-u4 truncates the reflec-
tors in unit ASS-4 farther north (Fig. 7). In general, the seismic reflec-
tors in profile AWI-20100126a appear more irregular and chaotic
within the sub-basin than outside of it. This situation contrasts
with the parallel profile AWI-20100121 farther north, where the re-
flectors both within and outside the sub-basin are rather smooth. In
profile AWI-20100133 (Fig. S7) on the outer shelf the bathymetric
expression of the central Pine Island Trough is rather subdued (the
total bathymetric difference along the 120 km long profile is just
150 m) and both the seismostratographic sequences and correlatedun-
conformities are mostly horizontal. Only ASS-u3 truncates northwest-
dipping older strata, and ASS-u5 truncates slightly eastward dipping re-
flectors. We assume that the sequences of sedimentary strata in profile
AWI-20100133 rise eastwards, because near the eastern flank of PITE



Fig. 4. (a) Composite of seismic profiles AWI-20100135, AWI-20100134 and AWI-20100132 from the central Pine Island Trough across the outer shelf and slope of the eastern ASE shelf. Main unconformities ASS-u1 to ASS-u5 separating the
main sedimentary units ASS-1 to ASS-6 are marked and annotated. Other dominant seismic horizons within the sediment units are line-drawn. Note some normal faults within folded strata in the South. Black arrows indicate seismic
cross-lines. Description of seismic horizons and reflection characteristics is in the text. See profile locations in Fig. 1. (b) The seismic reflection pattern of the top segment of profile AWI-20100134 has a large degree of similarity with
that of (c) seismic profile PD90-30 collected across the Eastern Basin of the Ross Sea shelf (Anderson and Bartek, 1992). This profile crosses the DSDP Leg 28 Sites 270, 271 and 272 (Hayes and Frakes, 1975). The drawn and named uncon-
formities are from Decesari et al. (2007) and Sorlien et al. (2007).

121
K
.G

ohlet
al./

M
arine

G
eology

344
(2013)

115
–131

Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 349



Fig. 5. Composite of seismic profiles AWI-20060001, AWI-20060002 and AWI-94042 from the central Pine Island Trough across the outer shelf and slope of the eastern ASE shelf. Main unconformities ASS-u4 and ASS-u5 separating the main
sedimentary units ASS-4 to ASS-6 are marked and annotated. Other dominant seismic horizons within the sediment units are line-drawn. Black arrows indicate seismic cross-lines. Description of seismic horizons and reflection character-
istics is in the text. See profile locations in Fig. 1.
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they overlie a basement high, which possibly extends seaward from
the basement ridge north of Burke Island identified in profile AWI-
20100126a (Fig. 6). However, the low-fold quality of seismic profile
AWI-20100133 does not reveal the top of the basement and neither
does that of the crossing line AWI-20060001 (Fig. 5).

5. Sedimentation patterns and chronological constraints

We used the composite profiles AWI-20100132 to 20100135
(Fig. 4a) and the southernmost part of the SCS profile NBP9902-11
(Fig. S4) for a depth-converted transect from the inner to outer
shelf of the eastern ASE, primarily using seismic velocities we derived
from a velocity-depth model from seismic refraction phases recorded
by the OBS systems along profile AWI-20100100/AWI-20100133
(Fig. 8). Our P-wave velocities in this seismic refraction model range
from 2.0 km/s for sediments near the seafloor to 4.2 km/s for sedi-
mentary rocks at 3.7 km depth below seafloor (b.sf.). The velocity–
depth distribution is almost uniform along the east–west oriented
profile. Compared to sedimentary rock velocities of other glaciated
shelves (e.g., Cochrane et al., 1995; Larter et al., 1997), the relatively
high velocities of the upper sediments are characteristic for over-
compaction resulting from the pressure exercised by the repeated
overriding by an ice sheet. A P-wave velocity of ca. 1750 m/s mea-
sured on a subglacial till recovered within 1 m b.sf. in the eastern
ASE (Klages et al., 2013) is consistent with these high sediment veloc-
ities near the seafloor. As refraction arrivals from deeper seated sedi-
mentary sequences were not recorded due to the small airgun
configuration, we used a velocity of 4.5 km/s for sedimentary rocks
deeper than 4 km b.sf.

The depth-converted transect (Fig. 9) follows along the western
flank of the central Pine Island Trough. It clearly illustrates a large
basin infill between the basement high underneath the Eastern
Outer Bank and the basement cropping out on the inner shelf, with
sub-horizontal sedimentary strata lapping onto the basement flanks.
We assume that pre- and syn-rift sediments filled the deeper part of
the basin, which likely developed as part of the rifting process before
and during the breakup between the Chatham Rise and West Antarc-
tica. Post-rift sediments were deposited on top of the Eastern Outer
Bank basement block. The outer shelf is characterized by considerable
progradation of sedimentary strata that downlap onto an at least
1300 m thick sequence of aggraded sedimentary strata deposited
over the basement high. Similar to observations on other Antarctic
shelves (e.g., Cooper et al., 1991; Anderson et al., 1992; Eittreim et
al., 1995; De Santis et al., 1999), the onset of progradation may be
interpreted as the beginning of major subglacial sediment transport
across the entire ASE shelf by an advanced grounded ice sheet. Al-
though ASS-u4 is observed as a major glacial erosional unconformity,
ASS-u3 is likely to mark the beginning of the pre-glacial to glacial
transition with first glacier advances onto the inner to middle shelf.
Taking into account the depth difference between ASS-u3 and
ASS-u1, we conclude that at least 4 km of pre-glacial strata must
have been eroded from the present inner shelf and coastal hinterland
since the onset of grounded ice-sheet advance across the entire ASE
shelf.

We attempt to constrain a chronology for the seismostratigraphic
units on the ASE shelf by comparing their reflection characteristics
with those of other Antarctic shelves, for which chrono-stratigraphic
modelswere derived fromdrill cores and borehole records. The best an-
alogue for the ASE shelf appears to be the Eastern Basin of the Ross Sea
shelf, because both regions share a similar continental breakup history
and glacial sedimentation processes by the same ice sheet. Seismic pro-
files BGR80-07 and PD90-30 (Cooper et al., 1991; Anderson and Bartek,
1992; De Santis et al., 1995, 1999; Brancolini et al., 1997; Anderson,
1999; Chow and Bart, 2003) cross DSDP Sites 270, 272 and 271
and show a striking similarity in the pattern and sequence of seismic
units and unconformities with those of our transect AWI-20100132
to -0135 (Fig. 4b,c). In particular, the major glacial unconformity
ASS-u4 cuts strata with a high truncation angle similar to unconformity
RSU3 in the Ross Sea. By assuming that this unconformity represents
the same major glacial advance period, our ASE shelf unconformities
(from bottom to top) ASS-u2, ASS-u3, ASS-u4 and ASS-u5 consequently
may correspond to the Ross Sea unconformities (from bottom to top)
RSU5, RSU4/RSU4A, RSU3 and RSU2 (Cooper et al., 1991; De Santis et
al., 1995, 1999; Anderson, 1999; Decesari et al., 2007; Sorlien et al.,
2007; C. Sorlien, pers. comm.), respectively. The unconformity RSU2
correlates to the Ri unconformity in the Victoria Land Basin and was
drilled in the ANDRILL cores (Fielding et al., 2008; Wilson et al., 2012).
Only the oldest unconformity ASS-u1 does not correlate well with
RSU6. By adopting the ages of the correlation chart for the Ross Sea
shelf by De Santis et al. (1999), we estimate a preliminary age model
for the ASE shelf sediments (Fig. 10).

6. Discussion of a sedimentation model and implications for ice
sheet dynamics

As demonstrated by geophysical and petrological/geochemical data,
the continental margin of the Amundsen Sea and the Marie Byrd Land/
Thurston Island blocks was formed by rifting prior to and during the
breakup of New Zealand's Chatham Rise and Campbell Plateau (Larter
et al., 2002; Eagles et al., 2004; Kipf et al., 2012; Wobbe et al., 2012;
Gohl et al., 2013) (Fig. 9). Gravity and magnetic anomalies (Gohl et al.,
2007, 2013) coincide with the location of a basement ridge underneath
the Eastern and Western Outer Bank (Figs. 1, 4, 9), indicating that this
ridgemay represent the remnant of a crustal block that rifted a distance
apart from Marie Byrd Land before breakup occurred north of it at
90–85 Ma. Although the onlapping of the sedimentary sequences of
unit ASS-1 onto the Outer Bank basement ridge indicates that syn-rift
sediments had filled most of the basin south of it, possibly in a
back-arc setting, the southernmost strata show the most pronounced
deformation. They may represent pre-rift sediments that were folded
during the convergent plate boundary phase before or during the colli-
sion of Hikurangi Plateau with Chatham Rise at about 105–100 Ma
(Davy et al., 2008). The sparse observation of horizons below ASS-u1
does not allow the identification of any faulting in the sediments and
basement that would further support this interpretation. However, it
is possible that ASS-u1 (~105–90 Ma?)marks the transition froma con-
vergent to a divergent margin when the basin subsided at a different
rate (Fig. 9). Unit ASS-2, which has an estimated Late Cretaceous age,
was deposited unconformably on sediments of the convergent plate
boundary phase. Passive margin shelf deposition was dominated by
sedimentation of horizontal strata, continued without any clear hiatus
intoOligocene times and buried theOuter Bankbasement ridge. Folding
and faulting observed in the southernmost sections of unit ASS-2, in
particular on the inner shelf of the western ASE transect, indicate that
convergent or transpressional tectonic processes were active at least
until the latest Cretaceous or into the Oligocene. This deformation
may have been caused by transpressional and translateral motion of
the southern Bellingshausen Plate boundary (Eagles et al., 2004; Gohl
et al., 2013) and/or the West Antarctic Rift System (Müller et al.,
2007; Jordan et al., 2010) (Fig. 9).

Unconformity ASS-u2 (~21–19 Ma?) marks a very subtle and
gradual change in depositional processes towards those dominating
the formation of unit ASS-3 (Fig. 9). Decesari et al. (2007) correlated
RSU5, which we compare with ASS-u2, from the eastern Ross Sea to
the Victoria Land Basin where it was dated with ~21 Ma from the
chronostratigraphy of CRP-1 and CRP-2/2A drill cores (Fielding et
al., 2008, and references therein). ASS-3 is characterized by increas-
ingly distinct alternations between seismically transparent and
more reflective horizons. The first subglacially transported sediments
reached the inner Ross Sea shelf in the Oligocene and were supplied
by outlet glaciers draining local ice caps rather than an ice sheet
(e.g., De Santis et al., 1999). This is also possible for the ASE, because



Fig. 6. Seismic profile AWI-20100126 crossing the central Pine Island Trough of the eastern ASE shelf fromWest to East. Main unconformities ASS-u1, ASS-u2 and ASS-u5 separating
the main sedimentary units ASS-1 to ASS-3 and ASS-6 are marked and annotated. Note that unconformities ASS-u3 and ASS-u4 as well as sedimentary units ASS-4 and ASS-5 are
missing. Other dominant seismic horizons within the sediment units are line-drawn. Black arrows indicate seismic cross-lines. Description of seismic horizons and reflection char-
acteristics is in the text. See profile location in Fig. 1.

124 K. Gohl et al. / Marine Geology 344 (2013) 115–131
Gohl, K.: Tectonic and sedimentation processes of West Antarctica, Habilitationsschrift 352
an elevated hinterland, in particular an uplifted central Marie Byrd
Land block (LeMasurier, 2008) and the mountain ranges of Ellsworth
Land, could have already in the Late Oligocene or Early Miocene pro-
vided nucleation points for such regional ice caps that modified the
character of the inner to middle shelf deposition with additional sup-
ply of glacial debris. At this time, the outer shelf and continental slope
were probably not yet affected by deposition of glacigenic debris. We
name this period the ‘pre-glacial to glacial transitional phase’. The
landscape evolution of Marie Byrd Land, together with volcanic prod-
ucts of ice-contact eruptions and the composition of lake sediments,
indicate that ice caps had affected the ASE hinterland possibly as
early as in Oligocene times (Rocchi et al., 2006).

First advance of grounded ice onto the middle ASE shelf is evident
from erosional unconformity ASS-u3 (Fig. 9) and seems to have oc-
curred as early as 14 Ma, if the analogue to the similar Ross Sea
event is applicable. Progradation within unit ASS-4 is not observed
suggesting that grounded ice did not advance to the outer shelf.

The largest erosional event by grounded ice advancing to the outer
shelf is marked by the dominant unconformity ASS-u4 (~12–10 Ma)
(Fig. 9). Similar to unconformity RSU3 on the Ross Sea shelf, it trun-
cates older middle shelf strata obliquely and forms the basal surface
on which major progradational sequences build the upper 40–70%
of the outer shelf. The numerous subordinate and shorter unconfor-
mities within units ASS-5 to ASS-6 (e.g., Figs. 2 and S4) indicate fre-
quent advance and retreat episodes of grounded ice beginning in
the Late Miocene and continuing to the Pliocene and Pleistocene ac-
cording to our age model. Buried grounding zone wedges in the
upper sequences of unit ASS-5 (Fig. 3) suggest ice sheet advance to
the outer shelf in the early Pliocene. These bGZWs could only survive
later overriding by grounded ice, if thick (glaci-)marine sediments
were deposited on top of them during times when the grounding
line was located farther landward (i.e. during long interglacial pe-
riods). The prolonged accumulation of pelagic sediment resulted in
the observed burial of the grounding zone wedges, which prevented
them from being eroded by subsequent grounding line advances dur-
ing later glacial periods. Their preservation on the ASE shelf may,
therefore, indicate an extended warm period with a retreated ice
sheet and polythermal glacial activity resulting in high subglacial ero-
sion and high offshore sedimentation rates. With the existing sparse
data, it remains speculative whether this period was characterized
by an entirely ice-free ASE shelf and a WAIS significantly smaller
than today, which would be consistent with the results of ice sheet
modeling (Pollard andDeConto, 2009) and evidence for prolonged (sea-
sonal) open-marine conditions during the early Pliocene (~5–3 Ma) at
core site ANDRILL AND-1B from the Ross Sea shelf (Naish et al., 2009).
However, we argue that a sub-ice shelf situation proximal to a ground-
ing line cannot be sustained over long periods, because this would
make occasional advances of the grounding zone with erosion of the
GZWs very likely. More importantly, a sub-ice shelf environment distal
from the grounding line or a setting under perennial sea-ice coverage
would imply low sedimentation rates that range in modern Antarctica
usually in the order of just 1–10 cm/kyr (e.g., Domack et al., 2005;
Hemer et al., 2007; McKay et al., 2008). Given the fact that the
crest-base height difference of the bGZWs is approximately 50–60 m
and assuming that they were buried under sustained coverage with
floating ice at sedimentation rates of 25–100 cm/kyr, i.e. the highest
sub-ice shelf sedimentation rates reported for Antarctica (Pudsey and
Evans, 2001), the observed GZW burial must have taken at least 55–
225 kyr. We consider this scenario to be very unlikely and, therefore,
suggest GZW burial in a seasonal to permanently open-marine setting
with high plankton productivity far away from the grounding line,
which must have retreated at least onto the middle or inner shelf.

Cooling in the Late Pliocene, as documented for the Ross Sea sec-
tor (McKay et al., 2012), allowed grounded ice to advance across the
middle and outer shelf of the ASE again, which is evident from the
truncation of strata in unit ASS-5 and younger units on the inner to
middle shelf (unconformity ASS-u5) (Fig. 9). Progradation of unit
ASS-6 continued the oceanward growth of the outer shelf. Numerous
unconformities and surficial GZWs within ASS-6 indicate that
grounded ice repeatedly advanced to the outer shelf during late
Pleistocene glacial periods and that subsequent retreat often was
episodic.



Fig. 7. Composite of seismic profiles AWI-20100120 and AWI-20100121 crossing Bear Ridge of the central ASE shelf and the central Pine Island Trough from West to East. Main unconformities ASS-u2 to ASS-u5 separating the main sed-
imentary units ASS-2 to ASS-6 are marked and annotated. Other dominant seismic horizons within the sediment units are line-drawn. Black arrows indicate seismic cross-lines. Description of seismic horizons and reflection characteristics is
in the text. See profile location in Fig. 1.
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Fig. 8. (a) Top: example of ocean-bottom seismograph (OBS) recording (OBS station 04) of seismic refraction profile AWI-20100100 on eastern ASE shelf. Shown is the hydrophone
channel having the best quality of the four channels. Travel-time is reduced with a reduction velocity of 5 km/s. Offset is distance from OBS position. Bottom: Same OBS record with
picked refracted P-wave phases (red vertical bars indicate picking uncertainty range) and travel-time response (black lines) calculated from ray-tracing model. (b) Velocity-depth
model along profile AWI-20100100 with ray paths. The profile follows the MCS profile AWI-20100133 (Fig. S7) in east–west direction. The OBS stations are marked in yellow; cross-
ing seismic lines are marked with black arrows. The profile was acquired in order to better resolve velocities of the sedimentary sequences of the shelf. (c) One-dimensional
velocity–depth functions at the three seismic crossing points indicated in (b). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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The east–west orientated seismic profiles on the middle shelf of
the eastern ASE clearly illustrate a sub-basin with its long axis striking
NNE–SSW (Fig. 11). While its gentle western flank peters out towards
Bear Ridge, its sickle-shaped, steeper eastern flank is bordered by a
basement high that underlies most of the easternmost shelf, i.e. from
the islands in eastern Pine Island Bay to a ridge underlying Burke Island
and extending further north. The seismic expression of this sub-basin
coincides with a large area of smooth magnetic anomaly lows (Gohl et



Fig. 9. (a) Interpreted depth-converted seismic transect consisting of profiles NBP9902-11 (southernmost part only), AWI-20100135, AWI-20100134 and AWI-20100132 of the
eastern ASE, following the central Pine Island Trough from the inner and middle shelf and continuing across the outer shelf and slope. Sedimentary units ASS-1 to ASS-6 are colored
and contain schematic line drawings of main reflection horizons. The main observed unconformities of the ASE shelf are marked and annotated with ASS-u1 to ASS-u5. Units 1–4
correspond to sedimentary units of the ASE continental rise according to Uenzelmann-Neben and Gohl (2012). The units ASS-6 to ASS-1 are schematically backstripped to (b) the
Pliocene, (c) the Mid-Late Miocene, (d) the Middle Miocene, (e) the Early Miocene and (f) the Cretaceous when the main unconformities were generated. Other abbreviations are
NZ for New Zealand, MBL for Marie Byrd Land and WARS for West Antarctic Rift System. This basin development model is explained in the text.
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Fig. 10. Stratigraphic model and sedimentation processes of ASE shelf based on suggested correlation of unconformities of the Eastern Basin of the Ross Sea shelf, drilled during
DSDP Leg 28, with observed unconformities of the ASE shelf. Unconformities RSU2 to RSU5 and sequence ages from DSDP Sites 270, 272 and 271 are from De Santis et al.
(1995, 1999) and Anderson (1999) and references therein. Age epochs suggested for the ASE shelf units are proposed tentatively due to the lack of drill and outcrop records.
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al., 2013). We interpret this sub-basin as part of a transtensional or
strike-slip/pull-apart West Antarctic Rift System (WARS) branch that
accommodated the Byrd Subglacial Basin and Bentley Subglacial Trench
of central West Antarctica and extended to the north through the ASE
before its rift axis migrated east of the Thurston Island block at about
60 Ma (Müller et al., 2007). Dalziel (2006) postulated the extent of
the WARS into the ASE shelf, and our geophysical data confirm the ex-
istence of such a basin.

The relatively good coverage of seismic profiles in the eastern ASE
allows us to describe the development of the main flow-paths of Pine
Island Glacier and Thwaites Glacier across the shelf. We consider the
deepest parts of unconformity ASS-u4 in profiles AWI-20100121
(Fig. 7) and AWI-20100133 (Fig. S7) as the base of the initial central
Pine Island Trough, which developed when the first grounded ice
streams advanced across the middle shelf in the Middle to Late
Miocene. Compared to its present bathymetric configuration, the
paleo-position of the trough has not changed on the middle shelf seg-
ment. Unconformity ASS-u5, marking the onset of enhanced late Pli-
ocene glaciation, also parallels the present seafloor from the middle
to outer shelf (Figs. 7, S6, S7). We infer that the central Pine Island
Trough, whose location is constrained by the eastern WARS sub-
basin flank and shallow basement structures along tectonic linea-
ments (Gohl, 2012; Gohl et al., 2013), remained at the same position
on the shelf since early glacial advances. With the growth of the
progradational wedge, which moved the shelf break between 25
and 65 km oceanwards (Fig. 11), the paleo-positions of the PITE and
PITW also did not change much on the newly extended outer shelf.
A gap in seismic data coverage south of the Eastern Outer Bank
(Fig. 1) does not allow us to specify the paleo-position of the glacial
trough system between the outer PITW and the central Pine Island
Trough. This uncertainty applies also to the western ASE shelf
where the seismic data coverage on the outer shelf is relatively
sparse. However, our observation of relatively stable paleo-positions
of the three branches of Pine Island Trough suggests a glacial history
in the ASE that is different from that on the Ross Sea shelf. There,
paleo-ice stream troughs shifted more frequently during the early
phase of grounded ice-sheet advance, resulting in a greater along-
strike stratigraphic complexity (Alonso et al., 1992; Anderson and
Bartek, 1992). The long post-rift, pre-glacial interval in the ASE
resulted in a more deeply buried basement before the first ice sheets
advanced across the shelf. In contrast, basement control on paleo-
drainage of ice streams persisted much longer on the Ross Sea and
Antarctic Peninsula shelves (Alonso et al., 1992; Smith and
Anderson, 2010; Anderson and Bartek, 1992).

Our seismostratigraphic model of the ASE shelf (Fig. 9) provides
the prerequisite for an improved understanding of the West Antarctic
paleoenvironment from Cretaceous to Quaternary times and helps to
decipher WAIS dynamic history. Unlike the shelves of the Ross Sea
and Filchner-Ronne/Weddell Sea embayments, the ASE shelf consists
of glacimarine and subglacial sedimentary strata that were entirely
supplied from a West Antarctic source and thus from ice drainage ba-
sins unaffected by the East Antarctic Ice Sheet. Even for pre-glacial
times, the reconstructed Antarctic paleotopography at 34 Ma of
Wilson et al. (2012) indicates that an alluvial system draining into
the Amundsen Sea had its catchment in the West Antarctic hinter-
land. Shallow and deep drilling at selected sites on the shelf, slope
and rise, identified from the seismic records, would provide records
urgently needed for an improved understanding of processes and
mechanisms leading to West Antarctic Ice Sheet deglaciation as pres-
ently observed in the Amundsen Sea drainage sector.

7. Conclusions

This study presents a first seismostratigraphic analysis of the
Amundsen Sea Embayment shelf and slope using the extensive seis-
mic profile network acquired in this region during the last decade.
The main results are:

• The seismic data outline the geometry of a large pre- and syn-rift
basin on the middle shelf between the basement cropping out on
the inner shelf and an east–west striking basement ridge and other
basement highs on the outer shelf.

• A sub-basin with a NNE–SSW-striking axis underlies the mid-shelf
in the eastern ASE. We attribute its formation to transtensional or
strike–slip/pull-apart motion along an early WARS branch.

• We identify fivemajor erosional unconformities (from bottom to top:
ASS-u1 to ASS-u5) and interpret ASS-u3 as the result of minor ero-
sion caused by early advances of grounded ice onto the middle
shelf, and ASS-u4 as the result of major subglacial erosion caused
by grounded ice sheet advances onto the middle and outer shelf.

• The reflection characteristics of the seismostratigraphic units identi-
fied on the ASE shelf are remarkably similar to those on the Ross
Sea shelf for which age models exist from drill records. The unconfor-
mities ASS-u2, ASS-u3, ASS-u4 and ASS-u5 correspond, from bottom



Fig. 11. Outline map with main structural units of ASE shelf observed from seismic profiles. The solid colored lines annotated with ASS-u2, ASS-u3 and ASS-u4 mark the southern-
most observed limit of these erosional unconformities. The pre-glacial shelf-break is interpreted from the onset of major progradational deposition of the outer shelf. The western
limit of the WARS sub-basin cannot be clearly determined but extends probably farther to the West. The gray transparent area of the inner shelf marks outcropping basement. Thin
solid gray lines mark seismic profiles.
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to top, to the Ross Sea shelf unconformities RSU5, RSU4A (or RSU4),
RSU3 and RSU2, respectively. In a chronostratigraphic model for the
seismostratigraphic units on the ASE shelf, we assign an Early Creta-
ceous age to the oldest sedimentary unit ASS-1, a Late Cretaceous toOl-
igocene age to unit ASS-2, an Early toMid-Miocene age to unit ASS-3, a
Mid-Miocene age to unit ASS-4, a LateMiocene to Early Pliocene age to
unit ASS-5, and a Pliocene to Pleistocene age to the top unit ASS-6.

• Numerous minor truncational unconformities within units ASS-u5
and ASS-u6 indicate frequent advance and retreat episodes of ground-
ed ice across the middle and outer shelf in the Late Miocene and Plio/
Pleistocene.

• At least 4 km of pre-glacial strata were eroded from the present inner
shelf and coastal hinterland since the onset of major ice sheet advance
across the ASE shelf. Parts of the eroded sediments were deposited as
a progradional wedge that extends the outer shelf by 25 to 65 km
oceanward of the pre-glacial shelf break.

• The preservation of buried grounding zone wedges in the upper part
of unit ASS-5 on the outer shelf is consistent with prolonged continu-
ous accumulation of (glaci-)marine sediments, probably during a long
interglacial period with a significantly reduced WAIS in the early Plio-
cene as observed on the Ross Sea shelf. A seasonal to permanently
open-marine setting, similar as observed for the Ross Sea shelf for
the same time, was likely the case.

• The paleo-position of central Pine Island Trough has been constrained
by the easternWARS sub-basin flank and shallow basement structures
along tectonic lineaments. Consequently, central Pine Island Trough
has remained in the same position on the shelf since early glacial ad-
vances. The paleo-positions of the PITE and PITW on the outer shelf
also remained unchanged. We explain this difference to the Ross Sea
shelf, where paleo-positions of the glacial troughs have shifted more
dynamically, by a long post-rift, pre-glacial deposition history and
deeper-seated basement on the ASE shelf.
The seismostratigraphic model of the ASE shelf opens the door to
an improved understanding of the West Antarctic paleoenvironment
from Cretaceous to Quaternary times. Shallow and deep drilling at se-
lected sites on the shelf would provide stratigraphic control, and anal-
yses of paleoclimate proxies on the recovered sediments would help
to reconstruct past WAIS dynamics, which would improve the under-
standing of the processes and mechanisms leading to West Antarctic
Ice Sheet deglaciation as presently observed in the Amundsen Sea
drainage sector.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.margeo.2013.06.011.
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