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Abstract 

Abstract 

Aim of this study was to describe and charactesize three typical West Antarctic Peninsula 

continental margin depositional environments. Seismic, downhole and laboratory tools and 

techniques were applied to record physical and chernical proxics for a mulifacetted and 

differenciated understanding of the pasticular environments. 

A detailed seismostratigraphic characterisation of the unique Antarctic inner and outer 

shelf along the passive margin of the West Antarctic Peninsula has been complemented by 

logging informations that are tied to the seismic profiles via a new continuous depth vs. 

velocity profile. Logging inforrnation revealed that the shelf topsets consist of a series of 

stacked lodgement tills deposited as basal moraines. The palaeo-slopes (foresets) contain a 

diamictite / fines succession. Topsets and foresets are linked to the Same depositional 

mechanism, advance and retreate of shelf ice sheets. Foresets have a better preservation 

potential since all deposits below the shelf break are protected from direct ice erosion. 

Imbricated fabric in -200 mbsf (-2 Ma) with pebbles dipping to the S demonstrate deposition 

below a S-N oriented ice stream (consistent with the S-N oriented of a modern outlet-trough 

on the shelf West of Anvers Island) and witness the longevity of glacial outlet troughs on the 

shelf. Sealevel fall overcompensated by increased isostatic subsidence due to ice build-up that 

affected the continent and the adjacent shelfs is the most likely explanation for time 

synchronous Start of topset preservation at -2.8 Ma observed in Antarctic Peninsula and East 

Antarctic shelf records in conjunction with Nothern Hemnisphere Glaciation. 

Based on morphological features of a new multibeam map and published low 

resolution seismic data, a new tectonic model in the context of the general margin evolution 

was established for Palmer Deep. Two major phases of deforrnation along one conjugate set 

of faults are addressed. Phase l is N-S compressional with a left lateral strike slip component 

and associated lateral E-W extensional escape. Phase 2, related to the back arc type Bransfield 

Strait extension, is N-S extensional with left lateral movement on the NW trending faults and 

light lateral movement on the NE trending faults. The ultra high resolution Holocene to latest 

Pleistocene record from Palmer Deep (> 25 crnlka sedimentation rates) is divided into 5 

climato-stratigraphic zones (Last Glacial Maximum-Neoglacial) on the base of core logs and 

sedimentological findings. New synthetic seismograms closely tie the core-based physical 

properties to high resolution single channel Deep Tow Boomer records (HDTB) and allow a 

basin wide mapping of the stratigraphic units. Digitization of the HDTB data with new 

processing soft- and hardware setup significantly improved vertical (< 0.4 m) resolution and 

horizontal coherency of the profiles and allowed the identification of a small-scale mud diapir 



(> 4 m height, 30 m width) and pock marks. Mass flow introduced boyancy imbalance is 

identified to drive the diapirism at the foot of the steep basin walls. 

Large mounts on the continental rise along the Antarctic Peninsula margin between 

63OS and 69OS and within 200 km of the shelf break are interpreted as sediment drifts, 

separated by turbidity cun'ent channels. The internal seismostratigraphic drift architecture 

reveals an early pre-drift stage above the basement, a period of pronounced drift growth, and a 

late period of drift maintenance. Attempts to improve core to seismic ties with the use of 

synthetic acoustic profiles have been only pastially successful. Instead in-situ velocity check 

shots with a downhole toole provided the most accurate depth vs. traveltime information. 

Fine-fraction (<63 um) grain-size analyses of 530 samples allow a thorough assessment of the 

downhole grain-size distribution at Drift 7. The data is statistically processed and displayed 

using a vasiety of methods. Following an approach by Friedmann, skewness and standard 

deviation (sorting) have been chosen to differentiate the grain size data Set into 3 distinct 

populations. Grain-size populations 1 and 2 are respectively identified as the result of glacial 

and interglacial mass wasting processes of the slope. Sediment samples of Population 3 are 

the result of hemipelagic settling modified by bottom current activity. The assessment of these 

spatial and temporal distribution of the poulations in the light of an existing facies model 

resulted in a simpler but directly process-related conceptual model of the sequences. Using a 

special standardized moving window counting routine the population 1 data has been 

transformed into a regional Antarctic Peninsula ice volume indicator curve that is in good 

agreement with the Lear et al., 2000 data over the past 10 Ma. This regional ice volume curve 

for the Antarctic Peninsula is the most significant finding of this thesis. All evaluated proxy 

data prove that the early Pliocene was a time of reduced global- and Antarctic ice volume (- 

70%) and sea ice extent. Never before and after during the last 10 Ma was palaeo productivity 

higher at the rise than during this time. During the late Miocene the ice sheet was highiy 

dynamic with frequent advances and retreats. Starting at 3.2 Ma in concert with the Nosthern 

Hemisphere Glaciation the ice sheet became a permanent feature occupying the shelf during 

most of the glacial half cycles. 

The new results from the Antarctic Peninsula illustrate the complex dependencies and 

inter-relationships between the continental ice, shelf, dope and rise and demonstrate the 

potential of drift settings in reconstructing Antarctic glacial history. 



Zusammenfassung 

Thema dieser Arbeit ist die Charakterisierung und Beschreibung von Ablagerungsraumen am 

Kontinentalrand der westlichen Antarktischen Halbinsel anhand dreier Fallbeispiele. 

Geophysikalische und chemische Proxiparameter aus Bohrloch- und Labormcssungen wurden 

mit seismischen Profilen kombiniert, um interdisziplinÃ¤ zu einem umfassenden VerstÃ¤ndni 

der verschiedenen SedimentationsrÃ¤um zu gelangen. 

Eine detaillierte seismostratigraphische Charakterisierung des einzigartigen 

antarktischen inneren und Ã¤uÃŸer Schelfs entlang des passiven Kontinentrandes der 

westlichen Antarktischen Halbinsel wurde vervollstÃ¤ndig durch Bohrlochdaten, die mit Hilfe 

eines neuen Geschwindigkeitsprofiles auf seismische Profile Ã¼bertrage wurden. Die 

Bohrlochdaten zeigen, dass die Schelf topsets aus Ã¼bereinandergelagerte 

GrundmoranenkÃ¶rper bestehen wohingegen die PalÃ¤ohÃ¤n (foresets) aus Wechsellagen von 

groben Tilliten und feinerem Material aufgebaut sind. Topsets und foresets entstehen durch 

den Materialtransport von vorstoÃŸende oder sich zusÃ¼ckziehende Schelfeis. Foresets sind 

gewÃ¶hnlic besser erhalten, da alle Ablagerungen unterhalb der Schelfkante vor direkter 

Eiserosion geschÃ¼tz sind. Nach SÃ¼de einfallende GerÃ¶ll mit Dachziegellagerung in 200 m 

Tiefe (-2 Ma alt) beweisen die S-N StoÃŸrichtun des Eises (die auch mit der modernen 

Orientierung eines groÃŸe Schelfeistroges westlich von Anvers Island Ãœbereinstimmt und die 

Langlebigkeit dieser SchelfeistrÃ¶ge Ab 2.8 Ma kommt es zur Erhaltung von topsets der 

Schelfe der antarktischen Halbinsel und der Ost-Antarktis. Bei insgesamt fallendem 

eustatischem Meerespiegel im Zuge der Vereisung der nÃ¶rdliche Halbkugel kann dies am 

besten durch eis-induzierte Subsidenz erklÃ¤r werden, die den Kontinent und die 

angrenzenden Schelfe zeitgleich erfasst und den eustatischen Meeresspiegelabfall 

kompensiert. 

FÃ¼ die Palmer Deep Depression wurde ein strukturelles Modell anhand einer neuen 

Multi-Beam-Karte und bestehender Seismik erstellt. KernstÃ¼c des Modells ist ein 

konjungiertes StÃ¶sungssystem das wÃ¤hren zweier Deformationsphasen aktiv war. In Phase 1 

erfolgte N-S Einengung mit Linksseitenversatz verbunden mit lateraler E-W Extension. Phase 

2 ist mit der back arc Ã¤hnliche Extensiongeschichte der Bransfield StraÃŸ verbunden und ist 

charakterisiert durch N-S Extension mit Linksseitenversatz entlang der NW und 

Rechtsseitenversatz entlang der NE verlaufenden StÃ¶rungszonen Die holozÃ¤ne bis 

spatpleistozanen ultra-hochauflÃ¶sende Keme von Palmer Deep (Sedimentationsraten > 25 

crnlka) lassen sich aufgrund von physikalischen und sedimentologischen Befunden in 5 

klimatostratigraphische Zonen einteilen (Letztes Glaziales Maximum bis zum Neoglazial). 

Neue synthetische Seismogramme erlauben eine genau Korrelation der physikalischen 

Kemdaten mit der hochauflÃ¶sende tiefgeschleppten Boomer Seismik (HDTB) und somit ein 

beckenweites Kartieren der stratigraphischen Einheiten. Mit neuentwickelter Software und 



Zusammenfassung 

unkonventioneller Hardware konnten die analogen HDTB-Profile digitalisiert werden. Dies 

fÃ¼hrt zu einer deutlichen Verbesserung der vertikalen AuflÃ¶sun (< 0.4 m) und der lateralen 

KohÃ¤ren und die Entdeckung eines Miniatur-Schlammdiapirs (> 4 m HÃ¶he 30 m 

Durchmesser) und Pockmarken. Auftriebsungleichgewichte durch Hangrutschungen am FuÃŸ 

der steilen BeckenwÃ¤nd erklÃ¤se den Diapirismus. 

Erhebungen am KontinentalfuÃ entlang der Antarktischen Halbinsel zwischen 63"s 

und 69's im Abstand von bis zu 200 km von der Schelfkante werden als sedimentÃ¤r 

DriftkÃ¶rpe interpretiert, die von Turbiditrinnen getrennt werden. Die interne Driftstruktur 

lÃ¤ss drei Stadien erkennen: Vordriftstadium, Hauptdi-ift-Wachstum und ein spÃ¤te Stadium 

des Drifterhaltes. Versuche mit Hife von synthetischen Profilen die Korrelation der Kerne zu 

den seismischen Profilen zu verbessern waren nur zum Teil erfolgreich. Vertikale 

Bohrlochseismik ergab in diesem Fall die genauesten Laufzeit-/ Tiefen-Informationen. Mit 

Hilfe von 530 Feinfraktionsanalysen wurde eine detaillierte Tiefenverteilung des 

KorngrÃ¶ÃŸenspektru an Drift 7 erstellt. Die Ausgangsdaten wurden mit verschiedensten 

statistischen Methoden nachbearbeitet und dargestellt. Nach einer Methode von Fi-iedmann 

konnten die Daten mit Hilfe ihrer Soi-tierungs- und Schiefewerte in drei klar abgegrenzte 

Populationen eingeteilt werden. Population 1 und 2 konnten entsprechend glazialen und 

interglazialen Hangrutschungsprozessen zugeordnet werden. Sedimente der Population 3 

entstammen hingegen durch BodenwasserstrÃ¶mun modifizierten hemipelagischen 

Ablagerungen. Der Vergleich der rÃ¤un~liche und temporÃ¤re Verteilung der Populationen 

mit einem existierenden Fazies-Model fÃ¼hrt zu einem vereinfachten prozess-orientierten 

Sequenzmodel. Mit Hilfe einer speziellen, normierten Fenstertechnik wurde eine regionale 

Eisvolumenkurve fÃ¼ die Antarktische Halbinsel der letzten 10 Ma erstellt, die sehr gut mit 

globalen Daten von Lear et al., 2000 Ã¼bereinstimmt Die neue Eisvolumenkurve stellt das 

wichtigste Ergebnis dieser Arbeit dar. Das Untere PliozÃ¤ ist durch 70% reduziertes 

Eisvolumen, reduziertes Meereis und die bei weitem hÃ¶chst PalÃ¤oproduktivitÃ der letzten 10 

Ma gekennzeichnet. WÃ¤hren des spÃ¤te MiozÃ¤n zeigt das Eisschild ein sehr dynamisches 

Verhalten mit wiederholtem VorstoÃ und RÃ¼ckzug Im Zuge der Vereisung der nÃ¶rdliche 

Halbkugel, ab 3.2 Ma, wird das Eisschild stabiler und nimmt wÃ¤hren der Glazialzeiten groÃŸ 

Teile des Schelfs ein. 

Die vorgestellten Ergebnisse veranschaulichen die komplexen Beziehungen und 

AbhÃ¤ngigkeite zwischen kontinentalem Eis, Schelf, Hang und HangfuÃ und demonstrieren 

das groÃŸ Potential der DriftkÃ¶spe bei der Rekonstruktion der glazialen Geschichte der 

Antarktis. 



Danksagung 

Herrn Prof. William Hay (GEOMAR, Kiel) gebÃ¼hr mein herzlicher Dank fÃ¼ die Betreuung 

meiner Arbeit, fundiertem, weitblickenden, fachlichen Rat und die praktische UnterstÃ¼tzun 

beim Schreiben. Danken mÃ¶cht ich Ihm auch fÃ¼ die unermÃ¼dliche aufopferungsvolle 

Verbesserung des englischen Manuskriptes. 

Herrn Prof. JÃ¶r Thiede (AWI, Bremerhaven und GEOMAR, Kiel) und Dr. Warner 

BrÃ¼ckman danke ich fÃ¼ die geduldige UnterstÃ¼tzun und die Projektleitung des DFG 

Projektes TW200-37-112 in dessen Rahmen meine Arbeit entstand. Dr. Warner BsÃ¼ckman 

danke ich besonders fÃ¼ seine Begleitung durch die Irrungen und Wirrungen des 

institutionalisierten Forscherlebens, die ErmÃ¶glichun von Forschungsaufenthalten im 

Ausland und seine UnterstÃ¼tzun bei der Bewerbung um die Teilnahme an ODP Leg 178. 

Meinen ganz herzlichen Dank auch an Frau Ortrud Runze, die mit Akribie und groÃŸe Geduld 

formelle Konsistenz in meine Arbeit gebracht hat. 

Den JOIDES RESOLUTION Fahrtteilnehmern (Carlottta Escutia, Christine Lauer, 

Rob Laronga, Trevor Williams, Thomas Wolf-Welling, Paula Weiss, Carol Pudsey und 

Eugene Domack) und Co-Chiefs von Leg 178 mÃ¶cht ich danken fÃ¼ die Aufnahme in ihrer 

Mitte, die unvergesslichen Erlebnisse wÃ¤hren Leg 178 und die wissenschaftliche 

Zusammenarbeit, Bereitstellung von Abbildungen und Daten, und Miteinbeziehung bei der 

Bearbeitung von Proben und Profilen nach Abschluss von Leg 178. Insbesonders Angelo 

Camerlenghi und dem "Prograrnrna Nazionale di Ricerche in Antartide", Italy, danke ich fÃ¼ 

die Bereitstellung von reflexionsseismischen Profilen. Danke auch den Reviewern Christian 

BÃ¼cker Giorgio Fontolan und Trevor Williams, die meine, in dieser Arbeit enthaltenen 

VerÃ¶ffentlichungen substanziell verbessert haben. 

Dirk KlÃ¤sche (GEOMAR, Kiel) gilt mein Dank fÃ¼ eine Einfuhrung in das Programm 

,,Seismos" und seine unschÃ¤tzbar Hilfe bei der Bearbeitung digitalisierter HUNTEC Daten. 

Danken mÃ¶cht ich auch fÃ¼ die Gelegenheit, viel Ã¼be das Prozessing gelernt zu haben und 

fÃ¼ seine Geduld beim ZuhÃ¶re meiner Problemschilderungen. 

Kate Moran, Larry Mayer, Dave Mosher, Robert Courtney, Austin Beus und vielen 

anderen Mitarbeitern und Ehemaligen des Bedford Institute of Oceanography, Dartmouth, 

Canada, danke ich fÃ¼ die EinfÃ¼hrun in die Laborarbeit an Kernen und die grundlegende 

Vermittlung der Voraussetzungen fÃ¼ das seismische Modellieren. 

Die wissenschaftlichen HilfskrÃ¤ft Daniel A. Hepp, Sina MÃ¼lle und Dirk Hal-rie 

haben wesentlich zum effektiven Aufbereiten der Proben und der Umsetzung von unzÃ¤hlige 

Grafiken beigetragen. 



FÃ¼ eine menschliche AtmosphÃ¤r und Integration in die Abteilung PalÃ¤o-Ozeanologi 

am GEOMAR hat vor allen Dingen die "Betriebssportg~-uppe Dart" gesorgt. Ihre Mitglieder - 

Manu (Danke fiir die LÃ¶sun von Computer- und Karten-Wehwehchen), Jan (Danke fÃ¼ 

Literatur) Sascha (Freude an der Geologie), Stefan, Claudia und Carolyn - haben manchen 

grauen Tag mit Freundlichkeit und Ironie erhellt. 

Ein groÃŸe DankeschÃ¶ and meine Eltern und meine GroÃŸmutter die mich von Anfang 

an fÃ¼ die SchÃ¶nhei unserer natÃ¼rliche Umwelt und viele ihrer Mechanismen sensibilisiert 

haben. Meinen Schwiegereltern und Eltern mÃ¶cht ich fÃ¼ die UnterstÃ¼tzun danken, mit der 

sie unsere junge Familie Ã¼be so manche finanziellen EngpÃ¤ss und mentale Tiefpunkte 

hinweggeholfen hat. Ganz besonders danke ich meiner Frau Martina, die mir durch ihre Hilfe 

und ihr VerstÃ¤ndni viel Kraft wÃ¤hren der Endphase meiner Arbeit gab. 



CHAPTER 1: Introduct~on to Antarctic Peninsula Geology & ODP Leg 178 

1 Introduction to Antarctic Peninsula Geology & ODP LEG 178 

Fig. 1.1. Antarctica and the Antarctic ice sheets. Elevation of ice sheets show on East Antarctica the continental 

ice sheet and on West Antarctica the marine-based ice sheet, that is largely grounded below sea-level. The 

history and stability of these ice sheets differ: The West Antarctic ice sheet is less stahle and developed later (late 

Miocene) than the East Antarctic ice sheet, which is believed to have developed to its present form hy the nuddle 

Miocene (-14 Ma) (map modified from Kennett and Hodell, 1995). 

With a surface area of 14.11 * 1 0  km%nd an ice Cover up to 4.5 km thick (average ice 

thickness: -2.5 km) over 98% of the land surface, Antarctica is the coldest, driest and highest 

continent. It is home of more than half of the world's continental ice (Geographie der Erde, 

2000). Starting in late Eocene time Antarctica became the key player in determining the 

world's modern climatic fate (Lawver et al., 1992; Fitzgerald, 1999; Exon et al., 2000). The 

role of the West Antarctic ice sheet is especially important since most of it is grounded below 

sea-level (Fig. 1.1) and therefore susceptible to decay under changing environmental 

conditions (Barrett, 1996; Scherer, 1993). 

This introductory chapter explains briefly the history and role of Antarctica, the 

special situation of the Antarctic Peninsula, modern oceanic conditions, the aim of ODP Leg 

178 and my motivation to write this thesis. 

Verlagshaus Stuttgari im Bertelsmann Lexikon Verlag: Geographie der Erde. Neue EnzyklopÃ¤die Stuttgart, 

GÃ¼tersloh MÃ¼nchen 2000. 



CHAPTER 1: Introduction to Antarctic Peninsula Geology & ODP Leg 178 

1.1 Tectonic History 

0 

Fig. 1.1. "West Antarctica: problem child of Gondwanaland, tectonics" (Dalziel and Elliot, 1982). The West 
Antarctica micro-plate mosaic so far consists of 5 units: AP = Antarctic Peninsula; EMW = Ellsworth-Whitnlore 
Mountains; HN = Haag Nunataks; MBL = Marie Byrd Land; TI = Thurston Island (Microplate boundaries after 

Lawver et al., 1991; Figure modified from Studinger, 1998). 

1.1.1 Breakup OS Gondwana - The Birth OS the Southem Oceans 

The continent of Antarctica is divided into two large geologic provinces: East and West 

Antarctica. The Transantarctic Mountains (Fig. 1.1), a suture Zone, separate the Precambrian 

cratonic East from the younger West Antarctic and the Antarctic Peninsula (Dalziel et al., 

1987). 

According to Lawver et al. (1999) sufficient sea floor data are now available to allow a 

reliable reconstruction of Gondwana (around 200 Ma) based on marine magnetic anomalies, 

ocean crust ages (and derived sea floor spreading rates), sea floor bathymetsy, and tectonic 

lineations. During this time at least three of the five structural units that today form the 

continental mosaic of West Antarctica (Antarctic Peninsula, Thurston Island, Block and 

Marie Byrd Land; Fig. 1.1) lay proximal to the tip of South America and were affected by the 

subduction of what is today the Pacific Plate. Extensive subduction related volcanism and 

plutonism (Tamey et al., 1982) and the abrupt terrnination of tectonic features at the Southern 

tip OS South America indicate that before the breakup of Gondwana the Antarctic Peninsula 

microplate was part of the South American Andes. 
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Fig. 1.1. The breakup of Gondwana and the location of the Bouvet-Mantle-Diapir (White and McKenzie, 1989) 
following the reconstruction of Storey et al. (1996), (A) around 200 Ma, (B) 190-170 Ma (Brewer et al., 1996; 
Lawver et al., 1991), Start of rifting and formation of oceanic cmst. AP = Antai-ctic Peninsula: EW = Explora 
Wedge; EMW = Ellsworth-Whitmore Mountains; GFS = Gastre-Faults-System; MBL = Marie Byrd Land; F1 = 

FalklandlMalvinas-Islands; NZ = New Zealand; TI = Thurston Island; WSE = Weddell Sea Embayment 
(modified from Studinger, 1998). 

The breakup of Gondwana started about 190 Ma ago (middle Jurassic) in what is today 

the Weddell Sea (Fig. 1.1). Large occurrences of continental flood basalts between Antasctica 

and Africa in the region of the Falkland-Plateau (Studinger, 1998) make rising mantle plumes 

in conjunction with differential forces of the subduction process the likely cause initiation of 

the breakup (Storey, 1997). 

After an initial left lateral relative movement between South America and Africa 

documented in the Gastre Fault System (Storey et al., 1996; Fig. 1.1B) and continuing 

subduction beneath the Antarctic Peninsula block, the tension field changed and forced a 

North-South separation of Africa and East Antarctica. The Ellsworth Orogeny (200 Ma; 

Jankowsky and Drewry, 1981), the Palmer Land Deformation (150-140 Ma; Storey et al., 

1996) and the Andean Orogeny (100 Ma) represent steps in the amalgamation process of the 

four Antarctic Peninsula microplates to East Antarctica. In the reconsti-uction of Grunow et al. 

(1991) the microplates were connected to East Antarctica around 125 Ma. By 100 Ma East 

and West Antarctica had reached their present-day position with respect to each other 

(Fitzgerald, 1999). The precise timing of this continental amalgamation process, and the role 

of the Ellsworth Whitmore and other blocks are still under debate (Studinger, 1998). 
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1.1.2 Cenozoic Plate Tectonic Scenario 

AXIS of extension - Paleotrench locatson 

sss^s-s  Extsnct spreadmg centre <P> Ridge Segment arrsval ago (Ma) 

S~~bd~cctson zone 

Fracture zone 

2 Oceamc crust isochion (Ma) 

@ ODP Leg 178 dnllsstes 

Fig. 1.1. Ridge crest-trench interaction along the West Antarctic Peninsula margin. Note the successively 
younger ages of the passive margin to the north. The drill sites of ODP Leg 178 in this area are indicated. Sites 
1095 and 1096 are to the south of the map area (modified after Larter and Barker, 1991; Larter et al., 1997). 
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Subduction along the Western margin of the Antarctic Peninsula was continuous from late 

Triassic until Cenozoic. Consumption of the Phoenix Plate and the arrival of ridge Segments 

at the trench (Barker, 1982; Larter and Barker, 1991; Larter et al., 1997) f o ~ e d  northward 

migration of the subduction and the subsequent formation of a passive margin (Fig. 1 .I) .  As 

each ridge-crest segment arrived at the trench, it locked up and subduction and spreading 

stopped. The last ridge-crest segment entered the subduction Zone obliquely, southwest of the 

Hero Fracture Zone between 6.4 and 3.3 Ma (Larter et al, 1997). Subsequently the edge of 

Antarctic Peninsula has evolved a passive margin. The age of each passive margin Segment 

can be determined by the age of the crust in front of the paleo trench (Fig. 1.1; Larter and 

Brker, 1991). Northeast of the Hero Fracture Zone spreading at the remaining part of the 

Antarctic-Phoenix ridge stopped in Pliocene time, leaving a relict triangle of the Phoenix plate 

and the the Antarctic-Phoenix ridge. The overall regime is still compressional and the 

consurnption of the Phoenix Plate below the Antarctic Peninsula continues (Maldonado et al., 

1994; Kim et al., 1995). 

1.1.3 Recent Plate Tectonic Situation 

Relative plate motions are especially complex between South America, Antar-ctica and Africa. 

The rnajor active zones are visible in recent shallow earthquake records and sea floor 

morphology (Fig. 1.1). The accepted model after Forsyth (1975), Barker (1982), and others 

may be described as follows: 

The three major plates (South America, Africa, Antarctica) meet in a ridge-transforrn- 

transform triple junction in the South Atlantic at about W S ,  1Â°W With respect to South 

Arnerica, Africa is moving to the NE and Antarctica to the E. The small Sandwich Plate is 

bounded by the South Sandwich Trench (subduction zone) in the W and a back arc spreading 

Center (Scotia Ridge) in the East, the South Sandwich Islands are an island arc. Today, the 

Sandwich Plate and the Scotia Plate move East and override part of the South American Plate 

(Fig. 1.1B). 

The North Scotia Ridge lies along transform fault bounding both the Scotia and 

Sandwich Plates to the North. In contrast the South Scotia Ridge is a diffuse transform with 

widely separated ridge segments bounding the Scotia and Sandwich Plate to the South 

(Barker, 1994) (Fig. 1.1B). 
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- 

Fig. 1.1. (A) Shallow earthquake epicentres and (B) recent plate boundaries and relative plate rnotions in the 
Scotia Sea region (after Klepeis and Lawver, 1996). AFR = African Plate; ANT = Antarctic Plate: BS = 

Bransfield Strait; HFZ = Hero Fracture Zone; NAZ = Nazca Plate; NSR = Noith Scotia Ridge; SAM = South 
American Plate; SFZ = Shackleton Fracture Zone; SI = Sandwich Islands; SP = Sandwich Plate; SSR = South 
Scotia Ridge; SST = South Sandwich Trench. Older literature refers to the Phoenix Plate as Drake or Aluk Plate 
(modified frorn Barker, 1982; Barker and Dalziel, 1983). 

The South Scotia Ridge extension is repeated further to the West in the opening of 

Bransfield Strait (Fig. 1.1 and Fig. 1.1B). The extension started around 4 Ma (Ercilla et al., 

1998), about the time the last ridge segment of the Phoenix Spreading Center entered the 

trench to the SW (Larter, 1997). Bransfield Strait is regarded as an "abnormal" back arc basin 

(Gonzalez-Casado et al., 2000). It was associated with subduction rollback mechanisms by 

6 
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Smellie et al., (1984), Maldonaldo et al., (1994) and Lawver et al., (1995; 1996) but is now 

thought to be the result of sinistral simple shear coupling between the Scotia and the Antarctic 

Plate. In any case the Bransfield Strait extension is causing compression in the South Shetland 

Islands (an extinct volcanic arc) due to a lack of subduction retreat (Gonzalez-Casado et. al., 

2000). The extension is accomodated and compensated by the ongoing convergence at the 

South Shetland Trench to the N (Ercilla, 1998). The extension is expressed in normal faults 

trending dominantly NE-SW and less dominantly NW-SE. The existence of true oceanic crust 

is in debate, however, Bransfield Street extension may be seen as the very early stage of the 

opening of a new oceanic basin (Gonzalez-Casado et al., 2000). 

1.2 The Southern Ocean 

1.2.1 The Big Picture: Time, Plates, Convection. Ice and Isotopes 

Fig. 1.1. Plate configuration of Antarctica and sui~ounding continents and the transition from the meridional to 

the modern circum-Antarctic circulation in rniddle Eocene (50Ma), early Oligocene (30 Ma) and early Miocene 

(20 Ma) times (after Lawver et al., 1992: Ban-ett, 1996; Figure modified from ODP Leg 178 Shipboard Scientific 

Party, 2001). 
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Fig. 1.2. S~~mmary  of global deep-sea oxygen and carbon isotope records based on data cornpiled frorn more 

than -50 DSDP and ODP Leg 178 sites with pelagic sedimentary sections. dorninanted by fine-grained, 

carbonate-rich (>50%) oozes or chalks. Most of tlie data are derived from analyses of Cibicidoides and 

Nuttallides. To con'ect for genus-specific isotope vital effects, the 8'^0 values were adjnsted by +0.64 and +0.4 

'Ioo, respectively. The absolute ages ai-e based on the time scale of Berggren et al. (1995). The raw data were 

smoothed with a 5 point running average and a locally weighted mean. The carbon isotope record shows separate 

curve fits for the Atlantic (blue) and Pacific above the nuddle Miocene, illustrating the increase in basin-to-basin 

fractionation that exceeds -1.0 o/Ã£ in some intervals. Prior to 15 Ma, interbasin gradients are insignificant or 

nonexistent. The 8^0 temperature scale was computed for an ice-free ocean [-1.2 'InÃ Standard Mean Ocean 

Water (SMOW )], and thus only applies to the time preceding the onset of large-scale glaciation on Antarctica 

(-35 Ma). From the early Oligocene to present, much of tlie variability (-70%) in the S1'O record reflects 

changes in Antarctic and Northern Hemisphere ice volun~e. The vertical bars provide a rough qualitative 

representation of ice volurne in each hemisphere relative to the Last Glacial Maximum (LGM), with the dashed 

bar representing periods of minimal ice coverage (550%), and the full bar representing close to maximum ice 

coverage (>50% of present). Some key tectonic and biotic events are listed as well. Reprinted with rninor 

additions by permission of Zachos et al. (2001). Refer to the original paper for details. 

The South Atlantic was Open in late Cretaceous to late Eocene times (70-40 Ma; Niirnberg et 

al., 1991) and circulation was meridional. The link between South America and Antarctica 

still existed (Lawver et al., 1992) (Fig. 1.1A). The Antarctic Peninsula micro plates and other 

continental fragments blocked circulation from the Pacific to the South Atlantic. Tasmania 

and the South Tasman Rise also formed an effective barrier to high latitude zonal circulation 
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between Antarctica and Australia. However, some deep water circulation may have occurred 

between the Campbell Plateau and Marie Byrd Land, West Antarctica (Lawyer et al., 1992; 

Fitzgerald, 1999). 

Spores and pollen from ODP Leg 178 cores (Leg 178 Shipboard Scientific Party, 

1999) indicate that part of Antarctica was relatively wann during the late Cretaceous - late 

Eocene with temperate rain forest vegetation and little ice present. During this Eocene 

Greenhouse" world the Australe-Antarctic Gulf to the east and the the widening Pacific 

Ocean to the West brought warm tropical waters to Australia and Antarctica (ODP Leg 178 

Shipboard Scientific Party, 1999). 

Spreading between Australia and Antarctica in the late Eocene (37-33.5 Ma) forced 

the Tasmanian Rise to separate from Antarctica (Lawver et al., 1992; 1997; Fitzgerald, 1999) 

(Fig. 1.1B). Subsequent subsidence of the broad Tasmanian shelves initiated cooler West to 

east surface circulation around Antarctica (Exon et al., 2000). 

Movement of Antarctica to the east (relative to South Amercia), in conjunction with 

the opening of the Western Scotia Sea and formation of sea floor in the Drake Passage asound 

29 Ma (Barker and Burell, 1977; LaBrecque and Cande, 1985), cleared the Antarctic 

Peninsula from the tip of South America. However, according to ideas of Fitzgerald (1999) 

and Lawver et al., (1992) true circum-Antarctic deepwater circulation through the Drake 

Passage did not occur until 20-23 Ma (Fig. l.lC). In contrast, Exon et al. (2000) attributed 

early Oligocene cooling and some ice-sheet formation to the cut-off of warm tropical cur-sents 

from some parts of Antasctica by the developing Antarctic Circumpolar Cui-sent. 

An earlier initiation of the thennal Isolation of Antarctica is supported by oxygene 

isotope studies (Miller et al., 1987; Zachos et al., 1993; 2001) that show a sharp decline in 

5 0  values at the Eocene-Oligocene boundary (33.5 Ma, Fig. 1.2). This decline is attributed 
13 to the build-up of continental ice containing isotopically lighter 0 water, and hence 

enriching 0 in the oceans. The data of Zachos et al. (2001) are from a global compilation of 

oxygen isotope values of 50 DSDP and ODP Leg 178 sites. 

The opening of the Tasmanian Gateway between Australia and Antarctica and the 

opening of the Drake Passage between South America and the Antarctic Peninsula were 

followed by the establishment of the Antarctic Circumpolar Current, with enormous 

consequences for global climate and circulation. The opening of the circumpolar gateways led 

to the Isolation of Antarctica from warm gyral surface circulation of the Southern Hernisphere 

oceans and provided the conditions that led to ocean conveyor circulation between the 

Atlantic and Pacific Oceans. Additionaly extemal planetary forcing in conjunction with the 
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gradually decreasing atmospheric CO2 (DeConto and Pollard, 2001) that may have crossed a 

ci-itical treashhold level in the early Oligocene (Pollard and DeConto, 2001; Berner, 1994) 

initiated the polar cryosphere in Antarctica during the Paleogene and early Neogene and later 

in the bipolar world during the Start of late Neogene Northern Glaciation (ODP Leg 189 

Shipboard Scientific Party 2000). 

The changes in 5180 (Fig. 1.2) following the onset of permanent continental ice sheets 

are the combined effect of changing ice volumes and temperature (Zachos et al., 2001). The 

lack of ice sheets prior to the Eocene-Oligocene boundary cannot be supported by direct 

physical-chemical proxies. However, evidence from high latitude deep sea samples in the 

form of ice-rafted detritus (IRD) and the abundances of clay minerals indicating changing 

physical continental weathering conditions support this assumption (Ehrmann and 

Mackensen, 1992). Accepting reasonable temperature limits on the basis of modern bottom 

and tropical surface waters and data from MgICa thermometers 70-90 % of the sudden rise of 

5"0 at 34 Ma may be attsibuted to the ice volume component. The remaining 10-3096 of the 

rise in 5"0 can be atti-ibuted to the Open gateways integrating cooler waters into global 

the~-mohaline circulation, inducing a decrease of greenhouse gases (CO;). 

Trusting the isotope record an ice volume indicator, the Antarctic ice sheet expanded 

rapidly and formed a stable feature throughout most of the Oligocene. A cover of temperate 

ice with 50% of todays extent is assumed by Hambrey et al., 1991. A waiming trend at the 

end of the Oligocene (26-27 Ma) until 15 Ma resulted in increased bottom-water temperatures 

(Miller et al., 1991; Wright et al., 1992) probably reduced the extent of the ice sheet (Zachos, 

2001). This relatively warm period reached its climax in the Mid-Miocene Climate Optimum 

(17-15 Ma; Fig. 1.2). It was intessupted only by a temporary cooling event at the Oligocene- 

Miocene transition (Mi- 1 Glaciation, Fig. 1.2; Zachos, 2001 ; Bai-rett, 1999). Sealevel data 

(Haq et al, 1988) and oxygen isotopes record a reestablishment of permanent ice cover, 

accompanied by gradual cooling from 15 to 8 Ma. Following this cooling trend 5 0  values 

decrease again, marking a warmiiig trend that started in the latest Miocene and persisted 

throughout the lowei- Pliocene to be abruptly terminated around 3.2 Ma (Zachos et al., 2001) 

when the large-scale glaciation of the Northern Hemisphere began. Since 3.2 Ma the isotope 

data reflect the combined effect of changes in bipolar ice volume and temperature. The 

Caribbean-Pacific Gateway closed around 4.5 Ma, and southein sourced deep-water 

expanded northward between 3.3 and 2.6 Ma (Tiedemann and Franz, 1997). From there on 

die Northern and Southern Hemispheres appear to be closely coupled with regard of ice 

volume build-up and decay. 
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1.2.2 A Dispute: EPD versus WS1 

0" 

Fig. 1.1. Antarctica and its ice sheet during the warm Pliocene, accordiiig to the model of Denton et al. (1991) 
following the EPD hypothesis of Webb et al. (1984). Ice volume was reduced to a third of its modern value and 
the continent is bordened by shallow marine basins. Contours are relative thicknesses (modified from Denton et 
al., 1991). 

Modern shelf ice 

The effect of late Miocene/Early Pliocene wasming On the extent and behavior of the East and 

West Antarctic Ice sheets is disputed. The conflict between the stability hypothesis (WS1 = 

Wann Stable Jce-Sheet) and the Early Pliocene Qeglaciation (EPD) scenario (Webb et al., 

1984; Webb and Harwood, 1991) is now almost 17 years old. The dispute started when Webb 

et al. (1984) described a diverse biota of diatoms, sponge spicules, radiolarians, palynomorphs 

(Barrett, 1999) and wood2 in glacial diamicts of the Sirius Group in the Transantarctic 

Mountains. Nothofag~(s fossils occur in elevations of 1800 m and marine microfossil 

I 

180" 

Nothofagus, a small tree, sirnilar to scrub found in todays high alpine regions of Tasmania and Patagonia 

(Francis, 1999; Webb and Harwood, 1993). 
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assemblages at 2750 m. Marine diatoms of the assemblage dated as Pliocene in age have been 

interpi-eted by Webb et al. (1984) as being deposited in an ice-free flooded East Antarctic 

interior, subsequently to be glacially eroded and transported to their present location by a 

younger Antarcic ice sheet in cooler, late Pleistocene times. Two aspects of the proposed 

depositional processes for the fossil-bearing deposits of the Sirius Group are not questioned. 

The deposits at high elevation (including the type locality with the sich microfossil 

assemblage) were in fact deposited from the East Antarctic ice, once overtopping the 

mountain chain of the Transantarctic Mountains (Ban'ett, 1999). Low level occurrences along 

fjords may represent former valley fills deposited during an interglacial, being eroded and 

wrapped up along the re-advancing glacial tongue (as lateral and terminal moraines) during 

the following glacial halfcycle (Barker, 1995). 

On the base of their fossil assemblages Webb and Harwood (1993) proposed mean 

annual temperatures of up to 5 T. Models based on this scenario concluded that East and 

West Antarctica must have been deglaciated to a third of the present ice volume (Webb et al, 

1984; Denton et al., 1991; Fig. 1.1). The EPD hypothesis gained further support by discovery 

of a vei-tebrate fauna, by 5 %  values of bivalves from the Vestfold hills (East Antarctica) 

(Quilty, 1993; Quilty, 1996), by sea-level high stands of the lower and middle Pliocene (Haq 

et al., 1988; Dowsett and Cronin, 1990) and by Pliocene planktic microfossil assemblages 

indicating warmer Antarctic surface waters (Abelmann et al., 1990; Isliman and Rieck, 1992). 

In the recent years however, the EPD hypothesis has been attacked by advocates of the 

WS1 hypothesis (Kennett and Hodell, 1993; Barker, 1995), including some foi-mer supporters 

(Barrett, 1999). A detailed discussion can be found in Barker (1995). The key arguments 

against a partial Pliocene deglaciation are: 

The diatom-based ages assigned to the microfossil assemblage of the Sirius Group are 

in doubt. Kellogg and Kellogg (1996) have filtered snow from the inland ice sheet at 

the South Pole and two other locations and found 40 species of marine and terrestrial 

diatoms. Barrett et al. (1997) reported that biogenic particles and diatom material 

sampled from Sirius Group tills and surrounding outcrop faces (not belonging to the 

Sirius Group) and snow fields containing similar diatom assemblages. Hence several 

atmospheric transport mechanisms have been proposed, including the Eltanin astei-oid 

impact around 2.2 Ma (Gersonde, 1997). 
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The Nothofagus remains may be older than Pliocene, Barker (1995) assigns a 

hypothetical middle Miocene age to them. This would resolve the problem since the 

oxygen isotopic record shows that the middle Miocene was a prolonged warm period. 

Kennett and Hode11 (1995) and Barker (1995) discuss the effect of the observed 

reduced 8 0  values of benthic foraminifera in Early Pliocene times. They conclude 

that the proposed 60% reduction in Antarctic ice volume is only achievable if the 

0.6'100 decrease in 8^0 is totally the result of ice volume changes. This seems 

unrealistic since a major deglaciation would also be accompanied by a substantial 

increase in surface water temperature. They summarize that the observed changes in 

isotopic data (presented by Shackleton et al., 1995; Tiedemann et al., 1994) in the 

Early Pliocene of the Subantarctic are insufficient to accommodate both substantial 

Southem Ocean warming and major deglaciation. 

Barker (1995), as one of the key stability proponents, developed a climate-coupled 

sedimentation model for both scenarios (Fig. 1.2). Stasting conditions for a EPD are an 

inward sloping overdeepened Antarctic shelf profile and substantial Early Pliocene ice sheet 

retreat, with only small glacial-interglacial variations in the warm period. Ice advances 

probably did not reach the shelf edge and fluvial transported sediment had to fill the shelf 

depression before substantial amounts of sediment could reach the slope or rise (Pudsey et al., 

1994). Trapping of sediment on the shelf would have caused low sedimentation rates on the 

continental slope and rise during the lower Pliocene. The late Pliocene cooling would have 

produced grounded ice-sheets again aided by the low sea-level stands during the Nosthem 

Hemisphere glaciation. This would increase sediment transport and deposition at the rise 

localities. Additionally, a re-advance of the ice would cause a major unconfosmity in the shelf 

record. 

The Warm Stable Ice Sheet hypothesis (Barker, 1995) accepts that surface waters 

surrounding Antarctica in the Early Pliocene were moderately warmer than today but draws 

very different conclusions. The main effect of the SST wasming would be increased snow 

accumulation (,,Snow Gun" hypothesis; Prentice and Matthews, 1991) and an increase in the 

temperature of the snow. This would lead to more ice and an increase in basal frictional 

melting at the base of the glaciers. The faster ice flow would lead to higher sedimentation 

rates on the rise when the ice was colder. The late Pliocene/Pleistocene cooling would have 

led to reduced Snow accumulation and colder ice, reducing ice stream flow and reducing the 

rate of sedimentation on the rise (Fig. 1.2). Barker (1995) suggested lower sedimentation rates 
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for the onset of the cooling in the late Pliocene and all of the Pleistocene when compared to 

the Early Pliocene of his WS1 case. 

From the late Pliocene on his model sedimentation rates get identical with 

sedimentation rates suggested for the EPD case (Fig. 1.2). As in the EPD case, Barker 

assumes a removal of topsets on the shelf due to a thickening of grounded ice 011 the shelf. 

Fig. 1.2. Hypothetical sedimentation rates on the continental rise for a warmer early Pliocene. Depositional 
scenario o f  Barker (1995) for a proposed Warm Stahle Ice Sheet hypothesis (WSI)  and Early Pliocene 
Deglaciation (EPD). Both scenarios reunite at the beginning o f  the late Pliocene/Pleistocene Northern 
Hemisphere Glaciation, leading to a regression (n~odified from Barker, 1995). 

The case in favor of the stability hypothesis (Kennett and Hodell, 1995; Barker, 1995; 

Barrett, 1999), is summarized by Barker et al. (1998): 

,ANTARCTIC PENINSULA: ODP LEG 178 ... SITES 1095, 1096 AND 1 101 ON 

THE CONTINENTAL RISE ... It is clear that the continental rise is sensitive to variations in 

the glacial state o f  the continent, and that these reflect the orbital variation in insolation through 

much o f  the period examined. A downward change at Site 1095 that sees no cyclicity before 

about 9 Ma marks a change in the level or nature o f  glaciation on the shelf, i f  not its initiation. 

An additional point is that the cyclicity, taken here to indicate the cyclic provision o f  unsorted 

sediments to the continental shelf edge (and therefore a clear indication o f  the presence o f  a 

glacial regime onshore) was continuous through the Pliocene: there is no sign o f  Early Pliocene 

deglaciation, even at this most northerly outpost o f  the continent. This is consistent with 

several other studies (e.g. Huybrechts, 1993; Denton et al., 1991: Barker, 1995), but 

inconsistent with the original hypothesis o f  substantial deglaciation (Webb and Harwood, 

1991)". 
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New data and links established within this thesis will use the EPD versus WSI dispute 

as background for new insights and a new model linking the ice, ocean, shelf and the deep sea 

of the Western Antarctic Peninsula continental margin. 

1.2.3 Modern Regional Oceanography 

The oceans sui-rounding the Antarctic continent play a critical role in the formation of two of 

the world's most important water masses: Antarctic Bottom Water (AABW) and Antasctic 

Intermediate Water (AAIW). These two water masses occupy 40% of the global ocean's 

volume and play a central role in the lasge scale circulation and transport of heat. The 

Southern Ocean connects the world's major oceans. 

1.2.3.1 The Antarctic Circumpolar Current and its Frontal System 

The Southern Ocean circulation is driven mostly in a clockwise (easterly) direction by the 

prevailing westerly winds between 35's and 60's (Fig. 1.1). Between 60's and the Antarctic 

continent there is a narrow Zone of slower westward flowing water, driven by easterly winds 

(Lozano and Hays, 1976; Tchernia, 1980) (Fig. 1.1). The boundary between these major wind 

and cussent Systems, the Antasctic Divergence (AD) is a region of major upwelling forced by 

wind - induced Ekrnan flow (Gordon, 1988). 

The dominant easterly cussent is called the West Wind Drift or Antarctic Circumpolar 

Current (ACC). It is intensified as it passes through the constriction of the Drake Passage to 

become one of the strengest currents in the world. 

Bottom topography influences the latitudinal position of the ACC (Lozano and Hays, 

1976), in response to conservation of vosticity. Depressions in the sea bottom morphology 

allow the current to move closer to the Antarctic shore. At restrictions such as the rises south 

of Tasmania, the ACC is forced to move north in order to conserve angular momentum 

(Gordon, 1988). South of the circumpolar ocean floor trough several cyclonic circulation 

gyres develop as the east flowing ACC interacts with coastline issegulasities (peninsulas and 

embayments). Prominent examples are the Weddell Sea and ROSS Sea Gyres (Fig. 1.1). 
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Fig. 1.1. The Antarctic Circumpolar Cun'ent systcn~. Antarctic Convergence = Polar Front (PF), Antarctic 
Divergence. Modified frorn 1nternet3. 

Fig. 1.2. Distribution of Antarctic Oceanographic Fronts. Note that the Subtropical Front (STF) does not pass 
through the Drake Passage. SAF: Subantarctic Front; PF: Polar Front: SACC: Southern Antarctic Circumpolar 
Front; Bdy, southern limit of Upper Central Deep Water. Fronts adapted from Orsi et al. (1995). 
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The circum-Antarctic polar fronts include the Sub-Tropical Front, the Subantarctic 

Front, the Polar Front, and the Southern Antarctic Circumpolar Front (SACC, Fig. 1.2; Orsi et 

al., 1995). All frontal Systems are dynamic features and vary in their spatial location over time 

(Rintoul et al., 1997; Howard and Prell, 1992; Weaver et al., 1998). 

The Antarctic or Polar Front (PF) separates Antarctic from the Subantarctic waters. lt 

was initially defined to be the position of the northernmost extent of the winter Antarctic 

Surface Water (ASW; Park et al., 1993). Today, the PF is commonly defined by a 2OC 

temperature minimum at a depth of 100 to 300 m (Belkin and Gordon, 1996). At the PF, the 

ASW sinks beneath the Subantarctic Surface Water, contributing to the formation of Antarctic 

Intermediate Water (AIW; Tschemia, 1980). At the sharply delineated PF the convergence of 

warm and cold water leads to the sudden death of many planktic organisms, hence increasing 

the flux of nutrient to the sea floor. The mixing Zone has a high primary sui-face production of 

specially adapted planktic species that profit from the higher nutrients content of the colder 

southern waters (Uberall, 2000). The northern limit of the ACC, the Sub-Tropical Front (SF), 

represents the southernmost extent of the warmer (13SÂ°C) high salinity (34.6 to 35.1Â°/"0) 

nutrient poor Sub-Tropical Surface Water (STSW; Gordon, 1972; Hoffmann, 1985). It is not 

present in Drake Passage (Ossi et al., 1995; Fig. 1.3). To the south of the SF, the Subantai-ctic 

Front (SAF) is characterized by a decrease in surface salinity to 34.5100 in 100-400 rn water 

depth and temperatures below 8OC (Burling, 1961). To the south the ACC is limited by the 

AD or Southern ACC Front. 

1.2.3.2 Major Water Masses in Drake Passage and Bellingshausen Sea 

Two surface and three subsurface and deep water masses are present in the Bellingshausen 

Sea and Drake Passage: Antarctic Surface Water (AASW) and Subantarctic Surface Water 

(SASW), and Antarctic Intermediate Water (AAIW), Circumpolar Deep Water (CDW) and 

Antarctic Bottom Water (AABW) (Fig. 1.1). 

The AASW 01-iginates near the Antarctic continent and flows to the north until it 

encounters Subantarctic Surface Water of higher temperature and salinity (Tab. 1 .I). Because 

the AASW is more dense than the SASW it begins to sink and mix with the underlying 

AAIW (Tab. 1.1). The AAIW underlies several surface water masses in the noith of the PF. 

It is formed by downwelling of surface waters between 55O and 60' S along the PF. Two 

bodies of AAIW can be distinguished: olle is produced west of the Drake Passage and enters 
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the South Pacific subtropical gyre through subduction (Luyten et al., 1983), the other is 

produced East of the Drake Passage in the confluence of tlie Falkland and Brazil Currents 

(Talley, 1996). Its main characteristic in the world ocean is a subsurface salinity minimum, 

which appears immediately north of the PF (Sievers and Nowlin, 1984). CDW is a thick layer 

of warm, saline, oxygen-poor water. It is the most voluminous water mass of the Southern 

Ocean and incorporates Nosth Atlantic Deep Water (NADW) formed in the Norwegian 

Greenland Sea (Sarnthein. 1994). It is the major water mass in the Drake Passage. At the 

northern end of the Drake Passage it reaches to the sea floor and has a thickness of 3000 m 

(Sievers and Nowlin, 1984). CDW is divided into Upper (UCDW) and Lower (LCDW) water 

masses. The LCDW is characterized by a salinity maximum and nutrient minimum at about 

2900 m depth north of the SAF. The UCDW is recognized by its oxygen minimum in water 

depths between 1600 and 1800 m north of the PF (Armand, 1997). UCDW is only partly 

derived from NADW (for discussion see Armand, 1997). 

Fig. 1.1. Simplified sketch of water masses in Drake Passage. The sediment drifts of the Antarctic Peninsula are 
under the influence of a westward flowing counter-current within the Antarctic Bottom Water. Note that the Sub- 

Tropical Front is not present in Drake Pasage. Figure altered from a drawing of Thiede (1986), originally 
reproduced from Lutjeharms et al. (1985). The convection cell below the sl~elf ice is after a drawing of Hellmer 

(1989). 
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Fig. 1.2. Potential temperature (A) and salinity (B) across Drake Passage in  January. 1990. Contours have heen 
generated using a weh based plotting algorithm (http://sam.ucsd.edu/verticaI sections/Atlantic.htIm~. Data were 
acquired during METEOR cruise 23.01.-06.03.1990, Chief Scientist: W. Roether). The shallow part of the 
section is graphically interpolated. 

The AABW originales through vertical convection along the Antarctic shelf. It gains 

its low temperature and high salinity by brine rejection of freezing surface water in direct 

contact with the shelf ice (Fig. 1.1). This highly oxygenated water is the most dense water in 

the ocean and hence occupies the depressions of the ocean basins. Its main areas of formation 

are the Weddell and ROSS Seas (Pickard and Emery, 1982). On its way north AABW rnixes 

with LCDW and can be traced into the North Atlantic. The westward flowing AABW, 

following the continental slope morphology, has a great influence on sediment erosion and 

redistribution (Thiede, 1986). 
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Fig. 1.3. (A) Complex subsurface 50 m depth water velocities across Drake Passage in April 2000 (redrawn from 

littv:l/tr~fan.~~scd.edu/dr~~~: Spriiltall, 2000). Note the cycloi~ic nature of the flow. (B, C, D, E) shallow 
temperature profiles across Drake Passage. (B) maxinium extent of sea ice cover. (C, D, E) during decay of sea 
ice cover. The location of the oceanographic fronts is labeled 011 each section. ((B-E) Modified from Sprintall et 
al., 1997; see (A) for the location of profiles shown in (B-E)). 
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Circurnpolar Deep Water (Upper) 

Antarctic Bottom Water 

Abbr. i Depth (m) 
1 N-S 

AASW 1 0-250 
I 

SASW 1 0-1 50 

I 

AABW >3500 

Salinity 
("L) 

Tab. 1.1. Cliaracterization of major intermediate and deep waters around Antarctica (Armand, 1997: Sievers and 
Nowlin, 1984). 

Shallow transects demonstrate the annual variability of thc surface and subsurface 

water masses in Drake Passage (Fig. 1.3). More general, less detailed profiles, display the 

whole water column (Fig. 1.2). A velocity profile across the Drake Passage (Fig. 16 A) 

displays the complexities of the actual current situation. 

1.2.3.3 Ice 

Fig. 1.1. Mature shelf iceberg, still recognizable by its originally flat top. Seen during ODP Leg 178, NW of 
Marguerite Bay. 
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Fig. 1.2. Sea ice extent around Antarctica, (A) summer (February), ( B )  winter (September). Data from 13-year 
averaged satellite observations (Schweitzer, 1995). 

Ice controls erosion, transport and redeposition on the Antarctic Peninsula continental margin. 

The shelf ice also controls the formation of the AABW, that under the influence of the AAC, 

erodes and redistributes sediments of the slope, rise and deep sea. 

The Antarctic glacial ice Cover is the largest connected ice mass on earth today. In 

contrast to the Arctic the Antarctic is sun-ounded by ice shelves having a total area of l.4*10' 

km2). The ROSS Ice Shelf (0.526*106 km') and the Filchner-Ronne Ice Shelf of the Weddell 

Sea (0.474*106 km2) make up more than 71% of the total Antarctic shelf ice area (Robin, 

1983, in Thiede. 1986). The ice of the ice shelves is either in direct contact with the rock 

(grounded shelf ice) or has a free floating tongue. All true shelf ice has its origin in the 

continental glaciers, which are up to several thousand meter thick (Fig. 1.1), flow at a rate of 

200-600 d y  and thin seaward. The average shelf ice edge is 50 m above sea-level (Robin, 

1983, in Thiede, 1986). The large ice shelves generate major icebergs characterized by flat 

tops. 

In contrast to shelf ice, sea ice forms in situ on the water surface. March through May 

are the months of maximum sea ice growth. Sea ice forms first near the continent at a growth 

rate of 3 W d a y  (Cavalieri and Parkinson, 1981), and later gets dispersed to the north by the 

southern winds (Lemke et al., 1981). In September, at the end of the Antarctic winter, the 

pack ice" has attained its maximum coverage of about 19 million km2 and extends as far as 

2,200 km from the coast5 (Fig. 1.2B). Estimates from satellite data (Parkinson, 1992) show 

that the sea ice decay takes place between October and January at a rate of 20 kmiday, 
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considerably faster than sea ice growth in winter and summer (Fig. 1.2). Due to the strongly 

accelerated ocean current, the Drake Passage and the sea along the Antarctic Peninsula have 

only small pack ice belts in winter. Ice extent, wind and water temperature are all related. Fig. 

1.3 shows the complex interaction. 

Many authors (e.g. Rebesco et al., 1997) suggest a relation between the extent of sea 

ice and the location of AABW flow. At least in the Drake Passage the westward flowing 

AABW current has a strong influence on seabed morphology and sediment transport as a 

countercurrent. Possible geological proxy indicators for the link between sea ice and relative 

bottom current strength at sediment drifts will be identified and discussed below. 

Fig. 1.3. Atmosphere-ocean interaction. Propelled by the ACC and atmospheric high and low pressnre Systems 

(H,L) - areas of relatively warmer (red) and colder (blue) water are driven around Antarctica. These anomalies 

propagade eastward with the circumpolar flow, with a period of 4-5 years and taking 8-10 years to encircle the 

pole. The System of coupled anomalies is called the Antarctic Circumpolar Wave and plays an important role in 

heat exchange beween the South Pacific and the South Atlantic and climate regulation and dynamics both within 

and beyond the Southern Ocean. (Courtesy: White and Peterson, 1996, Figure modified from National 

Geographie, October 2000: ,^/W Eyes on rhe Oceans", p.94.) 
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1.3 Leg 178 "Antarctic Peninsula" Mission 

Fig. 1.1. General map of Leg 178 ship track witli drill sites stared (Shipboard Scientific Party, 1999) 

Fig. 1.2. Bathymetric map of the continental niargin West of the Aiitarctic Peninsula (Rebesco et al., 1998) with 
ODP Leg 178 Site locations (SM = Sea niount). 
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Leg 178 "Antarctic Glacial History and Sea-Level Change" of the cruises of the drilling 

vessel JOIDES Resolution took place between the 5"' of February and the 9th of April 1998. 

Guided by the Co-Chiefs Peter F. Barker, Angelo Camerlenghi and Gary D. Acton (Staff 

Scientist), the cruise started in Punta Arenas, Chile and ended in Cape Town, South Afsica 

(Fig. 1.1). During Ocean Drilling Program (ODP) Leg 178, nine sites (1095-1103) were 

drilled on the Pacific continental margin of the Antarctic Peninsula (Fig. 1.2). These included 

a shelf site in a trough setting (1097), a transect of the outer continental shelf (1100, 1102, 

1103) three sites On two hemipelagic dsifts On the continental rise (1095, 1096 and 1101) 

extending back 6-10 m.y., and two shallow holes at two sites on the inner continental shelf 

(Palmer Deep, Sites 1098 and 1099) that provide an ultrahigh-resolution Holocene record. 

The ,,Antarctic Glacial History and Sea-Level Change" proposal and Leg 178 are the result of 

the ANTOSTRAT (Marctic Qffshore Stratigraphy Project) initiative. ANTOSTRAT aims to 

gain a better understanding of the Cenozoic glacial history of the Antarctic margin and 

provides site survey inforrnation through its data base collection (ANTOSTRAT Seismic Data 

Library System (SDLS)). Five circum-Antarctic drilling projects have been proposed to ODP. 

Two of these (ODP Legs 178 and 188) have been drilled. The Cape Roberts Project, 

associated with the ANTOSTRAT aims, is in its synthesis phase. Scientific objectives of Leg 

178 were to 6:  

extract and compare high-resolution records of the past 10 Ma of continental glaciation 

contained in topset beds (paleo shelf) of the glacial prograding wedge on the Antarctic 

Peninsula Pacific margin, in foreset beds (paleo slope) of the Same sequence groups, 

and in hemipelagic sediment drifts on the continental rise; 

compile high-resolution history of grounded ice volume fluctuations for comparison 

with low-latitude records of sea-level change and isotopic estimates of ice volume 

change over the past 10 Ma; 

assess the main controls on sediment transpost and deposition during glacial intervals 

and use the insights gained to optimize investigation of the longer, more complex record 

of glaciation and glacio-eustatic sea-level change in East Antarctic; 

Adapted from the ODP Leg 178, ANTARCTIC PENINSULA, Antai'ctic Glacial History and Sea-Ievel Change, 

Scientific Prospectus (e.g.: http://www-odp.tamu.edu/publications) 
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e extract an ultra-high-resolution Holocene record from a protected basin on the inner 

continental shelf for comparison with similar records from ice cores and lower-latitude 

sediment sites. 

1.4 Thesis Motivation and Organization 

Invited as a "Joides Logger" for Leg 178, I worked in three science categories on board the 

ship (Seismic Stratigraphy, Downhole Measurements and Physical Properties). These diverse 

activities are reflected in this thesis. This work attempts to link the evolution of the passive 

continental margin shelf of the Western Antarctic Peninsula to the build-up of the sediment 

drifts on the continental rise. Rise sites accumulate sediment that can be dated - the shelves 

sites are riddled with hiatus. 

This thesis is organized following the transport path of sediment from the shelf to the 

rise. Efforts have been made to: 

characterize the West Antarctic shelf at Site 1103 by its seismostratigraphy, physical 

properties and lithology. 

construct and validate a velocity profile from logs and laboratory data for Site 1103 

(chapter 2.2, paper in press). 

develop a conceptual model of glacial and interglacial shelf sedimenation and compare 

West and East Antarctic shelves. 

model analog single channel reflection seismic data from Palmer Deep. 

develop software and configure hardware for the digitalization of analog single 

channel reflection seismic data. 

characterize the drift sediments of the rise with their seismostratigraphy, physical and 

chemical properties (logging data, grain-size data, Pore space chemistry; chapter 4.3, 

two reports and CO-authored paper in press). 

distinguish and characterize depositional processes by statistical treatment of grain- 

size data and compare the results to existing models of e.g. sequence stratigraphy or 

ice volume. 

link shelf and rise evolution over the last 10 Ma. 

develop software for acoustic core modelling and data clean-up (Excursus chapter 7) 
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2 The West Antarctic Shelf 

2.1 Introduction 

NW MCS Profile: AMG 845-08 

Fig. 2.1. Schematic line drawing of MCS profile AMG845-08 from the Pacific margin of Antarctic Peninsula, 
illustrating the unique overdeepened nature of the shelf and times of progradation (subhorizontal growth of the 
shelf e.g. S2, S3) and aggradation (subvertical growth of the shelf, S l ) .  The depth scale is based On the 
assumption of average seismic velocities of 2000 mls, hence the VE is 5: l .  The figure is modified from Larter 

and Barker, 1991 and ODP Leg 178 Shipboard Scientific Party, 1999). Original correlations and interpretations 
assigned a glacial nature to sequences S l ,  S2 and a preglacial origin for the older sequence S3. 

The abstract and introduction of the paper "Composite Velocity Profile of Shelf Site 1103 

(ODP Leg 178, Western Antarctic Peninsula)" in chapter 2.2 present a detailed introduction to 

the goals of Leg 178 drilling on the shelf. To avoid duplication this introduction is focussed 

on the description of shelf morphology and deposits through their seismostratigraphic 

expression, using seismic profiles in the vicinity of Anvers Island as examples. The second 

part of this chapter presents the derivation of a new velocity profile for the shelf that is tested 

and validated in chapter 2.3 and used for core and logging data correlation with seismic units 

in part 2.4 of this chapter. A detailed "reflector-to-lithology" or "reflector-to-logging" data 

correlation and a Summary interpretation of the reflection seismic data are given in chapter 

2.5. A model of shelf deposition through a glacial cycle, with processes and Parameters 

related to the unique nature of Antarctic shelves is presented in the last part of chapter 2.5. 

Finally a short discussion of other Antarctic shelves reveals striking similarities in shelf build- 

up since 3.2-2.3 Ma and discusses possible explanations for this synchronous evolution 

(chapter 2.6). 
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2.1.1 Inner Shelf 

The inner shelf (to the E of the profile shown in Fig. 2.1), the area landward of the main shelf 

islands (e.g. Adelaide Island and Anvers Island, Fig. 1.2), is commonly shallower than 200 m, 

but also includes several deep and steep-sided troughs (e.g. Palmer Deep SW of Anvers 

Island). Due to the persistant ice-cover, only limited seismic and core information is available. 

The acoustic hard sea floor and the rugged irregulas morphology suggest that Mesozoic and 

early Cenozoic volcanic and plutonic rocks, similar to those found on the islands, outcrop on 

the glacially eroded sea floor of this asea (Larter et al., 1997). An example of the seismic 

chasacter and lithology of the glaciomarine sediment fill of a Holocene inner shelf depression 

is given in chapter 3 "Palmer Deep". 

2.1.2 Shelf Basins 

Shelf basins to the SE of the mid-shelf high (Fig. 2.1B) have average depths of 500 m. Depths 

increase inshore, typical of the ,,reversed profile" of the overdeepened Antarctic shelf. It is 

likely that the seismostratigraphic sequences of the shelf basins are depositionally linked to 

sequences of the outer shelf. In general, the shelf basins have a simple intemal synclinal 

architecture with a steeper side toward the mid shelf high compared to the landward side of 

the basin (Larter et al., 1997). The reflectors follow the form of the basin instead of lapping 

onto the basin outline; Larter et al. (1997) suggest postdepositional defosmation as a possible 

cause. 

2.1.3 Mid-Shelf High 

The mid-shelf high (MSH)(Fig. 2.1B) fosms the seaward border of the shelf basins. This 

structural high is either exposed 011 the sea floor or covered by sediment. The MSH is laterally 

extensive (see Fig. 1.1), following the general trend of the shelf. It is not intersected by 

transform faults (Larter and Barker, 1991). According to Laster et al. (1997) the MSH is the 

Center of uplift following the arrival of ridge crest Segments at the subduction Zone (see also 

for detail chapter 1.1.2). A time delay of 1 to 4 my between arrival of the segment and start of 

the uplift is inferred from stratigraphic relations. Two intespretations for the origin and 

character of the MSH are found in the literature. Kimura (1982) and Gamboa and Maldonaldo 

(1990) refer to the MSH as a paleo-island arc and consequently to the shelf basin as a back arc 

setting, similar to the South Shetland Island and Bransfield Strait to the NE (see chapter 

1.1.3). 
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Other authors (Larter and Barker, 1991; Bart and Anderson, 1995) consider the MSH 

to be an uplifted part of an accretionary prism. Recently it has been proposed, that serpentine 

driven diapirism is responsible for the MSH uplift (Larter et al., 1997). 

2.1.4 Outer Shelf with the Drilled Seismic Units of Leg 178-Shelf Transect 

B Stte 1103 
1 
i 

Fig. 2.1. (A) Part 1 of Multichannel seismic profile 195-152 across Site 1103. S.P. = shotpoint. Profile 195-152 
gathered by the Programm Nazionale di Ricerche in Antarctica (Italy) (PNRA). Profile 195-152 (shelf transect, 
Sites 1100, 1102, and 1102) is a 30-fold stack of CDP gathers spaced 6.26 m apart with 2-ms sampling. Traces 
were deconvolved before stacking with an 80 ms Operator and 4 ms predictive interval. Velocity analyses were 
performed every 2 km. The sea floor multiple reflection was attenuated by the application of a median filter to 
CDP gathers corrected for multiple velocity. The display section was produced with time variant three-trace 
lateral mix, deconvolution in the frequency domain, time-variant band-pass filter, and trace equalization using a 
variable window. Profile 195-152 provides a high-resolution image of the geometry of the glacial prograding 
wedge and of the "preglacial" structure of the continental shelf, complementary to that of profile AMG 845-08 
(Fig. 2.1), which follows the same track. Boundaries of the major seismic Sequence Groups S l ,  S3 and S4 of 
Larter and Barker (1991), Larter and Cunningham (1993), and Larter et al. (1997) are shown. (B) Extraction of 
40 traces around Site 1103 with niarked prominent reflectors. The depth scale is preliminary and was revised in 
chapter 2.2.4. Refer to Fig. 2.1 of chapter 2.2.2 for the continuous profile. Courtesy: Barker, P.F., Camerlenghi, 
A., Acton, G.D., et al., 1999 Proceedings of the Ocean Drilling Program, Initial Reports Volume 178. 
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Site 1100 

SP 800 9CO 1000 1100 

Fig. 2.2. Part 2 of Multichannel seismic profile 195-152 across Site 1100. S.P. = shotpoint The low-profile near- 
surface wedge of sediment landward of S.P. 950 (sampled at Site 1100) was interpreted by Vanneste and Larter 

(1995) as a prograding till body emplaced during the last glaciation, but not reaching the continental shelf edge 
at that location. See notes of Fig. 2.1 for processing details. Courtesy: Barker, P.F., Camerlenghi, A., Acton, 
G.D., et al., 1999 Proceedings of the Ocean Drilling Progmm, Initial Reports Volume 178. 

The extensive (-30 km wide) outer shelf borders the MSH seaward7. The outer shelf consists 

of many stacked depositional sequences first described and labeled by Larter and Barker 

(1989). Larter et al. (1997) recognized 4 main units above and shortly below the sea floor 

multiple. 

Reflectors in S4 (Fig. 2.1A) dip steeply seaward near the MSH and are erosionally 

truncated. Sequence Group S3 (Unit top: 247 mbsf, recovered to base of hole at 362.7 mbsf) 

is characterized by a series of reflectors that dip gently seaward from the MSH (Larter and 

Barker, 1989; 1991). Reflectors of Sequence Group S3 at Site 1103 are parallel or subparallel 

throughout the section. In tracing the reflectors away from the site, however, it is possible to 

Part of the section showing this is published in Shipboard Scientific Party, 1999. Shelf Transect (Sites 1100, 

1102, and 1103, Seismic Sti-atigraphy). In Barker, P.F., Camerlenghi, A., Acton. G.D., et al., Proc. ODP, Init. 

Repts., 178, 1-173 [CD-ROM]. Available from: Ocean Drilling Program, Texas A&M University, College 

Station, TX 77845-9547, U.S.A. Note: Authorship of sub-chapter ,,Seismic Stratigraphy": Escutia, C. and 

Moerz, T. 
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distinguish two reflector packages separated by a group of three high-amplitude reflectors 

(Reflectors C, d, and e in Fig. 2.1B). Above these three reflectors, S3 is characterized by 

parallel and subparallel gently dipping reflectors that are truncated landward by the 

unconformity between Sequence Group S 1 and Sequence Group S3 (Fig. 2.1A and Reflectors 

a and b in Fig. 2,lB). Below the three high-amplitude reflectors, S3 reflectors diverge 

seaward and pinch out landward (Fig. 2A, B). The three strong reflectors (C, d, and e) 

separating the two reflector packages correspond to changes in the density and variations in 

the velocity of sedimentary formations (i.e., from 3300 to 2100 m/s between 270 and 285 

mbsf, see chapter 2.2, Fig. 2.4). All reflector packages in S3 have lower amplitudes landward 

and increase in amplitude seaward of the site location. 

Sequence Group S2 is typified by low-angle dipping reflectors, that steepen seaward 

(Fig. 2.2). Strata from S2 are truncated at the top by the erosional unconforrnity that marks the 

boundary between S l  and S2. At Site 1100, Sequence Group S2 consists of steeply dipping 

foreset reflectors that downlap onto a lower deeper reflector, indicating a prograding 

sequence. Interna1 truncations and downlap relationships in the foreset section are common, 

implying the existence of many individual prograding beds. Sequence Group S2 is not found 

at Site 1103, where an unconformity separates reflectors of Sequence Group S l  above from 

reflectors of Sequence Group S3 below (Fig. 2.1A, B). 

Site 1102 

Fig. 2.3. Part 3 of Multichannel seismic profile 195-152 across Site 1100. S.P. = shotpoint. See notes of Fig. 2 for 
processing details. Courtesy: Barker, P.F., Camerlenghi, A., Acton, G.D., et al., 1999 Proceedings of the Ocean 

Drilling Program, Initial Reports Volume 178. 
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Sequence Group SI is characterized by nearly flat-lying topset reflectors in the inner 

and middle shelf. To the seaward these become steeply dipping foreset reflectors (Fig. 2.3). 

Topset reflectors are marked by lateral changes in reflector amplitude (i.e., from high to 

moderate), whereas foreset reflectors have lower amplitudes. S l  has extemal wedge-like 

geometry, intemally it consists of topsets that grade into foresets toward the shelf edge. The 

lower boundary of S l  is a high amplitude reflector that truncates reflectors from the 

underlying Sequence Groups S2 and S3 (Fig. 2.1 and Fig. 2.2). Sequence Group S l  at Site 

1102 consists of an upper thin (-60 m) package of high-amplitude, flat-lying topset reflectors 

and a lower thick sequence of steeply dipping (foreset) reflectors (Fig. 2.3). Truncation and 

downlap relationships within the foresets suggest that S l  comprises several individual 

prograding sequences (Laster and Barker, 1989). 

2.2 Composite Velocity Profile of Shelf Site 1103 (ODP Leg 178, Western Antarctic 

peninsuia)' 

2.2.1 Abstract 

Site 1103 was one of a transect of three sites drilled across the Antactic Peninsula continental 

shelf during Leg 178. The aim of drilling on the shelf was to deterrnine the age of the 

sedimentary sequences and to groundtruth previous intei-pretations of the depositional 

environment (i.e., topsets and foresets) of progradational seismostratigraphic sequences S l ,  

S2, S3, and S4. The ultimate objective was to obtain a better understanding of the history of 

glacial advances and retreats in this West Antarctic margin. Drilling the topsets of the 

progradational wedge (0-247 meters below sea floor [mbsfl), which consist of unsorted and 

unconsolidated materials of seismic unit S I ,  was very unfavorable, resulting in very low 

(2.3%) core recovery. Recovery improved (34%) below 247 mbsf, corresponding with 

sediments of seismic unit S3, which have a consolidated matrix. Logs were only obtained 

from the interval between 75 and 244 mbsf, and inconsistencies 011 the automatic analog 

picking of the signals received from the sonic log at the array and at the two other receivers 

prevented accurate shipboard time-depth conversions. This in  turn limited the capacity for 

making seismic stratigraphic interpretations at this site and regionally. 

This study is an attempt to compile all available data sources, perform quality checks, 

and introduce nonstandard processing techniques for the logging data obtained to arrive at a 

' Co-Authors: Laronga, R., Lauer-Leredde, C., Escutia, C., and Wolf-Welling, T.C.W. (Moerz et al., in press) 

32 
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reliable and continuous depth vs. velocity profile. We defined 13 data categories using 

differential traveltime info~mation. Polynomial exclusion techniques with various orders and 

low-pass filtering reduced the noise of the initial data pool and produced a definite velocity 

depth profile that is synchronous with the resistivity logging data. A comparison of the 

velocity profile produced with various other logs of Site 1103 further validates the data. All 

major logging units are expressed within the new velocity data. A depth-migrated section with 

the new velocity data is presented together with the original time section and initial depth 

estimates published within the Leg 178 Initial Reports Volume. The data presented confirm 

the location of the shelf unconformity at 222 ms two-way traveltime (TWTT) or 243 mbsf 

and allows its seismic identification as a strong negative and subsequent positive reflection. 

2.2.2 Introduction 

Site 1102 Site 1100 
15m penetration 101m penetration 

5.7% recovery 4.7% recovery 

I l 

Site 1103 
362m penetration 
12.3% recovery 

I 

Fig. 2.1. Northwest-southeast air gun multichannel reflection seismic profile showing location of sites drilled 

along a shelf transect during ODP Leg 178 (Shipboard Scientific Party, 1999d). Hole 1103A 

recoveredlpenetrated sediments of the topsets (unit S l )  and foresets (unit S3). Average recovery at Site 1103 is 

12.3% but only 2.6% for unit S l .  Note also the low recoveries at the other sites along the transect. The 

bathymetric map of the continental margin West of the Antarctic Peninsula (Rebesco et al., 1998a) indicates the 
location of the shelf transect sites and the approximate location of Seisrnic Line 195-152 (white line). 
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The Antarctic shelf differs in many ways from continental shelves of mid and low latitudes 

and even from the shelves of high nosthern latitudes. The Antarctic shelves are over-deepened 

with water depths between 300 and 1000 m and slope landward, principally because of the 

effect of glacial erosion and flexural loading by grounded ice (Ten Brink and Cooper, 1992; 

Barker et al., 1998). Sedimentary sequences exhibit two principal geometries in reflection 

seismic profiles collected across the West Antarctic Peninsula shelf: shelf topsets and slope 

foresets form the prograding wedge (Larter et al., 1994; Larter and Barker, 1989; 1991). hi 

most areas of the middle and inner shelf, the topsets and underlying foresets are separated by 

a prominent regional unconformity (Laster et al., 1997). This unconformity marks a major 

change in the style of deposition from progradational to aggradational and progradational, 

adding large sediment-retaining capacities to the shelf (Fig. 2.1). Prograding sedimentary 

sequences 011 the continental shelf record changes in West Antarctic ice sheet volume, sea- 

level, climate, ice and sediment-induced isostatic change, and tectonic and thermal effects. 

The aim of drilling the shelf-transect Sites 1100, 1102, and 1103 during Leg 178 was 

to characterize the age and depositional environment of seismostratigraphic units S l  (topsets), 

S2, S3, and S4 (foresets of the prograding wedge). Unfortunately, drilling through the topset 

sequences was very diffficult with the available rotary core barre1 (RCB). Unsorted crystalline 

clasts (up to headsized) in an unindurated sand/silt/clay matrix prevented rapid penetration 

and resulted in minimal core recovery. This was primarily a result of clogging of the central 

opening of the rotary drill bit and the core catcher with stones. Despite drilling difficulties, 

Site 1103 penetrated to 362.7 mbsf with mixed recoveries. The upper 247 m of cored 

sediment, belonging for the most Part to seismic unit S l ,  yielded only 2.3% recovery. The 

lower 116 m of cored material, with a cemented matrix, belonging to seismic unit S3, and 

yielded 34% recovery (Fig. 2.1). A hole blockage prevented the collection of logging data 

below 244 mbsf (Shipboard Scientific Party, 1999a). Thus, no or only very limited 

comparisons and Cross checks of log and laboratory data are possible. In our investigation, we 

compiled all available data sources and performed quality checks and nonstandard processing 

techniques with the logging data obtained to asrive at a reliable and continuous depth velocity 

profile presented in this Paper. Further characterizations of logging and seismostratigraphic 

units are the subject of Escutia et al. (in prep). 

Reliable velocity profiles On the shelf for time-depth conversions of multichannel 

reflection seisrnic profiles (Camerlenghi et al., in press) are needed for all fusther geological 

interpretations and models of shelf sedimentation in seismic sections. Even though the shelf 

sediment record is less continuous and age constraints are less confined compared to the other 
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depositional environments drilled during Leg 178 (i.e., inner continental shelf deep basins and 

continental rise drift deposits), the best possible depth control of the shelf sequences is 

essential for regional stratigraphic correlations across the Antarctic Peninsula continental 

shelf and between the shelf and rise. 

2.2.3 Data Resources and Methods 

In the following chapter, the maximum drill depth of 367 mbsf reached in Hole 1103A is 

divided into three depth ranges: 0-70 mbsf, 70-244 mbsf, and 244-367 mbsf. The velocity 

information and processing techniques used for each depth interval is discussed separately. 

2.2.3.1 Interval O-70 mbsf 

Leg 119, Site 739 Leg 28, Site 270 Leg 28, Site 271 Leg 28, Site 272 

Velocity (M ls )  

Ã‡Ã e 

2000 3500 2000 3500 2000 3500 2000 3500 

- Loggingdata * eo Laboratory-derived data 

Fig. 2.1. Compilation of OPD/DSDP velocity data from topset environments in Prydz Bay and ROSS Sea 
continental shelves. We used an average velocity caiculated from logging data from Site 739, Leg 119 
(Shipboard Scientific Party, 1989). 

The depth interval between 0 and 70 mbsf is particularly limited with regard to available 

velocity information and is thus speculative. Unstable hole conditions caused the pipe to be 

pulled up only to 84 mbsf prior to logging. No useful logging data were obtained through the 

pipe over the first 75 m. Very low core recovery in this interval prevented the collection of 

velocity data in the laboratory. Based on laboratory measurements on core samples recovered 

from Hole 1100C of the shelf transect, we measured reasonable shipboard Hamilton frame 
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(PWS3) values of 1650-1700 m/s for the upper 0-3.5 mbsf (Shipboard Scientific Party, 

1999b). In order to fill the remaining gap from 3.5 to 75 mbsf, all available Ocean Drilling 

Program and Deep Sea Drilling Project (ODPIDSDP) velocity information from Antarctic 

shelf topsets were compiled (Fig. 2.1). 

For this study, we considered data from four prior drill sites depending on availability, 

shelf geometry, location 011 the shelf and reported lithology: Site 739, ODP Leg 119 in Prydz 

Bay and Sites 270-272, DSDP Leg 28 in the ROSS Sea. Of all recorded shelf topset values 

between 5 and 75 mbsf, 92% are in the range of 1800 to 2500 mis. The average of all 

recorded velocity values over this depth interval is 2172 mls. Considering sediment 

descriptions and corresponding logging data given in the Initial Reports volume (Shipboard 

Scientific Party, 1989) and by Hambrey et al. (1991), sediments from Site 739 consist of 

dominantly uncemented diatom-sich diamictites with large igneous and metamorphic clasts in 

the upper 70 mbsf. Even though the degree of compaction may differ compared to sediments 

of the upper 70 mbsf of Site 1103, Leg 178, the recorded velocities are close to the overall 

topset values considered in our comparison (21 12 mls) . 
In Summary, we took three velocity values from Site 1100C of the shelf transect in the 

depth range of 0.7-3.5 mbsf and added a velocity value of 1630 mis at the sedimentlwater- 

interface (0 mbsf). The sea floor value of 1630 m/s is based on extrapolation of the Site 

1100C data mainly for ease of use in later calculations of depth-traveltime curves and 

synthetic seismograms. For the interval between 3.5 and 70 mbsf, we used the average 

velocity (21 12 m/s) of Site 739 (5-75 mbsf), ODP Leg 119, Prydz Bay. Besides geological 

reasons, the decision to accept Site 739 velocity values is based On the availability of logging 

data and the good agreement between logging and laboratory derived data for this site. 

Considering the introduced essor in velocity for the total profile, the assumptions are 

reasonably conservative, because all known mid- to outer-shelf Antarctic velocities of the 

upper 75 mbsf only show small acoustic velocity variations focused in the 1800 to 2500 m/s 

range. 

2.2.3.2 Interval70-244 mbsf 

Three logging tool strings (triple combination [TC], geological high-resolution magnetic tool 

[GHMT], and the formation micro-scanner sonic tool [FMS]) were deployed at Hole 1103A. 

After completion of the triple combo logging descent, difficulties in reentering the base of the 

pipe resulted in the loss of the 1.5-m-long accelerator porosity sonde (APS) bow spring. In 

order to avoid complications with the missing parts still in the borehole, the FMS-sonic tool 
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was used without the three centralizing bow springs of the mechanical caliper device (MCD), 

Fig. 2.1. During two logging passes with the WS-sonic tool (Fig. 2.1), transit-time and 

velocity information were obtained between 124 and 244 mbsf (during the first sun, pass one) 

and from the sea floor to 243 mbsf (during the second sun, pass two). 

The Schlumberger sonic logging tool used at Site 1103A is commercially known as 

the array sonic or sonic digital tool (SDT, Fig. 2.2). It carries two piezoelectric ceramic 

monopole transmitters that are separated by 2 ft near the downhole end of the tool. The 

transmitted signals have a dominant frequency of 10 kHz with a fire rate of 7.5 Hz. Ten 

ceramic receivers are assanged at vasious spacings uphole with respect to the transmitters. 

Two of the receivers are located in the central part of the tool, at distances of 3 and 5 ft from 

the upper transmitter. The remaining eight wideband receivers ase clustered 6 in. apart, 

forming an array near the top of the tool from 8 to 11.5 ft above the upper transmitter 

(Schlumberger, 1989). The various transmitterlreceiver spacings allow the simultaneous 

recording of many different transit-times. Detection and recording of an 'analog transit-time' 

occur in each case when the signal level at the receiver crosses a fixed threshold. This may or 

may not occur on the true first arrival of the signal, depending on several circumstances, 

impacting the signal-to-noise ratio downhole. The standard output transit-times with their 

respective transmitterlreceiver spacings are listed in Tab. 2.1. A graphic representation is 

given in Fig. 2.2. 

Tab. 2.1. Transmitterlreceiver spacings o f  the standard output o f  the SDT sonic velocity tool without the 
wideband ceramic receiver array (see Fig. 2.2 for a graphic representation and localisation). 

Four differential time or AT outputs of the logging software (Delta-T [DT] computed 

from TT1, TT2, and TT4, Delta-T Long [DTL] computed from TT1, TT3, and TT4, Delta-T 

Long Near [DTLN] computed from LTT1, LTT2, and LTT4, and Delta-T Long Far [DTLF] 

computed from LTT1, LTT3, and LTT4) estimate the formation slowness (inverse of 

velocity). Each relies on a computation combining four individual transit-time outputs. This 

gives an answer that is compensated against small inaccuracies resulting from tool tilt, sudden 

changes in hole diameter, etc. However, should a single transit-time be detected incorrectly, 

any AT output that uses it is rendered completely invalid. 
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Fig. 2.1. Schematic drawing of the FMS-sonic toolstring used at Site 1103, Leg 178. Note that the MCD 

centralizer unit that is normally part of the assembly was not deployed at this site, 

Fig. 2.2. Detailed drawing of the transmitter and receiver configuration of the SDT sonic velocity tool. The 

"mud" transmitter and receiver near the top of the tool are not used. 
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Nowhere in the logged interval were all transit-times simultaneously cossect. 

Typically, four or five of the eight were wrong at any given depth, rendering the standard 

fosmation slowness estimates completely useless. These are several reasons why this might 

have occurred. In general, large boreholes (> 13 in.) and unconsolidated formations are 

challenging for sonic logging because the signal is attenuated by travel through fluid and slow 

formation. The fundamental problem with slow fosmations (< 2000 d s )  and the high fireing 

frequency of 10 kHz is the resulting long wavelength with the possibility of interference of 

subsequent wavelets at the receivers. Additionally, the lack of the upper centralizing unit 

(MCD, Fig. 2.1) resulted in the tool being off Center, further attenuating the signal and 

causing additional acoustic noise generated by the tool touching the borehole wall. 

Consequently, the automatic detection of the signals received at the array and at the two other 

receivers was inconsistent over time and the signal was often picked within noise preceding 

the first tme arrival (Shipboard Scientific Party, 1999b). Another reason for the recording of 

poor and inconsistent data could be due to strong velocity inhomogeneity within the logged 

formations. Tills with unlithified matrix and lasge clasts show large velocity differentes 

within the measurement range of the tool. Matrix velocities may be in the range of 1800 d s ,  

whereas those of ci-ystalline clasts can be as high as 5000 m/s (e.g., fig. F24, PWS3 data for 

Site 1103 in Shipboard Scientific Party, 1999b). Judging from Formation MicroScanner 

(FMS) image observation, large clasts of different sizes, embedded in a finer grained matrix, 

are unequally distributed around the borehole. Therefore, it seems possible that an emitted 

signal could take strongly contrasting travel paths on different sides of the borehole wall. 

An additional AT output of the logging software (refessed to herein as DC) is 

calculated using digital coherence mapping. At each 6-in. (-0.15 m) sample interval, the 

wavefosms of the eight wideband assay receivers are digitized and stacked with various time 

offsets that compensate for moveout. The cossect moveout (and fonnation slowness) at each 

depth is recognized from the offset that produces the highest amplitude stack. The data 

obtained are self diagnostic to some degree in that the coherency of the eight wavefosms is a 

quantifiable indicator of confidence in the data. This technique is more robust in the difficult 

conditions described above, but in this case only lirnited intervals featured coherent 

wavefosms. Small-scale formation inhomogeneity may have contributed to the lack of a 

consistent moveout across the 3.5-ft asray. 

Remedia1 on board processing focused individually On the widely spaced 

receiverltransmitter geometries LTT1 (10 ft) and LTT2 (8 ft) that showed the most consistent 

transit-times. But this is a weak technique, considering that individual transit-times do not 
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account for traveltime within the drill slurry gap between tool and formation. A first attempt 

toward determining true formation velocities was to divide the transit-time by the transmitter- 

receiver spacing and to add 10% to the resulting velocity to cossect for the acoustically slower 

gap between tool and formation (Shipboard Scientific Party, 1999b). This method is not 

capable of correcting for varying borehole diameters and varying densities of the slussy within 

the tool/borehole gap. Additionally, the method assumes that a signal recorded in acoustically 

faster fosmations will also pass the tool/borehole gap faster than a signal recorded within 

acoustically slower formations. These data also have inherently poor vertical resolution 

determined by the transrnitter-receiver spacing used. 

In contrast, the data processed postcruise and presented in this paper use exclusively 

differential times (AT), which automatically account for the tool-formation gap. Any pair of 

transit-times of different spacing can be used to estimate formation slowness, provided that 

they are of different transmitter-receiver spacings. Dividing the difference in transit-time by 

the difference in transmitter-receiver spacing, we obtain a AT: 

AT = (TTA-TTB) / (TRSA-TRSB) (Eq. 2.1) 

AT: Differential traveltime 

TTA: Traveltime of transmitter A 

TTB: Traveltime of transmitter B 

TRSA: Transmitter-receiver spacing A 

TRSB: Transmitter-receiver spacing B 

The pitfall of this method is that all errors in transit-time detection result in large 

velocity errors and only small sections of the record therefore contain useful velocity 

Information. Our method is less elegant than Schlumberger's default computation, which uses 

four transit-times per AT; however, by relying on only two transit-times simultaneously, we 

greatly improved our chance of obtaining valid slowness/velocity data. In order to discem 

these valuable velocity data, we compared results of one processing technique using data from 

the two different logging passes and also compared the results of the same pass using 

different techniques. 

Two of the total of 13 incorporated data categories and processing techniques 

described below are subject to human judgement and expesience. Some of the data categories 

use information twice - all of those instances are noted. 
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2.2.3.3 Logging Velocity Data Categories 

In this section we briefly introduce and discuss the different data categories. To make the 

abbreviations chosen for the data categories more transparent, two examples are given. The 

data category "AFA2/1(LTT1+2) match av" is composed of "AFA", for analog first arrival, 

"211" comparing pass one and two of transmitter receiver spacing "LTT1" and "LTT2". The 

additional abbreviation "match av" indicates that matching velocity values of both passes of 

the Same depth have been used to calculate a mean or average value (av) representative for 

this data category and depth. Data category "2DC2aDC2 match av" for example is based on 

velocity values obtained by digital coherency mapping (DC) of wavelets collected during run 

2. The abbreviation "an indicates special processing parameters, explained in detail in the 

section of the "DC2aIDC2 match av" data category. The abbreviation "match av" again 

indicates that matching velocity values of both processing types (DC2a and DC2) of the same 

depth have been used to calculate a mean value representative for this data category and 

depth. 

AFAZ/l(LTT1+2) match av 

This category uses transit-times LTT1 (10-ft spacing) and LTT2 (8-ft spacing). Calculated 

velocities of the first and second passes are compared. Using 300 mis quality criteria, all data 

that exceed this velocity difference are excluded from passes one and two. Data within this 

range are included using an average velocity of the first and second passes. Long-spaced 

transmitter and receiver pairs may be favorable in lithologic units with strong velocity 

inhomogeneities within the depth resolution of the tool, because they integrale over a larger 

rock volume. 

AFAI(LTT1+2), und AFA2(LTTi +2) picked by log character 

This graphical method uses the two transit-time plots of the two receiverltransmitter pairs 

LTT1 and LTT2 and the resulting velocity plot of each pass without comparing the two 

passes with each other and without looking at absolute velocity values. We believe that the 

AT calculated from these two transit-times merits special attention; of all the transit-times 

recorded, LTT1 and LTT2 performed best. This is based on the subjective experience of the 

logging engineer, observation of the waveforms during acquisition, and log quality control 

Standards set forth by Schlumberger (Bateman 1985). Admitting that this method is largely 

subjective, it is nevertheless an independent approach to extract useful data. The major 

advantage of this method compared to the previous category (AFA2/1[LTT1+2] match av) is 
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that it is entirely focused on repeatability. Tool position, noise level, and a number of other 

variables can cause differentes in quality and lack of repeatability between passes. In this 

category, valuable inforrnation from one pass that has no Counterpart in the other pass can be 

included. 

AFAl(LTT1,-2,-3,-4, TT1,-2,-3,-4) und AFAl(LTT1,-2,-3,-4, TT1,-2,-3,-4) high,AFA2(LTTl,- 

2, -3,-4) undAFA2(LTTl, -2,-3, -4) high 

These data categories are the result of an unusual statistic and combinatorial processing 

approach. We computed differential transit-times for all available transmitter and receiver 

spacings (LTT1,-2,-3,-4 and TT1,-2,-3,-4). For 12 number of initial transit-times it is possible 

to generate q number of combinations. 

q = ?h (,z2-n) (Eq. 2.1) 

Using all recorded transit-times with their respective geometries, besides the six values 

of the wideband receiver array (Fig. 2.2), there are 28 possible and 26 actual resulting 

velocities for the first pass, as two transmitter/receiver pairs have the Same spacing 

(LTTlILTT4 and TTlrTT4). Unfortunately, TT1,-2,-3,-4 transit-times were not recorded for 

the second logging pass. Consequently, only five velocity combinations are possible. The 

resulting velocities for each pass were then compared (Eq. 2.2), leading to 325 combinations 

for the first pass and 10 combinations for the second pass. The confidence level was again <. 
300 mis differente in velocity. Additionally, all average resulting velocities < 1500 m/s 

(water velocity) or > 6000 m/s have been excluded. 

For logging pass two, with 10 possible average velocities for each depth interval, the 

values were mostly within a narrow range and a simple average was calculated as a result for 

this pass and category. In the case of two distinct populations, the higher value in the 

AFA2(LTT -1,-2,-3,-4) high category was saved. Only 159 out of 1050 possible values in the 

depth interval 85-243 mbsf met the criteria. 

For logging pass one, with 325 possible average velocities for each depth interval, up 

to 117 actual values were received using the 300 mis confidence interval and the plausibility 

range of 1500-6000 mis. As a guide for decision making, the values of the first pass were 

sorted in descending order and small graphs were plotted for most of the depth intervals (Fig. 

2.1). Four cases are common. Typically, the values have a stable plateau at the high-velocity 

side (Fig. 2.1A) and only some anomalies at the low side of the values. 
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A 
Depth interval 520, 165.8 rnbsf 
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Fig. 2.1. The data categories AFAl(LTT1,-2,-3,-4, TT1,-2,-3,-4), AFAl(LTT1,-2,-3,-4, TT1,-2,-3,-4) high, as 
well as AFA2(LTT1,-2,-3,-4) and AFA2(LTTl,-2,-3,-4) high, are the result of a statistical and combinatorial 
processing approach. We calculated differential transit-times for all available transrnitter and receiver spacings 
(LTT1,-2,-3,-4 and TT1,-2,-3,-4) based on analog picked first arrivals. As a guide for decision making all 
resulting velocity combinations were sorted in descending order and plotted into small graphs for most of the 
depth intervals. Four cases are common: A. Typically, the values have a stable plateau at the high-velocity side 
and only some anomalies at the low side of the values. B. In several depth intervals, we also observed erratic 
velocities at the high end of the velocity spectrum. C. However, depth intervals with two distinct bimodal 
velocity populations and depth intervals with no velocities within the plausibility range of 1500-6000 m/s (case 
4) were also observed. 
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The choice of high velocities for a final value for this depth interval and category is 

based on the observation that analog picking in noisy, highly attenuated signals of our log 

commonly resulted in velocities lower than those expected. Additionally, all signals that 

travel only through drill slurry will produce lower velocities. However, at several depth 

intervals, erratic velocities were also observed at the high end of the velocity spectrum (Fig. 

2.1B). These values may be the result of cable noise, malfunctioning transducers, OS waves 

traveling alongside the tool. In both cases (Fig. 2.1A and Fig. 2.1B), the erratic values are 

relatively easy to detect. Their number is cornmonly small compased to the population of 

reasonable values, and usually the erratic values differ significantly from the majority of the 

values for the Same depth interval and values of preceding and subsequent depth intervals, 

Since the apei-ture of measurement with this technique (equal to the distance between the two 

receivers used) is between 2 and 9 ft, abrupt changes in measured velocity from one 6-in. 

depth interval to another are unlikely even if the geological profile contains sudden major 

impedance changes. During the semiautomatic sorting and evaluation of the values, depth 

intervals with two distinct bimodal velocity populations were also evident (Fig. 2.IC). 

Because decisions are likely to be biased in those instances, the higher values were included 

in a separate category (AFAI [LTT1,-2,-3,-4, TT1,-2,-3,-41 high), similar to the high values of 

the second logging pass. A total of 751 out of 793 possible values in the depth interval 124- 

244 m meet the criteria for category AFAl(LTT1,-2,-3,-4, TT1,-2,-3,-4). Nonconclusive 

velocities were found for 5% of the depth intervals for this category and pass. 

AFA1/2(LTT1,-2,-3,-4TT1,-2,-3,-4)mach av 

This category compares values of the previous categories AFAl(LTT1,-2,-3,-4, TT1,-2,-3,-4) 

and AFA2(LTTl,-2,-3,-4). The average of velocity values of the same depth interval with a 

difference of 5 300 m/s between the first and second pass were incorporated. Although this 

category introduces data twice into the initial data pool without utilizing new processing 

aspects, it seemed especially important to emphasize agreeing results of the first and second 

pass. More than 80% of the few values (1 12) in the depth interval 124 -243 mbsf found in 

pass one (category AFA2[LTTl,-2,-3,-41) matched their depth Counterparts in logging pass 

two (category AFA1 [LTTl ,-2,-3,-4, TT1,-2,-3,-41). 



CHAPTER 2: The West Antarcfic Shelf 
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Fig. 2.2. Example of digital coherency mapping performed with data of logging run two, based on the tracking 

of highly coherent velocity values. The coherency values within the slowness range (80 -180 ps) are color coded 

(right side). The resulting velocity values are shown On the left side. 

Digital coherency mapping output is based on the eight digitized wavelets received at the 

wideband receiver m a y  (Fig. 2.2) as described above. In depth intervals with low coherency 

and disturbed signals, the coherency mapping technique has a tendency to produce 

significantly higher velocities than the velocities derived by analog picking. The category 

DC112 match av contains average velocity values of the first and second pass (see Fig. 2.2) 

for an example of data of the second logging run) calculated from values with a difference of 

300 m/s or less for a specific depth interval. Of the 783 velocities acquired in both logging 

runs for the same depth intervals, 518 meet the 300 m/s criteria (66%). 
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DC2 high coherency 

This category represents velocity values derived by coherency mapping of the recorded 

wideband receiver array of the second logging pass. Only depth intervals with excellent 

coherency values, indicating stable receiver signals, were included. This category may contain 

inforrnation that has already been used within the previous category. Nevertheless, it is 

important to regard additional valuable data which is only present within the second pass. Of 

the 1599 velocity values (depth interval 0- 243 mbsf) acquired in logging run two, only 270 

meet the high coherency criteria (-17%). 

DC2a/DC2 match av, DC2a/DCl match av 

The digital coherency mapping and subsequent tracking of coherent velocities across a certain 

depth interval is dependent on user-defined boundary Parameters. For DC2a processing, we 

lirnited the portion of the waveform included in each stack with respect to the moveout 

applied. The aim was to filter out spurious coherency peaks that might be due to the ai-sival of 

slow compressional waves traveling strictly through a single medium (either the slurry or the 

tool housing). The resulting velocities are compared with the velocities from the DC1 and 

DC2 processing. Again, averages are calculated for velocities with a difference of 300 d s  or 

less. We introduced 1242 velocity values (78%) from data category "DC2a/DC2" and only 

450 (57% out of 783) from category "DC2dDCl match av" to the final data pool. The high 

quantity of data introduced from category "DC2aiDC"2 into the data pool, is based on the 

fact, that category "DC2dDC2 match av" contains velocity comparisons of the same original 

data and logging run with only modified recalculation Parameters for the digital coherency 

mapping. 

Pipe values 0-84 mbsf, (DC2, DC2a/DC2 match av, AFA2(LTT1,-2,-3,-4) 

Acoustic data recorded within the drillpipe may carry no, or only limited, information 

concerning the geological forrnation. Numerous wave types with different transit times occur 

in closed forms with a low velocity Center (e.g., love, raleigh, and tube waves) (Dresen, 

1985). In general, the data should be neglected or treated with extraordinary care. Only a few 

recorded pipe values are incorporated into the data pool (Fig. 2.3). 
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Fig. 2.3. Summary plot of all data categories before data reduction and filtering. 
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During different coherency mapping approaches and statistical analog-picked analyses 

(AFA2[LTT1,-2,-3,-4]), several velocity classes were observed. Three of these will be 

mentioned here. Velocities around 1600 m/s ase probable from signals traveling within the 

water and mudfilled gap between tool and pipe. Velocities around 3500 mis may result from 

waves that travel along the pipetwater interface (refraction waves). Some processing 

categories show values around 2250 mis. Those values are close to the suspected formation 

velocity and also occur in the statistically treated category AFAl(LTT1,-2,-3,-4). However, 

we rejected most of the pipe data and included only about 9 m of it (75-84 mbsf) into our data 

pool. Within this depth range, the pipe data are in good agreement with laboratory detelmined 

velocities (Fig. 2.3). 

2.2.3.4 Interval244-360 mbsf 

Below the S 1tS3 (Fig. 2.1) unconformity, core recovery improved from 2.3% to 34% because 

of a change in matrix induration. We measured laboratory compressional wave velocity data 

on board ship using the PWS3 contact probe system for specimens and split cores (Fig. 2.3; 

Shipboard Scientific Party, 1999b: fig. F24, PWS3 data for Site 1103). 

Preliminasy comparisons of velocity data and lithological descriptions (Eyles et al., 

2001) suggest that all recovered lithological changes are represented within the velocity data 

measured. We still have no information for 60% of the core. In order to produce a continuous 

velocity log for subsequent Users, we made, the following assumptions based On the available 

data: The lab velocity (Fig. 2.3) and density data (Shipboard Scientific Party, 1999b), indicate 

that low-recovery zones are commonly located at acoustic impedance changes. We therefore 

assume that all major impedance changes are represented within the available data. 

Furthei-more, in order to reduce data gaps by two thirds of their depth interval, we added 

artificial data points at both ends of the gap (Fig. 2.3). 

This measure is supported by the observation of discrete changes in sedimentology 

within the cores recovered (interchange of clast-sich structureless diamictite with more sorted 

sands and silts). Using a simple intespolation technique to fill the data gaps would have 

caused unrealistic continuous transitions within the velocity profile that are also unfavourable 

for later seimic modelling (e.g. the calculation of synthetic seismograms). 
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2.2.4 Results and Discussion 

Data "clean up" for Site 11 03 log velocities 

Fig. 2.1. Example of data reduction using polynomial fitting with cut-off limits of various orders. For a detailed 
description of the techniques refer to Shipboard Scientific Party, 1999a. 

Elliptic IIR-filter, 0-phase, order 12 

Frequency (11m) 

Fig. 2.2. A specially designed low-pass filter is used to remove short-wavelength variations. As a consequence, 
the depth resolution is reduced to - 2 m. 
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Tab. 2.1. To synchronize the new velocity data to other logging data of the Borehole Research Group at Lamont- 
Doherty Earth Observatory (BRG-LDEO), we used 14 prominent features of the IMPH resistivity log. The 
synchronization was achieved with the linear mode of AnalySeries 1.2 (Paillard et al., 1996). 

All the data derived from the previously described 13 categories of processing techniques 

(without the laboratory-derived velocities) incorporated into the initial data pool from 0 to 

244 mbsf are shown in Fig. 2.3. The data are also given in Tab. 2.3. We merged all data 

categories, with a total of 5400 values into a single depthlvelocity matrix by offsetting the 

depth of the individual velocity categories by 5 mm. Looking at the hole section in a 

compressed representation, it is difficult to detect well-supported trends (Fig. 2.3). Although 

only data that passed several quality criteria were included, the data Set remains extremely 

spiky and velocity variations of 1600 to 2800 rn/s for the same depth interval are conmon. 

Based on the large standard deviation of the data, we rejected a simple smoothing of the 

values. Our first step toward simplifying the data was carried out in 25-m sections. We used 

our own method as described in ODP Leg 178, Initial Reports, Seismic Stratigraphy, 
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'Explanatory Notes" (Shipboard Scientific Party, 1999a). This method is based on individual 

polynomial fittings of variable orders and uses selectable confidence intervals around the 

polynomial fit. An example of a six-step clean up is given in Fig. 2.1. An interpolated 

trendline connecting values chosen is shown together with the initial data pool in Fig. 2.3 

(blue line). It has to be noted that the polynomial fitting and exclusion technique will always 

prefer incorporating regions with high data density. In most cases this is an improvement over 

simple averaging since outliers are completely removed and do not affect the resulting data. 

On the other hand, this method by no means ensures the extraction of only good data out of 

clusters in case the majority of the data for one depth interval is ersoneous and the described 

data separation technique fails. 

Subsequently, the data were filtered with a low-pass filter (Fig. 2.2) designed to 

exclude short wavelength variations. The frequency range of the pass band is set to reduce the 

vertical resolution of the filtered velocity log to approximately 2 m. The final representation 

of our approach is given in Fig. 2.3. Since all data processing within this study is based on 

raw unsynchronized data with respect to depth shifts between logging runs and with respect to 

the different transmitter receiver pairs used for the different data categories a final depth 

match was necessary. To achieve a profile comparable to other depth-shifted logging data 

processed by the Borehole Research Group at Lamont-Doherty Earth Observatory (BRG- 

LDEO), the resulting plots were graphically fitted with the IMPH resistivity data. The 

program used is AnalySeries 1.2 (Paillard et al., 1996), and the 14 matchpoints and resulting 

depth) (shifts are given in Tab. 2.1 and Fig. 2.3. The resulting depth shifts are larger near the 

drill pipe, between 87 and 100 mbsf according to the BRG-LDEO depth scale, very 

reasonable in the intervals 100 to 207 mbsf and 230-244 mbsf and unrealisticly high in the 

short interval between 207 and 212 mbsf. The higher shift values at the base of the drill pipe 

may be due to problems encountered during the process of reentering the tools after the 

logging run (Shipboard Scientific Party, 1999b). 

Variable shift values between 0 and 3 m can be easily explained with a combination of 

three effects: 

1) During the data processing at BRG-LDEO the GHMT log was used as the reference 

for depth-matching. The maximum depth shift of the Triple Combo (including the 

resistivity log) relative to the reference log was between 1 and 2 m. The maximum 

shift applied to the two FMS-sonic logging runs was an additional 0.6 m. 
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2) The maximum receiver transmitter spacing on the sonic tool is 13.5 ft (-4.1 m). 

During data processing the traveltime information of different transmitter receiver 

pairs with different spacings and effective integrative depth range was brought 

together without calibrating the sensor-pairs to their effective depth and without 

synchronizing the two logging runs individually beforehand. 

3) The low pass filtering of the data is accompanied by a reduction of the depth resolution 

Site 1103A, Leg 178 
T i e  points" 

Resistivity Velocity 
(nm) (m/si 

Fig. 2.3. Composite velocity profile of Site 1103, Leg 178. The different data resources are indicated. A digital 
version of the composite data can be found in Tab. 2.4. 
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Velocity composite profile 
Leg 178, Site 1103 

Velocity (M's) - Seafloor 

- low recovery 
- degraded logs 

- End of pipe 
during logging 

- low recoveiy 
- logging dafa avalible 

Start of 
core recovery 

- improved recovery 
- la borafory velocif~es 
a vaiia bie 

- no logs 

1 @ S~te 1403 laboratory velocit!es Average velocity of Site 739, Leg 119 

1 Stte 1100 .'Top Sets" laboratory v e l m t t ~ ? ~  Filtered and interpolated velocity 

Fig. 2.4. The reduced and filtered logging velocity data synchronized with the depth-shifted resistivity data 
integrated resistivity [IMPH] and self focusing resistivity [SFLU] processed by the Borehole Research Group at 
Lamont-Doherty Earth Observatory (BRG-LDEO). Tie points are marked with crosses. Absolute shifts are given 
in Tab. 2.1. 
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Fig. 2.5. Comparisons of the (A) new velocity data and representative dowiihole logs: (B) APLC (neutron 
porosity), (C) SFLU (electrical resistivity), (D) RHOM (bulk density), and (E) RMGS (magnetic susceptibility). 
The logging units I-V as defined by the Shipboard Scientific Party (1999b) are outlined (E). Note the difference 
in depth for Fig. 2.6A and Fig. 2.6B-E. 
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NW 
Seismic profile 195-1 

S E  

Fig. 2.6. Comparisons of the (A) time and (B) depth sections of line 195-152 in the vicinity of Site 1103 

(Shipboard Scientific Party, 1999b). The depth migration is based on the new velocity data. Note the differences 

in depth scale and apparent SlIS3 geometry between (A) the time section of the Initial Reports volume with an 

approximate depth annotation, and (B) the depth migrated section presented by this study. The presented data 

confirms the location of the shelf unconformity SllS3 at 222 ms TWTT or 243 mbsf. The unconformity is 

seismically expressed by a strong negative and subsequent positive reflection. Refer to Shipboard Scientific 

Party (1999b) for a detailed description of seismic units and major reflectors (a-e) shown in (A). 

In the final velocity profile the effect of these three factors is combined, depending on 

the importance of each data category for a specific depth interval to the finally chosen data. 

However, the large shifts in the depth interval 207 to 212 mbsf are probably unrealistic and 

the result of a missmatch or incorporation of erratic data into the final velocity data selection. 

The correlation is based entirely On graphical correlation with the Same systematics for the 

whole section (matching regional highs and lows of the reference with regional highs and 

lows of the filtered data curve). Given that the erroneous interval is very short, we decided 

accept the con'elation and accepted its limitations in the mentioned depth interval 207-212 

mbsf. 

Finally, after compiling the data from all depth sections (0-75, 75-244, and 244-360 

mbsf), the contacts were smoothed, resulting in a continuous profile displayed together with 

the laboratory velocity data values in Fig. 2.4. 

The computed velocity curve can be compared for validation to the other representative 

downhole logs obtained at Site 1103 (Shipboard Scientific Party, 1999b): the neutron porosity 

(APLC), the bulk density (RHOM), the electrical self-focusing resistivity (SFLU), and the 
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magnetic susceptibility (RMGS) (Fig. 2.5). The chosen logs show reliable values, except the 

anomalies in the RMGS log at -1 17 mbsf, caused by the APS bow spring lost in the hole. 

The velocity curve is generally con'elated with the RHOM, RMGS, and SFLU logs, and 

anti-correlated with the APLC log. The velocity curve shows the Same features as the other 

logs that are divided in five units (Fig. 2.5). The first unit is characterized by low porosity and 

high resistivity, density, and velocity values. The second unit exhibits porosity values 

between 25% and 50% and lower susceptibility, density, velocity, and resistivity values. The 

two thin beds (-132 and -142 mbsf) seen in all the logs (high SFLU and RHOM values; low 

NPHI and RMGS values) are also found in the velocity curve. In the third unit, the resistivity, 

susceptibility, and velocity logs all show higher values at the top with a slight tendency to 

decrease down the hole. The fourth unit is characterized by a sharp reduction of the logged 

values and a sharp increase in the porosity. In the last unit, we note a distinct jump to lower 

density, resistivity, susceptibility, and velocity values and higher porosity. The high 

variability of the logs in this past of the section is not Seen in the velocity curve, probably 

because of the smoothing method used to reconstruct it. 

Fig. 2.6 shows a compasison of the original seismic data and a depth-migrated section 

generated by using the new velocity data. The original time section already published in the 

Initial Reports Volume, ODP Leg 178 (Shipboard Scientific Party, 1999). The log data 

confirm the location of the major shelf unconformity at 222 ms two-way traveltime (TWTT) 

or 243 mbsf (see Escutia et. al., in prep., for a thorough discussion of the nature and history of 

the unconforrnity). The unconformity between seismostratigraphic units Sl  and S3 

(Shipboard Scientific Party, 1999b) is seismically expressed by a strong negative and 

subsequent positive reflection arround 222 ms TWTT below sea floor (Fig. 2.6A). The 

decline and rise in acoustic impedance (acoustic impedance = velocity X density) within the 

depth interval 220 to 245 mbsf Seen in the velocity and density data of Fig. 2.5D are most 

likely the cause of this reflector. The positive reflection around 206 ms TWTT, is probably 

still part of the S l topset package. 

2.2.5 Conclusions 

Starting with nonconclusive velocity logs caused by a slow formation with extremely high 

internal velocity contrasts, and an uncentered logging toolstring without bow springs, we 

improved the quality of the data and evaluated data previously unavalible with standard 

processing techniques. The velocity profile we produced correlates well with the other logs 

obtained (neutron porosity, bulk density, self-focusing electrical resistivity data, and magnetic 
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susceptibility; Fig. 2.5) and offers a reasonable estimate for the location of  a prominent shelf 

unconformity. However, we must emphasize the limitations of  the data. Esrors may be 

introduced by: 

a bias in choosing and defining the data categories 

the possibility o f  exclusion o f  rare good data in a given interval where misleading 

values represent the majority o f  the data 

uncertainity o f  the precise depth o f  data from transmitter and receiver spacings 

collecting different regions along the toolstring for a given tool position 

mixing of the non depth-shifted raw data of logging runs one and two 

bias in the final correlation by assuming that low resistivity zones are most cornmonly 

denser and therefore acoustically faster 

Nevestheless in contrast to seismically derived velocity information (Tinivella et al., 

2001, See chapter 2.3). The velocity information presented here is more detailed and allows 

the investigation of  the seismic character at least on the scale o f  the defined logging units 

(Fig. 2.5). W e  hope that the new velocity model will help seismostratigraphers, modelers, and 

sedimentologists to understand complexities o f  the Antarctic shelf. The new infor-mation is 

utilized in the paper by Escutia, et al. (in prep.). 

2.3 Validation and Application of the new Velocity Data 

2.3.1 Comparisons o f  the new velocity data with other velocity information 

Prior to Leg 178, as past o f  the site survey and requested by the ODP Site Survey Panel, the 

Prograrnrna Nazionale di Ricerche in Antastica provided P-wave interval velocities for all 

drill sites. These stacking velocities have been supplemented post cruise by tomographically 

derived velocities and submitted to the ODP Leg 178 Scientific Results Volume (Tinivella et 

al., 2001). 

Thanks to the authors (Tinivella et al., 2001) who provided the data for profile 195-152 

prior to publication, it is possible to compare the velocities based on logging and lab 

measurements developed in this thesis with the velocities derived from multichannel seismic 

survey (MCS) data processing. Interval velocities derived from stacking velocity infosmation 

via Dick's fo~mula using root mean Square velocity infosmation constitute the prime seismic 
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velocity information obtainable from MCS. Tinivella et al. (2001) describe the disadvantages 

of using stacking derived interval velocities for target reflector depth determination: 

short streamer length compared to target depth reduces available offset and decreases 

data quality 

the assumption of horizontal layered reflectors with no lateral velocity variation is 

commonly not attained in reality 

P-wave velocity (mls) 
2000 3000 

l; 
i; 

Sea Floor 0 T---.-- 

- - -  Stackmg velocity 

.... ....... Tomographie velocity 

Velocity this thesis 

8 ; 
1 :  

Fig. 2.1. Comparison of different P-wave velocities available at Site 1103. Stacking and tomographic velocities 
are adapted from Tinivella et al. (2001). 

To obtain additional independent velocity information Tinivella et al. (2001) use 

iterative modelling based on ray tracing (seismic tomography). Semi-manually picked 

reflectors define a starting velocity model; this is then varied in geometry and velocity until 

lateral dispersion of resulting reflectors is brought to a minimum. This type of modelling also 

considers lateral velocity variations along reflector packages. The resolution of a velocity 

profile derived by tomography may be of the order of the trace spacing (12.5 m for profile 

195-152). 

The velocities for Site 1103 ase illustrated in Fig. 2.1. In case of the tomography 

velocity (TV), the topset Unit S l  (Fig. 2.1 and Fig. 2.1) is divided into 3 layers of increasing 

velocity with depth. No sharp increase in TV is found at the lower boundary of the topset Unit 

58 
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SI. TV velocities for Unit S3 have averages of 2600 mis and show no intemal velocity 

inversions. The stacking velocity (SV) is less detailed in depth resolution but does show a 

shasp increase in velocity at the SllS3 unconformity. For Unit S l ,  the TV is notably smaller 

than the SV from 0-180 mbsf. For Unit S3, TV and SV are in the same range with absolute 

differences smaller than 200 mis. 

In comparison with the velocity profile derived in this thesis (chapter 2.2) TV values 

are dramatically lower in Unit S 1. The SV velocities seem to represent a sunning average for 

Unit S l  and S3. Neither TV nor SV is able to represent velocity inversions in the 20-30 m 

range, notably the velocity inversion below the shelf topsets Unit S 1. 

Tinivella et al. (2001) describe one case (a location rnidway between Site 1100 and 

Site 1103, Fig. 2.1), where an inversion in the tomographic velocities occurs at the S2/S3 

boundary. They attribute this inversion to ice load induced overcompaction of S l  and S2 

compared to a normally compacted S3. The fact. that no inversion occurs in the tomographic 

velocities at Site 1103 is attributed to the nature of the contact (near-conformable Site 1103 

vs. erosional at the 1100/1103 midway position). 

One can disagree with this interpretation since the new velocity profile for Site 1103 

shows a clear inversion at the top of S3. Seismic tomography is not detailed enough to show 

small-scale variations in the 20-30 m range. Also, the link between overcompaction and 

seismic velocity is weak, since lithological changes within Unit S3 (see chapter 2.4) are able 

to produce velocity variations exceeding those suspected from compaction history 

differences. Unit S3 is lithologically different from Unit S l ,  which consists of loose gravel in 

a claylsand matrix, and the sediments of Unit S3 are diagenetically cemented. For acoustic 

behaviour the presence of cement in the porespace is more relevant than the compaction 

history. The velocity inversion (also seen as a density inversion in the logs, Fig. 2.5 and Fig. 

2.1) at the top of Unit S3 seems to be a random feature of the stratal location of the 

unconformity separating S l  and S2 from the underlying Unit S3. Along the seismic profile, 

there are locations where S 1 or S2 are in unconformable contact with a high velocity layer of 

S3 (cemented diamicts), which result in a positive velocity step. Another possible explanation 

for a velocity inversion could be the presence of a reworked high porosity horizon at the base 

of Unit S 1 or S2, consisting of unrecovered, reworked, cemented older strata, (Fig. 2.1). In the 

later case the inversion Zone should be restricted to the overlaying strata. 

Overall, the SV seem to be much more reliable than TV in indicating absolute vertical 

velocity distributions. This is especially true where the streamer had a length of 1500 m and 

the target reflector depth was between 500 and 800 m. 
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2.3.2 Site 1103 Synthetic Seismogram 

2.3.2.1 Background 

As a quality check of the new velocity profile derived with unusual processing techniques of 

logs and lab data, Trevor Williams of the Borehole Research Group at Lamont-Doherty Earth 

Observatory calculated a synthetic seismogram on the base of this new velocity information. 

The figures shown will be published in a joint paper with Escutia and Lauer-Larede outside 

ODP. 

A B C D E  F G H 

Fig. 2.1. Input variables and processing steps of a synthetic seismogram for Site 1103. Note that TWTT is given 
starting from the seasurface compared to Fig. 2.1 and Fig. 2.6 where the timescale starts at the sea floor offset - 
700 ms). See text for details. Figure received and modified from Trevor Williams of the Borehole Research 
Group at Lamont-Doherty Earth Observatory (LDEO). 
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Site 1103 
Shot  points 

1665 1675 1685 1695 1705 1715 1725 1735 1745 

Fig. 2.2. The new synthetic traces overlain on part of MCS line 195-152. The major reflectors are in place - 
indicating an overall correct velocity model. Note that TWTT is given in sbss (seconds below sea surface), see 
notes Fig. 2.1. See text for detailed discussion of the comparison. Figure received and modified from Trevor 
Williams of the Borehole Research Group at Lamont-Doherty Earth Observatory. 

The synthetic traces are calculated with a professional Schlumberger package (ESX of 

GEOQUEST) and not with the software synseis described in the "Excursus" (chapter 7.1.7). 

Starting parameters for the caiculation (see the "Excursus", chapter 7.1.6 for mathematical 

and physical details) are the new velocity profile, a density profile (both shown in the second 

column from left (Fig. 2.1B) and a source wavelet (Fig. 2.1F). 

Density values are empirically derived from deep penetrating resistivity data (SFLU, 

Fig. 2.3 and Fig. 2.5) and index properties of discrete samples (below 243 mbsf, when 

recovery started). The first step is an empiric conversion to porosity (Eq. 2.3, oral 

communication T. Williams, 2001) followd by a transformation to density using fixed density 

values for porewater (1.03 g/cm3) and matrix (2.75 g/cm3). 
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0.28 
Porosity = 

SFLU Resistivity 
(Eq. 2.1) 

The wavelet is extracted via the ESX package from 20 neighbouring traces in the 

vicinity of Site 1103 using built-in deconvolution algorithms. Note the extreme length of the 

signal (0.06 sec or 90 meters in seawater). The resulting reflectivity coefficient profile (Fig. 

2.1E), the synthetic traces after convolution (Fig. 2.IG) and adjacent traces from profile 195- 

152 are also given (Fig. 2.1 H). 

The major reflectors Start at about the correct depth (time Idepth) e.g the unconfoimity 

between S1/S2 at 225 nls TWTT below sea floor or 243 mbsf and the seaward dipping 

reflectors below 260 ms TWTT below sea floor of Unit S3. The good representation of 

weaker reflectors is remarkable. This is the case even though the polarity is reversed in the 

horizontally stratified Unit SI  (e.g. the negative reflection around 50 ms TWTT below sea 

floor or several other reflectors below 75 ms TWTT below sea floor). As noted earlier, all S l  

data are entirely log based, because recovery was poor in this interval. 

Beside gaps in the data, there are some features in the seismic section that ase not 

represented in the synthetic traces. For example the black reflector at about 220 ms TWTT 

below sea floor (920 ms below seasmface, within the seismic section) with a stronger red 

reflector immediately underneath. It may be a reversed polarity reflection, caused by a 

negative downhole impedance change. The velocity profile (Fig. 2.4 or Fig. 2.1B) does show 

a major velocity reversal at this depth and time (shortly above the S1/S2 unconformity). The 

match of the strong amplitude, seaward dipping reflectors of Unit S3 (around 250 ms below 

sea floor profile, Fig. 2.6 or 950 ms below sea surface Fig. 2.1 and Fig. 2.2) with the synthetic 

traces is not perfect (better vertical resolution on the seismic profile). Since the velocity and 

density profile are able to resolve these changes, it is likely that the long wavelet used for the 

convolution is responsible for the spread of details. Nevertheless these new synthetic traces 

are by far the best modelling results obtained and allow a confident interpretation of the 

reflectors and correlation with lithology interpretated from logging or observed by recovery 

(Chapter 2.4). 
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2.4 Linking Seismic Units to Lithology 

2.4.1 Unit S 1 

Fig. 2.1. Formation MicroScanner (FMS, see Fig. 2.1 for an image of the tool) resistivity images of selected 
intervals of logging run l and 2 of seisniostratigraphic Unit SI .  (A) contact of logging Units 11 and 111. Logging 
Unit I1 has lower resistivity values (darker color coding) and fewer and smaller detectable gravel. Logging Unit 
111 is generally lighter in FMS color (higher overall resistivity corresponding to fewer clays and silts) and 
contains abundant detectable gravel in various sizes. The visually detected Start of significant gravel abundance 
is 1.25 m lower than the definition of the logging Unit IImI boundary. For our logging data this represents a 
tight fit since even after depth shifting of runs 1 and 2 by the BRG-LDEO large absolute depth errors remain in 
the data (Fig. 2.2). (B) Examples of gravel rich Unit IV (light colors -> high resisitivity) and transition to highly 
conductive Unit V with irregular shaped components in the lower part, See text for interpretation. 
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mbsf 

Difference: 2.18 m 

110 cm 
Run 1 

Fig. 2.2. A high resistivity layer, probably a large clast that has been perforated by the rotary drill bit, can be 
identified in bot11 logging runs. Comparison of the figures illustrates the uncertainities in absolute depth 
remaining after correlation of the logging runs and application of depth shifts. 

Run 1 

Fig. 2.3. Several clast-rich FMS logging units show oriented bright spots with southerly dip directions. This may 
he interpreted as imbricate fabric of basal moraines or lodgement tills. The observed dip directions of the clasts 
suggests an advance of the glacier from the south (in lodgement tills and basal moraines clasts dip up-glacier; 
Dreimanis, 1976; Compton, 1985). This is in good agreement with the orientation of a major shelf trough to be a 
major drainage channel for ice between Anvers and Hugo Island, Fig. 1.2). 
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Because cores were not recovered, the lithological descdption for seismostratigraphic unit 

Slis based on logging (e.g.: Fig. 2.5 and Fig. 2.1, Fig. 2.1. Sea floor images and resistivity 

images (FMS, Fig. 2.1-Fig. 2.3) together with clasts and matrix found in the core catcher, 

suggest matrix-supported coarse gravels with variations in the gravel abundance. The porosity 

correlates positively with the clay 1 silt I sand content of the matrix. Highs in the magnetic 

susceptibility correlate with clast-rich zones. 

Lugging Unit I: 84 (Base of Pipe)-! 18 mbsf9 

Unit I is characterized by low (25%-35%) porosity and high resistivity, density, and velocity. 

Magnetic susceptibilities are variable. This unit seems to have a distinct lithologic character 

and may contain more chlorite than the underlying units (infered from natural gamma data 

and the photo electric effect; Shipboard Scientific Party, 1999). The distinct character of the 

magnetic susceptibility log justifies the division in three subunits: a, b and C (Fig. 2.5, Fig. 

2.1, and Fig. 2.1) 

Logging Unit 11: 118-155 mbsf 

Unit I1 generally has 35%-50% porosity but contains a subunit (130-145 mbsf) of lower 

porosity ( 2 5 % 4 % ) .  Magnetic susceptibilities are low. The subunit is bounded at the top and 

bottom by thin (2 m) beds of distinctly higher resistivity and lower susceptibility. 

Logging Unit III: 155-206 mbsf 

Unit 111 has high magnetic susceptibilities, and the FMS images show that clasts are common 

in the upper p a t  (Fig. 2.1). From about 170 mbsf to the end of Unit 111 clast occurrence 

decreases. This correlates with a reduction in magnetic susceptibility (two discrete steps are 

seen defining subunit a, b and C) and resistivity. 

Logging Unit IV: 206-228 mbsf 

Unit IV is sirnilar to Unit I11 but with lower porosities and higher resistivities. A 30-cm-thick 

layer (OS flat boulder?) of very low (0%-10%) porosity occurs at 212 mbsf, and a 1 m-thick 

layer of -20% porosity lies at 210 mbsf, the only level in which layering is evident in the 

Part of this section is modified from Shipboard Scientific Party (1999). Note: the number of logging units has 

changed. Unit 3 and Unit 4 are now sumrnarized in Unit 3. Authorship of sub-chapter ,,Downhole 

Measurements": Lauer-Larede, C., Moerz, T., Williams, T. 
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FMS inlages. Alternate explanation for this ,,layer" is a perforated low resistivity crystalline 

boulder (Fig. 2.1 and Fig. 2.2). 

Logging Unit V:  228 mbsf-Base of Logging (242 mbsf') 

Unit V is marked by a distinct jump to higher porosity (50%) and lower density, resistivity, 

and velocity. Porosity reaches 60% in a Zone of highly variable log behavior (233-242 mbsf). 

The logs end at 242 nibsf, but Unit V cannot extend much deeper, as the first core with 

significant recovery (178-1 103A-27R), characterized by a porosity of 20% and velocities of 

>3000 d s ,  begins at 247 mbsf. The transition between the base of Unit V and the top of Core 

178-1 103A-27R thus represents the largest contrast in physical properties observed in the 

hole, probably caused by induration and cementation. 

2.4.2 Unit S3 

In the absence of a continuous sedimentary record (34% recovery) for seismostratigraphic 

Unit S3, stratigraphic subdivision is not possible. However, thsee lithofacies can be 

distinguished within in the interval247-360 mbsf (Fig. 2.1): 

Diamictites (lithified Diamict, Facies D) 

The diamictities are poorly sorted mixtures of sand, mud and clasts, with clasts sizes 

larger than 2 mm in diameter. Clasts within the diamictites are matrix-supported following the 

classification of Flint et al. (1960). At Site 1103, diamictites have a distinctive gray-brown, 

asphalt-like appearance (Shipboard Scientific Party, 1999). Diarnictites vary from clast rich 

(>20% clastsl') to clast poor (10-20% clasts). Clasts vary in size from 2 mm to larger than the 

core diameter. Most clasts are subangular but there is variation from well rounded to angular. 

Matrix composition varies between sand dominated (60% sand) and silt dominated (50 % silt) 

with clay contents between 20 and 30%. 

Distinctive features of diamictites at Site 1103 ase the mud and siltstone clasts (< 2 cm 

in diameter, e.g. in core 34R, Fig. 2.1 and Fig. 2.2B) and intervals of chaotically stratified 

zones (<30 cm thick), labeled as Facies Dms (Fig. 2.2C, D) separating massive diamictite 

units (Facies Dmrn, Fig. 2.2A). 

( All given % are % by volume. 
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Fig. 2.1. Simplified lithostratigraphy showing lithofacies impedance indicators and possible reflector tops of the 
seismostratigraphic unit S3 below the major shelf unconformity at Site 1103 A. Refer to the text for 
characterization of the facies types. Modified from Shipboard Scientific Party (1999), the Figure has been 
rescaled to represent true thickness of recovered intervals and depth scale is converted to the mcd. Tentative 
impedance indicators have been added based On acoustic measurements On board the ship. 

Fig. 2.2. (A) Example of massive diamict facies Dmm (interval 178-1103A-27R-2, 9-23 cm). (B) Massive 
diamict facies Dmm with numerous light-colored silt clasts (interval 178-1 103A-34R-4, 43-53 cm). (C,D) 
Examples of chaotically stratified diamict facies Dms (C, interval 178-1103A-28R-2, 83-92 cm). (D, interval 
178-1 103A-28R-2, 24-41 cm). Modified from Shipboard Scientific Party (1999). 
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Sandstones (Facies S) 

The sandstones are commonly massive (Facies Sm, Fig. 2.1) to chaotically stratified (Facies 

Sd, Fig. 2.1) and sometimes graded (Facies Sg, Fig. 2.1). The sandstones have the same color 

and grade of induration as the diamictites. They are very poorly sorted and have sharp erosive 

bed bases and tops (one bed top was recovered in core 37R, Fig. 2.1). Distinctive features of 

sandstones at Site 1103 include extensive soft sediment deformation, steep dipping beds 

within mudstone successions, and an abundante of floating gravel and mud clasts. 

Mudstone (Facies F) 

The mudstones are poorly sorted, gray (same color as sandstones and diamictites), massive 

mudstones. Facies Fm (Fig. 2.1) are the most abundant fine grained sediments at Site 1103. 

The distinction between Facies Fmd (massive mudstone with dropstones) and Facies Dmm 

(massive diamictite) is not always possible since the cores show gradational transitions 

between the two end member facies. Distinctive features of mudstones at Site 1103 include 

the absence of bioturbation, occurrence of weak laminae (Facies Fl), dewatering structures, 

pillow structures (load features) and core-scale normal faults. 

Common to all facies at Site 1103 are shell fragments and reworked biogenic material 

of Miocene to Cretaceous age and the absence of bioturbation and in situ marine biota. 

Especially noteworthy is the presence of large numbers of light colored clasts of reworked 

marine mud (Fig. 2.2B) interpreted as so called rip up clasts (Pickering et al., 1989; Eyles, 

1993). Their angular shape suggests a brecciation of consolidated sediment during the process 

of reworking. This is supported by well-preserved diatom assemblages found within the clasts 

but not within the matrix of the diamictite (Shipboard Scientific Party, 1999; Eyles et al., 

2001). 

2.4.3 Ages and Interpretation of the S3 Depositional Environment 

Age assignments based on shipboard observations (smear slides of core-catcher sediment) are 

given in Fig. 2.1. Lithological features observed within the sediments recovered at Site 1103 

(seismostratigraphic Unit S3) are consistent with an environment of very rapid deposition 

(dewatering stmctures in Fm and absence of bioturbation and insitu marine biota) on a 

glacially (poor sorting, size of clasts) influenced slope (tilt of beds, energy required to 

transport and Support clasts). Transport mechanisms for the observed diamictites are debris 

flows and turbidites or muddy debris flows for the sand- and silt/mudstones. Common 

features within the matrix (e.g. colour) and clast types (e.g. the mud rip of clasts) suggest 
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differentiation of sand and mudstones out of the diamict facies during transport or a close-by 

cornmon source for all three facies. 

Fig. 2.1. Age constraints - Biostratigraphic Summary of shelf sites (Holes 1097A (Fig. 1.2), 1100D, and 1103A 
(Fig. 2.1-Fig. 2.1)), based 011 shipboard observations and seismic col~elation. Light gray horizons are material 
with very rare diatom occurrence. Age assignment of S3 (4.5-4.6 Ma, Camerlenghi et al., in press) at Hole 
1097A is based on benthic foraminifers, diatoms, and radiolarian biostratigraphy. Age assignment of the base of 
SI at Hole 1103A is based on diatom biostratigaphy. Dark g a y  horizons show intervals barren of microfossils. 
Note seismic unit S2 is rnissing at Site 1103 and the top of S3 at Site 1103 (early late Miocene) may be older 
than at Site 1097 (4.5-4.6 Ma). Noteworthy for later considerations: sediments above the unconformity S11S3 
contain the top of Thalassiosira vulr~ifica giving a minimum time constraint for the age of the unconformity. 

The relative dominance of diamicts vs. muds and sands may be an indicator of the 

proximity of the source or of the higher potential for this facies to be preserved. Muds were 

probably deposited On diamict bed tops between flow events and were subsequently reworked 

and incorporated in successive flows (Eyles et al., 2001). Mud and silt clasts were imported 

from lower energy marine settings with high biological productivity. The induration of these 

clasts (angular shape) indicates that their source was stable over a considerable time (e.g. an 

interglacial). Two specific scena~ios have been proposed by Eyles et al. (2001) and the ODP 

Leg 178 Shipboard Scientific Party (1999): 

Unit S3 may represent the upper continental slope forsets of the prograding shelf with 

a paleo shelf edge close to the midshelf high (see chapter 2.1). 
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Alternatively, the facies of  Unit S3 may be representatives o f  the ,,till deltas" argued to 

be forming at the grounding line of  ice streams (described for the ROSS Ice Shelf by 

Alley et al., 1989). Similar features have been proposed for the shelf o f  the Antarctic 

Peninsula based on deep-tow boomer data (Vanneste and Larter, 1995). 

2.5 Seismostratigraphic Correlation, Interpretation (SI-S3) and Shelf Model 

2.5.1 Log to Seismic Correlation ( S l ,  S3) and Seismostratigraphic Interpretation (S 1-S3) 

Even though these are no samples of  topset Unit 1, FMS images and the logging data (e.g. the 

magnetic susceptibility log o f  the GHMT Tool) allow evaluation of  downhole clast 

distribution and some information on the orientation of single larger clasts. Igneous rock 

fragments have high magnetic susceptibility values due to the magnetic minerals they carry, 

and they have low electrical resistivity due to the lack o f  pore-space with free movable ions 

(bright spots in the FMS record). In our logs high magnetic susceptibility (magsus) values 

correspond to FMS intervals with abundant clearly detectable clasts (Fig. 2.1-Fig. 2.3). 

Therefore the magsus profile will be used for an attempt to identify lithological introduced 

amplitude variations in the seismic record o f  S 1. 

For direct comparison the magnetic susceptibility values have been converted to time 

using the time-depth function established in chapter 2.2 and plotted at the same scale as part 

o f  line 195-152 (Fig. 2.1). Logging units with high magnetic suceptibility values are marked 

with yellow, lower susceptibility units with light gray (Fig. 2.1). The apparently weak 

impedance contrast between the gravel rich and gravel poor units (the latter possibly related to 

interglacials) is represented in the seismic section by low amplitude, discontinuous reflectors 

(Fig. 2.1, Fig. 2.1, and Fig. 2.2). Commonly changes from high to low (Ic-11, IIIb-IIIc and IV- 

V )  and low to high impedance contrasts (Ia-Ib, 11-UIa and within the upper third o f  Unit V )  

Start with a positive reflector. However, the low to high impedance change between Unit IIIc 

and IV correlates within a weak negative reflector. The last ,,regularC', gravel rich lodgement 

till deposit o f  the topsets (seismic unit S 1, logging unit IV, Fig. 2.5, Fig. 2.1, and Fig. 2.1) 

rests 011 a thin low magnetic susceptibility Zone followed by a section with the in'egular high 

magnetic susceptibility values o f  logging unit V .  Together with other logging data and the 

FMS images (Fig. 2.1B) this Zone may represent a clay rich ,,gougeL' type layer on top o f  a 

brecciated reworking horizon. No imbricate fabric has been found within this layer, and the 

clasts are small and oriented horizontally. Very high resistivity changes at the clast borders 

may be attributed to the angular shape o f  these components. As discussed earlier (chapter 2.2 
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and 2.3) the strong black reflector (negative amplitude) is the seismic representation of the 

shelfwide S 1lS3 OS S 1lS2 unconformity (Fig. 2.1). Overall, the match between logging units, 

subunits and reflector packages is excellent and will improve other seismostratigraphic 

studies and depositional interpretations. 

The sediment recovered from Sequence Group S l  at Sites 1100 and 1103 (Leg 178 

Shipboard Scientific Party, 1999), logging data, resistivity images, and the detailed 

cosselation agree with the scenario that a grounded ice sheet regularly extended across the 

continental shelf during the development of S 1. Individual prograding sequences, recognized 

by truncation and downlap of reflectors in sequence Group S 1, also suggest repeated episodes 

of ice advance and retreat. The internal discontinuity of reflectors within S l  represents 

erosional removal of a formerly continuous till or interglacial biogenic deposit. Logging Units 

111 a and b at Site 1103 consist of two gravel sich tills. The depositional model presented in 

Chapter 2.5.2 assumes that a glacial cycle deposit consists of a basal till layer with "iceberg- 

turbated" and RD-sich finer interglacial On top, however here this interglacial layer is 

missing. Further seaward in the seismic record (Fig. 2.1A) a new reflector package appears at 

the proper seismostratigraphic location. It may be speculated that prior to deposition of Unit 

Ia (and related erosion during ice advance) this ,,interglacial" layer might also have been 

present at Site 1103. Alternatively to the interpretation of the low magnetic susceptibility 

layers as being associated to interglacials, the topsets could consist of stacked lodgement tills 

with interglacial deposits having been removed OS being too thin to be detected as 

independent seismic packages. 

The top of sequence group S3 cossesponds roughly to an improvement in sediment 

core recovery at 247 mbsf. The upper part of S3, above the three strong reflectors C, d, and e 

(Fig. 2.1 and Fig. 2.1), consists dominantly of massive diamict with low internal impedance 

contrasts (Fig. 2.1). Below these weak reflectors the strong seaward dipping reflectors (C, d, e) 

represent impedance contrasts within the slope-related diamict, sandstone, mudstone 

succession recovered in the cores 31R to 38R. The proper scaling and plotting of density and 

velocity derived impedance indicators reveal that previous ideas concerning the cause of 

acoustic impedance changes related to lithological changes used to explain the reflector origin 

are not entirely valid (Leg 178; Shipboard Scientific Party, 1999). The first strong acoustic 

contrast related to lithologic changes actually is seen recovered between the massive and 

stratified diamictite (-274- 286 mbsf) and laminated mudstone (Fl). Tentatively this 

impedance change is related to reflector C (Fig. 2.1, Fig. 2.1, and Fig. 2.1). The next major 

impedance change occurs within a diamictite unit, where diamictites with dominantly 
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crystalline clasts (33R) overlie a diamictite unit containing silt rip-up clasts. As described in 

chapter 2.2. large crystalline components are contribute significantly to the average P-wave 

velocity of a sediment. Tentatively this impedance change is related to reflector d (Fig. 2.1, 

Fig. 2.1, and Fig. 2.1). The lithological origin of the weakest of the three reflectors e (Fig. 2.1, 

Fig. 2.1, and Fig. 2.1) is less well constrained. Possible candidates for the reflector origin are 

a deformed till horizon with fewer clasts recovered in core 36R, or the thin sandlayers of core 

37R (Fig. 2.1). The observed seaward increase in amplitudes of this reflector package (see 

seismostratigraphic description chapter 2.1.4) may be due to better preservation of interglacial 

related muds and sands further down the slope. Alternatively, if the idea of facies separation 

out of a single diamict during mass wasting is valid (see chapter 2.4.2), longer downslope 

transport would enhance the separation of the facies S and F. The transitions observed 

between the three facies are not gradual enough to support the theory that facies D, S, F 

originale from a single mass wasting event. In any case it must be recalled that only 34% of 

the Unit S3 record has been recovered. 

Drilling results from Sites 1100, 1102, 1103 (Leg 178; Shipboard Scientific Party, 

1999) indicate that the three Sequence Groups S l ,  S2, and S3 were deposited under a glacial 

regime. Foresets (S3) and topsets have their origin in a periodically advancing grounded ice 

sheet to reaches the shelf edge in some cycles. Previously the glacial section drilled in the 

shelf transect of the Antarctic Peninsula had been inteipreted as changing upward from 

deposits representing a proximal glaciomarine environment (sequence group S3) to 

principally subglacial Strata deposited beneath the base of a grounded ice sheet on the shelf 

(topsets of sequence group S l  and S2, Leg 178; Shipboard Scientific Party, 1999; Eyles et al., 

2001). This interpretation is not entirely valid - conclusions regarding the depositional 

environment (more glacial, less glacial) should not be drawn across different settings (slope 

foresets, topsets). To observe changes in these settings time equivalent cores representing the 

seismostratigraphic packages of topsets and foresets of S l  and S2 would have been required. 

Leg 178 failed to provide these records. 

During deposition of S2 and SI ,  glacial sequences are characterized by low-angle 

topsets and steepening foresets that prograde the margin by 20 km (along sesimic line 195-152 

or AMG845-08) and aggradate the outer shelf by 200 to 300 m. 
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Fig. 2.1. Detailed graphic correlation of the time converted magnetic susceptibility profile (B, logging data) to 

reflector packages of the S l  topset Unit at Site 1103 (C ,  SP (shot points): 1700-1710). The section is composed 

of discrete intervals with higher (light gray) and lower (dark gray) gravel abundante. Within logging unit 111, 

ontop of IIIb an interval of lower magnetic suceptibility is missing (due to erosion) further seaward of Site 1103 
the rnissing section appears in the seisrnic profile (A). Anomalous values in the magnetic susceptibility log near 

0.78 sbss (1 17 mbsf) may be caused by the APS bow spring, which had been lost in the hole during logging. 
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2.5.2 Shelf Model 

A Interglacial 
Temperate glacier detritus 

Deposition Erosion 

Shelf 

B Glacial Maximum 

C Ice Retreat 

Fig. 2.1. Simplified sketches of the depositional and erosional processes during a glacial cycle. Starting in an 

interglacial (A) with drape sedimentation and erosion occurring at the inner shelf. (B) a glacial maximum where 

the ice extends to the shelf edge and erodes previously deposited material (C) ice retreat leaves a temporary till 

topset that is drape-covered during the following interglacial. 

Like depositional processes on all shelves, deposition and erosion on the shelves of the 

Antarctic Peninsula are influenced by the extemal factors (Cooper et al., 1991): 

Sediment supply 

Tectonics 

Subsidence 

Eustatic sea-level change 
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Additionally the presence of ice introduces: 

Crustal flexure through ice loading 

Sediment erosion and redeposition by the ice sheet 

During interglacials or glacials that do not produce an ice advance to the shelf edge, 

the grounding line is retreats toward the inner shelf. Pelagic or hemipelagic drape deposition 

takes place on the middle and outer shelf and slope (Laster and Barker 1989; 1991). Focal 

points of deposition are the ice front with meltwater plumes supplying temperate glacial 

outwash, and meltwater fines. Erosion takes place beneath the glacier. The shelf drape is 

subject to "iceberg-turbation" and IRD input. Some minor mass wasting removes sediment 

from the slope. Most sediment is kept on the overdeepened shelf and only minor export 

occurs through currents. Only thin foresets form (Fig. 2.1A). 

During ice advance, inner shelf end moraine material, together with interglacial fines, 

are pushed towards the shelf edge in front of the advancing grounding line. Interglacial 

deposits are redistributed and additional erosion occurs beneath the shelf ice. Material 

transported to the shelf edge feeds larger scale mass wasting processes (debris flows for the 

upper slope and turbidites On the middle and lower slope). Thicker foresets develop, and the 

shelf progrades (Fig. 2.1 B). 

A grounding line moraine (produced by an ice advance that failed to reach the shelf 

edge, see also Fig. 2.1 and Fig. 2.2 in the introduction palt chapter 2.1) and lodgement tills are 

left on the shelf after a retreat of the glacier. New drapes develop on top of this deposit. 

Erosion of the shelf takes place dominantly at the inner part during interglacials and glacials 

(ice is thicker toward the continent, Fig. 2.1). Repeated ice advances and retreats therefore 

automatically lead to overdeepened, inward sloping shelf geometry. 

Except within shelf depressions there is no short-term preservation potential for 

lodgement tills OS interglacial drapes On the shelf after repreated advances of grounded ice to 

the shelf edge in glacials.The best preservation potential for interglacial drapes is in the 

foresets On the slope. 

Ten Blink et al. (1995) used numerical models to study behaviour of the shelf under 

varying conditions. They concluded that neither the eustatic curve by Haq et al. (1988) nor 

isotope data can be cosselated with the position OS the grounding line. According to their 

study, processes internal to the System can explain most of the phenomena. The transition 

from progradation to aggradation is dependent On: 
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width of the shelf (longer distance from glacier source area to the shelf edge) 

amount of sediment input flux (decrease in sediment input results in an enhanced 

aggradation) 

probability that a glacial advance of grounded ice will reach the shelf edge (a lower 

probability overdeepens the inner shelf faster and increases the likelihood of 

preservation of deposits On the outer shelf) 

2.6 Similarities and Differentes - Other Antarctic Shelf Records 

Fig. 2.1. Location of Antarctic shelf seisrnic profiles with distinct change from progradation to aggradation and 
consequent topset preservation: (1) Antarctic Peninsula, (2, 3) Weddell Sea, (4) Prydz Bay, ( 5 )  ROSS Sea. 

Many Antarctic seismic shelf profiles display a sudden change from progradation to 

aggradation and consequent topset preservation: (1) Antarctic Peninsula, (2, 3) Weddell Sea 

(Kuvaas and Kristoffersen, 1991; Hinz and Block, 1983), (4) Prydz Bay (Cooper et al., 

1991b), (5) ROSS Sea (Alonso et al., 1992; Anderson and Bartek, 1992). The boundary 

between topsets and the underlying strata is commonly unconformable toward the inner shelf, 

becorning gradually more conforrnable toward the outer shelf. As discussed in chapter 2.5, 
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shelf topsets are highly vulnerable to complete erosion in the subsequent glacial cycle of ice 

readvance. The change toward top section preservation of younger Strata all around Antarctica 

implies a synchronous mechanism. 

A detailed correlation of all other available Antarctic shelf records is beyond the scope 

of this thesis - and additionally would be incomplete since most of the data consists either of 

seismic lines with no or poor age estimates or only shallow piston and gravity cores too short 

to be correlated with the seismic profiles. 

However, ODP Leg 188 Prydz Bay, Site 1166 provided both detailed seimic records, 

excellent core recovery and excellent logs supplemented in the upper part with Logging- 

While-Drilling (LWD) data. The results show striking similarities in the logging, lithological 

and fossil record with the Antarctic Peninsula at Site 1103. 

It is believed that the East Antarctic ice sheet has a different and longer history than 

the West Antarctic ice sheet (Zachos et al., 2001; Barker, 1995). The West Antarctic passive 

margin is rclatively young. The conversion from active subduction to passive margin is not 

older than 11.2 Ma at the location of the shelf transect (chapter 1.1.2, Fig. 1 .I). The East 

Antarctic passive margin is much older, with sediment records extending back to the Turonian 

(O'Brien et al., 2000; Leg 188; Shipboard Scientific Party, 2000). Therefore the thermal 

history and present thermal subsidence behavior of the West and East Antarctic shelf should 

be fundamentally different (Barker, 1995). Nevertheless both records show that preservation 

of topsets began around 3.2 to 2.3 Ma, when the large-scale northern hemisphere glaciation 

was initiated. Low sea-levels, in combination with a global cooling trend resulting in thicker 

shelf ice, would normally prevent topset preservation and consequent shelf build-up. 

A possible explanation is that isostatic response of the Antarctic continent as a whole 

may have led to higher subsidence on all circum-Antarctic shelves simultaneously. However, 

the differentes in nature of the crust and their behaviour under flexual Stress and loading 

makes this scenario highly speculative. Another explanation would be a rise in sea-level to 

provide accomodation space on the shelf - but this is highly unlikely for this time (Haq et al., 

1988). 

2.6.1 Comparison of Records: Prydz Bay (TB) and West Antarctic Peninsula (WAP) 

Glacial topset preservation started above an unconformity that can be traced along the 

Antarctic Peninsula Margin (Larter et. al, 1994). Apparently this unconformity is also present 

in Prydz Bay, East Antarctica. At the unconformity there is a nmow Zone of abnormally low 

densities, magnetic susceptibilities and resistivities (BB, WAP) interpreted as possibly fluid 
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sich deposit resulting from a single or several episodes of ice erosion of lithified strata (see 

chapter 2.5). At site 1103 (WAP) this ,,gouge zone" is accompanied by a coarser brecciated 

zone, apparently missing at Site 1166 (PB). Above the unconformity Lithological Unit Id, 

which is equivalent to logging unit 2c (PB) seems to be time equivalent to logging unit V 

(WAP, Site 1103). Both intervals have been dated with diatoms and contain the upper 

boundary of the Thalassiosira vulnifica Zone (Leg 178; Shipboard Scientific Party, 1999; Fig. 

2.1) the lower boundary was not recovered. According to O'Brien et al. (2000) Leg 188 might 

have recovered the lower extent of the T. vulnifica zone. A recovery woulcl date the 

unconformity at 3.2 MA whereas an unrecovered lower boundary would leave a uncertainity 

of 0.9 Ma and a minimum age of 2.3 Ma. Both units 2c (PB) and V (WAP) are almost 

identical in their logging expression,. displaying high density, resistivity and velocity values. 

Additionaly fms iinages of Site 1166 show high concentrations of larger clasts similar to the 

fms record of Site 1103 (WAP). Another striking feature is that both units have simular 

thicknesses (- 20 m, Fig. 2.1). This till Zone is overlain in both records by a lower density, 

lower resistivity layer (upper past of logging unit 2b (Site 1166) and Unit IIIc Site 1103). This 

zone is thicker at Site 1103, contains interbedded clay lenses and fewer clasts (Site 1166, 

ODP Leg 188, Shipboard Scientific Party, 2000). For the rest of the succession the similarities 

include low variability in acoustic velocities and similar alternations in magnetic 

susceptibility with the number and relative thicknesses of highs and lows correlating. 

However, the magnitude of magnetic susceptibility variation at Site 1103 is higher, indicating 

a more variable depositional environment (greater contrast in gravel size and abundance in 

each moraine deposit) that could be linked to the more dynamic nature of the West Antastic 

ice sheet (northerly location, more vulnerable to decay etc ...I. 

2.6.2 Conclusion 

The records at both sites indicate simultaneous glacial erosion of preexisting strata (3.2-2.3 

Ma) and development of accomodation space adequate to preserve subsequent lodgement tills 

and interglacial fines resulting from the advance and retreat of ice sheets. Although Barker 

(1995) argued against time equivalence of the unconformities observed in Prydz Bay and 

West Antarctic Penisula records, the new data demonstrate at least a synchronous Start of 

deposition after the erosive event. Te question arises, whether sirnilar topsets above 

pronounced unconforrnities observed around Antarctica may also be time equivalent despite 

the differences in shelf history, sediment supply, proximity to the ice source, ice flow 

velocity. 
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Fig. 2.1. Logging data comparison of East and West Antarctic shelf records (Antarctic Peninsula (Leg 178; 
Shipboard Scientific Party, 1999) and Prydz Bay (Leg 188; Shipboard Scientific Party, 2000)). 
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2.7 Summary of Chapter 2 "The West Antarctic Shelf' 

Antasctic shelves are unique in many ways. The shelf of the West Antarctic Peninsula can be 

mo~-phologically divided into the inner shelf with sediment traps (e.g. Palnler Deep), the &f 

basins (bearing the glacial troughs) represe~~ting areas where ice was present nlore frequently 

and longer than the younger outer shelf or the mid shelf high. 

With good acoustic velocity control it is possible to coirelate logging and core data to 

seismic units and single reflectors. The logging and core derived velocity profile established 

for this thesis allows modelling of the shelf profile with synthetic seismograms and tying 

logging units of S 1 on a reflector to reflector basis to the seismic section. 

Seisn~ostratigraphic Unit S l  at Site 1103 consists of a series of stacked lodgement tills 

deposited as basal moraines by advancing and retreating ice sheets, interrupted by finer, less 

clast-rich intervals possibly associated with interglacials. Imbricated fabric in -200 mbsf (-2 

Ma) with pebbles dipping to the S demonstrate deposition below a S-N oriented ice stream 

(consistent with the S-N oriented of a modern outlet-trough on the shelf West of Anvers 

Island) and witness the longevity of glacial outlet troughs on the shelf. 

Seismostratigraphic Unit S3 at Site 1103 contains a diamictite 1 fines succession that 

represents upper dope deposits with a distal moraine-like source. The altemations of diarnicts 

and fines may be related to advancing and retreating ice sheets with proximal sources in 

glacial times and more distal sources in interglacials. Topsets and foresets are linked to ice 

sheet advance and reti-eat; the preservation potential on the slope is higher since all deposits 

below the pale0 shelf break are protected from direct ice erosion. 

Many circum-Antarctic shelf records show an upsection trend toward shelf aggradation 

combined with better topset preservation. Logging data and FMS images in combination with 

lithological constraints allow a close coirelation of WAP shelf records with EA shelf records 

(Legs 178 and 188). Since 3.2 Ma or latest 2.3 Ma both shelves have evolved in a similar way 

despite the many differentes in margin type and overall setting (e.g. ice proximity and 

sediment supply). 

Local and shelf processes are unable to explain these sinlilai-ities. A strong external 

forcing factor is needed. Sealevel fall and increased isostatic subsidence due to ice build-up 

that affected the whole continent are one possibility. The alternative, a rise in sealevel duiing 

this time is highly unlikely. 
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3 Palmer Deep - Ultra High Resolution Holocene Record of the Inner-Shelf 

3.1 Introduction 

Palmer Deep is located 30 km southwest of Anvers Island on the inner postion of the 

Antarctic Peninsula continental shelf (Fig. 3.1A, Fig. 3.1). Similar to other inner-coastal 

depressions found along the passive margins of the Antarctic continental shelf, Palmer Deep 

is thought to be overdeepened by glacial erosion (Domack and ODP Leg 178 Shipboard 

Scientific Party, 1998). The interconnected depression surrounded by steep slopes (16O to 

26O) consists of three Sub-Basins (I-111), with a dominant W-E orientation (Fig. 3.1C). The 

basin is in water depth between 1012 m (Sub-Basin I) and 1400 m (Sub-Basin 111) and has 

forrned an efficient sediment trap for coastal productivity, continental derived background 

sedimentation, and occasional gravity driven flows since the end of the Last Glacial 

Maximum. The proximal location, combined with a relatively thick latest Pliocene to 

Holocene sediment fill, provides a unique, highly sensitive, high resolution record for the 

Antarctic shelf. Two sites were drilled during ODP Leg 178 using existing seismic lines (Fig. 

3.1B, C). Site 1098, located at the southern end of Sub-Basin I, recovered a -47 m thick 

continuous sediment succession and reached the base of the basin fill. Site 1099 was drilled in 

the deepest Part of Sub-Basin 111, yielding 107.5 m of continuous sediment representing 

appoximately the upper three quarters of the total basin fill at this location. Continuous Multi 

Sensor Track (MST) logging data for both sites provide closely spaced (2-15 cm) magnetic 

susceptibility, natural gamma radiation, density and P-wave velocity data. 

This chapter discusses the origin and early evolution of the shelf depression, and relates 

the down core physical properties to existing high resolution single channel Huntec Deep Tow 

Boomer (HDTB) seismic lines using synthetic seismograms. It includes a seismostratigraphic 

interpretation of the observed seismic units and an accurate time to depth conversion. The 

final part of this chapter is related to the digitalization of the 1998 HDTB seismic data and 

gives a first example of improvements achieved with this effort. 

Fig. 3.1 (see next page). (A) location of the Palmer Deep depression on the inner Antarctic Peninsula shelf 
(Rebesco et al., 1998b). (B) initially compiled bathymetry of the Palmer Deep depression with seisrnic lines 
available until 1997. Note: prior to the '99 multi beam snrvey the Palmer Deep depression was thought to consist 
of three basins (Basin 1-111) separated by sills (Kirby et al., 1998). (C) new detailed multi beam bathymetry 
(system: SeaBeam) of Nathan B. Palmer cruise 99-03 (Domack et al., 1999). Superimposed are high resolution 
HDTB '98 (RV LAURENCE M. GOULD, Cruise: LMG-98002), air- and GI-gun seismic lines hrther discussed 
in this chapter. 
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3.2 Basin Origin and Early Basin Evolution 

Fig. 3.1. Ages of ocean floor and ridge crest-trench collisions along the Antarctic Peninsula Pacific margin with 
drill sites marked (based on the time scale of Cande and Kent,1995j. The mid-shelf high and the shelf basins are 
marked as dots and bars signatures respectively (Courtesy: ODP Leg 178 Shipboard Scientific Party, 1999). 

Fig. 3.2 (see next page). (A) niigrated (sea water velocity) GI gun single channel line 197H221G across Sub- 
Basin 111. Survey speed is - 4 kt with a firing interval of 6s (12.5 n ~ ) .  Line and core locations are given in Fig. 
3.1. (B) line drawing of A. The basin fill is seen as closely spaced horizontal reflectors. The side walls of the 
basin to the E can be interpreted as glacial moraine deposits. One major normal fault (detachment fault) is 
indicated (F). (C) close-up of Sub-Basin I11 sediment fill from airgun single channel section 197H228, 3.3 kt 
average survey speed, 5.3 s (9 m) firing rate. (D) line drawing of C with structural interpretation of the growth 
normal faulting within the basin fill. MBR (Midbasin Reflector) and seismic units 1 and 2 are explained further 
in the text. Line location is given in Fig. 3.1. (E) correlation of core derived synthetic traces and profile Iq7- 
219G, running SW-NE and crossing Profile I97H-228 at the location of Site 1099 (C). See text chapter 1.4 for 

details. (F) comparable low resolution single channel GI guii profile across Sub-Basin I. (Courtesy: Rebesco et 
al., 1998b; ODP Leg 178 Shipboard Scientific Party, 1999). 
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Phase 1 Phase 2 

Fig. 3.3. (A) speculative tectonic inteipretatioii based 011 morphological features, see text for discussion. (B) 
block model before deformation with initial location of conjusate fault set. (C) simplified block n~odel  of 

inferred initial compressive phase 1 with NS shortening and WE escape structures. (D) block ~nodel  before 

deformation phase 2 with location of additional faults. (E) deformation phase 2 with NS extension and normal 
faulting. 
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The location of the Palmer Deep depression along the projection of the South Anvers 

Fracture Zone (Fig. 3.1) and the discovery of normal growth faults in seismic profiles (Fig. 

3.2A-D; Rebesco et al., 1998b) has raised speculations of the tectonic osigin of Palmer Deep. 

Based on mosphological features of a new multibeam map of Palmer Deep, provided by 

E. Domack's working group, and existing low resolution seismic data an attempt was made to 

establish a tectonic model in the context of the general margin evolution. Interpretation of 

morphological features of the basin walls and the basin fill surface indicates that there are two 

dominant sets of tectonic lineations separatcd by an angle of 70-85' (Fig. 3.3Aj. The two 

tectonic orientations are interpreted as conjugate sets of faults. The NW trending structures 

correspond to the orientation of the transform faults (in particular the Anvers Fracture Zone) 

that segment the sea floor west of the Antarctic Peninsula margin. These stmctures developed 

during the active phase of the margin evolution (chapter 1.1.3). Some authors believe these 

inactive transforms cause a tectonic segmentation of the Antarctic Peninsula and its shelf 

(Hawkes, 198 1). 

During a postulated initial stage of the Palmer Deep tectonic evolution the area may 

have been under the influence of North-South compression and left lateral strike slip, with 

lateral EW extensional escape (Phase 1; Fig. 3.3B, C). This compressive regime may have 

been succeeded by a general N-S extension after the arrival of the ridge segment around 11.2 

Ma (Fig. 3.1). Modern N-S extension is suggested by the mosphologically indicated left 

lateral movement on the NW trending faults (same as under the compressional conditions) 

and right lateral movement on the NE trending faults. This postulated extension could 

coincide with the extension in Bransfield Strait, to the NE. Both may be considered "back arc 

basins" in a plate tectonic context (chapter 1.1.3 j. The NE trending faults are morphologically 

best expressed in the narrow canyon of Sub-Basin I (Fig. 3.3A). The dip of the NE trending 

fault planes to the NW is indicated by the differentes in canyon wall steepness. In addition to 

strike slip movements, recent extension (Phase 2; Fig. 3.3D, E) is accompanied by normal 

faults dipping to the NE. These become listric low angle detachment faults at depth (Fig. 

3.2A-D; Rebesco et al., 1998b). The surface expression of these normal growth faults is seen 

in the step-like elevated basin fill surface to the west of 64'20' (Fig. 3.3A). It is interesting to 

note that the same tectonic osientations involved in strike slip movements during deformation 

1 and 2 and are also observed in the recent normal faulting (Fig. 3.3E). 



CHAPTER 3: Palmer Deep - Ultra High Resolution Holocene Record ofthe Inner-Shelf 

3.3 Core Data, Environmental Interpretation and Age Model 

At Site 1098 (Fig. 3.1B, C) three holes (A-C) with 10 m horizontal offset and 3.5 m (1098 B) 

and 3 m (1098 C) vertical pipe offset were drilled with the Advanced Hydraulic Piston Corer 

(AHPC) to assure stratigraphic overlap. All three holes reached firm till below -43 mbsf 

indicating the recovery of a complete sediment fill record of Sub-Basin I. 

In contrast, at Site 1099, located in Sub-Basin 111, only one record was recovered. Hole 

A was drilled to a depth of 62.3 mbsf and after an interruption caused by approaching 

icebergs drilling continued in Hole 1099 B where coring started at 60 mbsf and was 

terminated 107.5 mbsf. The cored record at Site 1099 does not represent the entire basin fill of 

Sub-Basin 111 since 

A 

o tills of the 

E 

E) - . >  

iin fioor were reached. 

C 

Fig. 3.1. (A) laiiunated diatom ooze rich in Corethron criophilinit (pale layers) or Chaetoceros spp. spores (dark 
layers: interval 178-1098B-1H-3, 69-93 cm). (B) massive mud-beariiig diatom ooze (top part) with one lamina 
in interval 178-1099A-2H-3, 31-32 Cm, of Chaetoceros spp. spores, and the top part of a turbidite in  interval 
178-1099A-213-3. 7 4 2  cm. (C) laminated diatom ooze showing millimeter-scale laminae in the lower part of 
interval 178-1099B-5H-5. 15-17 cm, and at 178-1099B-5H-5, 10-12 cm. wich subhorizontal Phycosiphori 

bun-ows. (D) turbidite bed with medium sand base grading to mud (interval 178-1099B-4H-5, 104-121 cm) 
(Courtesy: ODP Leg 178 Shipboard Scientific Party, 1999). 
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Lam,iiated niiiddy diatoin ooze Tuibidite (muddv iliatom O O Z ~ /  ] [ [ ] I [ [  ~ ~ a , n ~ c t /  Basement 

3 '.lassive (biotuibated~ muddy 
diatom clayey sill) 

diatom ooze Slump in laminated sedimen's 

Fig. 3.2. Lithology Summary chart of Site 1098. The magnetic susceptibility record is a key parameter in these 

organic rich sediments for detecting turbidites and evaluating the importance of IRD and continent derived 

sediments. Climatic zones (shaded horizontal sectons) and agcs are indicated. See text for details. 
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Lanimated mucidy diatorn ooze Turbidite (muddy diatom oozel m[T Diamict ,Â Basement 

4 J  Massive (bmturbated) niuddy 
diatorn clayey silt) 

diatom ooze Slunip in Iaminated sedinients 

Fig. 3.3. Lithology summary chart of Site 1099. See Fig.l.6 for the lables of the climatic zones (colored 
horizontal sections). See text for details. Note the con'elatioii of magnetic susceptibility highs with the base of 

turbidites, and corresponding highs in density and velocity (e.g. interval 25 to 40 mbsf). The velocity record 

below 75 meters was severely degraded due to close spaced horizontal gas expansion cracks within the core. A 
polynominal fit is used instead (light dots). 

3.3.1 Lithostratigraphy and Environmental Interpretation at Site 1098 and 1099 

The Palmer Deep sediments consist of olive-green homogeneous bioturbated to laminated 

diatom mud and ooze, rhythmically varve-like interbedded diatom ooze, pebbly mud, and 

muddy diamicton (Sjunnekog and Taylor, 2001). The laminations and diatom oozes vary in 

thickness from millimeter scale (interval 40-42 mbsf, core 5H, Site 1098, Fig. 3.IC and Fig. 

3.2) to several centimeters (Fig. 3.1A and Fig. 3.3 intei-val below 87 mbsf). Five lithofacies 
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(see Fig. 3.2 and Fig. 3.3 legend) in five broad stratigraphic m d  climatic intervals have been 

distinguished at the two sites. 

3.3.1.1 Last Glacial Maximum and Deglaciation (13.2 - 11.46 ka BP) 

The deposition of tillites during the Last Glacial Maximum (LGM) shaped the Palrner Deep 

depression. Today the tills form the basement of Sub-Basin I (only reached at Site 1098). The 

grey ,,basement" diamict consists of massive silty clay with scattered ice-rafted debris pebbles 

(ODP Leg 178 Shipboard Scientific Party, 1999). The diamict is further characterized by high 

magnetic susceptibility (MS) values (attributed to larger lithic terrestrial components), high 

densities, low Total Organic Content (TOC; Fig. 3.2) and extremely low diatom abundantes 

in conjunction with the lowest biogenic opal found in the hole (Sjunnekog and Taylor, 2001; 

Anderson and Ravelo, 2001). 

The early phase of the deglaciation is characterized by inclined bedding and slump 

features observed at the base of Holes 1098B and C (Fig. 3.2). Diatoms found in this interval 

are indicative of a sub-ice shelf depositional environment (Sjunnekog and Taylor, 2001). The 

onset of more Open marine deposition is marked by a decrease in MS and in gravel 

abundance. The sediment unit above the slump facies is rhythmically laminated, with 

alternations between pure diatomaceous ooze (Chaetuceros resting spores) and laminae 

containing greater terrigenous input. This alternation is also expressed in the MS record as 

small amplitude high frequency variations (Fig. 3.2). This interval indicates nutrient-sich 

stratified surface waters under proximal melt water influence (Sjunnekog and Taylor, 2001; 

Taylor and Sjunnekog, 2001). When comparing the records of Sites 1098 and 1098 based on 

the MS data and lithology it is obvious that the record of this time slice at Site 1099 is greatly 

expanded. This is probably caused by small turbidites that are much more pronounced in the 

1099 record (Fig. 3.3). 

Based On the Byrd ice core isotopic record (Sowers and Bender, 1995) warming 

started as early as 20 ka BP, well before the Northei-n Hemisphere deglaciation. Ice core 

records also suggest that warming halted between 14 ka BP and 12.5 ka BP. This so called 

Antarctic Cold Reversal (ACR) preceedes the Northern Hernisphere's Younger Dryas (YD) 

cold event although some authors correlate the ACR directly with the YD (Steig et al., 1998). 

This controversy has led to different interpretations of the diarnicton and the turbidite rich 

intervals between 25 and 38 mbsf (Site 1098, Fig. 3.2) and 25 to 75 mbsf (Site 1099, Fig. 

3.3). Domack et al. (1998) Interpret the turbidite interval as liiiked to the YD, Sjunnekog and 
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Taylor (2001) suggest that the YD falls within the rhythmically laminated interval following 

the slump facies, and is not a pronounced event in the Palmer Deep area. 

3.3.1.2 Climate Reversal (1 1.46 - 9.07 ka BP) 

The deglaciation phase in Palmer Deep is replaced around 11.7 to 11.46 ka by a distinct 

,climatic reversal" marked by an increase in ice rafting, onset of major mass wasting, and 

reduced primary production (Taylor and Sjunnekog, 2001; Anderson and Ravelo, 2001). The 

precise timing of the onset of this reversal depends on the proxy used to recognized it. Taking 

the MS values indicative of IRD pebbles and the onset of the mass wasting (turbidite T3b, 

Fig. 3.3) the Initiation of the reversal can be dated as 11.46 ka BP (Domack et al., 2001). 

Using the total diatom abundance as an indicator (Sjunnekog and Taylor, 2001) the start of 

the reversal is much earlier (1 1.7 ka, within the massive units below turbidite T3b, Fig. 3.2 

and Fig. 3.3). Looking at changes in diatom assemblages, the transition to the reversal appears 

to be approximately 1000 yr later than indicated by the total diatom abundance record. It is 

characterized by a change from alternating Thalssiosira antarctica and Rhizosolenia deposits 

to associations dominated by Rhizosolenia (Taylor and Sjunnekog, 2001). The change in 

biogenic opal content in the profile of Anderson and Ravelo (2001), occurs at about 36 mbsf 

(cossesponding to 10.6 ka BP) coincides with the diatom assemblage change. However, for 

practical seismostratigraphic purposes the start of the ,,climatic reversal" is set to base of 

turbidite 3b, following the suggestion of Domack et al. (2001) and the easy recognizable MS, 

bulk density and velocity increase (Fig. 3.2 and Fig. 3.3). 

An explanation for the increase in terrestrial matter and IRD for this time may be the 

con'elation with the YD event as discussed in the previous section (combined with a glacial 

shelf ice advance from the SE) or opening of the connection between Bransfield Strait to the 

NE and the Gerlach Strait (Sjunnekog and Taylor, 2001; Taylor and Sjunnekog, 2001). The 

later scenario would redefine the so called ,,climatic reversal" (Domack et al., 2001) to a time 

of continued warming with no shelf ice readvance but increased NS iceberg traffic and 

periodic grounding due to to the opening of the restriction between Bransfield- and Gerlach 

Strait. The high diatom abundance (Sjunnekog and Taylor, 2001) combined with the high 

organic opal (Anderson and Ravelo, 2001) content of the sediment along with diatom 

assemblages indicative of less ice and increased water circulation (Taylor and Sjunnekog, 

2001) make this scenario attractive. 

The major turbidites (Tl-T3b) in the ,,climatic reversal" interval consist of a very thin 

coarse (sand to silt) base (Fig. 3.1E) and a very thick (up to 14 m, T l ,  Site 1099, Fig. 3.3) 
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faintly graded tail of massive silty to muddy diatom facies without major bioturbation. The 4 

major turbidites of this interval are seismostratigraphically important and their basal density 

and velocity changes contribute significantly to the acoustic reflection seismic signal 

formation. At Site 1099 many smaller turbidites in the Neoglacial and the Deglaciation Phase 

contribute to the expansion of this section compared to Site 1098. This difference in section 

length may be explained by the depth difference between Sub-Basins I (Site 1098) and I11 

(Site 1099) leading to higher basin walls with more material subject to slope failure. 

3.3.1.3 Holocene Climate Optimum (9.07 - 3.36 ka BP) 

A -15 m thick sediment sequence above the top of turbidite 1 (-24 mbsf, Site 1098, Fig. 6 

and Site 1099, Fig. 3.3) is dominated by laminated ooze and minor bioturbated massive 

diatom ooze in the upper part. The highest recorded total biogenic opal content (Anderson and 

Ravelo, 2001) in conjunction with diatom abundantes higher than today suggest, that this 

period of the Holocene was a time of maximal primary production. Overall low MS values 

with low variability correlate with the highest recorded Chaetoceros resting Spores (rs) vs 

vegetative cell ratios. Based on these observation and changes in faunal assemblages, 

Sjunnekog and Taylor (2001) suggest enhanced periods of upper water column melt-water 

stratification probably related to increased glacial run-off OS earlier annual onset of sea ice 

melt. Other marine records of the Antarctic Peninsula (Pudsey et al., 1994; Leventer et al., 

1996; Shevenell et al., 1996), the ROSS Sea (Cunningham et al., 1999), and Prydz Bay (Taylor, 

1999) do support a mid Holocene "warmer than today". Taylor and Sjunnekog (2001) 

describe the Holocene climate as bimodal, based on shifts in diatom assemblages. An 

expression of this bimodality is seen in the crude Shipboard TOC data set for Site 1098 (Fig. 

3.2). The peak around 15 mbsf, corresponding to -5.50 ka BP (Domack et al., 2001), 

corselates well with diatom abundante data and the begining of a relative climatic 

deterioration toward more ice influenced conditions (Taylor and Sjunnekog, 2001). This brief 

cool period is also suggested by Ing6lfsson et al., (1998) based on a compilation of terrestrial 

Antarctic Holocene records. The subsequent upsection peak in TOC marks a second 

productivity high associated with diatom assemblages indicative of climatic warming and 

increased sea ice Cover linked to the hypsithermal (Taylor and Sjunnekog, 2001; Domack et 

al., 1991) at the transition to the Neoglacial. 



CHAPTER 3: Palmer Deep - Ultra High Resolution Holocene Record ofthe Inner-Sheif 

3.3.1.4 Neoglacial and Little Ice Age (3.70 - 0 ka BP) 

The top 9 meters at both Sites (1098 and 1099) are characterized by increased MS signal 

amplitude and variability masking the widely recognized late Holocene rapid climate change 

from warm optimum conditions to the cool Neoglacial. The ,,cotton-like" textured cm-wide 

laminations of Corethron criophiluin mats alternating with darker Chaetoceros resting Spores 

layers are chasacteristic for this interval (ODP Leg 178 Shipboard Scientific Party, 1999; Fig. 

3.1A). 

High values of MS occur in massive bioturbated sediments which contain a lesser 

diatom abundance and a diatom assemblage indicative of reduced meltwater stratification 

(Ostermann et al., 2001). Preservation of benthic foraminifera is better in the massive units 

(Ostermann et al., 2001) indicating short periods of ,,unfriendlyN bottom water conditions 

(pH, oxygen) during settling of diatoms as connected mats after bloom events. In general the 

MS signal correlates with relative strength of the terrestrial influx indicated by IRD and 

glacial debris. During the productivity highs the sedimentation rates were higher and the 

tersestrial input signal was diluted. In contrast, the massive bioturbated intervals represent 

times with low biogenic production and lower sedimentation rates, when the ten'estrial influx 

accumulated. These altemations are also expressed in the bulk density (higher for the massive 

units) and velocity values that produce the impedance contrast within the Neoglacial section 

at Site 1098. Even though the thickness of the Neoglacial section at both Sites (1098, 1099) is 

identical, Site 1099 contains more turbidites in this interval, similar to the deglaciation record. 

Starting about 700 yr BP a distinct MS high (2 mbsf, Site 1098, Fig. 3.2) associated 

with a decrease in diatom abundance (Sjunnekog and Taylor, 2001) may be related to the 

Little Ice Age, recognized as a bipolar cooling (600 to 100 yr BP; Kreutz et al., 1997). 

3.3.2 Palmer Deep Age Model and the cI4 Problem in Antarctic Waters 

The chronology of Palmer Deep Hole 1098C is based on ^C accelerator mass spectrometry 

(AMS) dating of bulk sediment organics and foraminifers from three sediment cores (Hole 

1098C, core PD92-30, and core LMG98-02-KC1; for details see Domack et al., 2001). The 

AMS dates were corrected for reservoir effects of 1232.5 yr for the upper 28.77 m and 732 yr 

for the lower section. The two different reservoir ages are justified by radiocarbon ages OS 

living marine invertebrates for the 1232.5 yr correction and an assumed change in bottom 

water composition with reduced CDW influence for the 732 yr correction (Domack et al., 

2001; ODP Leg 178 Scientific Party, 1999). The reservoir corrected ages were subsequently 
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calibrated to account for atmospheric C activity vasiations using the software INTCAL98 

(Stuiver et al., 1998). Based 011 54 corrected and calibrated ^C dates a third-order polynomial 

regression is proposed as an age model fbr the upper 25 mbsf (Domack et al., 2001). Between 

the turbidites (Fig. 3.2 and Fig. 3.1) linear sedimentation rates have been proposed indicating 

no major loss in record below turbidite 1 but a loss of almost 1000 y at the base of turbidite 2 

(Fig. 3.1; Domack et al., 2001). The chronology for the section below the third turbidite 

(below 40 mbsf) is vague (Domack et al., 2001) because the low sedimentation rate of 0.3 

c d y r  is primarily the result of a sample within a slump unit above the tills that form the 

basement of the basin. It is also impossible to estimate the amount of erosion below turbidite 

3b. 
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Fig. 3.1. Lithology, MS and time scale of Don~ack et al. (2001). Note that the original time depth conversion of 

Domack et al. (2001) is based on meters composite depth (n~cd) and has been re-converted to mbsf (for details 

on the composite scale see Acton et al., 2001). 

In general the radiocarbon dating in the Southem Ocean is challenging when using 

terrestrial radiocarbon calibration curves. Marine organisms living in both the surface and 

deep environments typically exhibit abnormally ,,old" radiocarbon ages with respect to 

terrestrial organic material (Gordon and Harkness, 1992; Bard, 1988; Bard et al., 1989; 

Domack et al., 1989). The Southern Ocean surface waters display the greatest offset between 

radiocarbon and calendar age. The following factors may contribute to the observed offset: 
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o Upwelling of ,,old" deep waters at the Antarctic Divergente and their mixing with 

local intermediate and surface waters 

The presence of sea ice temporasily restricting the surface waterlatmosphere 

interaction, minimizing the amount of ^C of tlie enriched atniosphere entering the 

surface waters during tlie windy winter months (Bard et al., 1989; Domack et al., 

1989) 

Brine injection due to sea ice formation in the austral summer, bringing less dense old 

deep waters to the surface. 

Therefore, the actual offset in absolute calendar age is dependent not only on the vital 

effects in the organic matter but also on t11e local reservoir of C .  Since the locations of 

oceanic fronts, water masses, sea ice Patterns and brine formation vary over time, a reservoir 

age may only be valid for a short time period. Hence the timescale for Palmer Deep has to be 

treated with caution. The change of reservoir age witliin core 1098 is especially problematic. 

Age assignments in the lower part of Site 1098 sl~ould therefore be treated as best estimates 

(Domack et al., 2001). 

3.4 Seismic Stratigraphy 

3.4.1 T11e single channel HUNTEC Deep Tow Boomer (HDTB) Acquisition System 

Seismic reflection profiles used in the Palmer Deep seismostratigraphic study for high 

resolution cosselation were collected on board the Polar Duke (NSF-USAP, Antarctic 

Program, 1992; Fig. 3.1) and the L. M. Gould (NSF-USAP, Antarctic Program, 1998; Fig. 

3.1). Bot11 surveys used the HDTB System, contracting GEOFORCE Offshore Marine 

Services in Dartmouth NS, Canada to provide and operate the system, The 1998 survey in 

Palmer Deep took place during drilling of Leg 178. 



CHAPTER 3 :  Palmer Deep - Ultra High Resolution Holocene Record of the Inner-Sl~elf 

Fig. 3.1. Data acquisition with the HDTB System. The tow depth (d) of the fish and the sea water velocity (V) 
determine the maximum time window available for receiving data unaffected by the arrival of the sea surface 
return. 

The HDTB System is designed to examine sub-seabottom marine sediments. It 

consists of the towed seismic source (the so called ,,fish" behind the ship, Fig. 3.2A.1, A.2 

and Fig. 3.3), recording, processing and display units on board the ship (Fig. 3.2 B. l ) ,  a cable 

providing high current for signal generation, and data channels to receive signals and 

communicate with the fish. The fish is towed at a specific water depth chosen to avoid time 

overlap between the water surface to fish multiples and the sub-seabottom data retum. The 

seismic source within the fish, the boomer, consists of an aluminum plate that is pushed 

outward and inward by the electromagnetic field of a copper coil behind it (Fig. 3.2 A.3, A.4). 

The high energy compressional signal is characterized by a wide frequency bandwidth (0-10 

kHz) with dominant frequencies in the 0.5-5.5 kHz range. These are capable of penetrating 

more than 100 m of silty mud and up to 60 m of glacial tills. The high frequency broad band 

signal is well suited to detect a wide range of small scale impedance changes (resolution: < 30 

cm). The fish is equipped with electronic and mechanical pressure (Fig. 3.2A.7) and tilt 

meters which locate the fish to specific water depth and upright position, and which can 

remove the effects of pitch. Changes in fish depth (heave, waves or change in survey speed) 

ase cossected by advancing OS delaying the triggering of the firing pulse that initiates the 

source wavelet (Fig. 3.3A). The outgoing wavelet, sub-seabottom seismic retums, and 

multiples are all recorded by an internal hydrophone (Fig. 3.2A.4) located within the fish and 

by an optional extemal streamer assay towed behind the fish (Fig. 3.2A.1, A.6). The HDTB 

reflection seismic data used for this chapter were plotted on a EPC Recorder and stored on 

analog tape cassettes. Some institutions (e.g British Antarctic Survey and Bedford Institute of 

Oceanography) have equipped their Systems with digital recording units. 
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Seismic source) 

hipboard processing unit 
and high voltage control and coil 

Fig. 3.2. (A) The tow fish and its main components: (A.1) Assembled tow fish. (A.2) Tow fish with left cover 
removed with the high voltage coil (see B.3) and the boomer plate (see A.3, 4) in place. (A.3) Boomer plate 
(acoustic source) with the movable aluminum disc sealed with a rubber membrane. (A.4) Side view of the 
boomer plate showing the location of the internal hydrophone (an-ow). (A.5) Interna1 hydrophone (arrow). (A.6) 
Extemal streamer. (A.7) Pressure transducer used for fish movement correction. (B.1) Analog shipboard based 
HUNTEC control panel, preprocessing, and recording unit. (B2) Shipboard-based high voltage control unit. 
(B.3) High voltage, high current coil feeding the boomer plate (part of the tow fish). 
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Even tllough the HDTB system was introduced in the early '70, many oceanographers 

prefer HDTB records over the newer subbottom profiling systems that con~monly have much 

narrower sources (for additional HDTB information see Hutchins et al., 1976). 

Trigger pulse J Trigger pulse 

/ \,,-- A 1 .- 
/ I Â¥ 

Fig. 3.3. (A) wave form and (B) spectral view of the data (top) and trigger (bottom) channel. (A) Note the linear 

time dependent gain, automatically applied by the HUNTEC unit to compensate for energy loss due to spheric 

spreading. A trigger pulse and onset of the shot (time of boomer plate outward movement) are separated by an 

adjustable delay (SSR1, sea surface retum l (fish-sea surface-fish); SSR2 (fish-sea surface-fish): SFR1, sea floor 

return (fish-sea floor-fish). (B) considerable amplitudes are observed up to 10 kHz. Maximum frequency 

dispersion occurs at the sea floor. The cross-talk between data and trigger channcl is best Seen in the spectral 

view. Note the time window between trigger pulse and assival of SSR2 and SFR1 cannot be displayed by trigger 

controlled Systems (e.g. EPC-Recorders or the AGC Digitizers). 
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3.4.2 Seismic Models and Correlations 

3.4.2.1 DensityIVelocity Models 

Bulk densities for the subsea formation were derived from MST (GRAPE) measurements (2- 

cm spatial resolution) and index property measurements (3.1 -m spatial resolution, Site 1098; 

3.5-m spatial resolution, Site 1099). Both Site 1098 and 1099 were cored using the APC, 

which provides undisturbed sediment that yields a high-quality MST (GRAPE) density 

record. Low GRAPE density values resulting from gas expansion gaps in the core from the 

lower part of Site 1099 were removed using methods described in the "Excursus" chapter 7.2. 

Spliced density and velocity data (see the Composite Depths chapter of the Palmer Deep 

section in ODP Leg 178 Shipboard Scientific Party, 1999) have been used for acoustic models 

at both sites (Site 1098, Fig. 3.2 and Fig. 3.1 and Site 1099, Fig. 3.3 and Fig. 3.2). Two 

differently derived velocities are available. The MST logger provided continuous data (4-cm 

spatial resolution) for all cores of Site 1098 and the upper 70 mbsf of Site 1099. Additionally, 

discrete PWS3 Hamilton Frame measurements with a lower spatial resolution (1.4-1.5 m) are 

available. The model for Site 1098 uses MST velocities, and PWS3 velocities are used for the 

Site 1099 model. High MST P-wave velocities below 35 mbsf at Site 1098 may be an ai-tifact 

(they show no correlation with the density) and should be reevaluated (Fig. 3.2; Fig. 3.1). The 

lack of P-wave data below 77.5 mbsf at Site 1099, resulting from core disturbance by gas 

exsolution, has been compensated by extrapolation of data from higher in the section, using a 

third-order polynomial (Fig. 3.3; Fig. 3.2). 

3.4.2.2 Source Signals 

Three different source signals have beeil used for the seismic models at Sites 1098 and 1099: 

the far-field and sea floor signatures of the Generator Injector (GI) gun (as described in 

chapter 4.2.1.2) and a high-resolution digital recording of a HDTB farfield signal (P. 

Simptkon, pers. comm., 1997). The very short HDTB signal, with a length of 0.25 ms and a 

continuous energy spectrum up to 10,000 Hz, is displayed in Fig. 3.1. With a vertical 

resolution of 0.2 m (under optimal circumstances), the HDTB System is capable of producing 

ultrahigh-resolution records of non-indurated sediments. 
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A Site 1098 Huntec Signal 

B Signal Spectrum 
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Fig. 3.1. (A) characteristics of the 540 J HDTB far field signal, provided by PSimptkon. Note the fast onset 

(boomer plate moves outward) and termination (boomer plate moves inward) t of the signal and its short wave 

length. (B) signal spectrum. (C) frequency spectrum of the filtered synthetic trace. The filter is set up to simulate 

the analog Butterworth band pass used with the analog presentation of the data. 
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3.4.2.3 Time-Depth Models 

Deptwtraveltime curves have been calculated using the velocity data. At bot11 sites, the 

traveltimeldepth relationship is close to linear (Fig. 3.1). Indicating no or only minor 

compaction of the sediment with depth. This is thought to be due to the rigidity of opal diatom 

skeletons. The steepening of the Site 1098 curve at depth may be the result of incautious use 

of MST P-wave data (Fig. 3.1). 

0 

Fig. 3.1. Tinleldepth relationships at Sites 1098 and 1099. The steepening of velocity values at the base of 1098 
is probably caused by the incorporation of bad MST data. 

3.4.2.4 Synthetic Seismograms 

All seismic models presented in the Palmer Deep chapter have been calculated using the 

,,synseis-software" described in the "Excursus" chapter 7.1.6. 

The spliced and corrected velocity and density data were resampled at 0.2 m (Site 

1098) and 0.15 m (Site 1099) resolution. Only the reflectivity series of Site 1098 was 

convolved with the Huntec signal because no profile taken over Basin I with any other 

acoustic source (air gun or GI gun) showed comparable detail within the shallow basin fill. 

The velocityldensity data, impedance curve, reflectivity coefficients, and an unfiltered 

synthetic trace are displayed in Fig. 3.1. 
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Fig. 3.1. Cleaned (see chapter 7.2) and resampled acoustic properties and the synthetic seismogram trace 
(caiculated with the software "synseis", see chapter 7.1.7) of Site 1098 using the HUNTEC deep-tow boomer far 

field signal. Note that the data set is given in time domain, the depth scale therefore is only approximate. LGM, 
last glacial maximum; DG, deglaciation. 
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Fig. 3.2. Cleaned (see chapter 7.2) and resampled acoustic properties and the synthetic seismogram trace 
(calculated with the software "synseis", see chapter 7.1.7) of Site 1099. Three different source signals were used 
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to convolute the reflectivity series. Note that the data set is given in time domain, the depth scale therefore is 
only approxirnate. 

For Site 1099, the acoustic impedance model was convolved with the GI gun far-field, 

the sea floor stack, and the HDTB signals (Fig. 3.2). An approximate depth scale is given in 

Figure 15. These are extreme frequency and resolution differences between the synthetic 

traces derived from the three different source signals at Site 1099. The time delay between an 

impedance contrast (e.g., at 0.043 s) and the cossesponding reflection within the synthetic 

trace increases dramatically with the wave-length of the different signals. The response of the 

HDTB trace is close to "instant." The GI far-field response occurs at 0.048 s, and the GI sea- 

floor trace of 40 ms shows a response at 0.055 TWTT (s). To eliminate these effects, reflector 

depths must be measured with respect to the onset of the sea floor reflection. The Huntec 

traces for Sites 1098 and 1099 were resampled at 20,000 Hz and subsequently filtered using a 

zero-phase equi-ripple band-pass filter (pass band = 8004500 Hz; attenuation = 40 dB; filter 

order) (40) to match their frequency content to a commonly used frequency range for the 

HDTB-record display (Fig. 3.1). As seen in Fig. 3.1, most of the prominent reflectors are 

represented within the synthetic traces for Site 1098 (chapter 3.4.3). At Site 1099, the 

synthetic trace shows all the important reflectors of the upper 40 ms of the HDTB profile (Fig. 

3.1). For a detailed discussion and description of the seismic section see chapter 3.4.4. 

Additionally, the GI gun sea floor synthetic trace (based on the same impedance model) was 

filtered using a zero-phase equi-ripple band-pass filter (pass band = 30-1 10 Hz; attenuation = 

35 dB; and filter order = 70) and processed to meet the processing specifications of seismic 

line I97H-219G which crossed Basin 111 (zero-phase Butterworth band-pass filter [pass band 

= 30-110 Hz], automatic-gain recovery window of 100 ms, static shift and cutting, and 

interpolation to 0.5-ms resolution). The only feature that can be identified with some 

confidence is a broad reflector at 50 ms TWTT (Fig. 3.2E). 

3.4.3 Seismic Units at Site 1098" 

At Site 1098, the till reached and sampled at -43 mbsf represents the acoustic basement for all 

available reflection seismic records. In the single-channel air gun seismic profile I97H-218G 

Parts of this chapter are modified frorn: Shipboard Scientific Party, 1999. Palmer Deep (Sites 1098 and 1099, 

Seisrnic Stratigraphy). In Barker, P.F., Camerlenghi, A., Acton, G.D., et al., Proc. ODP, 111it. Repts., 178, 1-173 

[CD-ROM]. Available from: Ocean Drilling Prograrn, Texas A&M University, College Station, TX 77845-9547, 

U.S.A. Authorship of sub-chapter ,,Seisrnic Stratigraphy": Escutia, C. and Moerz, T. 
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(Fig. 3.2F), we identified one seismic unit above acoustic basement. Seismic Unit I (0-46.7 

mbsf) is acoustically semitransparent, with some low-amplitude reflectors toward the base of 

the unit that onlap the irregularities of acoustic basement (Fig. 3.2F). High-resolution HDTB 

seismic profiles penetrate to >43 mbsf and allow division of seismic Unit I into three subunits 

(Fig. 3.1): (1) Subunit Ia (0-9 mbsf) is characterized by stratified continuous reflectors with a 

high-amplitude reflector at its base, (2) Subunit Ib (9-23 mbsf) consists of parallel reflectors 

at the top but becomes more transparent toward the bottom, and (3) Subunit Ic (23-43 mbsf) 

is mostly acoustically transparent but with high-amplitude reflectors at 30, 33, and 38 mbsf 

(Tl, T2, and T3 in Fig. 3.1). The synthetic seismogram clearly reveals the high-amplitude 

reflections that occur at the base of Subunit Ia and the T l ,  T2, and T3a and T3b reflectors in 

Subunit Ic. Higher and lower amplitude reflection Patterns in the synthetic traces can be 

correlated with acoustically stratified and semi-transparent acoustic facies, respectively, in the 

HDTB seismic profile (Fig. 3.1). Seismic Unit I has a drape geometry, indicated by uniform 

thickness of the unit in the central Part of the basin and a bottom morphology that follows the 

irregularities of acoustic basement (Fig. 3.1). 

S Palmer Deep Basin 1 N - - Unit Boundary 

Site 1098 
Tie Une 

Fig. 3.1. HDTB '92 profile across Site 1098. Comparison of the seismic reflection profile with a synthetic 
seismogram. The acoustic Subunits la, Ib, and Ic roughly correspond to the climatic-lithological zones described 
in chapter 3.3.1 (for lables to these zones, represented by the color bar, see Fig. 3.2). Reflectors T l ,  T2, and T3a, 
T3b correspond to the base of the 4 major turbidite layers (for the lithology see Fig. 3.2). 



CHAPTER 3: Palmer Deep - Ultra High Resolution Holocem Record of the Inner-Shelf 

3.4.4 Seismic Units Site 1099 

Fig. 3.1. HDTB '92 profile across Site 1099. Comparison of the seismic reflection profile with a synthetic 
seismogram. Reflector h (the Mid Basin Reflector (MBR), Rebesco et al., 1998b) can be linked to the base of 
turbidite T l  (see Fig. 3.2 for the lithology). The synthctic seismogram is a good acoustic model for the stratified 
Neoglacial and Mid Holocene section (see Fig. 3.1 or Fig. 3.2 for lables to the lithological units). 
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Two main seismic units can be differentiated in the air gu1 profile (Fig. 3.2C, D). 

Seismic Unit I (0-76 mbsf) is acoustically semitransparent (I97H-228G; Fig. 3.2C). A high- 

amplitude reflector, previously rcferred to as the Mid Basin reflector (MBR: Kirby, 1993; 

Rebesco ct al., 1998b), divides Unit I into two parts. The thickness of Unit I is uniform in the 

center of the basin and thins toward the edges of the basin. High-resolution I-IDTB profiles 

penetrate the upper 34 m of seismic Unit I to the MBR (Fig. 3.1). Aconstic charactcr above 

the MBR in this high-resolution profilc allows differentiation of seven acoustic packages 

characterized by low-amplitude reflectors at the top and parallel, higher amplitude reflectors 

at the bottom. In Fig. 3.1, we assign letters from a through g to the base of acoustic packages 

at 4.5. 8, 10. 12, 14, 19. and 21 mbsf, respectively. The synthetic seisniogram at this site 

shows a good correlation between high-amplitude synthetic reflections and the base of the 

acoustic packages (Fig. 3.1). The deepest strong reflector in thc HDTB profiles and a high- 

amplitude reflection in the synthetic seismogram are found at 34 mbsf and correspond to the 

MBR (nan~ed 11 in Fig. 3.1). The MBR (representing the base of T l ;  Fig. 3.2C, D) in the air 

gun seismic profile is a horizontal reflector that can be traced across the basin. In the middle 

of the basin, the MBR has a lower amplitude and an irregular surface. Toward the sides of the 

basin, it grades to a Iiigher ainplitudc reflector that onlaps a more acoustically transparent and 

chaotic package of reflectors. The MBR in the HDTB profiles is a reflector that parallels the 

irregulasilies of the sea floor (Fig. 3.1, Fig. 3.2). Seisn~ic Unit I1 (76-107.5 mbsf) in the air 

gun profiles is characterized by horizontally stratified high-amplitudc continuous reflectors 

(Fig. 3.2C, D). Rcflectors in the upper part of this unit are flat-lying in the center of the basin, 

"climb" up at its eastern edge, and terminate abruptly in the Western part of the basin. Lower 

reflectors exhibit typical onlap fill geometry either against the acoustic basement or against a 

package of irregular and chaotic reflectors. The thickness of seismic Unit 11 varies across the 

basin beca~ise of ii-regularities in the acoustic basement. 

Fig. 3.2 (see next page). HDTB '98 profilc across Site 1099 and Sitc 1098, assembled from EPC-recorder 
printouts (see Fig. 3.1 for thc profile location). Lithologie units are n~apped across Sub-Basin I and 111. An 
enlargement of Sub-Basin I11 is correlated with synthetic traces. Turbidites Tl-T3b are marked in bot11 basins. 
The greater thickness of turbidites in the ,.Climatic Reversal" Unit in Sub-Basin 111 compared to Sub-Basin I 
may be explained by the discharge of gravity flows from Sub-Basin I into Sub-Basin 111. Refer to Fig. 3.1 for the 
profile location. 
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3.4.5 Interpretation and Seismic Mapping of Lithological Units 

At Site 1098, parallel reflectors and sheet drape geometries in both air gun and HDTB seismic 

profiles are compatible. Sedimentation was dominated by hemipelagic/pelagic settling and 

low-density gravity flows. High-resolution HDTB profiles allow direct correlation between 

acoustic character, synthetic traces, and litliology (Fig. 3.1). The reflector marking tlie base of 

seismic Subunit Ia corresponds roughly to the base of a massive, bioturbated muddy diatom 

ooze (Fig. 3.2). Semitransparent and stratified reflectors of seismic Subunit Ib correspond to a 

15-m interval where laminated sediments predominate. High-an~plitude reflections in the 

synthetic traces of seismic Subunit Ic correspond to an acoustically semitransparent subunit in 

the HDTB profiles. This suggests that tlic acoustic character of this unit is tlic result of 

limitations in tlie penetration of the HDTB System and not a real representation of the 

stratigrapliic and lithologic character of Subunit Ic. Three turbidite layers, T l  througli T3, are 

con-elated with high-amplitude reflectors at 30, 33, and 38 mbsf (Fig. 3.2, Fig. 3.1, Fig. 3.1). 

At Site 1099, seismic Unit I above the MBR (the top 34 mbsf) is don~inantly massive 

or laminated muddy diatom ooze. The higher amplitude reflectors (i.e., reflectors a through g) 

at the base of the seven acoustic packages identified in the HDTB seismic profiles con-espond 

to seven thin turbidites in the upper 23 m of the core. Reflectors C, e, andfcoincide with the 

base of Units Ia, Ib, and Ic, respectively, of Rebesco et al., 199%. The MBR, apparent in both 

air gun and HDTB profiles at 34 mbsf, corresponds to a layer of coarse sand and pebbles 

interpreted as the basal unit of turbidite 1. The acoustically semitransparent Unit below the 

MBR corresponds roughly to a thick interval of massive, diatom clayey silt and muddy 

diatom ooze (Fig. 3.3). High-amplitude stratified reflectors of seismic Unit I1 (Fig. 3.2C, D) 

corsespond to altemations of massive, bioturbated, muddy diatom ooze, laminated mud- 

bearing diatom ooze, and very fine-grained graded turbidites (Fig. 3.3). The overall onlapping 

character of the seismic units drilled in the Palmer Deep basins suggests that sedimentation 

was dominated by hemipelagic drape and infilling of the basins with sediment gravity flows, 

probably from a local source. Tlie character of the MBR in the air gun seismic profile 

(grading into or onlapping more chaotic packages toward the sides of the basin) can be 

explained by its being the base of a mass flow unit originating from dope failures and slumps 

of the basin walls. An intrabasinal source for sediments is suggested by the irregular reflector 

packages 011 the sides of the basin (i.e., the western side in Fig. 3.2C, D). 

The "climbing" reflectors of Unit I and the upperrnost reflectors of Unit I1 at the edge 

of the basin (interpreted as growth faults) are most likely to be related to neotectonic activity 

in the basin (Fig. 3.2C, D; Rebesco et al., 199%). 
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The HDTB profiles acquired in 1998 from the vessel L.M. Gould (cruise LMG 98-2) 

have been used as a base to map the lithological and climatic Units (see core interpretations, 

chapter 3.3). Compared to the focused internal hydrophone, the parallel wired streamer (Fig. 

3.2A.6, all hydrophone signals are stacked) improves the detection of deeper reflectors (Fig. 

3.2A.4, A.5) but reduces the lateral and veitical resol~ition of small scale features. As a 

consequence many sediment fill and acoustic basement features appear very smooth. 

Prominent reflectors in the HDTB '92 profiles have been identified and correlated to 

lithology with the aid of synthetic traces. All of the previously named reflectors of Site 1099 

are shown in Fig. 3.2 (enlargement), with additional reflectors are also labeled. The '98 

streamer record penetrated deeper strata compared to that from '92. The lowest reflector 

identified at Site 1099 corresponds to the base of turbidite T3a (Fig. 3.2). At Site 1098 the 

lowest prominent reflector, previously thought to coi-relate with the base of turbidite T3a, has 

been identified as the top of the acoustic basement. A careful analysis and comparison of the 

two sub-basins revealed that the so called MBR in the papers of Rebesco et al., 1998b et al. 

(1998), identified as the prominent double reflector in the middle of the record at Sites 1099 

and 1098 (Fig. 3.2) is not equivalent. Instead, this reflector corresponds to the the base of 

turbidite T3b in Sub-Basin I, marking the boundary between the deglaciation interval and the 

climatic reversal. At Site 1099 (Sub-Basin 11) this reflector is in the upper quarter of the 

climatic reversal unit and represents the base of turbidite Tla .  Nevertheless, all turbidites (Tl, 

T2, T3a, T3b) previously described are present in both basins and are time equivalent. The 

reduced thickness of the turbidites in Sub-Basin I can be explained by the morphology of Sub- 

Basin I and its outlet to Sub-Basin 111. Most of the mass gravity flows initiated by grounded 

ice advance or massive iceberg scouring near Sub-Basin I travelled thro~igh this canyon and 

discharged into Sub-Basins I1 and 111 (Fig. 3.1). 
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3.5 An Approach for Digitalization and Processing of Analog High Resolution Single 

Channel '98 HUNTEC Deep Tow Boomer Data 

HUNTEC 
Unit 

Fig. 3.1. Atlantic Geoscience Center (AGC) digitizing unit. The data on analog tape is played back and filtered. 

The trigger channel (dark gray lines, standardizing of the trigger pulse) and the data channel (light gray lines) are 

first fed into an EPC recorder (online display). The 12 bit AGC unit is working trace oriented with fixed samples 

in each trace and uses the trigger pulse for the Start of a new trace. Data after the trigger pulse is lost due to a 

fixed delay Set at the beginning of the trace to fade out most of the water column. 

Static and Dynarnic Shift, AGC Digitized Section 

105 120 Trace 140 160 

Fig. 3.2. Large static shifts distor the single channel record digitized with the AGC Unit. Most likely cause are 

poorly-detected trigger pulses. 
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In order to improve the vertical and horizontal resolution in this unique high resolution 

Holocene record, digital data must be processed. Fig. 3.1 shows the basic geometric 

asrangements for a Deep Tow Boomer survey. During the 98 Palmer Deep survey the source 

was towed between 100 and 140 m below the water surface and a parallel hydrophone 

streamer collected the signal, which was stored analog together with a time mark (Trigger) on 

normal cassette tape. Fig. 3.3 shows the two digitized channels in time and frequency domain. 

Note the adjustable delay between the trigger pulse and the actual firing of the boomer. Due to 

uncosrected high frequency fish movements, imprecise cassette tape mechanics, and nonlinear 

stretching of the tape itself, distances between time marks have different lengths. This leads to 

unpredictable dynamic and static noise between traces (Fig. 3.2). An initial attempt at 

cosrection was made using the single channel digitizing equipment of the Geological Survey 

Canada (Atlantic Geoscience Center, Fig. 3.1). Unfortunately, this highly specialized 

equipment works in a trace oriented mode, hence it is dependent on external triggering. 

Lateral coherency of the record is dependent 011 trigger quality and detection repeatability. 

Furthemiore, this professional system is incapable of recording the the trigger channel, 

preventing subsequent processing and correction of the time base. To overcome this problem 

both hardware and software have been modified. 

3.5.1 The Digitalization Hardware and Recording Software 

A high quality SONY two motor cassette player with a ceramic casette holder was used to run 

the audio tapes. From there the two stereo channels were individually amplified by a 

KENWOOD amplifier (KAF-1010). The two channels were then fed into a TERRATEC 

Xlerate PCI Soundcard with a 16 bit 41 kHz front end digitizer. The primary recording 

software is a commercial version of CoolEdit v.6 (for the setup see Fig. 3.1A). Before starting 

the recording, the two channels are digitally amplitude adjusted to guarantee maximum usage 

of the 16 bit resolution. The endless stream of trigger channel and data channel data is saved 

as a binary audio .wave file (Microsoft .wave). To impress time stamps on the record, the 

HDTB system generates double triggers each minute, leading to two boomer signal releases 

within a short time interval. These data discontinuities have been removed manually, the -1 

minute data packages were then stored in individual files (1 minute = 10 Mb binary file size). 
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A Hardware Software 

Fig. 3.1. Hard- and software configuration used in a low cost approach to digitize HDT data from analog audio 

tape: (A) hardware configuration, (B) processing software flow chart. Refer to the text for details. 

3.5.2 The Interactive Processing Package "huntecdigcon" 

A detailed description of the "h~intecdigcon" software written in Matlab is beyond the scope 

of this thesis. Instead only a brief outline of the featues and procedures is given (see also Fig. 

3.1B). 

The one minute long files are read in as *.wave-files via a gsaphical user interface (file 

path, shot rate, type of correction). The first processing step is the trigger space detection. The 

trigger channel is low pass filtered and the trigger is detected by a combination of threshold 

and slope criteria. An optional subsequent trigger correction routine reduces or increases the 

number of samples of the data channel between trigger locations by means of interpolation of 

the shot and sampling rates. In the Same interpolation step the trigger channel is also adjusted 

to a fixed spacing length. To map the three impoi-tant features of each shot (time of firing, 

arrival of the sea surface return (4ep th  of the fish) and arrival of the sea floor return) an 

approximate location of these features is determined using polynominal techniques on filtered 

data Segments between triggers (Fig. 3.1A). 
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Before correction 
C % ,  

After trigger length 
correction 

,.,.?3 

/-^ After fish movement 
correction 

Fig. 3.2. (A) graphic represcntation of the result matrix before trigger length correction. Note that the irregular 

trigger spacing (line 1) is also seen in the timcwise location of tlie sea floor (line 4). All picked times o f  the shot 

elements are expressed in samples relative to the detection of the element in shot one. (B) result matrix plot after 

trigger lengtli equalization. Note the positive effect 011 the sea floor. (C) example of an approach to conect  short- 

term fish moven~ent (shot delay and fish depth are synchronized). Due to imprecise picking of tlie SSR this 

approach has not becn used in the final processing. 

100 200 309 -<U0 &CO R00 0 1W 200 300 400 500 SW 
Traces Traces 

Fig. 3.3. The effect of the autocon-elation routine for minimizing residual static shifts on trigger length corrected 

traces (see Fig. 3.1, ,,Auto-correction of statics"'). The correlation window is marked by rings: (A) one minnte 

section before static correction. (B) the same section after static correction. 

The data channel is too noisy to detect the actual time of boomer firing following the 

trigger. As seen in Fig. 3.3 the high voltage currents in the wires leading to the fish and within 

the fish itself create cross-talk between the data and trigger channel. However, detection of 

the shot onset can be achieved using the trigger channel data. The detection method used is a 

combination of time domain filtering, threshold, and slope criteria (Fig. 3.1B). The sea 

surface return and the sea floor are detected using high pass filters, threshold, and slope 

criteria, and complex backward polynominal extrapolation (Fig. 3.1C, D). Detection of the sea 



CHAPTER 3: Palmer Deep - Ultra High Resolution Holocene Record of the Inner-Shelf 

floor is difficult in the Palmer Deep records since the transition between water column and 

sediment is continuous providing almost no impedance contrast even at high frequencies. 

Sn.  S .  S.. SN 

UnfSn) = K*p(Sn) p(Sn1 pressure amplitude 
U(Sn) voltage at ssigle 

P, hydrophone 
P S )  =- P S > Sn (far-field conditions) 

Fig. 3.4. Approach to restore the source signal from the 10 element streamer recording. A deconvolution 

function is defined allowing recalculation of the amplitudes for Hydrophone 1 (Uo(So)) when only the sum signal 

Uv is known. A source signal for each shot could be used in a shot by shot deconvolution. 

The result of the detected shot elements is stored in a matrix and can be displayed for 

visual inspection of data quality and relative fish movement (Fig. 3.2). The greatest 

improvement of sea floor coherency is seen after the trigger correction (Fig. 3.2A). Efforts to 

con'ect shost-frequency fish movements did not significantly improve the sea floor coherency 

(Fig. 3.2C). Therefore this part of the software was not generally used in the data processing, 

but an automated static noise reduction between traces was incorporated instead (Fig. 3.1B). 

This routine is called from the main program and performs windowed cross-correlation 

between low pass filtered traces. The width and timewise location of the correlation window 

can be selected via a user interface. The window is also capable of tracing climbing or 

descending reflectors linearly. This static treatment considerably improved cross-trace 

coherency (Fig. 3.3). Initial concerns that a purely successive autocorrelation function 

(starting with one trace and adjusting all following traces) would flattern all morphological 

features (personal communication A. Camerlenghi, 2000) have not been confirmed. A 

possible explanation is that even dominantly parallel stratified seismic sections have a certain 

degree of divergence. Finally the trigger corrected and statically corrected matrix is given 
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back to the main routine and a standard Seismic Unix header is created and saved together in 

*.SGY file formal. 

To summarize, the efforts of digital preprocessing are encouraging and unseen data 

(between trigger pulse and shot) may further extend the record. The resulting files can be fed 

into industrial packages (e.g.: SEISMOS) for further data processing. We have imposted the 

one minute blocks into SEISMOS and applied an ascii trace header reconstruction, 

semimanual shifts of the blocks, band pass filtering, and spike deconvolution. All across-trace 

balancing and processing turned out to decrease lateral resolution. Improvements may be 

achieved by applying a true predictive shot by shot deconvolution using a reconstructed 

source signal from information provided by the direct arrival 10 hydrophone streamer signal. 

The required math has been made available in cooperation with G. MÃ¶r (pers. 

communication 2000) and the result is shown in Fig. 3.4. 

3.5.3 Example 

To demonstrate the improvements of resolution achieved with the low cost digitizing and 

processing steps, a section of - 6 min lateral extent from the NE Corner of Basin I is shown in 

Fig. 3.1A. The profile is located at the base of a steep canyon (Fig. 3.1, multibeam map). For 

comparison, the analog EPC record is shown in Fig. 3.1B: The well stratified basin fill to the 

SW of the profile displays better resolution than the analog section. Peimitting reflectors 

spaced less than 40 cm apart to be distinguished within the top 5 ms below the sea floor. 

In the middle of the section shown in Fig. 3.4, a slight elevated plateau a very faint 

tepee-like structure can be Seen. The structure height is approximately 4 meters above the 

surrounding sea floor. The width of the structure is approximately 30 m. Below the structure a 

dike-like feature with weaker and irregular reflectors extends downward. The structure is 

interpreted as a miniature mud diapir with feeder channel. The geometry and feeder channel 

morphology are similar to those of mud volcanoes described by Brown and Westbrook 

(1988). From the cores it is known that the deeper sediments of Palmer Deep are very gas sich 

(ODP Leg 178 Shipboard Scientific Party, 1999, "Palmer Deep" chapter), and the origin of 

the mud diapir can be attributed to the overcompaction of fluid- and gas-rich sediment 

resulting from gravity flows from the steep basin sides. Fluid and gas escape in the middle of 

the Palmer Deep basin may be achieved by venting producing pockrnarks. In the slump facies 

at the sides of the basin the buoyancy contrast introduced by mass flow may be large enough 

to initiate gas, fluid, and mud diapirism. 
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Digital record 
NE 

Shotpoints (SP) 

Analog EPC-printout 

Shotpoints (SP) 

Fig. 3.1. (A) Example of digitized HDTB '98 data of the NE Corner of Basin I, on the base of the basin wall. 
Note the improvements in resolution over the analog EPC-recorder printout shown in (B). The weak tepee 

structure above the sea floor is interpreted as a small mud volcano (height along section 4 m, width along section 

30 m) with an underlying feeder channel. 
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3.6 Summary of Cliapter 3 "Palmer Deep" 
Palmer Deep provides a unique high resolution Holocene to latest Pleistocene record from the 

Antarctic Shelf. Sediments drilled 011 Site 1098 and 1099 can be divided into 5 climato- 

stratigraphic zones 011 the base of core logs and sedimentology. Core to seismic correlation is 

possible 011 the basis of single reflectors using synthetic seismograms and very high resolution 

single channel Deep Tow Boomer records. The strengest impedance contrasts are at the base 

of turbidites and at changes between massive, bioturbated and laminated units. The climato- 

stratigraphic zones have been mapped in profiles of Sub-Basins I and I11 (Fig. 3.2) 

The digitization of the data significantly improved vertical (< 0.4 m) and horizontal 

resolution. The digitized data also yield information on the deeper units. 

In a first digital processed section from Sub-Basin I a small scale mud diapir (4 m height. 30 

m width, in -1 000 m water depth) with feeder dike, can be recognized in the slump and drape 

deposits at the base of the steep canyon slope. 

The load of slumps and gravity flow deposits 011 the unconsolidated diatom ooze 

seems to be sufficient to overpressure the gas and fluid-sich sediment and to initiate diapirism. 

This process has never before described in extensional basins of the Antarctic shelf. 
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4 The West Antarctic Continental Rise 

Fig. 4.1. Schematic figure of the hemipelagic sediment drift bodies along the West Antarctic Peninsula Margin 

and their relationship to glacial and tectonic elements on the West Antarctic Peninsula Shelf. Progradational 
lobes on the sl~elf represent areas of maximum sediment supply feeding small scale channels between drifts. 

These locations of focused sediment supply are a precondition for the drift growth on the rise bclow. Figure 

revised from Barker (1995). 

4.1 Introduction 

Drilling on the continental rise was conducted following the ANTOSTRAT approach 

that considers the rise sediments along the Antarctic Peninsula to be a distal but continuous 

recorder of ice sheet history and fine-grained equivalent of the slope foresets that are the 

direct product of ice advance and retreat On the shelf. 

For further general inforrnation refer to the abstract and introduction of the accepted 

report (in press) ,,Fine-Fraction Grain-Size Distribution Data, Their Statistical Treatment and 

Relation to Processes, Site 1095 (ODP Leg 178, Western Antarctic Peninsula)" reproduced 

here as chapter 4.3. 

The first past of this chapter provides a brief introduction to drift moiphology and the 

sediments recovered at Site 1095 and Site 1096. The second part describes the internal drift 

architecture and its seismic sequences followed by physical data from the cores including the 

grain-size study. In the last part of the chapter new age and depositional models over time are 

presented and discussed in a paleo-oceanographic context. 
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4.1.1 Morphology and Oceanographic Setting 

Large mounds on tlie continental rise along tlie Antarctic Peninsula Margin between 63's and 

69OS and within 200 km of the shelf break liave beeil interpreted as sediment drifts, separated 

by turbidity current channels (Pudsey and Camerlenghi, 1998). The nine drift bodies are 

numbered progressively from NE to SW (Fig. 4.1). The average water depth of the drift crests 

lies between 2500 and 2800 mbsl. The channel Systems separating the drifts are most likely 

connected to troughs between progradating depositional lobes on the shelf, even though no 

major deep sea canyons intersect the shelf edge and upper slope (Barker and Camerlenghi, 

1999). Drifts 6 and 7 are the largest (SW Corner of Fig. 4.1) and are located off Marguerite 

Bay. They attain elevations of 700 m above the s~~rrounding sea floor and reach more than 

130 km outward from the shelf edge. The width of a drift typically exceeds 50 km. With few 

exceptions the drift bodies are asymmetric along their SE-NW axis with a steeper and 1-ougher 

side toward the shelf and a more gently dipping smooth side toward the ocean basin (Rebesco 

et al., 1997). Schematically, the SE-NW long axis cross-section can be seen as an elongated 

asymmetric triangle with the highest point ("drift-crest") toward the slielf (Fig. 4.2C, D). The 

gently dipping side merges gradually with the lower continental rise and the abyssal plain. 

The steeper side is always separated from the continental slope by a sea-floor trough 01- 

channel (Fig. 4.2C, D). The cross-sectional view of the modern drift bodies is also 

asymmetric (Fig. 4.1B, C, D and Fig. 4.2B). Seismic lines parallel to the margin and detailed 

topographic maps (Fig. 4.1) show a steeper side to the SW and a more gentle flank to the NE. 

This asymnletry is attributed to bottom c~in'ents with a net westward component. This is most 

likely the AABW (see chapter 1.2) which originales in the Weddell Sea and flows north 

through deep gaps in the South Scotia Ridge and then westwards along the Antarctic 

Peninsula Margin (Nowlin and Zenk, 1988; Pudsey and Camerlenghi, 1998). Recent one year 

lasting current measurements 8 m above the seabed on both sides of Drift 7 revealed SW 

directed bottom currents with average speeds around 6 cmlsec and maxima sometimes 

exceeding 14 c d s e c  (Camerlenghi et al., 1997; ODP Leg 178 Shipboard Scientific Party, 

1999). These modern cun'ents are considered to be too weak to cause significant erosion of 

continental rise sediment, though they may hold fine silt and clay in suspension (Pudsey and 

Camerlenghi, 1998). 

The size and seaward extent of the drift bodies in the study area increase toward the 

SW. This can be explained by three factors: 
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The Antarctic Peninsula becomes broader toward the SW, hence the sediment supply 

for the rise increases. 

The margin is progressively older towasd the SW (see chapter 3, Fig. 3.1), hence the 

time available for deposition on the rise has been longer in the SW. 

A predominantly SW directed current removes material from the NE and successively 

deposits it toward the SW. This, together with a decrease in cursent strength toward the 

SW due to growing distance from the Weddell Sea and widening of the Ocean Passage, 

could lead to thicker sediment accumulations over time. 

The continental rise of the Antarctic Peninsula is affected by seasonal sea ice Cover 

which restricts open-water conditions to austral spring and summer. The study asea Drift 7 is, 

on average, ice free for about 8 months a year (Parkinson, 1994). 

4.1.2 Drift Lithostratigraphy at Site 1095, Drift 7 

Site 1095 lies in 3840 mbsl on the lower NE flank of Drift 7 and is the more distal of the two 

Sites (1095 and 1096) drilled (Fig. 4.1, Fig. 4.2C, Fig. 4.1). Lithologies are here described 

only for Site 1095. The stratigraphic units found there are also representative of the expanded 

sediment section cored at Site 1096,which is more proximal to the source. Refer to the Site 

1095 and 1096 lithostratigraphy chapter for detailed core descriptions (ODP Leg 178 

Shipboard Scientific Party, 1999). 

Unit I(0-50 mbsf) 

The upper 50 m of sediments at Site 1095 consist of alternations of laminated and extensively 

bioturbated brown diatom-bearing silty clays with gray less biogenic more terrigenous, 

massive sections typically sicher in IRD. These alternations are seen as the stratigraphic 

expression of successive glacial and interglacial cycles (ODP Leg 178 Shipboard Scientific 

Party, 1999; Pudsey and Camerlenghi, 1998 ). The lower p x t  of Unit I (also labeled Unit Ib, 

ODP Leg 178 Shipboard Scientific Party, 1999) is coarser; laminated silty clay layers together 

with IRD become more frequent. The shipboard biostratigraphy and magnetostratography 

indicate a Quatemary age for Unit I (ODP Leg 178 Shipboard Scientific Party, 1999). 

Sedimentation rates are low and average around 2.5 crnlka. 
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Unit II (50-435 mbsf) 

Unit I1 is of Pliocene to late Miocene age. It is characterized by sharp-based, graded, 

laminated fine sands and silts and laminated silty clays, interbedded with massive, 

structui.eless, intensely bioturbated zones. The 1RD content is higher in the massive layers. 

Again the alternating nature of the sediments is interpreted as glacial and interglacial cycles. 

Sedimentation rates (5-7cdka) are higher than in Unit I. A coarse layer near the top of the 

unit is interpreted as a debris flow deposit (ODP Leg 178 Shipboard Scientific Party, 1999), 

which rnay have caused significant erosion of underlying stata (hiatus 1, see chapter 4.4 for a 

discussion of suggested age models). 

Unit III (435mbsffo drilled depth) 

Sediments below 435 m do not show the distinct cyclicity of Unit I and 11. The nonbioturbated 

parallel laminated silt and claystones are interpreted as thin bedded turbidites. Unit I11 has a 

late to middle Miocene age with the highest average sedimentation rates of 12 c d y r .  

Noteworthy are small cm thick zones of massive chert indicating the onset of opal dissolution 

and redistribution at the base of the hole. 

4.2 Seismostratigrapliy and Drift Architecture 

The following summary of drift architecture and Leg 178 core-seismic correlation is based on 

surveys of the Programms Nazionale di Ricerche in Antartide (Italy) (PNRA) carried out in 

1992 and 1995. Profiles for Drift 7 (Sites 1095 and 1096) are 60-fold (1992 survey: 30-fold) 

stacks of common depth point (CDP) gathers spaced 12.5 m (1992 survey: 25m) apart. 

Furthe~more the following account draws heavily on work by Rebesco et al. (1996; 1997), 

Volpi et. al. (2001)'~ and the ODP Leg 178 Shipboard Scientific Party (1998) for 

seismostratigraphic unit names and inteipretations of drift evolution. 

12 
Volpi, V., Camerlenghi, A., Moerz, T., Corubolo, P., Rebesco, M., and Tinivella, U., in press. Data report: 

Physical properties relevant to seismic stratigraphic studies, continental rise Sites 1095. 1096, and 1101, 

ODP Leg 178, Antarctic Peninsula. In Barker, P.F., Camerlenghi, A., Acton, G.D., and Ramsay, A.T.S. 

(Eds.), Proc. ODP, Sei. Resiilts, 178. College Station, TX (Ocean Drilling Program). 
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4.2.1 Core-Based Seismic ~ o d e l s "  

4.2.1.1 Relevant Core and In situ Physical Data of Site 1095 

A Site 1095 m Srte 1095 
: L - z 
& 2 

C *  L 
Densrty comparison - C =  n s  Velocity cornpanson 

U"" 

1 12 14 16 18 2 22 1400 1600 1800 2000 2200 2400 
Density (glccrn) Veiocity fmls) 

Fig. 4.1. (A) comparison of different density data sets for Site 1095. (B) compilation of MST, downhole (VSP), 
and stacking velocities (MCS; Volpi et al., 2001) velocities used for different modelling approaches, Site 1095. 
Lithological unit boundaries are marked according to the definitions in chapter 4.1.2 and Tab. 4.1. Note the 
increase of in-situ velocity (MCS and VSP) at -160 mbsf that is not recorded in the laboratory data. 

l 3  Parts of this chapter are modified from: Shipboard Scientific Party, 1999. Site 1095 and Site 1096 (sub- 

chapter: ,,Seismic Stratigraphy"). In Barker, P.F., Camerlenghi, A., Acton, G.D., et al., Proc. ODP, Init. Repts., 

178, 1-173 [CD-ROM]. Available from: Ocean Drilling Program, Texas A&M University, College Station, TX 

77845-9547, U.S.A. Authorship of sub-chapter ,,Seismic Stratigraphy": Escutia, C. & Moerz, T. 
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Bulk densities have been derived from MST GRAPE measurements with a 2 cm spatial 

resolution, index properties measurements (1.5 m spatial resolution), and lithodensity logging 

data (High Ternperature Litho-Density Sonde, measurement separation -15 cm, Fig. 4.1). The 

results from index properties measurements agree very well with the in situ properties from 

the downhole logs. Compared to these two data sets, the MST GRAPE densities generally 

show lower values. This difference increased dramatically ( 4 . 3  glcm 3 ) when the coring 

method changed from APC to XCB at 205 mbsf at the top of Core 1095B-14X, probably as a 

result of the larger airlwater gap between liner and core and the higher degree of core 

disturbance produced by the XCB. Two different density models have been tested, using (1) 

only index properties data and (2) a combination of GRAPE density (0-150 mbsf) and 

downhole logging data (150-560 mbsf). 

Three differently derived velocities ase available. The MST logger provided 

continuous data at 4 cm spatial resolution to 200 mbsf, within the APC-cored part of the holes 

and sparse data between 200 and 280 inbsf. Single Hamilton Frame (PWS3) measurements 

(usually one per core section) provide high-quality data for the deeper parts of Site 1095. The 

MST data, interval velocities derived from a down-hole seismic experiment (using the WST 

and a 2500 cm3 two-chamber GI air gun), and the Hamilton Frame (PWS3) measurements are 

plotted for comparison in Fig. 4.lB. Most of the MST-derived P-wave velocities are slightly 

higher than the interval velocities from the downhole seismic experiment. The latter are 

believed to provide the most accurate results (Hardage, 1985). Two different velocity models 

have been tested. The first nlodel uses MST data (0-209 mbsf) and Hamilton Frame data 

(209-543 mbsf); the model also combines MST and Hamilton Frame data but from different 

depth intervals (PWS3 = 0-80 mbsf, 209-560 mbsf, and MST = 80-209 mbsf). 

4.2.1.2 Source Signals 

Two differently derived signals of the GI-gun used during the site survey were employed for 

the seismic models presented here. (1) Six randomly chosen traces were extracted from a 

digital far-field recording of multiple firing of the gun in water (recording distance -300 m) 

(Fig. 4.1C). The signals were brought in phase, then stacked and resampled at 0.5 ms using a 

cubic interpolation function (Fig. 4.lA). The signal (wavelength - 10 ms) contains a 

continuous energy spectmm up to 350 Hz (Fig. 4.1B). (2) A second source signal was 

generated by extracting strong, coherent sea floor reflections from the MCS profile across the 

drill site. The signal is derived as for the far-field signature above. The sea floor signal has a 

much longer wavelength (40 ms) and consists of a negative onset followed by two positive 
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excursions and a final negative one (Fig. 4.1D). The derived signal has a dominant frequency 

range of 10 to 250 Hz (Fig. 4.1E). Differentes between the frequency spectra of the signals 

can be explained by the low-pass filter effect of a long path through seawater and the 

uppermost sea floor sediments and by antialias filtering applied during data acquisition. 
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Fig. 4.1. Generator Injection gun (GI-gun) source signal characteristics. (C) matched far-field wavelets prior to 
stacking. (A) stacked and resampled far-field wavelet used for convolution. (B) spectrum of the far field source 

signal shown in (A). (D) matched sea floor reflections prior to stacking. (A) stacked and resampled sea floor 

used for convolution. (B) spectrum of the sea floor source signal shown in (A). 
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4.2.1.3 Vertical Seismic Profiling (VSP) and Traveltime Depth Models 

Fig. 4.1. VSP traces, major lithological and seismostratigraphic unit boundaries follow the defiuitions of ODP 

Leg 178 Shipboard Scientific Party (1999) and are compared to the units originally defined by Rebesco et al. 

(1997) and with traveltime depth models for Site 1095. The empirical approximation after Carlson et al. (1986) 

(Depth = -3.03*ln(l-0.52*(OWTT(ms)/1000))*1000) and the observed and extrapolated traveltimes from the 

VSP experinient (Depth = =745.97*(0~TT(ms)/1000)~+1500.43*(OWTT(nis)/1000) are in good agreement. 



CHAPTER 4: The West Antarctic Co~itinental Rise. 

Fig. 4.2. Correlation between on-site multichannel seisrnic data (Line 195-135A) and the vertical seismic profile 
(Volpi et al., 2001) for Site 1095. The approximate location of the profile is given in Fig. 4.1A. 
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The results from 12 geophone in situ velocity checkshot stations of a downhole seismic 

experiment have been processed to a VSP section 011 board the ship. Later the recorded data 

were reprocessed and improved (Volpi et al., 2001). Additionally, the traveltime information 

was used to compare a standard traveltimeldepth relationship (Carlson et al., 1986) to a 

second-order polynomial extrapolation, to a linear extrapolation, and to a combined linear- 

polynomial model (Fig. 4.1). The polynomial model, the Carlson et al. (1986) relationship, 

and the combined linear-polynomial model show good agreement and allow the time to  depth 

conversion of seismostratographic unit boundaries and the oceanic basement reflectors at 

1290 ms TWTT (corresponding to 1280 mbsf; Fig. 4.1). Furthermore the VSP reflectors 

(Volpi et al., 2001) have been compared to the multichannel profile. Even though the low 

number of stations (12) and their wide spacing (average: 33 m) prevented a correlation in the 

upper Part of the section most of the stronger reflectors of Units 11-V1 and the basement 

reflectors are present and allow a tight VSP to profile correlation (Fig. 4.2). 

4.2.1.4 Synthetic Seismograms 

The raw velocity and density data were carefully evaluated and corrected for obvious 

artifacts. The 1.5 m core section edge effects (in P-wave velocity and density data) and 

density lows caused by core disturbance were removed from the MST data. The velocity and 

density data were preprocessed and cleaned in 20 m sections using the method described in 

the Excursus (chapter 7.2). Special care was taken with anomalous density values within the 

downhole logging data that were caused by overwidened hole sections which resulted in 

failure of the applied caliper correction. These artificial density lows were removed manually. 

Model A data (index properties density, PWS3 and MST velocity; Fig. 4.1) were resampled at 

a 0.8-m spatial resolution. For Model B (logging and MST density, PWS3 and MST velocity; 

Fig. 3.1), the data resolution was degraded to 0.6-n~ spacing. Each acoustic impedance model 

was convolved with the far-field and sea floor signals. Velocityldensity data, impedance 

curve, reflectivity coefficients, two unfiltered synthetic seismograms are displayed for each 

model (Model A: Fig. 4.1; Model B: Fig. 3.1). An approximate depth axis is displayed next to 

the time scale to allow traveltime/depth conversions. The most striking differences between 

the synthetic traces were not caused by differences in the velocity and density data but by the 

different source signals used for the convolution. The higher frequency content of the far-field 

signal and its shorter signal length result in a higher frequency, more detailed synthetic trace. 

Fig. 4.3 depicts a comparison of the two trace spectra from Model A and the corresponding 
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spectra of the signals used. Since shape and frequency range are nearly identical, there was no 

major loss in information during data subsampling and interpolation. 
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Fig. 4.1. Cleaned (see chapter 7.2) and resampled acoustic properties at Site 1095. Model A: Density: Index 
Properties, Velocity: MST (0-209 mbsf), PWS (209-543 mbsf) and the synthetic seismogram trace (calculated 
with the software "synseis", chapter 7.1.7) using the GI-gun far-field signal and the sea floor reflection. The data 
set is presented in the time domain: the depth scale is only approximate. 
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Fig. 4.2. Cleaned (sce chapter 7.2) and resampled acoustic properties at Site 1095. Model B: Density: MST (0- 
150 rnbsf), Downhole Logging (150-560 rnbsf), Velocity: PWS(0-80 rnbsf, 209-560 rnbsf), MST (80-209 rnbsf) 

and the synthetic seismogram trace (calculated with the software "synseis", see chapter 7.1.7) using the GI-gun 

far-field signal and the sea floor reflection. The data set is presented in time domain, the depth scale is only 

approximate. 
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Fig. 4.3. Comparison of the input and output frequency spectra of Model A. (A) Frequency spectra of the 

unfiltered synthetic trace based on acoustic Model A and the GI-gun far field signature. Inset: frequency 

characteristic of the source signal (GI-gun). (B) Frequency spectra of the unfiltered synthetic trace based on 

acoustic Model A and the stacked sea floor signal. Inset: frequency characteristic of the stacked sea floor 
wavelet. 

4.2.1.5 Evaluation of the Synthetic Models 

All four calculated synthetic traces were interpolated to 1-ms resolution (1000 Hz) and then 

filtered using a high-order, zero-phase equiripple band-pass filter (pass band = 20-1 10 Hz, 

attenuation = 60-70 dB, filter order = 170-220; Fig. 4.1). Five of these traces are shown 

together with 42 traces of the field seismic profile (Fig. 4.2, Fig. 4.3). A zero-phase 

Butterworth band-pass filter (pass band = 10-1 10 Hz) and a 150-ms automatic gain recovery 

window were applied to the sorted and stacked data set. Additionally, the total time window 

and the delay were reduced, and the 2-ms data were interpolated to 1 ms to match the time 

resolution of the synthetic trace. The optimal filter pasameters were adjusted to values used 

during processing of the precruise survey data. Different amounts of time-invariant gain were 

applied to equalize the overall amplitude appearance of the field and synthetic traces. Possible 

tie lines connect synthetic and survey reflectors. Because of polarity changes within the 

synthetic traces, correlation between positive and negative half-cycles are possible. 
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Site 1095, Filtering of synthetic trace (Density: index properties, velocity: PWS) 
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Fig. 4.1. Characteristics of the filter used on the synthetic trace of Model A (far-field source signal) to fit the 

average characteristics of the GI-gun multichannel profiles. Similar processing was done on the synthetic traces 
of Model B. 



CHARTER 4: The West Antarctic Continenfal Rise 

A Model A: Synthetic traces 
Source Signal: Far-field signature (GI-gun) 

B Model A: Synthetic traces 
Source siqnal: Seafloor reflector (GI-gun) 

Fig. 4.2. Comparison and correlation of the synthetic and seismic traces for Model A (Density: Index Properties, 
Velocity: MST (0-209 mbsf), PWS (209-543 mbsf)) (A) far-field source signal, (B) sea floor reflector and digital 
data of survey line 195-135A. Model A using the sea floor reflection produces the best fit of synthetic traces to 
the seismic data. 
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A Model B: Synthetic traces 
Source signal: Far-field signature (GI-gun) 

Model B: Synthetic traces 
Source signal: Seafloor reflector (GI-gun) 

Fig. 4.3. Comparison and correlation of the synthetic and seisnuc traces for Model B (Density: MST (0-150 
mbsf), Downhole Logging (150-560 mbsf), Velocity: PWS(0-80 mbsf, 209-560 mbsf), MST (80-209 mbsf)) (A) 
far-field source signal, (B) sea floor reflector and digital data of survey line 195-135A. 
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Each cosrelation approach has its own problems where there is poor or no correlation 

with the survey data. For example, a Zone of strong reflections between 300 and 350 mbsf in 

all four synthetic runs does not fit the survey data. 

Best fits have been found for earth Model A (index properties density and PWS3 

velocity) in combination with the sea floor reflection as a source signal (Fig. 4.2B). Most of 

the important reflectors and seismostratigraphic boundaries show up within the synthetic 

seismograms. However, both velocity models (A, B) permit accurate timeldepth conversion. 

The two-way traveltime to the base of Hole 1095B (-654 ms) is defined within 20 ms (Tab. 

4.1). 

Recent studies (Volpi et al., 2001) carefully reevaluated the density and velocity 

inforrnation and improved the resulting synthetic traces and their fit to the reflection data. 

Nevertheless significant misfits remain; the problems and a possible explanation are further 

discussed in chapter 4.5. 

4.2.2 Drift Architecture, Seismic Data Integration and Interpretation 

Age 42.7 Ma 41.5 Ma 40.1 Ma 36.1 Ma 36.7 Ma 
Chron 
Polarity 

Site 1095 Site 1096 

Fig. 4.1. Magnetic total-field profile collected during transit between Sites 1095 and 1096. Identified magnetic 
anomalies show that basement age at Site 1095 is 42.7 Ma and at Site 1096 is 36.7 Ma (time scale of Cande and 
Kent, 1995, courtesy: ODP Leg 178 Shipboard Scientific Party, 1999). 
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Fig. 4.2. Seismic profiles across Drift 7, parallel and perpendicular to the margin. See map Fig. 4.1A for 
locations. (A) NW-SE profile (seismic line 195-135A) across Site 1096, perpendicular to the margin. 
Seismostratigraphic packages are outlined in color (see text for descriptions and interpretation). (B) SW-NE 
profile (seismic line 195-137). Lithostratigraphic and seimostratigraphic boundaries are shown with an 
approximate age scale. (C) NW-SE seismic profile (line 195-135A) from the shelf across Drift 7. (D) Schematic 
interpretive line drawing of C with interpretation of various drift Stages (Rebesco et al., 1997; Pudsey et al., 
1998). 
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Sites 1095 and 1096 are approximately 90 km apart. Basement ages were established during 

Leg 178 with a magnetometer survey, indicating that the oceanic basement is 42.7 Ma below 

Site 1095 and 36.7 Ma at Site 1096 (Fig. 4.1). Basement roughness below the drifts and 

especially below the highest part of the drift crest toward the shelf (Fig. 4.1B, Fig. 4.1) 

suggests that the drift location may be predefined by basement heights (McGinnis and Hayes, 

1995). Seismic profiles (Fig. 4.1, Fig. 4.2) show no evidence of mound formation in 

seismostratigraphic Units V1 and V directly overlying the basement. Unit V1 can be 

characterized as a drape and fill unit with respect to the basement. Unit V is essentially made 

up of planar reflectors thinning toward the abyssal plain and the shelf. None of these seismic 

Units was reached by coring during Leg 178. 

A "Reflector X" (Fig. 4.1, Fig. 4.1; Rebesco et al., 1997) appears to cut across seismic 

Units V1 and V at Site 1096 and to merge with the top of seismic Unit V. The origin of this 

reflector is uncertain (see chapter 4.5.2 for a discussion). 

4.2.2.2 Drift Growth Stage 

The Initiation of drift growth is first seen in seisn~ic Unit IV. Reflectors on top of Unit V are 

mound-shaped and downlap on both sides of the drift nuclei (e.g. at Site 1096; Fig. 4.1). 

Seismostratigraphic Unit I11 (338-580 mbsf) records the main phase of drift growth. 

Reflectors at the base of the unit downlap on both sides of the drift. The drift cross section 

asyrnmetry (parallel to the continental margin) develops, starting in the middle part of Unit 

111, with undulating internal reflections on the steeper side and lateral continuous reflectors on 

the gentle side (Fig. 4.1; Rebesco et al., 1997). In general seismic Unit 111 is typified by a 

sequence of reflectors with very high amplitude and continuity. The lowermost sampled part 

of seismic Unit I11 corresponds to a rapid increase in VSP velocity and downhole and 

laboratory densities (Fig. 4.1). This abrupt change is associated with the first appearance of 

chert layers in the cores and the traced location of the lower Bottom Simulating Reflector 

(BSRi; Fig. 4.1B, C, D) in the '95 reflection seismic profiles (see chapter 4.5.1 for details). It 

also marks the lithological Unit IUIII boundary. Seismostratigraphic Unit I11 has been 

modelled successfully using the earth model A and the sea floor reflection wavelet (Fig. 

4.2B). 

The lower subunits of seismostratigraphic Unit I1 (IId and IIe, not recovered at Site 

1096) also belong to the drift maintenance stage (note differences in the Shipboard definition 

of the seismic units, also adapted in this thesis and initial seismic unit definitions given by 

Rebesco et al., 1997). Seismic Subunit IIe (-250-338 mbsf) is characterized by reflectors of 



CHAPTER 4: The West Antcirctic Contmental Rise 

low amplitude and continuity, and has a patchy appearance (Fig. 4.2A, B). Strong reflectors 

seen in the synthetic seismogram (Fig. 4.2, Fig. 4.3) around 380 ms correspond to a velocity 

increase accompanied by a density decrease around 300 mbsf (Fig. 4.1). These reflectors are 

not seen in the reflection seismic and VSP section (Fig. 4.2, Fig. 4.2). Seismic Subunit IId 

(-214-250 mbsf) is characterized by continuous mid-amplitude reflectors that correspond to a 

coarsening upward section of lithological Unit I1 indicated by an increase in the mean grain- 

size (Fig. 4.3). 

4.2.2.3 Drift Maintenance Stage 

The drift maintenance stage consists of seismostratigraphic Subunits IIc-a and Unit I. It Spans 

the last 5.31 Ma. The asyrnmetric shape of the drift during the drift growth stage, with 

discontinuous reflectors On the steep SW side and continuous reflections On the gentle side, is 

preserved in the drift maintenance stage. The lack of mound-shaped reflectors, that would 

indicate localized build-up in addition to drape growth, has been related to a shift from slope 

parallel to downslope sediment transpost (Rebesco et al., 1997). This interpretation is 

supposted by the presence of sharp-based, graded lamina thought to be distal turbidites in the 

upper Part of lithological Unit I1 (see chapter 4.1.2 and ODP Leg 178 Shipboard Scientific 

Party, 1999). 

The lowermost seismic unit of the drift maintenance stage, Subunit IIc (267-190 ms 

TWTT; 214-149 mbsf) is marked by very strong continuous couplets of high-amplitude 

reflectors, also found in synthetic traces (Fig. 4.2) and in the first past of the VSP traces (Fig. 

4.1, Fig. 4.2). The strong reflectors have their origin in density and strong velocity increases 

(Fig. 4.1). The upper boundary coincides with an unusual reflector with up to three successive 

positive amplitude excursions (Fig. 4.2B), that can be traced with the upper bottom simulating 

reflector BSRu (Fig. 4.1A). The BSRu is only obvious on the SW side of the drift crest (Fig. 

4.1A) on the '95 profiles. It merges otherwise with the parallel reflectors of the gentle side 

(see chapter 4.5.1 for a detailed discussion). 

Subunit IIb (190-138 ms; 149-107 mbsf; 4.65-3.73 Ma) consists of high-amplitude 

reflectors that thin towards the abyssal plain to the NW and toward a deep sea channel System 

to the NE. They become thicker toward the base of the continental slope (Fig. 4.2C). Subunit 

IIa (394-84 ms; 107-64 mbsf) is similar in external geometry but contains local intemal 

reflection truncations, lateral discontinuities and onlaps. This geometry is consistent with 

higher depositional energies, expressed as sharp facies changes. A major episode of non- 

deposition and erosion is suspected close to the top of the subunit (see chapter 4.4.1 for 
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further discussion). Laterally (e.g. parallel to the continental margin) Subunit IIa can be linked 

to overbank deposits of turbidite channels adjacent to drifts (ODP Leg 178 Shipboard 

Scientific Party, 1999), demonstrating the importance of turbidites for this subunit (see also 

the interpretation of the grain-size data, chapter 4.3.5). 

Seismostratigraphic Subunits IIc-IIa are Messinian and Early Pliocene; the drift has a 

high opal content (Hillenbrand and Fiitterer, in press) and lower input of continental sediment 

during this interval (see chapter 4.4.2.2). 

Tab. 4.1. Seismostratigraphic Summary of drift Sites 1095 and 1096: seismic units, their location in TWTT, with 
assigned depths and ages. 

Seismic Unit I (84-0 ms; 64-0 mbsf) lies above a possible unconformity, as seen in 

seismic profiles parallel (Fig. 4.1, Fig. 4.2B) and perpendicular (Fig. 4.2A, C) to the margin. 

It consists of parallel and subparallel, intermediate-amplitude continuous and discontinuous 

reflectors (Fig. 4.2, Fig. 4.2). Its consistent thickness suggests a sheet drape geometry. 

Seismic Unit I correlates well with lithostratigraphic Unit I. Seismic resolution is around 15 
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m, glacial-interglacial cycles within the cores are in the 1 m range. The alternations in seismic 

reflectors may be a low resolution representation of major glacial-interglacial changes 

observed in the cores. None of the detailed studies (Wolf-Welling et al., in press; Hillenbrand 

and FÃ¼tterer in press) suppost the idea that sedimentation dominated by slow hernipelagic 

settling of a biogenic-rich sediment, as suggested by the ODP Leg 178 Shipboard Scientific 

Party (1999). The opal (Hillenbrand and FÃ¼tterer in press), CaC03 and TOC contents (Wolf- 

Welling et al., in press; Fig. 4.1A, B, C) of this interval are low compared to the rest of the 

core. The interval is characterized by low energy deposition, as indicated by small mean 

grain-sizes (Moerz and Wolf-Welling, in press). Three depositional mechanisms may act 

together to produce the sheet drape geometry: 

Turbidites feeding a nepheloid layer, resulting in deposition of low-energy distal 

overbank deposits (Rebesco et al., 1996). 

Bottom Counter currents becomes less important upsection (within seismic Unit I) 

Organic hemipelagic settling during interglacials. 

4.3 Fine-Fraction Grain-Size Distribution Data, Their Statistical Treatment and 

Relation to Processes, Site 1095 (ODP Leg 178, Western Antarctic ~eninsula) '~ 

4.3.1 Abstract 

Fine-fraction (<63 um) grain-size analyses of 530 samples from Holes 1095A, 1095B and 

1095D allow assessment of the downhole grain-size distribution at Drift 7. A variety of 

methods of data processing, statistical treatment, and display techniques were used to describe 

this data Set. The downhole fine-fraction grain-size distribution documents significant 

variations in the average grain-size composition and its cyclic Pattern, revealed in five 

prominent intervals: (1) between 0 and 40 mcd (0 and 1.3 Ma), (2) between 40 and 80 mcd 

(1.3 and 2.4 Ma), (3) between 80 and 220 mcd (2.4 and 6 Ma), (4) between 220 and 360 mcd 

and (5) below 360 mcd (prior to 8.1 Ma). 

" chapter 4.3 is a report in press: 

Moerz, T., and Wolf-Welling, T.C.W., in press. Data report: Fine-fraction grain-size distribution data and their 

statistical treatrnent and relation to processes, Site 1095 (ODP Leg 178, Western Antarctic Peninsula). In Barker, 

P.F., Carnerlenghi, A., Acton, G.D., and Rarnsay, A.T.S. (Eds.), Proc. ODP, Sci. Results, 178. 
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In an approach designed to characterize depositional processes from Drift 7 ,  w e  used 

statistical Parameters determined by the method of moments for the sortable silt fraction to 

distinguish groups in the grain-size data set. We found three distinct grain-size populations, 

used here for a tentative environmental inteipretation. Population 1 is related to a process in 

which glacially eroded shelf material was redeposited by turbidites with ice-rafted debris 

(IRD) influence. Population 2 con~prises interglacial turbidites. Population 3 is connected to 

depositional sequence tops linked to bioturbated sections that, in turn, are influenced by 

contourite currents and pelagic background sedimentation. 

4.3.2 Introd~~ction 

The area West of the Antarctic Peninsula is a key region for studying and understanding the 

history of glaciation in the southern high latitudes during the Neogene. The area is critical for 

learning about variations in the Western Antarctic continental ice sheet, the sea-ice Cover, the 

induced eustatic sea-level change, and consequences for the global climatic systein. Sites 

1095, 1096, and 1101 (Fig. 4.15) were drilled 011 sediment drifts which form the continental 

rise in order to examine the nature and composition of sediments deposited under the 

influence of the fl~~ctuating Antarctic Peninsula ice sheet. The ice sheet has repeatedly 

advanced to the shelf edge and subsequently released glacially eroded material onto the 

continental slope and rise (Barker, 1995; Barker et al., 1998; 1999). Mass wasting processes 

on the slope are responsible for downslope sediment transport by turbidity currents within a 

channel System between the drifts (Rebesco et al., 1998). Bottom cun'ents redistribute the 

sediments, thus leading to the final build-up of drift bodies (Camerlenghi et al., 1997). The 

high-resolution sedimentary sequences On the continental rise can be used to document the 

variability of continental glaciation and, therefore, allow us to assess the main factors that 

control sediment transport and depositional processes during glacial periods and their 

relationship to glacio-eustatic sea-level changes. 

This research was carried out on material from Site 1095, where coring recovered 

sediments as old as late Miocene (9.7 Ma). Site 1095 lies in 3840 m of water in a distal 

position on the northwestern lower flank of Drift 7 (Fig. 4.2). We measured the grain-size 

distribution of 530 samples from Holes 1095A, 1095B and 1095D in order to obtain a more 

detailed picture of three controlling factors: (1) the variability and magnitude of turbidites, (2) 

deep-oceanic currents (contourite currents), and (3) the ice-rafting component since the late 

Miocene. 
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Fig. 4.1. Bathymetric map of the continental margin west of the Antarctic peninsula (Rebesco et al., 1998) with 
Leg 178, Sites 1095 and 1096 locations on Drift 7. The approximate location of seismic line 195-137 is also 
indicated (white line). 

S w  Line 195-137 Site 1095 :\!E 

SEA8/rARD TERMINATION CF DRICT 7 CEEP-SEA CHAWqEL SYSTEM 

" 5 0 

Fig. 4.2. Southwest-northeast air-gun multichannel reflection seisrnic profile across the seaward end of Drift 7 
(for location see caption of Fig. 4.15; adapted from Shipboard Scientific Party, 1999b). 
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4.3.3 Methods 

4.3.3. l Sample Preparation 

Backup sample Ã£___ Working sampie Carbonate 

1 cm 10 20cn1 measuiement 
I ?, 

VVet weigbi 
toial sample 

I 

Welght 
toial sampie 

Passing 
14 21 days 

Rerno'1a1 of excess water 
change of Container ^ 

Passing 
14-21 davs 

Removal of excess watet 

Decomposition of 
organic complexes 

10 davs 
H 0, i'ilh 

1 %  total fluid concentration 

Removal cf excess water 
change of Container + 

Welght 
>63 pm 

Dry Separation process 
sonic sfiter 

63-1 25 uni 125-250 um 250-500 l~n i  500-1000 pm '1 000 fini 

Dispersion 

Overturn shaker 
24 Ihr 

Ultrasomc 
1 hr 

4 
Laser diffraction si7e analysis 

Laser Particle-Sizo! analysette 22 

Fig. 4.1. Sample preparation scheme. Long passing times are due to an abundant very fine clay portion with slow 
settling velocities. 
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Sediment samples were taken from cores from Sites 1095 cores using a 10- to 20-cm3 

plugging device. After freeze-drying, the sample was split by wet sieving into the fine (<63 

um) and coarse (>63 um) fractions. The coarse fraction was oven-dried, balanced, and set 

aside for further analysis (the results of the coarse-fraction analysis ase given in the data 

report by Wolf-Welling et al., in press). 

The water content of the suspended fine-fraction sample was reduced in two steps, by 

settling and the subsequent removal of excess water (vacuum pump). We added H202 to 

remove remaining organic complexes (Andersen, 1963; Matthews, 1991) and rinsed the 

fraction with distilled water before a final removal of excess water. Na2P04 was used as a 

final dispersant to avoid fine-particle clogging (McCave, 1995a; McCave et al., 1986). The 

final preparation step included 24 hr shaking within an overturn shaker and l hr within an 

ultrasonic bath directly before sample analysis (Fig. 4.1). 

4.3.3.2 Laser Diffraction Analysis 

The fine fraction was subsequently analyzed by laser diffraction. Measurements were casried 

out using the Laser-Particle-Sizer "analysette 22"-Economy (Fritsch GmbH LaborgerÃ¤tebau 

1994) (Fig. 4.1A). The unit is equipped with a 632.8-nm wave length, 3-mW helium-neon 

laser and handles suspensions with a particle size between 0.1 and 600 [im. The laser analyzer 

consists of four components: a dispersion unit, the measuring cell and laser, a multi-element 

detector, and a personal Computer with software for recaiculation and data display. The 

sample is fed into the dispersing and homogenization unit, which is equipped with an 

ultrasonic bath and a stirring compound. An interactive sample input, controlled by frequent 

absorption measurements, assures a certain grain-density range within the measuring cell. A 

centrifugal pump supports the transport of the sample to and from the measuring cell. After 

each measurement, the laser analyzer was set up to rinse and clean the cell four times with 

distilled water. 

The laser measurement itself is based On the sensory inteipretation of Fraunhofer 

interference Images produced by the scattering of monochromatic light on spherical grain 

boundaries (Von Bernuth, 1988). The size of the grains is related to wavelength and 

frequency 0, a geometry factor k and the radius of the first-order Fraunhofer interference ring 

(Ro) (Fritsch GmbH LaborgerÃ¤tebau 1994). 

k * f * wavelength 
particle size = 

R,, 

(Eq. 4.1) 
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Detector 

lenses 1 I 

Collecto~ 
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Adjustable 
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Fig. 4.1. (A) Layout of the Laser-Particle-Sizer "analysette 22"-Economy (Fritsch GmbH LaborgerÃ¤tebau 1994). 
The unit is equipped with a 632.8-nm wave length, 3-mW helium-neon laser and handles suspensions with a 
particle size between 0.1 and 600 um. (B, C) The unique fixed-focus size analyzing system with particle size- 
range dependent cell shift. Shifting the sampling cell relative to the detector changes the diffraction angle and the 
size of the sensor area affected. A large distance between sampling cell and detector therefore permits the 
measurement of larger particles with a smaller diffraction angle, and short distances are used for small particles 
with a wide diffraction angle. 

Particle sizes down to 0.02 pm can still be detected with sufficient accuracy using the 

Frauenhofer theorem (Von Bernuth, 1988). A special feature of this laser analyzing system is 

a fixed-focus optical setup with no focusing lenses behind the sampling cell, in contrast to 

other Systems that use focusing lenses behind the sampling cell. In order to detect a wide 

range of pasticle sizes, the distance from the sampling cell to the multimeter detector is 

variable (Fig. 4.1B, C). Shifting the sampling cell relative to the detector changes the 

diffraction angle and the size of the affected sensor area. A large distance between the 

sampling cell and detector therefore permits the measurement of larger particles with a 

smaller diffraction angle, and short distances are used for small particles with a wide 

diffraction angle (Fig. 4.1B, C) (McCave et al., 1986). Our fine-fraction data Set consists of 31 

size classes ranging from 0.425 - 63.314 um. The size classes are given in Tab. 4.1. The size 
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range of 0.4 to 63.3 pm was measured with a constant cell to detector spacing (single range 

measurement). Since some of the plots displayed in this report are given in linear scale and 

others (e.g. the statistical moment plots) in <D units, we added a figure to demonstrate the 

relation between both scales (Fig. 4.2A) and the effects on the appearance of frequency 

distribution plots given in mm and <I> values (Fig. 4.2B, C). 

Fig. 4.2. (A) size classes in mm and di-values. (B, C) differences in frequency spectra plots given in mm and <I>- 
values 

Tab. 4.1. Fine-fraction size classes 1nid points and ranges used within this study. 
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4.3.3.3 Stratigraphy and Age Model 

The age model and stratigraphy for Site 1095 are based 011 the magnetostratigraphic results 

published by the Shipboard Scientific Party (1999~;  see "Magnetostratigraphy"). 

We assigned ages for each sample assuming linear sedimentation rates between age 

dates. Even though depth below sea floor and recovery-corrected depth values do not differ 

significantly, we decided to work with meters composite depth (mcd). Because of the small 

oveslap between Holes 1095A, 1095B and 1095D, we do not expect important changes for 

our model compared to stratigraphically spliced depth scales. We excluded two samples in the 

overlapping part of Holes 1095A and 1095B (between 83.0 and 87.3 meter below sea floor) to 

avoid assigning overlapping ages to samples. 

The hiatus at -60 mcd discussed by Hillenbrand and Ehrmann (2000) and in 

Shipboard Scientific Party (1999~; see "Magnetostratigraphy" and "Seismic Stratigraphy") 

has not been considered in our age n~odel. Even so, the data presented support the ideas 

presented in Shipboard Scientific Party (1999c), and by Hillenbrand and FÃ¼ttere (2000). 

4.3.4 Results 

To provide a simplified overview of the fine-fraction grain-size frequency distribution of the 

data set, we have chosen a three-dimensional contour presentation that incorporates all 

samples with their individual frequency distributions (Fig. 4.1A, B). The original data set was 

gridded to a 1-m depth and 20-ka age grid resolution, with linear interpolated size classes of 

the original 3 1 channels in um. We applied a true two-dimensional zero-phase filter algorithm 

to smooth the data (the moving average filter has a size of 5 data points for the age or depth 

axis and 3 points on the grain-size axis). The contour algorithm is linear and resolves six 

levels representing the percent of sediment found for each grain-size class. Percent values 

refer to the total sediment sample dry mass. The size fraction >63-pm was added as an 

undifferentiated two-dimensional Summary curve at the right side of the graph. Single data 

values and a zero-phase filtered curve, obtained with an one dimensional filter (5 point) of the 

Same size as for the fine fraction, are given. The fine-fraction and smoothed coarse-fraction 

data are therefore in phase and have identical interpolated depth resolutions. 



CHAPTER 4: The West Antarctic Cot~iinental Rise 

0 10 20 30 40 50 0 5 10 15 
Grain size (um) >63 um (wt%) 

Fig. 4.1 Contour plots of the fine-fraction data vs. (A) depth and (B, See next page) age. Tlie contour algorithm 

chosen is linear and resolves six contour levels representing the percent of sediment found for each grain-size 

class. Percent values refer to the total sediment sample dry niass. The size fraction >63 pm was added as an 

undifferentiated two-dimensional Summary curve as a separate column at the right side of the graph. Single data 

values and a zero-phase filtered curve are given for the >63 p n ~  fraction. 
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0 10 20 3 0 40 50 0 5 10 15 
Gram size (um) Â¥6 grn (wt0/o) 

SSP = ODP Leg 178 Shipboard Scientific Party on board time scale: Revised = revised time scale this thesis 
(Chapter 4.4). 
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In general, the grain-size distribuiion down-core shows significant variations (Fig. 

4.1A, B). There are five prominent intervals in which cyclicity and the claylsilt ratio change 

drastically: (1) between 0 and 40 mcd (0 and 1.3 Ma), (2) between 40 and 80 mcd (1.3 and 2.4 

Ma), (3) between 80 and 220 mcd (2.4 and 6 Ma), (4) between 220 and 360 mcd and (5) 

below 360 mcd (prior to 8.1 Ma). 

Interval 1 is characterized by small scale variations and a pronounced dominance of 

the 5 pm size class fraction compared to the other identified intervals. Even though the overall 

grain-size distribution within this interval is very fine, interval 1 is also associated with a 

continuous tail of 1 % of the distribution reaching the 40 pm fraction. 

Interval 2 shows a steady increase in the dominant grain-size class and only small 

amplitude cyclic variations. Interval 2 terminates with the highest dominant grain-size classes 

with 20 to 40 pm and 5% loading of our data set. The steady increase toward these highest 

recorded values seem to be interrupted between 60 and 70 mcd (-2.3 Ma). We attribute this 

gap in the temporal and spatial continuity of the grain-size distribution to the hiatus (discussed 

in: Hillenbrand and Ehrmann (2000). 

Interval 3 is characterized by very high amplitude and frequency cyclic distribution 

changes and a more or less steady decline in the grain-size mode and overall amplitude. High 

loadings of up to 4 % for the 20 pm window are reached in the middle of this interval at 135 

mcd OS 4.3 Ma. 

Interval 4 around 220 mcd or 6 Ma Starts with a very narrow spectral distribution 

combined with high loadings of 6% in the size class below 5 pnl. This nearly symmetrical 

upper Zone of interval 4 has no tails into the coarser class fractions. The remaining lower part 

of the interval is characterized by a steady increase toward coarser size classes and 

moderately frequent but high amplitude variability, especially in the coarser tail (> 25 pm) of 

the grain-size spectra. 

Interval 5 starting around 360 mcd or 8.1 Ma shows the same cyclic Pattern as interval 

4, but with a decreasing trend in the occupied size classes. 

The plot (Fig. 4.1A, B) allows us to determine whether the fine fraction, <63 pm, is 

locally affected by IRD events. These are suspected where the < 63 pm fraction tails seem to 

be connected to peaks of the >63 pm fraction. For further IRD and coarse fraction data see 

Cowan and Wolf-Welling et al., 2000. 
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Mean 

( 1  moment) 

Standard deviation 

(2"" moment) 

Skewness 

( 3 "  moment) 

Kurtosis 

(41h moment) 

(Eq. 4.1) 

(Eq. 4.2) 

(Eq. 4.3) 

(Eq. 4.4) 

where f = weight percent (frequency) in each grain-size grade present 

m = midpoint of each grain-size grade in d) units 

11 = total numbcr in sample; 100 when f is in percent 

0 5 10 15 20 
Samples per Ma 

Frequency response of the low-pass Chebyshev filter 

Fig. 4.2. Frequency response and the resolution in time and distance of the Chebyshev Zero phase low-pass filter 

algorithm used to remove artificial high frequency Patterns resulting from unequal sample spacing. 
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For further general investigations, we applied the method of moments for the <63-um 

data set. The weight percent of the fine fraction was recalculated to 100%. The methods of 

moments is well established (Griffith, 1967; Folk, 1974; Boggs, 1987) and is the 

mathematical expression of four characteristics of a quasi-Gaussian distribution. In this case 

the moments are calculated using (D values. The skewness (3rd monent) and the kurtosis (4"' 

moment) express the deviation of a grain-size frequency distribution from the general 

assumption of log normality to the base of 2 (Friedman, 1962). The results for the <63-um 

range are given in a filtered (zero phase low-pass filter; Fig. 4.2) and discrete versions (Fig. 

4.3A, B). The filter has been applied after interpolating the data to constant depth and age 

resolution. The aim of this filtering procedure was to reduce the effects of uneven sampling 

spacing. A documentation of the frequency response and the resolution in time and distance of 

the Chebyshev filter algorithm (Rabiner and Gold, 1975) used is given in Fig. 4.2. 

Particle-size data are presented as downhole plots vs. depth and age of bulk <63-um 

fraction in weight percent of the total dry sample mass, mean (Ist moment), standard 

deviation (2nd moment), skewness (3rd moment), and kustosis (4th moment). Bulk fine- 

fraction contents are generally high (>95 wt%). The mean of the bulk fine fraction (<63 pm) 

varies between 7 and 9.2 (D units. There are some prominent maxima around 80 rncd (2.8 

Ma), 138 rncd (4.4 Ma), 250 rncd (6.2 Ma), 290 mcd (6.8 Ma), 340 rncd (7.8 Ma), and 420 

rncd (8.8 Ma). It appears that the mean of the fine fraction (<63 um) is generally decoupled 

from the coarse fraction. Only in two cases, at 340 rncd (7.8 Ma) and 70 mcd (2.27 Ma), does 

a high mean of the coarse fraction correlate with a higher content of coarse fraction (>63 um). 

Average standard deviation values above 1 (D indicate poor sorting of the <63-pm fraction 

(Folk, 1974). The standard deviation and mean of the fme fraction in <D units are inversely 

correlated throughout our data set. A decrease in degree of sorting is apparently coupled with 

higher mean grain-size values. The skewness values vary between -0.2 and >2. The skewness 

is, with a few exceptions, positive. This means that almost all samples analyzed have excess 

fine particles with respect to a log normal Gaussian distribution. There is a positive 

con'elation between the skewness values and the kurtosis values. Fluctuations within the 

kurtosis values (measure of the peakness of a distribution) indicate highly variable 

depositional processes (Friedman, 1967). 
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Fig. 4.3. Statistical grain-size data using the method of moments for all of the < 6 3 - ~ n  data set. The results are 
given in a low-pass filtered and discrete version vs. (A) depth and (B) age. Bulk fine-fraction contents are 
generally high (>95 wt%). SSP = ODP Leg 178 Shipboard Scientific Party on board time scale; Revised = 

revised time scale this thesis (Chapter4.4). 
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Fig. 4.4. Statistical grain-size data using the method of momcnts for the sortable silt fraction (10 to 63 pm) of 

our data set. The results are given uninterpolated in discrete samples vs. (A) depth and (B) age. The amplitude of 

fluctuation of the statistical Parameters in the sortable silt fraction is more pronounced than in the bulk fine- 

fraction data set. Note the unequal spacing of our data coverage. SSP = ODP Leg 178 Shipboard Scientific Party 

On board time scale; Revised = revised time scale this thesis (Chapter 4.4). 
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The initially defined intervals based 011 the overall appearance of the grain-size 

distributions in contour representation also show distinguishing features in their moment 

representation. A detailed description is beyond the scope of this report but some marked 

changes are noteworth e.g. the change in skewness and kurtosis between interval 2 and 3 or 

the time around 6 Ma (end of interval 3, beginning of interval 4), where mean grain-sizes 

reach a minimum that is combined with moderate sorting and low skewness and kurtosis 

values. Not all of the <63-pm fraction is equally meaningful for the evaluation of depositional 

energy or paleo currents. The special importance of grain-size Parameters such as the sortable 

silt fraction (10-63 pm) as a percentage of the fine fraction (McCave, 199%; 1995b), and the 

mean of the 10 to 63-pm fraction (McCave, 1995a) are especially current sensitive. Therefore, 

we applied the Same statistical treatment (method of moments) to the sorvable silt fraction (10- 

63 um). Sortable silt fraction, mean (Ist moment), standard deviation (2nd moment), 

skewness (3rd moment), and kurtosis (4th moment) ase presented as downhole plots vs. depth 

and age (Fig. 4.4A, B). The data presented are unfiltered and uninterpolated to give a better 

idea of data density and data gaps. Sortable silt-fraction values are generally much lower 

(average around 30 wt% of the fine fraction) than the bulk fine-fraction values, emphasizing 

the large fraction of <10 pm sediment not accounted for (Fig. 4.4A, B; left column). In 

addition, the amplitude of fluctuation in the sortable silt fraction (10 to 63 pm) appears to be 

much higher in older sediments [below 280 mcd (late Miocene)]. However this may be the 

effect of higher sample density in this interval. The mean of the sortable silt fraction indicates 

that most of the sortable silt fraction has a grain-size of around 6 <& units (1 5 pin), whereas the 

minimal mean values range below 5.4 (t> units (25 pm). As a result of removing the fine 

grained tail below 10 pm, most of the skewness values turned negative in this statistic. After 

this modification frequency distributions which originally had a nearly symmetrical 

distribution appear to be coarse skewed. 

4.3.4.1 Data Populations 

Assuming that grain-size characteristics in the sortable silt range reflect conditions of the 

depositional process or environment, we used the statistical Parameters determined by the 

methods of moments (Fig. 4.2A, B) to group our data set. In contrast to previous approaches 

(Friedman, 196 1; 1967; 1979) that apply environmental statistical analyses to distinguish 

depositional settings (e.g., beach from river sand), we used bivariant plots to define 

depositional processes within a single depositional environment. 
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Fig. 4.1. Bivariant discrirnination plots of the statistical Parameters (A) mean vs. skewness, (B) standard 

deviation vs. skewness, and (C) mean vs. standard deviation skewness leading to the definition of three distinct 

populations. 
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Size classes in <t> units 

Fig. 4.2. Calculated average grain-size distributions for each population of thc (A) sortable silt and (B) <63 [im 
fraction. Populations 2 and 3 follow a unimodal distribution. Population 1 has a bimodal distribution indicating 

that it may be further split into two subfractions. 

The best spatial separation of our sediment drift data set is in the bivariant plots: mean 

vs. skewness (Fig. 4.1A) and standard deviation vs. skewness (Fig. 4.1B). Three clearly 

separated populations are Seen. Population 1 is characterized by the highest absolute mean 

grain-sizes and standard deviation (Fig. 4.1C). Population 2 shows high variability in 

skewness and only small variations in mean grain-size and standard deviation (Fig. 4.lA, B). 

Population 3 is characterized by the lowest mean and standard deviation values but displays 

the highest combined variability for the Parameters skewness and standard deviation within 

the bivariant field (Fig. 4.1B, C). In general, samples with larger mean grain-sizes have a 

higher standard deviation in our data set (Fig. 4.IC). 

For a further visual inspection of the described populations we calculated average 

grain-size distributions for each population of the sortable silt (Fig. 4.2A), and for the <63 pm 

fraction (Fig. 4.2B). On average populations 2 and 3 follow a unimodal distribution. In 

contrast the average distribution of population l is very broad and bimodal. The average 

distribution plot for the sortable silt fraction (Fig. 4.2A) illustrates the characteristics of the 3 

populations in a more graphical way. 
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4.3.5 Discussion 

(PW uidaa 

Fig. 4.1. Downhole plots of the three sortable silt populations vs. (A) depth and (B) age. The populations are 
color coded, and the amplitude refers to the mean grain-size. The black curves for each population represent the 
density of the occurrence of the specific population normalized to the total number of samples within a 10-m 
depth or 0.2-Ma time window. SSP = ODP Leg 178 Shipboard Scientific Party on board time scale; Revised = 

revised time scale this thesis (Chapter 4.4). 
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The bimodal distribution of population l may indicate that the group actually consists of two 

populations. Fig. 4. lB could be used to define a second population in this group. However, 

for the following discussion we use populations 1 to 3 as defined above. 

In order to check the significance of the populations for interpretation in terms of 

depositional processes, we plotted the data groups with their mean grain-size against depth 

and age (Fig. 4.1A, B). Blank areas within the first column indicate areas of no sample 

coverage. The mean of the grain-size populations cosselates in general with the depositional 

energy of a System or depositional process. An arbitrarily chosen definition of the populations 

leads to a random downhole distribution. Instead the populations show distinct groups of 

spatial and temporal occurrence and absence. Population 1 is most common in four distinct 

timeldepth intervals (interval 1, 2, 4 and 5 ). Populations 2 and 3 are more continuous, except 

that population 3 is less common in younger/shallower deposits. 

Our tentative correlation to depositional environments has been drawn from a 

comparison to a sequence stratigraphic model developed on board the ship (Shipboard 

Scientific Party, 1999c (see "Lithostratigraphy"). Population 3 is clearly related to bioturbated 

upper sequence boundaries that may be influenced by contourite currents. Population 1 is 

certainly glacial, with its maximum values correlating to ice-rafting events. However, most of 

population l may be indirectly ice-derived shelf material redeposited by turbidites. Especially 

noteworthy is the low number of population 1 events around the 3-6 Ma global warm period 

(starting with the Messinian salinity crisis and ending with the lower upper Pliocene). 

The depositional significance of population 2 is less certain; we assume an interglacial 

turbiditic origin. The density curves in Fig. 4.1A and B represent Counts of events at a certain 

depth and age ranges normalized to the total number of samples analyzed within this interval. 

The density curve of the glacial population 1 be linked to parameters such as ice volume, shelf 

ice extent or periods of advance and retreat of ice sheets. 

4.3.6 Conclusions and Ongoing Work 

This Paper presents the laser diffraction derived fine fraction grain-size data for 530 samples 

from drift Site 1095. Contour techniques and the method of moments describe and 

characterize the frequency distribution data. The data Set exhibits intervals of distinct changes 

in frequency, amplitude, spatial (downcore) and temporal occurrence. 

On the basis of three statistical parameters (mean, standard deviation and skewness) 

calculated using the method of moments, it is possible to divide the data Sets into at least three 
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populations. The downcore and temporal distributions of the populations may be linked to 

discrete depositional processes. 

Further investigations and the incosporation of other data Sets are needed for definition 

of a new sequence stratigraphic model for Drift 7. In our ongoing project the biavariant 

approach for discriminating the data Set will be tested against multivariant factor- and cluster- 

analysis and complex physical property based depositional models. 

4.4 Suggested Age Scales and Additional Environmental Sensitive Bulk Sediment 

Parameter of Site 1095 

4.4.1 Time Scales 

In addition to the previously published time scale (ODP Leg 178 Shipboard Scientific Party, 

1999) other time scales have been proposed as a result of post-cmise studies. The different 

time scales and their consequences for the linear sedimentation rates are shown in Fig. 4.1. In 

general the shipboard biostratigraphy and magnetostratigraphic reversal time scales produce 

very similar age 1 depth relationships (Fig. 4.2A, B). The main differences occur within the 

interval between 180-280 mbsf and, less siginificantly, in an interval around 60 mbsf (Fig. 

4.2A). In these intervals the biostratigraphic datums indicate initially steeper and subsequently 

gentler slopes (corresponding to higher and lower apparent sedimenation rates) compared to 

the magnetostratigraphy. Iwai (2001; personal communication) shifted the shipboard 

magnetic cl~onology to fit the diatom data (Fig. 4.2A,B) - the result is seen in Fig. 4. IB. This 

suggests two distinct long-lasting hiati (upper: -60 mbsf, 1.25-2.53 Ma; lower: -220 mbsf, 

5.04 -6.14 Ma). Acton (2001; personal comrnunication) also revised the shipboard 

magnetostratigraphic timescale, incosporated post cruise U-channel magnetic data. Magnetic 

U-channel data are thought to be better than split core data due to the removal of the drilling- 

disturbed outer part of the core. Overall, the revised age model appears to be designed to 

avoid short term changes in sedimentation rate (Fig. 4.1C). In the age 1 depth representation 

the revised Acton model is smoother than the shipboard time scale around 60 mbsf (Fig. 

4.2B). 
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Fig. 4.1. Linear sedimentation rate (SR) models proposed for Site 1095 plotted against age and depth. (A) 
Shipboard Scientific Party (1999) sedimentation rate (cmlka) vs. depth (mbsf) deterrnined from geomagnetic 

polarity transitions and diatom and radiolarian datum. The filled bars represent paleomagnetic data from the 
combined core and Geological High-Resolution Magnetic Tool (GHMT logging tool) data sets, the dashed line 
indicates radiolarian data, and the solid line corresponds to diatom data. The abrupt spike in the paleomagnetic 
data at -400 mbsf corresponds to an interval that has been interpreted as a cryptochron and whose absolute age 
and duration are not well known (see Initial Report Volume, ODP Leg 178 Shipboard Scientific Party, 1999). 
(B) Revised magnetic stratigraphy based on diatoms (personal communication Iwai, 2001). Note the two large 
hiati suggested by this model. (C) A revised magnetostratigraphic time scale incorporating U-channel magnetic 
data by Acton (2001; personal communication). The SR are based on the spliced composite depth scale (mcd) of 
Barker (2001). The main difference to the SSP time scale (SSP = ODP Leg 178 Shipboard Scientific Party on 
board time scale). (A) is the shift of the onset of Chron C2An.ln (3.040 Ma) from 82.22 mbsf to 58.88 mbsf 
(Holel095D). (D) The revised time scale of Acton (2001; personal communication) converted to mbsf. (E) SR 
resulting from low pass filtering of the age depth relationship implied by (C). The filter (equiripple filter, 
bandpass) was applied in geological time domain and reduces time resolution to about 0.4 Ma. The ,,model 0.4" 
- timescale is used in other graphs and discussions and sometimes given as complementary information to 
figures still based on the Shipboard time scale (A). 
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Fig. 4.2. Depth vs. age profiles for Site 1095. (A) Shipboard compilation of ages determined from geomagnetic 

reversals (interpolated) and diatom aud radiolarian datums. Intervals of diatom datums are marked with a box 

indicating the distauce between the samples used to define the first- or last occurrence interval. P. sulcata 

abundance is indicated by gray bars. Radiolarian datums are indicated by circles. In labels indicating species 

identity, T = last occurrence, B = first occurrence, and TC = top cornmon occurrence. The hole is barren of 

microfossils below -520 mbsf. Mean sedimentation rates (underlined) for three intervals show an uphole 

decrease. Refer to the ODP Leg 178 Shipboard Scientific Party (1999) for the full names of the biostratigraphic 

species. (B) depth vs. age plots of the magnetostratigraphic models presented in Fig. 4.1, see text for discussion. 

Since the discussion between biostratigraphers and magnetostratigraphers regarding 

the time scale is ongoing, the revised magnetic time scale of Acton has been used in this 

thesis because it incorporates a larger number of datums. The original scale has been 

converted to mbsf and simplified by means of a low pass filter with a resolution of -0.4 Ma. 

This removes short depth intervals with suspicious rapid increases and decreases in 
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sedimentation rates and also balances some of the differentes in the various age models. The 

step back to mbsf (in this case almost identical with the recovery-cossected composite depth, 

mcd) allows direct comparison with previously published graphs and data. Futhermore, the 

two existing spliced tables by ODP Leg 178 Shipboard Scientific Party, 1999 and Barker, in 

press, can not be validated independently in the lower part of Site 1095 since no multiple 

cores are available for depths below -90 mbsf. 

The lower hiatus proposed by Iwai (2001, personal communication; Fig. 4.1B), based 

on diatom data, has not been confirmed by core or seismostratigraphic analysis. However, the 

upper hiatus falls within seismostratigraphic Subunit IIa with truncated reflectors (see chapter 

4.2.2.3) and also cosselates with an abrupt change in sediment fine fraction data around 60 

mbsf (Fig. 4.1A,B). The duration of this hiatus may be not as long as proposed by Iwai (1.25- 

2.53 Ma) or suggested by Hillenbrand and FÃ¼ttere (1.77-2.581 Ma). Acton sees no evidence 

for a hiatus at this level. I estimate the maximum duration of the hiatus to be closer to 0.6 Ma, 

stal-ting around 1.7 Ma. It probably eliminates the upper part of the Thalassiosim i~ulitifica 

Zone (3.2-2.3 ~ a ) ' ~ .  

4.4.2 Environmentally Sensitive Bulk Sediment Parameters: Opal, CaC03, TOC 

4.4.2.1 Parameters and Methods16 

In order to supplement the grain-size information presented in Chapter 4.3 additional 

proxy Parameters are discussed here. CaCOi and TOC (325 samples for site 1095) were 

determined using a LECO CS-125 analyser. In the first of two subsamples Total Carbon (TC) 

was directiy measured. In the second subsample inorganic carbon (IC) was removed and TOC 

l 5  Note: In the first part of the thesis all ages (if note indicated otherwise) refer to the shipboard time scale 

"SSP). Starting from this point in the document all ages refer to the "Revised" time scale. For the purpose of 

convenient transformation refer to the age bars e.g. in Fig. 4.1, Fig. 4.3, Fig. 4.4. 

" Some of the data presented data in this chapter have been published in: 

Wolf-Welling, T.C.W., Moerz, T., Hillenbrand, G D . ,  Pudsey, C.J., and Cowan, E.A., in press. Data report: 

Bulk sediment parameters (CaC03, TOC, and >63 um) of Sites 1095, 1096, and 1101, and coarse fraction 

analysis of Site 1095 (ODP Leg 178, Western Antarctic Peninsula). In Barker, P.F., Camerlenghi, A., Acton, 

G.D., and Ramsay, A.T.S. (Eds.), Proc. ODP, Sci. Results, 178. and 

Hillenbrand, C.-D., and FÃ¼tterer D.K., in press. Neogene to Quaternary deposition of opal on the continental rise 

West of the Antarctic Peninsula, ODP Leg 178, Sites 1095, 1096, and 1101. In Barker, P.F., Camerlenghi, A., 

Acton, G.D., and Ramsay, A.T.S. (Eds.), Proc. ODP, Sci. Results, 178, 
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was measured analog to the first subsample. For further details see Wolf-Welling et al. (2001) 

and Wolf-Welling (1991). 

The opal data have been made available by Hillenbrand (2001; personal 

communication). A total of 233 samples from sediment cores of Hole 1095A and B were 

analyzed, at an average sample interval of 2.4 meters. The weight % opal content has been 

analyzed by an automated leaching technique after MÃ¼lle and Schneider (1993) with 

subsequent time dependent spectrophotometric analysis. Refer to Hillenbrand and FÃ¼ttere 

(200 1) for details. 

Bulk accumulation rates and accumulation rates for single Parameters were calculated 

based on the new linear sedimentation rate shipboard index porosity and wet bulk density 

data, and averaged MST grape densities revised by Volpi et al. (2001). The following 

relations were applied (for an evaluation of the method see Wolf, 1991) for the derivation of 

accumulation rates: 

A R B ~ I L  = Bulk accurnulation rate or rnass flux) 

LSR = Linear Sedimentation Rate 

DensityDnBulL = Dry Bulk Density 

Den~ityw~~~~,,gk = Wet Bulk Density 

k = Density correction for pore fluid salinity = 1.0363 (Boyce, 1976) 

ARxoXw = Accurnulation Rate of Cornponent X in weight % 
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4.4.2.2 Interpretive Data Description 

A B C 
Opal CaCO, TOC 

Fig. 4.1. Selected bulk sediment pararneters at Site 1095, given in weight percent, plotted vs. depth and age. 
Note that the significant high in opal content between 180 and 80 mbsf (Early Pliocene) corresponds to an 

interval of reduced > 63 prn grain occurrence. 
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A 
Terrigenaus Biogenous Terrigenous Biogenous 

B 

Fig. 4.2. Summary of terrigenous and biogenous weight percent data for samples from Site 1095, plotted vs. 
depth and age. 

Instead of a parameter by parameter description of the following graphs only general trends 

are discussed and important links between parameters are indicated. A summary of all drift- 

related proxy parameters of the rise sediments in a time and process context follows in chapter 

4.6. 

As seen in Fig. 4.1, the opal and >63 um grain-size data display high variability in 

both age and depth plots. They are generally accepted as paleoenvironment indicators. Opal 

content in sediments from the Bellingshausen Sea and Antarctic continental margin is 

regarded as a proxy for productivity changes in the surface waters (Hillenbrand and FÃ¼tterer 
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in press). Since biological productivity in the Circumantarctic surface waters is not limited by 

nutrient supply (Defelice and Wise, 1981) or water temperature, the growth of planktonic 

algae (diatoms) is mainly controlled by the availability of light. Light intensity is a function of 

the presence or absence of sea ice. Hence, opal content is an indicator for the presence and 

duration of sea ice above Drift 7. 

Except for the few low opal content values below 510 mbsf (Fig. 4.1A) that may 

reflect diagenetic processes (see chapter 4.5.1 for details) and the high values of the Early 

Pliocene, the general decline from late Miocene to Present is interpreted as reflecting a 

decrease in surface productivity and hence an intensification of sea ice cover. The abrupt high 

in opal content during the Early Pliocene (5.3-3-5 Ma) correlates with a low in >G3 p m  and 

rnay reflect a warm period with reduced or 110 sea ice cover. A Summary of biogenic and 

terrigenous weight percents vs. depth and age is given in Fig. 4.2. 

In interpretations accumulation rates are preferred to sedimentation rates since the 

effect of compaction with depth leads to artificially reduced sedimentation rates. Bulk 

accumulation rates, and the porosity and density data used for their generation, are shown in 

Fig. 4.3. Porosity and density values show an abnormal undercompacted trend with depth (see 

BrÃ¼ckmann 1989). Below 500 mbsf density increases correspond to a strong decrease in 

porosity. This is indicative of diagenetic processes discussed further in chapter 4.5.1. The 

accumulation rate curve (Fig. 4.3) can be described as an exponential decay function with 

respect to depth and age. The curve shows no anomalies within the Early Pliocene that would 

Support the WS1 over the EPD theory. In contrast to Barker's (1995) prediction, a cyclic 

Pattern with decreasing absolute amplitudes in bulk accumulation persists throughout this 

time. The sharp decrease in accumulation rate at 310 mbsf (7.4 Ma) corresponds to the lower 

part of seismostratigraphic Subunit IIe (Fig. 4.1, Fig. 4.2). This may be the termination of the 

drift growth stage (as defined by Rebesco et al., 1997; Fig. 4.1). The influence of glaciation 

on accumulation rates on the rise will be further discussed in chapter 5. 

The conversion of component weight % to accumulation rates (Fig. 4.4, Fig. 4.5) for 

trace components (e.g. TOC or CaC03) does not provide new insights because the bulk 

accumulation rate overwhelms the trace component data. However, opal contents of up to 20 

weight % rnay not suffer too much from this effect. Noteworthy is the continuous decline in 

the opal accumulation rates starting around 3 Ma (Fig. 4.4A) in conjunction with the onset of 

the Northern Hernnisphere Glaciation (NHG). 
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Porositv (%) Densitv (u!cm ) Bulk AR ( ~ ' c r n  'ka) 

30 40 50 60 70 1.4 1 6 1 8 2 0 0  4 8 1216202428 30 40 50 60 70 1.4 1 6  1.8 2 0 0  4 8 1216202428 

Weight (%) Weight (%) 

Fig. 4.3. Bulk accumulation rates (mass flux) of Site 1095 derived from the linear sedimentation rates of the 
,,model 0.4" shown in Fig. 4.1E and the porosity and density compilations of Volpi et al. (2001). Even though 
the bulk accumulation rates are heavily dorninated by the sedimentation rates, the intervals with slightly higher 

densities (probably linked to glacial debris input) agree well with intervals of higher sedimentation (Fig. 4.1) and 
accumulation rates. 
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A B C 
Opal AR CaCO. AR TOC AR >63 (um; AR 

Fig. 4.4. Accumulation rates for selected sediment Parameters at Site 1095. The calculations are based 011 the 
total bulk accumulation rate (Fig. 4.3) and the weight percent of the individual Parameters (Fig. 4.1). 



CHAPTER 4: The West Anfarcfic Contr~zenfal Rise 

A B 
Bulk AR Terrigenous AR 

C 
Biogenous AR 

Fig. 4.5. Summary of terrigenous and biogenous accurnulation rates cornpared to the bulk accumulation rate for 
samples of Site 1095 plotted vs. depth and age. 
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4.5 Peculiar Reflectors 

4.5.1 The Double BSR Enigma - Diagenetic vs. Hydrate Origin 

A strong deep bottom-simulating reflector (BSRL) is seen in seismic profiles along the 

continental rise at 550 to 600 mbsf (corresponding to -650 ms TWTT below sea floor at Site 

1095; Fig. 4.1). This BSRL is most obvious beneath the elevated parts of the drifts, especially 

at the steep SW sides close to the ridge crests (Fig. 4.1). Beneath the gentler flanks it merges 

gradually with the sea floor-parallel lithological bedding reflectors and hence is more difficult 

to detect. This lower BSR is regional and has been observed in Drifts 7, 6a, 6b (following 

Rebesco et. al., 1997). A BSR that is similar with respect to character and location in TWTT 

below the sea floor has been described in the southwestern palt of the Scotia Basin 

(Tanahashi, 2001). In recent literature there is a Consensus for linking the BSRL to a 

diagenetic front (Opal A to CT transition) and for rejecting the idea of a hydrate origin 

(Camerlenghi et al., in press; Rebesco et al., 1997; Barker and Camerlenghi, 1999; Lodolo 

and Camerlenghi, 2000). The following arguments support the diagenetic nature of the BSRL: 

A tentative positive polarity associated with the BSRL (Barker and Camerlenghi, 

1999). 

The diffuse nature of the BSRL compared to a discrete reflector thought to be 

characteristic of a Hydrate BSR. 

The predicted geothermal gradient over the 43-37 Ma old crust and in situ thermal data 

collected at Site 1096 and evaluated by Barker (ODP Leg 178 Shipboard Scientific 

Party, 1999) suggest that a Hydrate BSR might exist 200 m above the observed BSRL. 

Centimeter-size, fully indurated cherts have been found in the lowermost part of the 

section at Site 1095B. 

The porosity decrease and density increase in this core interval (below 500 mbsf), 

combined with a sharp increase in seismic velocity (Fig. 4.3, Fig. 4.1 starting 5 10 mbsf 

at Site 1095) is attributed to biogenic opal dissolution and reprecipitation (chapter 

4.1.2 and Camerlenghi et al., in press) 

Biostratigraphic samples below 510 mbsf at Site 1095 are barren of siliceous 

microfossils, supporting the idea that diagenesis is important below this depth. 
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Fig. 4.1. Hydrocarbon pore space volatiles at Site 1095 and 1096. (A) Methane concentration frorn headspace 
samples at Site 1095 (Scale is in 1 0  * ppm). (B) Methane concentration from headspace sarnples at Site 1096 
(Scale is in 10' * ppm). (C) C"  ̂hydrocarbon concentrations rneasured in vacutainer samples extracted frorn gas 
pockets. Data from: ODP Leg 178, Shipboard Scientific Party (1999). 

The identification of a second, upper BSR (BSRu) during intense seismostratigraphic 

studies on board the ship during Leg 178 (Fig. 4.2) requires reappraisal of the arguments for a 

purely diagenetic nature of the BSRL. This upper BSR has not been described previously and 

is not Seen 011 the lower resolution 1992 seismic profiles (compare the 1995 Fig. 4.lB profile 

with the 1992 Fig. 4.IC profile). BSRu is at as depth of approximately 150-180 mbsf, 

cosresponding to 200 ms TWTT below sea floor, at Sites 1095 (Fig. 4.2) and 1096. As with 

BSRL the upper BSR is best seen on the steep SW side of Drift 7. On the more gentle dipping 

NW side of the drifts the BSRu is not obvious but may blend in to sea floor parallel 

lithological reflectors. The BSR" as well as the BSR1 cut across lithologies and time lines and 

roughly follow the sea floor morphology. The following arguments Support a possible hydrate 

origin of both the lower and upper BSR: 

The upper limit of hydrate occurrence is not physically defined. At Drift 7 the pressure 

I temperature stability field of hydrates should reach the sea floor (bottom-water 

temperature - O0C, depth = 3152 mbsf (Site 1096) and 3840 mbsf (Site 1095). A 

second limiting factor, the occusrence of volatile hydrocarbons (methane) in the Pore 
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space, controls the upper boundary of hydrate formation. At the base of the sulfur 

reduction Zone (the sulfate-methane transition zone) hydrocarbons (methane) are 

oxidized by anaerobic microrganisms (Kasten and Joergensen, 2000). At Drift 7 the 

BSRu occurs at the base of the sulfate reduction zone where methane and higher 

hydrocarbons become abundant (Fig. 4.lA, C) or are already present in considerable 

concentrations (Fig. 4.1 B). 

The BSRu lies in a Zone of abnornlal in situ acoustic velocity not found by laboratory 

measurements (Fig. 4.1B). An increase in velocity is suspected when entering a 

hydrate-bearing zone. 

A shosi abrupt increase in formation resistivity (between 180 mbsf and 200 mbsf, ODP 

Leg 178, Site 1095, Shipboard Scientific Party, 1999) seen in the downhole logs could 

correlate with hydrate at the depth of tlie BSRu. 

The polarity of an upper hydrate BSR should be positive since hydrate-filled pore 

space provides a higher impedance than the overlying fluidlgas filed pore space. The 

observed polarity of the BSRu is positive with respect to the main sea floor reflection 

(Fig. 4.2). 

The anomalous, underconsolidated porosity and density profiles previously explained 

by variations in density, porosity and rigidity of diaton~ frustules forming the biogenic 

opal (Camerlenghi et al., in press) may actually reflect hydrate stabilization of the pore 

space. 

Published in situ geothermal gradients for Site 1095 and 1096 vary considerably. 

Logging temperature profiles indicate a minimum geothermal gradient of 24OCIkm at 

Site 1096 and 33OC for Site 1095. However, shipboard Adara- and Davis-Villinger 

Temperature Probe analyses by Barker (ODP Leg 178 Shipboard Scientific Party, 

1999) indicate a geothermal gradient of -80 OC/km. A recent ODP heatflow report 

(Pribnow et al., 2000) based on the Same Adara- and Davis-Villinger Temperature 

Probe data come up with a geothermal gradient of only -52 OC/krn for Site 1096. 

A hydrate stability curve was calculated based on pore gas composition and pore water 

salinity using the thermodynamic modelling software EQUIPHASE HYDRATE V. 

5 .0 '~ .  According to this calculation the BSRL is stable at Site 1096 for a geothermal 

gradient of around 5O0C/km. 

l 7  EQUIPHASE HYDRATE, from D.B. Robinson & Associates, Edmonton, Alberta, Canada 
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This is one of the few locations where two BSR can be observed (Posewang and 

Mienert, 1999). Arguments can be made for a diagenetic and hydrate related origin of BSRL 

and a top of hydrate explanation for the BSRu. It is possible that hydrates define zones of 

restricted pore fluid movement, inhibiting opal dissolution and reprecipitation. Below the 

hydrate stability Zone the pore space collapses and opal diagenesis can take place. The patchy 

occurrence of small amounts of hydrate in the porespace may account for the differences 

between acoustic models based On laboratory data and seismic profiles. 

4.5.2 Reflector "X" 

Fig. 4.1. Fence diagram of the Antarctic Peninsula shelf and slope using simplified line drawings of seisrnic 
multichannel profiles parallel and perpendicular to the margin. The locations of enigmatic Reflectors "X" and 
other paleo current indicators are marked (an'ows). Figure modified from Rebesco et al. (1997). 

An enigmatic Reflector "X" (Rebesco et al., 1997), that appears to cut across other horizons 

(Fig. 4.1) for almost 1s TWTT is observed beneath Drifts 5, 6, and 7 (Fig. 4.1). At Drift 7 

Reflector " X  merges with the top of seismostratigraphic Unit V below the drift crest. The dip 

of this reflector is to the NE, at angles between 3 and 4 degrees (Rebesco et al., 1997). 

Reflector "X" is best Seen beneath the gentle side of the drifts where it has a steeper dip than 

the underlying and overlying strata. However, it is continuous On the steeper side (SW side) of 

the drifts, where its dip is similar to the underlying and overlying strata. Two different 
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suggestions have been made regarding the nature and origin of Reflector " X  (also called 

EUT by McGinnis and Hayes, 1995): 

Reflector "X" may represent the traces of local diachronous hiati within areas of 

otherwise continuous deposition (Rebesco et al., 1997). 

Reflector "X" may be a low angle, gravitationally-induced detachment surface area 

(Rebesco et al., 1997). 

Reflector "X" may be a regional unconformity caused by a strong bottom current 

event OS a bottom current reversal. Its orientation would then record an ancient bottom 

current direction opposite to that observed today. 

The idea of Reflector "X" being the result of ancient current activity is appealing. The 

argument by Rebesco et al. (1997) regarding tlie different depth of this hiatus at different 

locations is not contradictory since currents can migrate over time. Episodes of erosion and 

redeposition may have occurred over a long period of time. By interpolating the ages at the 

base of the holes to the new ocean crust ages (Fig. 4.1) the age of the cument reversal may be 

estimated to be - 22.6 Ma. During this time the Drake Pasage was not as deep and wide as it 

is today and may not have accomodated the ACC and the counter current of the ABW (Fig. 

1.1). Additionally the passive margin has not reached further than the Mid shelf high (chapter 

5) shifting the rise 50 km fusther NW relative to the shelf edge. At this time a distance of 50 

km might have been sufficient to bring what is today the rise under the influence of a 

precursor of the ACC. 

4.6 Discussion and Interpretation 

4.6.1 De~ositional Processes and Models for the Rise 

On board the ship the lithostratigaphic working group and especially Nick Eyles (ODP Leg 

178 Shipboard Scientific Party, 1999) developed a sequence stratigraphic framework for the 

rise. The model is based on three turbiditic facies Ll-3 (Fig. 4.1) that are described in the 

classical TA to TE model of Bouma (1962) with additional refinement referring to the 

classification of muddy turbidites by Piper (1978). He further subdivided the TD and TE 

divisions of Bouma into laminated silt (D), laminated mud (El), graded mud (E2), ungraded 

mud (E3), and pelagic or hemipelagic (H) intervals. Depending on the proximity of deposition 

the facies Ll-2  lack one or two of the lowermost higher energetic subdivisions (Fig. 4.1 ). For 
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This theoretical scheme however has two main deficiencies: 

0 Fine-grained turbidites and contourites represent end members of a continuum of 

deep-sea sediments that accumulate in a very low energy setting and may be not 

distinguished by "hand lens powered" visual core description or sparse san~pling (1 

sample per n~eter). 

Facies Ll-3 are entirely process-related and contains no strong links to margin-specific 

environmental Parameters like ice or currents. 

4.6.2 Integration of the Grain-Size Statistic Data Populations and the Facies Model 

Fig. 4.1 presents a first attempt at integrating grain-size data into the facies model. None of 

the populations other than 1 is correlated with distinct facies types (Ll-3). Nos does the first 

order cyclicity, which is linked to depositional energy, correlate with mean grain-sizes of the 

samples (Fig. 4.37). To overcome the limitations of the sequence stratigraphic facies model, 

the facies ase broken down to their basic units, assuming that the sparse sampling was fine 

enough to resolve single process-related sediment volumes. Depositional processes thought to 

act during drift build-up and maintenance are: 

1) Hemipelagic settling dusing times of slow and low depositional energy, often 

associated with intense bioturbation and an enrichment of IRD. The intensity of 

bioturbation, amount of ice-rafted debris, and extent of hemipelagic bed tops depend 

on the recurrence interval of turbidite events. Facies association TE3-H. 

2) Deposition and partial erosion by means of bottom contour currents, causing 

winnowing of already deposited sediment. Resulting in coarse skewed grain-size 

frequency distribution curves. This process is highly variable in intensity at longer 

time periods and may affect a large spectrum of grain-sizes. At the same time this 

process influences all short-living depositional processes. The base units bof rapid 

depositional sequences (turbidite-, debris style sedimentation) may be not affected 

because they are quickly buried. Erosion and redeposition from bottom currents 

especially affects topic 1 processes and to a lesser extent processes described under 

topic 3. Facies association C, H to a lesser extent E-D. 
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Schematic lithologic columns with first-order cycles 

Fig. 4.1. Simplified schematic lithostratigraphy of Site 1095 showing dominant lithology, intensity of 
bioturbation, and distribution of turbidite Facies Ll,  L2, and L3. Arrows show broad trends in frequency of sand 
and silt larninations and facies types, attributed to long-tei'm "first-order" cycles in lithostratigraphic Unit I1 
according to the shipboard model. Grain-size populations 1-3 as defined within this chapter are scaled next to the 
descriptive units. The length of the bars refers to the relative mean grain-size of the populations. 
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3) Lower energy turbidites with no or minor basal erosion. These are attributed to slope 

failure under interglacial conditions (no grounded ice at the shelf edge). Under 

interglacial conditions the slope is fed with glacial meltwater debris, minor IRD and 

pelagic material. Entrainment to the rise occurs occasionally via distal overbank 

deposits and feeding of a nepheloid layer (Pudsey and Camerlenghi, 1998; Rebesco et 

al., 1996) that is then moved by bottom currents and acts as a distributor reaching 

remoter Parts of the drift bodies. Facies association D-E. 

4) Higher energy turbidites and debris flows. These are most likely to occur under 

conditions in which shelf ice is grounded and reaches to the shelf edge, periodically 

dumping eroded inland and shelf topset material. In addition, massive IRD input to the 

upper and lower slope reduces transport distances, allowing coarse and unsorted 

material to reach the drifts. The recurrence interval of successive turbidite events 

during shelf ice advances is probably short, which reduces the time for undisturbed 

hemipelagic accumulation. Facies association TC-TD. 

4.6.2.1 Grain-Size Population 3 

Population 3 has the lowest average mean (Fig. 4.1) but is the most variable 

population with respect to its skewness, mean and standard deviation (sorting) values (Fig. 

4.1). The depositional process responsible for this chasacteristic must be continuously scalable 

in depositional energy, but at the same time retains distinctly better sorting, even for 

populations that show comparable mean values than does ~ o ~ u l a t i o n  2 (Fig. 4.1 C). 

Compasisons with core descriptions and the simplified lithological column (Fig. 4.1) link this 

population to bioturbated intervals. Bioturbated intervals are found in the sequence tops of all 

proposed facies. Sequence tops (depositional process 1) have the slowest accumulation rates 

and are subsequently longest exposed to the action of bottom currents and IRD input. 

However, the limitation of our study to the sortable silt fraction (10-63 um) has effectively 

avoided the classical IRD spectrum (sand fraction). The fact that the sum frequency 

distribution curve of Population 3 is positively skewed (tail in the fines) is interpreted by 

Pudsey and Camerlenghi (1998) as an indicator of only minor current winnowing (removal of 

the fines) and, hence, as a negligible contribution of bottom currents to the depositional 

process. Instead the good correlation of opal content (Fig. 4.1) and skewness (Fig. 4.3 B) 

rather suggests that the constant influx of comparably coarse organic opal particles OS 

fragments accumulated at sequence tops mask the true nature of the frequency distribution of 

this population (see also the good correlation of sand and diatom content in the paper of 
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Pudsey, in press). Another argument for the importance of bottom cusrents for the definition 

of Population 3 is the comparably better sosting of this population, since contourite currents 

are known to increase sosting of sediments (Folk, 1974). 

Population 3 is therefore associated with facies subdivision TE3-H and C, and 

describes low energy hemipelagic, bioturbated sediments under the influence of fluctuating 

bottom currents. Together with the skewness, kustosis and opal data the Population 3 density 

curve may as well be an anti-cosrelated sea-ice indicator. Accepting that the present link 

between atmospheric wind (polar easterlies) and bottom currents (westward flow of AABW) 

being true for the past, Population (especially the density curve, Fig. 4.1) is also positively 

cosrelated to bottom-current strength. 

4.6.2.2 Grain-Size Population 2 

Population 2 shows the smallest variability in standard deviation and mean grain size and has 

the same kind of tailing toward smaller skewness values as does Population 3 (Fig. 4.1). The 

depositional process responsible for this characteristic must be closely defined regarding 

energy and sorting, but at the Same time must allow for continuous degrees of winnowing as 

expressed by the tailing toward smaller skewness values. Based On this observation, 

Population 2 is associated with facies subdivisions D-E and processes described under topic 3. 

Supporting this classification as ,,interglacial turbidite" is the continuous decline in mean 

grain size of Population 2 upsection, probably addressed to the build-up of the drift above the 

turbidite channels, making it more difficult to deposit coarser material On the drift crest. The 

large variability in skewness points to some bottom-cusrent influence, especially on the finer 

grained members of this data population. The sirnilarities in mean grain size to Population 1 

may indicate that past of the deposited material of the ,,interglacial turbidites" is reworked 

organic material deposited On the slope. Other constituents probably contain distal meltwater 

debris from the Peninsula transported to the slope by shelf currents. From a mass flux point of 

view, sediment supply thsough mechanism 3 (Population 2) may represent the "cruising gear" 

supplying continuously small volumes throughout the drift evolution. The observed 

exponential decrease in mass flux with time (Fig. 4.3) may be related to the decrease of mean 

grain sizes deposited by this process in an upsection direction with time. 

4.6.2.3 Grain-Size Population 1 

Population 1 is the coarsest and most unsorted unit with negligible tailing along the skewness 

axis (Fig. 4.1). From Fig. 4.2 B it is evident that the average distribution curve of Population 3 
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is perfectly symmetrical. This would indicate the presence of no or only the subtle impact of 

bottom current. The depositional process responsible for this characteristic must be fast and 

high in depositional energy. Population 3 is therefore associated with facies subdivisions TD- 

TC and processes described under topic 4. Supporting this classification as ,,glacial turbidite" 

is the good correlation of Population 1 with intervals of > 63 pm (Fig. 4.4) and IRD time 

intervals (<250 pm) of the rise (Cowan, in press). Since it has been shown that the fine 

fraction data effectively avoid direct IRD influence (chapter 4.3) the question as to whether 

the ice-related Population 1 is strengest during a glacial period or occurs at the transition from 

a glacial to an interglacial (see Pudsey and Camerlenghi, 1998) is of minor importance 

(sample resolution is not fine enough to resolve single glacial-interglacial variations). 

Population l is seen here as a largely IRD-independent Parameter that indicates advances of 

continental ice to the shelf edge with only short delay times of the sediment on the slope. 

Population 1 works as an ice indicator also in the lower Part of the core where classical IRD 

definitions, e.g. by Cowan (in press) would fail. 

Comparisons of the density curve calculated from Population 1 data (chapter 4.3) with 

a new global ice volume curve by Lear et al. (2000) shows, that the Messinian and the lower 

Pliocene have been times of reduced ice volume also reflected in the Population 1 data of the 

Antarctic Peninsula (Fig. 4.1). Estimates of how dramatic an early Pliocene deglaciation 

might have been are drawn based on assigning 100% global ice volume to the Pleistocene 

(Lear et al., 2000). Following the Lear study, global ice volume has been reduced by -80% 

throughout the early Pliocene. When taking the Population 1 data is taken into consideration 

quantitatively, ice volume on the Antarctic Peninsula was reduced by more than 70% 

(assigning 100% to the maximum values occurring in the Pliocene). Starting from total 

different perspectives the findings of this study and that of Lear et al. (2000) are in excellent 

agreement. A deglaciation in the Messinian and early Pliocene is further supported by the 

eustatic data of Haq et al. (1987) which shows three successive sea-level highs sta~ting in the 

Messinian and ending in the lowermost upper Pliocene. 

These findings, of Course, do not define the spatial extent of deglaciation in Antarctica. 

But a 70-80% reduction in ice volume should require at least ice-free low lands around 

Antarctica and possible time periods with no ice on the more exposed Antarctic Peninsula 

(see also remarks by Barrett, 2001). 
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Fig. 4.1. Comparison of: (A) global ice volume curve from Lear et al., 2000 and (B) the Population 1 density 

data. The ice volume is calculated by removing the temperature effect from benthic forarninifera 6^0 data using 

a Ca-Mg thermometer. Dark gray hoxes indicate times of major ice growth. (Part (A) of this figure is modified 

from Lear et al., 2000). 
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4.7 Summary: The Rise as a Recorder of Ice and Currents over Time 

4.7.1 Eocene-Miocene 

The story of what is today the rise and Drift 7 Starts in mid-Eocene times at 42.7 Ma, when 

the ocean floor below Drift 7 was created on the northern flank of a now-subducted segment 

of the Phoenix ridge. At that time the study area may have been more than 600 km away from 

what is today the mid-shelf high (70 km/Ma assumed subduction rate and 21.3 km/Ma known 

average spreading rate). Deposition was pelagic and restricted to thin Covers of the basement. 

At the Eocene-Oligocene transition (33.7 Ma) increased circulation around Antarctica and 

changes in atmospheric CO2 (Pollard and DeConto, 2001) but no changes in bottom-water 

temperature (Lear et al., 2000) initiated ice growth in Antarctica. At 30 Ma the ridge crest to 

the West of the Tula fracture Zone collided with the subduction Zone in front of the Antarctic 

Peninsula magmatic arc. As a consequence, spreading and subduction stopped and the ocean 

crnst segment of what is today Drift 7 remained fixed relative to the extinct magmatic arc 

(today's mid-shelf high may be the relict of this asc). The collision initiated the development 

of the passive margin and shelf evolution. Sediment supply to the rise site was still lirnited 

since the distinct asc and a back arc basin (today the inner shelf) blocked and collected 

sediment eroded and transported by ice or glacial outlet streams. After filling of the back arc 

basin the erosion of the asc probably provided enough sediment flux to the rise to build early 

drift stmctures under the bottom-current action of the ACC (Reflector "X", 

seismostratigraphic Unit V-IV). After 20 Ma the bottom-current regime changed and the drifts 

began to reorientate indicating the onset of a westward-flowing AABW contour current and 

possibly the existence of sufficient shelf ice in the Weddell Sea to maintain such a current via 

ABW formation. 

Several indicators around the Antasctic Peninsula in upper Miocene times point 

toward the existence of a permanent ice Cover since that time (IRD at ODP Site 325, Leg 35 

(Hollister and Craddock et al., 1976; changes in clay mineralogy in the Weddell Sea, ODP 

Leg 113 (Kennett and Basker, 1990)). An irregulas sawtooth Pattern in the Population 1 

density curve is witness of a dynamic, fluctuating ice sheet from at least 9.88 Ma On. The size 

of this ice sheet OS the frequency with which it reaches the shelf edge increases with time and 

reaches high amplitudes between 8 and 6 Ma. Major declines occur around 9.7,9.2-9, 8.4-8.1, 

and 7.3 Ma (Fig. 4.1). Major cooling and ice build-up since 15 Ma can also be inferred from a 

decline in bottom-water temperatures (Lear et al., 2000), a major eustatic sea-level drop (Haq 

et al., 1987) and steadily increasing S^O values (Zachos et al., 2001). The findings for the 



CHAPTER 4: The West Antarctic Continental Rise 

Messinian Event (5.75-5.32; Bart and Warny, 2001 (if present at all, See chapter 4.4)) show an 

initial period of no ice advances to the shelf edge (5.9-5.6 Ma; Fig. 4.1) in good agreement 

with a high eustatic sea level followed by a short period of minor ice readvances starting at 

5.6 Ma combined with a declining sea level (Haq et al., 1987). The biogenic opal content in 

this time interval is anti-correlated to the ,,ice indicator" and points toward increased sea-ice 

cover during the later phase of the Messinian Salinity Crisis. The cessation of Mediterranean 

Outflow Water, an important source-water constituent of the Northern Component Water 

(NCW; a predecessor to the modern North Atlantic Deep Water), may have reduced heat 

transfer to the CDW and hence fostered ice advance and sea-ice formation (Hillenbrand and 

FÃ¼tterer in press). 

4.7.2 Early Pliocene 

Besides small episodic ice advances the early Pliocene and earliest late Pliocene is a time of 

reduced global and Antarctic ice volume (see chapter 1.2.2 for discussion). The reflooding of 

the Mediterranean (reestablishment of MOW) and the Start of the Panamanian Isthmus 

forrnation (Haug et al., 2001) stimulated a stronger thermohaline deep-water circulation in the 

Atlantic Ocean with maximum formation and convection of NCW acting as a heat transfer 

mechanism to the Antarctic Ocean (Berges and Wefer, 1996). High opal contents (Fig. 4.4) 

and higher carbonate productivity in the subpolar South Atlantic (MÃ¼lle et al., 1991) indicate 

elevated surface-water temperatures and agree well with the scenario described and the idea 

of strongly reduced sea-ice cover. In this context it is interesting to notice that the early 

Pliocene is the only time when sedimentation rates at the distal Site 1095 exceeded rates at the 

more proximal Site 1096 (Fig. 4.1). This effect may be explained by a southward shift of the 

ABW contour current closer to the slope in the absence of sea ice. An intensified bottom- 

water circulation may have reduced apparent sedimentation rates at the proximal Site 1096 by 

lateral export. Accumulation at the rise dropped in the early Pliocene (4.8 Ma) marking the 

end of the actual drift growth Stage spanning seismostratigraphic Units IV to IIc. 
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Fig. 4.1. Comparison of sedimentation at the rise Sites 1095, 1096, and 1101. Correlations are based on 
biostratigraphic tie points and indicate higher sedimentation rates at Site 1095 between 130 and 195 mbsf (lower 
Pliocene) compared to Site 1096. Courtesy: ODP Leg 178 Shipboard Scientific Party, 1999. 
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4.7.3 Late Pliocene - Present 

The late Pliocene is characterized by an abrupt ice readvance at 3.2 Ma (Fig. 4.1) and a 

decline in surface productivity (Fig. 4.1) indicative of major cooling and sea-ice formation. 

This cooling is well documented in isotope and MgICa thermometry (Zachos et al., 2001; 

Lear et al., 2000) and synchronized by the Northern Hemisphere Glaciation and decrease in 

NCW production. 

During the Pleistocene the ice cover of the Antarctic Peninsula may have been more 

stable without the large amplitude long-teim sawtooth-like fluctuations observed in the late 

Miocene (Fig. 4.1). It should be noted that Population 3 almost disappears between 3.0 and 

1.3 Ma (Fig. 4.1) indicating a high energetic depositional environment dominated by turbiditic 

processes. The reduced importance of bottom-water cussents at the rise during this period is 

again linked to low opal contents and assumed persistent sea-ice cover. A massive muddy 

turbidite between lithostratigraphic Unit I and I1 is interpreted as a debris flow unit (Fig. 4.1; 

ODP Leg 178, Shipboard Scientific Party 1999). A total of 11 sediment samples have been 

taken out of this interval and all except the uppermost show turbiditic or ice-related origin. 

These findings Support the idea of very rapid deposition, leaving no time for hemipelagic 

material to accumulate or for bioturbation to take place. The process after this event is a prime 

suspect for having caused significant erosion of underlying Strata (see discussion of various 

age models, chapter 4.4.1). This high-energy event represents a turning point in deposition 

energy linked to a major geometric change on the shelf (see chapter 5). 

A slight increase in opal content around 0.9 Ma (Fig. 4.1) and declining ice-indicator 

values (Population 1 density curve, Fig. 4.1) from 0.5 Ma on might be related to a regional 

wasming in the Antarctic Peninsula area that has yet not been observed in other pasts of the 

Southern Ocean (Hillenbrand and FÃ¼tterer in press). This trend in reduced ice volume on the 

Antarctic Peninsula is in contrast to the still increasing global ice volume by this time (Fig. 

4.1). However, no evidence is seen for a collapse of the West Antarctic ice sheet as proposed 

by Scherer et al., 1998. 
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5 Linking the Shelf, Slooe and Rise 

Ice Shelf Slope Rise 

Fig. 5.1. Conceptual rnodel illustrating dependencies and inter-relationships between the ice, shelf, slope and 

rise. 

5.1 Mechanisms and Relationships 

The attempts to reconstruct the glacial history of the West Antarctic Peninsula ice shield 

during ODP Leg 178 by drilling the shelf as a proximal and directly involved recorder has 

proven to be difficult and relatively crude. There was only low to no recovery due to 

inadequate drilling methods and discontinuity of Strata. On the other hand, the drift record 

from the rise is continuous, easier to recover and of high resolution. But on the downside, the 

rise is a distal and indirect recorder influenced by many factors and therefore requires at least 

a principal understanding of the shelf record to aid its interpretation. Sediment eroded from 

the glacial valleys of the Antarctic Peninsula and later deposited on the rise passes two major 

intermediate and temporary depositional facilities - the inner and outer shelf and the slope - 

during its transport path. 
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Both intermediate depositional facilities primasily act as storage aseas which retard 

and attenuate the ice signal that reaches or does not reach the rise. At times, however these 

storage facilities may also potentially act also as sources releasing stored sediment without a 

direct Initiation through ice action. The different environments with their two modes, 

deposition or remobilisation, are linked by complex interrelationships and dependencies 

briefly summarized here. 

In the absence of major fluvial Systems ice is and has been the prime initial driving 

force behind erosion, transpost and deposition at least dusing the last 10 Ma. Temperature, 

precipitation, valley slope, sub-ice bedrock roughness and the areal amount of occupation 

space determine ice thickness, ice-flow velocity, and the frequency of advances to the outer 

shelf or shelf edge. 

The shelf in turn is influenced by the relative sea-level (either caused by ice flexure or 

global" eustacy), leaving space for aggradation (storing sediment away) or progradation with 

or without shelf erosion piping sediment directly to the slope. Depending on the frequency 

and the extent of ice advances or the ice-loading history of the continent the shelf may 

become overdeepened and forms wide shelf basins parallel to the coastline which block 

sediments from reaching the rise. 

These are many possible modes of ice-shelf interaction, thsee possible scenarios ase 

briefly outlined: 

Ice advance at relative highstand (ice not grounded) leading to minor foresets at the 

slope and thin topset on the shelf 

Ice advance at relative highstand (ice grounded) leading to foresets and topset at the 

shelf 

Ice advance at relative lowstand (ice grounded) leading to new foresets and topset and 

existing foreset erosion 

Most commonly, a decrease in ocean and atmosphesic temperature will foster ice 

advance and growth which, in turn lowers the eustatic sea level and supposts shelf erosion and 

the transport of coasse material to the shelf edge and slope. However the isostatic loading of 

the continent and shelf will eventually (10 -100 ka of years) increase the relative sea-level 

above the shelf and reduce the likeliness of grounding. This, in turn may act as negative 

feedback in cooler times by increasing ice-flow speed (loss of back stop) and reducing inland 
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ice thickness. In temperate climate conditions an isostatic rebound of the continent and 

shelves may partially compensate eustatic rises and retard ice decay and retreat from the shelf. 

Ice - Ice - 
Fig. 5.1. Conceptual model of Glacial Isostatic Adjustment (GIA) affecting the continent, its shelves and the 

slope angles. (A) Full glacial conditions: landward-inclined shelf, low slope angles and low relative sea level. 

(B) Full interglacial or temperate conditions: scaward-incliiied shelf, steep slopes and a sealevel highstand. 

The slope is the second storage reservoir and its angle determines fast or retarded 

transport to the rise. The shelf angle is determined by the kind of material that is delivered 

(coarse material from an erosive glacial advance leads to steeper slopes than fine hemipelagic 

material and glacial outwash) and the isostatic stage of the shelf (inclined toward the land 

(low slope angles), inclined toward the ocean (steep slope angles; Fig. 5.1). The apparent 

observed steepening of the paleo slopes (foresets) with time may also be attributed to a 

continuing tilting of the shelf due to increased ice load 011 the continent with time. 

A still landward-inclined shelf during a highstand under temperate conditions or 

intense topset formation under glacial conditions leads to reduced export of material to the 

slope and rise. Full glacial conditions with regular ice advances to the shelf edge and a low 

relative sea-level cause maximum erosion in the hinterland and on the shelf and lead to an 

increased export of material. 

The rise as the actual terminal recorder adjusts its build-up rate to the amount of 

material delivered. Over time the storage capacity of the rise is reduced, meaning that the 

build-up of drift-bodies above the surrounding seafloor decreases the capacity to accumulate 

sediment and attenuates the continental ice signal (decrease in accumulation rate over time). 

In addition, all material from the slope (mass wasting) and the hemipelagic biogenic input are 

modified by bottom-water cursent (lateral sediment influx and expost). 
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5.2 Shelf Evolution and Rise Build-Up Over the Last 10 Ma 

Rise Shelf 
A Terriqenous AR Ã Population 1 Present day seaiave~ 

glcm *ka Percent full 
Late Pleistocene 

!C? voli~rn?? 

Fig. 5.1. Correlation of (A) terrigenous accumulation rates at the rise Site 1095 (dark bars = correlation bars) 

with (B) ice-indicator signal derived from grain-size data (light bars = gap in data). Note the lows in 

accumulation at times of reduced ice volume or decreased frequency of ice advances to the shelf edge (MSC = 

Messinian Salinity Crisis). (C-G) Backstripping model of the shelf (Camerlenghi et al., 2001, with modified 

ages). 
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A comparison of the tersigenous accumulation rate (Fig. 5.1A) and the Population 1 density 

curve (Fig. 5.lB) reveals the dependency of the drift growth on ice input. Times of reduced 

ice volume commonly correlate with intervals of reduced accumulation. However, the decay 

of accumulation at the drift cannot be compensated by an increase in ice volume. 

Following this rationale a decrease in ice activity (volume) should lead to decreasing 

accumulation rates. This behavior is well illustrated within intervals 9-8.2 Ma and 6.8-6.3 Ma. 

In some intervals however, the increase in glacial activity is associated with a decline in 

accumulation (8.1-7.3 Ma; 6.2-5.8 Ma; 2.8-0 Ma). This relationship may be attributed to 

periods of topset build-up caused either by Glacial Isostatic Adjustment (GIA) or eustatic 

effects. Times of topset build-up still allow ice-indicator material to reach the rise, but the 

bulk of continental derived sediment is stored on the shelf. 

A recent backstripping model by Camerlenghi et al., (in press; Fig. 5.1C-G) based on 

depth-migrated seismic data (profile: 195-152; Fig. 2.1, chapter 2.2.2) illustrates the shelf 

evolution over the last 10 Ma. Together with the rise information it is possible to restore the 

stratigraphic intervals of topset build-up that are not preserved on the shelf due to erosion. 

The times given to the model steps (Fig. 5.1C-G) are tuned in reasonable biostratigraphic 

limits to match the rise record. As an example, the increase in rise accumulation rates starting 

at 3.2 Ma is certainly related to an increase in erosion in the hinterland and shelf during the 

start of the NHG (Nosthern Hemisphere Glaciation) and well constrained by an abrupt 

increase in the ice-indicator curve (Fig. 5.1B). The decline in accumulation starting at 2.8 Ma 

cannot however be explained by a decrease in ice volume or ice advancing frequency. The 

stast of topset preservation and build-up at 2.8 Ma is therefore the only explanation for the 

decline in rise accumulation. The topset build-up and preservation may have been initiated by 

the time-delayed glacial isostatic response of the shelf and some accommodation space 

created during shelf erosion between 3.2 and 2.8 Ma prior to the GIA. 
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6 Thesis Summary 

The rationale of this study has been to describe and chasacterize typical West Antarctic 

Peninsula continental masgin depositional environments at three exemplary type locations: the 

outer continental shelf NW of Anvers Island, a late Pleistocene to Holocene depression of the 

overdeepened inner shelf (Palmer Deep) and the drifts of the continental rise. The main 

scientific objective at each setting was to obtain ice-sheet history information of the Antarctic 

Peninsula for the last 10 Ma. The study Spans many time scales (thousands to millions of 

years) and employs tools of different resolution (from cm to tenths of meters). Seismic, 

downhole and laboratory tools and techniques were applied to record physical and chemical 

proxies for a multifaceted and differentiated understanding of the pasticular environments. 

Steps and conclusions toward an achievement of this aim in each individual depositional 

environment and the results of an attempt to link the shelf and the rise are summarized below. 

The Shelf: 

A detailed seismostratigraphic characterization of the unique Antarctic inner and outer 

shelf along the passive margin of the West Antasctic Peninsula is complemented by 

logging information that is tied to the seismic profiles via a new continuous depth vs. 

velocity profile. 

The new velocity profile has been established by a compilation of more than 13 

different data categories, non-standard processing techniques have been developed and 

applied especially for this task. Polynomial exclusion techniques with various orders 

and low-pass filtering reduced the noise of the initial data pool and produced a definite 

velocity depth profile that in turn is matched and brought in phase with the resistivity 

logging data. Subsequently, it was possible to correlate logging and core data to seismic 

units and single reflectors. 

Unit S l  at Site 1103 consists of a series of stacked lodgement tills deposited as basal 

moraines by advancing and retreating ice sheets, inten-upted by finer, less clast-rich 

intervals possibly associated with interglacials. 

Seismostratigraphic Unit S3 at Site 1103 contains a diamictite 1 fine succession that 

represents upper slope deposits with a distal moraine-like source. The alternations of 

diarnicts and fines may be related to advancing and retreating ice sheets with proximal 



CHAPTER 6:  Thesis Summat-y 

sources in glacial times and more distal sources in interglacials. Topsets and foresets are 

linked to the Same depositional mechanism: ice-sheet advance and retreat. However the 

preservation potential on the slope is higher since all deposits below the paleo-shelf 

break are protected from direct ice erosion. 

The discovery of imbricated fabric with pebbles dipping to the south (Information 

derived from downhole FMS images) demonstrates deposition below a N-S-oriented ice 

stream. The orientation is consistent with a major N-S-oriented outlet-trough on the 

shelf West of Anvers Island. The age of these deposits found in -200 mbsf exceeds 2 

Ma and witnesses the longevity of glacial outlet-troughs on the shelf. 

Logging data and FMS images in combination with lithological and biostratigraphic age 

constraints allow a close correlation of West Antarctic Peninsula shelf records with East 

Antarctic shelf records (Legs 178 and 188). Since 3.2 Ma OS, at the latest, 2.3 Ma  both 

shelves have evolved in a similar manner despite the many differences in margin type 

and overall setting (e.g. ice proximity and sediinent supply). Similarities are confirmed 

in many other circum-Antarctic shelf records, best summarized in an upsection trend 

toward shelf aggradation combined with better topset preservation. To explain these 

similarities a strong external controlling factor is needed. Sea-level fall 

overcompensated by increased isostatic subsidence due to ice build-up (GIA) that 

affected the continent and the adjacent shelves is the most likely mechanism. 

Palmer Deep: 

Based on mosphological features of a new multibeam map of Palmer Deep and 

published low resolution seismic data, a new tectonic model in the context of the 

general margin evolution was established. Two major phases of deformation along one 

conjugate Set of faults are addressed. Phase 1 is North-South compressional with a left 

lateral strike slip component and associated lateral E-W extensional escape. Phase 2 is 

Nosth-South extensional with left lateral movement on the NW trending faults and right 

lateral movement on the NE trending faults. Phase 2 is linked to the back arc type 

Bransfield Strait extension. 

Cores from Palmer Deep (> 25 crnka sedimentation rates) provide a unique high 

resolution Holocene-to-latest Pleistocene record from the Antarctic Shelf. Palmer Deep 

Strata is divided into 5 climato-stratigraphic zones on the base of core logs and 

sedimentology. Core-to-seismic correlation is possible on the basis of single reflectors 
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using synthetic seismograms and very high-resolution single channel Deep-Tow 

Boomer records. The strengest impedance contrasts are at the base of turbidites and at 

changes between massive, bioturbated and larninated units. 

0 With the aid of core-based acoustic models of the basin fill the clin~ato-stratigraphic 

zones have been mapped in reflection seismic profiles of Sub-Basins I and 111. 

The digitization of the data has been accomplished by newly designed processing 

software that significantly improved vertical (< 0.4 m) and horizontal resolution of the 

single channel seismic profiles. The digitized data also yield information on deeper 

strata so far inaccessible on the analog psintouts. A first digital processed section from 

Sub-Basin I revealed a small scale mud diapir (> 4 m height, 30 m width, in -1000 m 

water depth) with a feeder dike that is recognized cutting the slump and drape deposits 

at the base of the steep canyon slope. The load of slumps and gravity flow deposits On 

unconsolidated diatom ooze is believed to be responsible for the initiation of mud 

diapirism in the gas and fluid-sich sediment. This process of load introduced diapirism 

has never before been described in extensional basins of the Antarctic shelf. 

The rise and its drifts: 

Large mounds on the continental rise along the Antarctic Peninsula margin between 

63OS and 69's and within 200 km of the shelf break have been interpreted as sediment 

drifts, separated by turbidity current channels. The intemal seismostratigraphic drift 

architecture reveals an easly pre-drift stage above the basement, a period of pronounced 

drift growth and a late period of drift maintenance. 

Attempts to improve core to seismic ties with the use of synthetic acoustic profiles have 

been only partially successfull. In situ velocity check shots with a downhole tool 

provided the most accurate depth vs. traveltime information. 

Fine-fraction (<63 um) grain-size analyses of 530 samples from Holes 1095A, 1095B 

and 1095D allow assessment of the downhole grain-size distsibution at Drift 7. A 

variety of methods of data processing, statistical treatment, and display techniques have 

been applied. Based on an approach by Friedmann, skewness and standard deviation 

(sorting) have been used to separate the grain-size data set into 3 populations. 

The assessment of these populations in the light of an existing sequence stratigraphic 

model resulted in a simple but process-related conceptual model of the facies building 

stones that make up the drift. Grain-size Populations 1 and 2 are cosrespondingly 

197 
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identified as the result of glacial and interglacial mass wasting processes of the slope. 

Sediment samples of Population 3 are the result of hen~ipelagic settling modified by 

bottom-current activity. 

Using a special referenced moving window counting routine the Population 1 data has 

been transformed into a regional Antarctic Peninsula ice volume indicator curve and 

showed good agreement for the past 10 Ma with the Lear et al., 2000 data. 

Grain size, opal content and other core Parameters prove that the early Pliocene is a time 

of reduced global and Antarctic ice volume and sea-ice extent. Never before and after 

the last 10 Ma was paleo productivity higher at the rise than during this time. This study 

concludes that during the early Pliocene Antarctic ice volume was reduced by 70%. 

During the late Miocene ice was highly dynamic with frequent advances and retreats. 

The upper Messinian to early late Pliocene was a time of repeated ice-sheet collapses. 

Starting at 3.2 Ma the ice sheet became a permanent feature, occupying the shelf during 

most of the glacial half cycles. 

The new results from the Antarctic Peninsula illustrate the complex dependencies and 

inter-relationships between the continental ice, shelf, slope and rise. The quasi continuous 

drift record from the rise is the most suitable data set for an attempt to reconstruct the glacial 

history of the West Antarctic Peninsula ice shield. The distal and indirect record of the drifts 

is unique in its high resolution but influenced by many factors. Interpretations toward an ice- 

sheet history must be supplemented by a principal understanding of the shelf modes. The 

regional ice volume curve for the Antarctic Peninsula is the most significant finding of this 

thesis. 

Further work should focus on a completion of data gaps in the grain-size record 

(refinement of the ice volume indicator curve) and the integration of multi-beam and single 

channel HDTB data in search of new diapiric features along the base of the basin slopes. 



CHAPTER 7 :  Excursus 

7 Excursus 

7.1 Excursus 1: Seismic Modelling of Sediment Cores 

7.1.1 Introduction 

Any approach to modelling seismic waves travelling through sediments under in situ 

conditions requires a thorough look at the physical properties that influence wave 

propagation. This chapter will give a general Summary of the nature of stress and strain and 

the propagation of stress and strain through elastic bodies as seisrnic waves. Relations 

between wave propagation and physical properties are discussed and several semi-empiric 

existing models and the unified model of Biot-Stoll (Stoll, 1989; Breitzke, 1997) are briefly 

introduced. Finally a practical approach to the correlation of reflection seismic record to 

sediment cores via synthetic seismograms is given. The Matlab routine ,,synseis6' is briefly 

discussed at the end of the chapter. 

7.1.2 Stressandstrain 

Stress can be described as an internal force within a material. It is defined as force acting on a 

certain area: 

F s=- (Eq. 7.1) 
A 

S = Stress 

F = Force 

A = Area 

The stress acting on an area of any surface within the material may be resolved into a 

component of normal stress perpendicular to the surface and a component of shear stress in 

the plane of the surface. Within a stressed body the components that result in pure normal 

stress define three orthogonal axes known as the principal axes of stress. Compressional and 

tensile stress are distinguished by the orientation of the stress directions toward or away from 

each other. Hydrostatic stress represents the case where all principal axes have the same 

magnitude. It is represented in fluids that do not transmit shear stress. In case of unequal 
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principal stresses the material is subject to shear stress along all internal surfaces except for 

the orthogonal planes that intersect the three principal stress axes. 

The result of stress is strain either in the form of shape or volume changes. The 

elasticity of a material determines how much stress can be accomodated with a complete 

reversion to the original shape or how much the volume changes after removal of stress. If 

stress exceeds the elastic limits of the material the resulting strain will be irreversible; stress 

build-up may continue until the material fails. Within a linear stress 1 strain field four elastic 

moduli describe the relation between stress and strain. 

Two elastic moduli are especially important for description of seismic waves: the 

compression or bulk modulus and the shear modulus. The bulk modulus describes the volume 

changes associated with stress while the shear modulus describes the dislocation of adjacent 

parallel planes as a consequence of applied shear forces (e.g. Kearey and Brooks, 1984). 

AP K=- 
AVIV 

K = compression modulus 

&P = volume stress 

AV/ V = volume strahl 

(Eq. 7.2) 

(Eq. 7.3) 

,U = shear modulus 

T = shear stress 

tan(0) = shear strain angle 

Another well known elastic modulus is the Young modulus, E. It describes the stress 1 

strain relation for longitudinal stress and strain und is known best from Robert Hooke's Law: 

(Eq. 7.4) 

S = Stress 

Al / 1 = change in longitudinal direction 
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7.1.3 Seismic Waves 

A P-wave 

Compression 1 Undisturbed medium 

Dilatations 
/ 

direction of propagation 

Undisturbed medium 

/ 
direction of propagation 

Fig. 7.1. Elastic deformations and ground particle motions associated with the propagation of body waves. (A) 
P-wave (compressional wave), (B) S-wave (shear wave) (after Bolt, 1982; Kearey and Brooks, 1984). 

Seismic waves are a means by which stress and strain conditions travel from one point 

of a material to another (Fig. 7.1). Seismic waves may have their origin in earthquakes, 

explosions, OS other shocks. Body and surface waves represent the two major types of seismic 

waves. For imaging the geological subsurface, body waves are most important. Considering a 

nearly one dimensional, perfectly elastic, isotropic and homogenous material of density p in 

which a stress 1 strain anomaly can propagate following the Young modulus E, a balance of 

forces exists between external forces on the small cross surface area A and accelerating 

internal forces. Using Hooke's Law this balance of forces can be expressed as: 

(Eq. 7.1) 



CHAPTER 7 :  Excursus 

Subsequent Integration yields the one dimensional wave equation 

with the propagation velocity of waves (V) related to the E modulus as 

In general terms the elastic wave velocity is defined as 

(Eq. 7.2) 

(Eq. 7.3) 

elastic modulus of material 

density of material 
(Eq. 7.4) 

Similar to one-dimensional configurations, elastic moduli for the propagation of seismic 

waves in three-dimensional materials can be defined through Statements like Eq. 7.5. Hence 

for compressional P-waves the velocity V,, is 

(Eq. 7.5) 

where is an elastic modulus combining bulk and shear moduli 

4 
Y = K + - p  (Eq. 7.6) 

3 

In contrast the shear wave velocities vs are defined by only one elastic modulus, namely the 

shear modulus 

(Eq. 7.7) 
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All ideal elastic, Isotropie and homogenous materials are defined by a maximum of 

two elastic moduli (Dresen et al., 1985). For natural materials such as water-saturated mai-ine 

sediments the assumptions of homogeneity and isotropy are not valid. Several studies (e.g. 

Hamilton, 1970; Bachmann, 1985; Breitzke, 1997) have explored the influence of 

heterogeneities (e.g. porosity and grain-size) On the propagation of acoustic waves. 

The ,,Time-Average-Equation" of Wyllie et al. (1956; 1958) and earlier studies by 

Wood (1941) introduce ,,inhomogeneity" as a two phase model taking the influence of pores 

and pore filling into account. 

1 - 1-<D @ +- 
V,, V,>! V .  

(Eq. 7.8) 

V,, = P-wave velocity 

r,,, = P-wave velocity of the matrix 

1 )  = P-wave velocity of the pore filling (e.g. water) 

<I) = porosity 

Similarly the bulk density of a material can be thought of as the mean of the densities 

of the two phases, matrix and pores (Dresen et al., 1985). 

p = mean density of the material 

p,Ã = density of the matrix 

P,, = density of the Pore filling (e.g. water) 

<I) = porosity 

(Eq. 7.9) 

In further empirical approaches researchers introduced additional variables to account 

for geotechnical parameters such as compaction (Nafe and Drake, 1957) or mineralogical 

Parameters (SchÃ¶n 1984) such as the clay content of the matrix (Han et al., 1986; Klimentos, 

1991). 
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The influence of grain-size (Fehs, 1991; Breitzke, 1997) OS matsix intra- and 

extraporosity on the acoustic velocity for example with foraminifers has been thoroughly 

studied (Schreiber, 1968; Hamilton, 1982; Breitzke, 1997). Other semi - empisical approaches 

may account for special geological settings; the Wood Equation (Wood, 1941) is the best 

approximation of the porosity 1 P-wave velocity relation for unconsolidated sediment of the 

Arctic (Bergmann, 1996). A unified non-empiric model has been developed by Biot and Stoll 

(Stoll, 1989) for porosity values between 40 and 70%. 

7.1.4 Biot-Stoll Model 

Between 1941 and 1973 Maurice Biot developed a comprehensive theory for the mechanics 

of porous deformable media. This model is no longer dependant on ideal assumptions 

regarding the wave guiding natural material. All ,,imperfections" of a natural material, such as 

anisotropy, porosity gradients with lithification, and unelastic behavior (visco-elasticity, 

dissipative losses, attenuation, dispersion, divergency) are considered. Biot's theory predicts 

that, in the absence of boundaries (surfaces of abrupt discontinuity), three kinds of body 

waves, two dilational and one rotational shear wave, may exist in a porous medium. The 

dilational wave types can be fusther distinguished as ,,first type" and ,,second type" waves 

(Stoll, 1985). First type waves travel nearly in phase through the matrix and the pore space 

with small attenuation losses through viscosity. In contrast, second type waves ase highly 

attenuated by the unelastic material propesties and propagation through pore space and matrix 

is largely out of phase. For geophysical work in saturated sediments the second type waves 

ase less important, and modelling approaches can be limited to first type waves (Stoll, 1989). 

A more thorough mathematical discussion can be found in Stoll and Bryan (1970), and Stoll 

(1974; 1989), who simplified, unified and transformed the Biot Theory into cases and a 

numerical routine, and Breitzke (1997) who focused more on geophysically relevant parts of 

the model following Stoll's nomenclature. 

7.1.5 Cosselation of Phvsical Property Data and Seismic Reflection Profiles 

In contrast to modelling and measuring visco-elastic moduli and related Parameters of 

sediments, it is far easier to measure the P-wave velocity directly and use this information for 

seismic cosselation purposes. The P-wave velocity of marine sediments is dependent on 

lithology, porosity, bulk density, state of stress (e.g. directional tectonic stress or static 

isostatic load), fabric, intemal fractusing, amount of free gas or gashydrate, pore space filling, 
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compaction and degree of diagenetic lithifaction affects the speed of P-waves and their 

attenuation and dispersion. Direct continuous P-wave measurements of sediment cores 

incosporate many of these dependencies. 

Fig. 7.1. The Halifax full wave acoustic recording unit DSV (Digital Sonic Velocimeter, Mayer et al., 1987): (A) 
transducer head with active and passive piezo elements, (B) tracksystem, (C) distilled water and transducer 
spacing calibration station, (D) full captured waveform on oscilloscope screen, (E) digital oscilloscope below 
function generator, (F) Computer for software control and data Storage via GPIB interface card. 

In the early 1970's P-wave laboratory measurements left the experimental stage to 

become standard routine in many laboratories in the 1980's. The introduction of the semi- 

automated Halifax System, introduced in 1987 (Mayer et al., 1987; Courtney and Mayer, 

1993a; 1993b; Fig. 7.1) and founding of GEOTEK in 1989, provided access to commercially 

available automated core loggers for the scientific community (Fig. 7.3). P-wave logging 

Systems are now routinely used on board the JOZDES RESOLUTION drillship. 

14 Shear strength 

AVS 

Fig. 7.2. Schematic representation of the semi-automatic P-wave and shear strength half core station on board 
the JOIDES RESOLUTION (Blum, 1997). 
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A typical MSCL spliffwhole-core configuration for soft sediments 

P-wave sensor rnounted Gamma source 

Fig. 7.3. A typical next generation inulti sensor split 1 whole-core logger (MSCL) for soft sediment applications 
Courtesy: GEOTEC (http://www.geotek.co.uk). 

Fig. 7.4. The spring loaded transducers, equipped with linear variable-displacement transformers in contact with 
the core liner (A). (B) Chart to explain the timing of signal initiation and detection (modified f ron~ Blum, 1997). 

Currently two acoustic Systems are used on board the JOIDES RESOLUTION The 

PWS (P- Wave- Sensors) System (P-wave velocity, Fig. 7.2) is a direct successor of the 

Digital Sonic Velocimeter (DSV) developed at Dalhousie University and the Bedford Institute 

of Oceanography (Mayer et al, 1987; Fig. 7.1). The PWS system, introduced in 1991 as well 

as its predecessor DSV, is semi-automatic and works on split core sections or single 

specimens (Blum, 1997). The unit consists of three transducer receiver pairs (PWS1, PWS2, 

PWS3; Fig. 7.2A). PWS1 and PWS2 are used respectively for the longitudinal (along the z 



axis of a core, Fig. 7.2B) and transverse (along the y axis of a core, Fig. 7.2B) P-wave 

velocity determination. Both Systems are penetrative and therefore destructive to the core. 

Sirnilar to the DSV system (Fig. 7.1), the PWS system is controlled by a digital oscilloscope 

(storage of received wavelet), a signal generator (triggcr pulse for external oscilloscope timing 

and signal generation within the transmitter) and a differential amplifier. The third acoustic 

system of the PWS is a modified Hamilton frame for no-destructive measurements in the x 

direction of cores or for single specimen measurements. 

In contrast to the semi - automated PWS system, the P-wave Sensors of the MST 

(Multisensor Track Station) are fully automated and integrated into the measurement cycle of 

the MST (Fig. 7.3). The core is guided in discrete steps between two acoustic piezoelectric 

transducers. Acoustic coupling is accomplished through an epoxy resin surface and a water 

film from an automatic sprinkler system. The transducer pair is springloaded and equipped 

with linear variable-displacement transformers, that measure the diameter of the core and core 

liner. A 120V, 500 kHz pulse, sampled at 50 ns, is emitted with a repetition rate of 1 kHz. The 

pulse stimulates the piezoelement within the transducer to emit a compressional wavelet with 

approximately the same frequency but much longer wavelength than the initiating pulse. To 

avoid noise during the transit times a delay pulse (shorter than the traveltime) is emitted 

followed by a gate pulse or window. During the gate window two different detection routines 

are used to determine the transit time: the classical method of a treshold on the received auto 

gain amplified signal, and a Zero crossing technique (see Fig. 7.4 for details). The actual 

traveltime is defined as the first Zero crossing after the first low threshold detection event. A 

separation procedure subtracts either one wavelength (2us), for a positive, or 1.5 wavelengths, 

for a negative onset, from the transient time (time of transmitted pulse minus time of count 

pulse) to pick the actual onset of the received signal (Blum, 1997). 

7.1.6 Synthetic Seismograms 

The correlation of the continuous two-dimensional seismic survey profile information with 

one - dimensional physical property data from core or downhole logging is a key step within 

the seismostratigraphic intespretation process. It allows extrapolation of "spot" information 

(measured data and non-quantitative information such as descriptions) to a much larger area. 

Synthetic seismograms calculated from the physical property data can povide this link 

between the remotely derived image and the actually observed stmctures and measured 

properties of the cores. Additionally they allow assignment of true depth values to the 

reflectors. 
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Synthetic seismograms were computed for most of the drillsites of Leg 178 using 

MST, downhole logging data, Hamilton fraine data and index property values. They provide 

the main Parameters, density and P-wave velocity. The necessary acoustic wavelet was 

derived either from farfield signatures in water or from the sea-bottom re f l ec t i~n '~  next to the 

drill site (see "Rise" and "Palmer Deep" chapters for details). For simplified but effective 

"practical" con'elation, acoustic waves are treated like electromagnetic waves in ray optics. 

Density and P-wave velocity together define the acoustic impedance or acoustic 

hardness of a rock formation. 

Z = impedance 

p = bulk density 

V, = P-wave velocity 

(Eq. 7.14) 

Downhole changes of impedance cause Part of the propagating wave energy to reflect 

and travel back to the surface. Two principle situations have to be distinguished, the vertical 

and oblique incident case (Fig. 7.1). 

Fig. 7.1. (A) reflected and transmitted rays associated with a ray normally incideiit on an interface of acoustic 
contrast, (B) reflected and refracted P- and S-rays generated by a P-ray ohliquely incident on an interface of 

acoustic impedance contrast. 

" The sea - hottom reflectiou is a altered source signal representation (path through water column, uneven sea 

floor etc ....) 
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Sediment core 

Step 1 

Bulk density P-wave velocity 

Step 2 

Acoustic 
mpedance 
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Reflection coefficient 

-0 40 0.00 0.40 

Step 3 

Fig. 7.2. Illustration of the main actions and parameters needed for the development of a simple earth model for 

core seismic correlations. Step 1, drilling provides access to subsurface information. Step 2, the geological 

profile is reduced to physical parameters. Determination of the in situ P-wave velocity is essential since it 

defines both the acoustic hardness of the profile and the position and spacing of reflections. The bulk density is 

commonly the other Parameter used. If density data are nor available they can be replaced by other parameters 

that correlated with subsurface acoustic contrasts. Step 3, the parameters of step 2 are used to calculate the 

acoustic impedance and reflectivity coefficient. 

To simulate the interaction between formation and propagating wave some simplifying 

assumptions are made. The travel path of the wave is assumed to be perfectly vertical, no 

multiple reflections between layers not taken into account, and attenuation and dispersion ase 

not considered. 

The degree of change in impedance at an acoustic discontinuity determines how much 

of the wave energy is reflected and how much continues to travel downward. The contrast in 

impedance is defined as the reflectivity coefficient R. The transmission coefficient T is 

defined by the ratio of the amplitudes of the initial waves and the amplitudes of the 

transmitted waves. 
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(Eq. 7.15) 

R//3 = reflectivity coefficient 

Z ,  = impedance of layer 1 

Z2 = impedance of layer 2 

z//2 = transmission coefficient 

zl = impedance of layer 1 

z2 = impedance of layer 2 

A Signal 

i 2 5  1 5  

Pefiode 

B Signal (100 Hz) Signal (400 Hz) 

- 
Â¥ 

1 2  
0 G2 

TI$W ( 7 )  Time ( 5 )  

D 100 Hz Source signal and 1" order reflexions 

. , 
E 400 Hz Source sianal and 1" order reflexions 

(Eq. 7.16) 

Ray pathl Synthetic seismogram 
F relative amphtudes G H ,Y 

Fig. 7.3. Simplified Illustration showing how source signal wavelets of the same amplitudes but different 
wavelengths travel through the earth model from Fig. 7.2. The ray path is indicated by direction of the arrows. 
The amounts of the reflected and transmitted amplitudes by the arrow length. Note the limitation due to 
interference of a wavelet with 100 Hz in detecting the 15 m thick clay stone layer. The 400 Hz wavelet 
reproduces all impedance contrasts unambiguously. 
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Source signal 

S e s m c  t r e  1 1 Reflectivity function 

Source signal Synthetic 

The earih as seismic trace 

reflectivity 
function 

Fig. 7.4. The earth acts as a filter (A). The process of deconvolution (a filter operation) reduces the complex 
signal to a discontinuous reflectivity function or profile (B). If the reflectivity function of the earth model is 
known, a synthetic trace or reflective image of the subsurface can be produced (C). 

4 3 2 1  Cross-products Sum 

Fig. 7.5. Convolution of two digital functions illustrated with a numerical example. For the special case of a 
synthetic seismogram calculation, descriptive labels like "propagating wave" etc. are added (modified from 
Kearey and Brooks, 1984). 

The combined reflectivity coefficients of adjacent layers of material with acoustic 

contrast form the reflectivity profile. The reflectivity profile is the impulse response of the 

earth-model. Thus the synthetic seismogram can be calculated by convoluting the source 

signal with the reflectivity model (Fig. 7.5). In other words the geological profile acts as a 

filter (Kearey and Brooks, 1984; Dresen, 1985) through which the source signal is altered 

(Fig. 7.4). 
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(Eq. 7.17) 

y = synthetic trace (= filtered output) 

ss = source signal (= filter input) 

rcf = reflectivity coefficient (= impulse response of filter) 

7.1.7 The Matlab Routine Synseis 

The Matlab routine synseis automates and simplifies the generation of synthetic seismograms 

from core or logging data. The basic building blocks of this software are outlined in Fig. 7.1: 

File Input: After typing in synseis at the Matlab environment prompt, the software 

requests three input files with path: these are handled internally as variables zd (depth versus 

density), zv (depth in meters versus P-wave velocity in meters 1 second), and zs (time in 

seconds versus amplitude). All input files are read in as either tab or space delimited ASCCI 

film A standard error call - back routine informs the user in case of data access or read errors 

("Cannot Open file", "Existence?", "Permissions?", "Memory?, ...). The density and velocity 

infonnation need not to have a common depth scale nor do the files need to have the same 

length. 

Monotony Check: The user is prompted to decide whether a monotony check of the 

density or velocity depth scale is required. In the case of "yes" the monotony is checked and 

in case of a detected non-monotonous increase of the depth scale, the user is informed of the 

problematic input file lines via screen output. In case of monotony problems, the user should 

manually terminate the routine "strg + Pause" and resolve the input file problems prior to 

restarting synseis. 

Subroutine Check: After a successful monotony check the user is prompted to check 

the density and velocity data quality. A similar routine, solocheck, was discussed in chapter 

7.2. In addition to the features already discussed, the interactive graphic - supported 

subroutine check defines a common depth scale for density and velocity and reduces input 

column length to the length of the shorter input file. After performing the interactive data 

clean-up cycle (to eliminate outliers) the User is asked to perform smoothing and data 

reduction operations by reducing the sampling interval. 
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Software routine synseis 

Fig. 7.1. Flow chart of Matlab routine synseis. A detailed explanation of the features aud calculation steps is 
given in the text. 
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Source S ipal  Check: After reassigning the new input data file length to the main 

program, the user is prompted to perform a shost source signal analysis or to skip it. In the 

case of "yes" subroutine "tsanalyze" is called. The subroutine "tsanalyze" analyzes the input 

source signal file (e.g. sampling rate) and perforrns a fast Fourier t~-ansform to deterrnine the 

frequency content. The original wavelet, together with a power spectrum, is subsequently 

shown as a graphic output. Following the input Parameter modification and clean-up routines, 

the user is prompted to Start the actual process of synthetic trace calculation. In the case of 

"non the routine synseis is terminated. In the case of "yes", a series of calculations is 

perfosmed in form of subroutines that report preliminary results back to the main program. No 

user interaction is required for the following 5 subroutines. 

Impeda~zce in Depth Domain: The subroutine "impedance" calculates the impedance 

function for the previously - generated equally - spaced common depth profile. To avoid hard 

artificial reflections at the end of the profile (Mosher, 1993; Bergmann, 1996; Billard, 1990; 

Fehr, 1991) artificial low contrast noise is added to the end of the impedance profile. The 

astificial noise is based on the last real density and velocity value. Thc additon is necessary 

because the length of the final synthetic trace will be longer than the reflectivity input file (see 

Fig. 7.1, and Kearey and Brooks, 1994 for explanation). Additionally the water 1 sea floor 

interface must be simulated by adding one seawater density and one seawater velocity value 

at the beginning of the velocity and density profile. In a real seismic section the reflection 

caused by the water 1 sea floor boundary is commonly the strengest. This is only partly due to 

the impedance contrast of the sea floor; it is also due to the fact that this boundary is the first 

major reflection of the seismic source signal. 

Reflectivity Coefficients in Depth Domain: The previously calculated impedance 

profile of subroutine "impedance" is the new input variable for subroutine 'Lrefleccoef'. 

Within "refleccoef the numerator and denominator of the reflectivity coefficient are 

calculated separately from the impedance values. Prior to the coeffient calculation all 

denominators are checked for Zero values. In case of existing Zeros, the values are replaced by 

small values close to zero. 

Transformation to the Time Domain: Subroutines "timedomainl", "interpoltrfc", and 

"timedomain2" transfosm the depth - based reflectivity profile calculated within subroutine 

'refleccoef into a time - based reflectivity series. An interpolation step is necessary to assure 

the Same sampling interval for the reflectivity coefficient series and the source wavelet. The 

'timedomain2" assigns matching time markers to the previously depth - based velocity and 

density variables. 
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ConvoJution and Additional Reconversion to Depth Scale: This is the time domain 

convolution of the source signal with the reflectivity series; for details see Fig. 7.5. After 

convolution a second depth scaled synthetic trace is generated. 

Graphic Output: After the convolution processing the data are prepared for display 

within a data display preparation programming-code block. Two main output windows are 

prepared and subsequently displayed On the screen. The time domain window shows the 

altered input density and velocity values, the impedance function, the reflectivity coefficient 

series and the synthetic trace in the time domain. This first output window can be exported in 

postscript format via the MATLAB environment. It is followed by the second graphic output 

window after hitting any key on the keyboard. The second graphic output window contains 

the same variable as the first one, but shown plotted against the depth scale. 

File Output: Following the graphic output the user is prompted to exit the program or 

hcontinue with the last feature of the routine, the colurnn - oriented tab - delirnited ASSCI file 

output of almost all calculated values. Ten ASSCI files are generated to a user specified 

folder: 

interpolated and possibly cleaned depth 1 density file 

interpolated and possibly cleaned depth I velocity file 

interpolated source signal time 1 amplitude file 

interpolated and possibly cleaned time 1 density file 

interpolated and possibly cleaned time I velocity file 

depth I impedance file 

time 1 impedance file 

depth 1 reflectivity coefficient file 

time I reflectivity coefficient file 

time 1 depth file 

time 1 reflectivity coefficient with artificially added extensions file 

time I synthetic amplitudes file 

depth I synthetic amplitudes file 

time I synthetic amplitudes with artificially added extensions file 
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7.1.8 Example 

Reilectton Sy nthetsc 
Denstty Velocity Irnpedance coeff~cient Source Signal Seisniogram 

Fig. 7.1. The Parameters of the simplified earth model similar to the examples introduced in previous figures 

(e.g. Fig. 7.2) have been used as input variables for the Matlab routine synseis. The original two graphic output 

files are reduced to one file with a depth and time scale along the synthetic trace figure. 

The example (Fig. 7.1) shows a simplified earth model with four impedance contrasts. Values 

are added at the end of the actual data set to avoid a hard reflection at the end of the profile. 

To perform the convolution of a source signal (with a wavelength of several meters, sampled 

at discrete time intervals) and a reflectivity profile given in length units (e.g. in case of the 

MST data: 2 cm spacing) it is necessary to transform the reflectivity profile in time dependent 

variables with the same time resolution than the used source signal. All calculations are made 

using the ~ a t l a b @  v.5 routine "synseis" introduced in this chapter. 

7.1.9 Conclusions 

Predictive acoustic modelling of the sea floor is a complex approach dependent on 

numerous physical properties that carTt be acquired in real time and have to be 

recalculated to meet in-situ conditions. 

The applied seismic profile to core coi-selation approach using laboratory OS logging 

derived density and acoustic P-wave velocity data and derived synthetic seismograms 

is in most cases sufficient to combine continuous seismic line information and detailed 

bore hole spot information. 
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The newly developed software "synseis" is a User interactive shareware program 

written by the author, that allows to use raw downhole and MST data to calculate 

synthetic seismograms in time and depth domain. The data can be checked for 

rnonotony and outliers prior to the convolution step. 

7.2 Excursus 2: A new automated data clean-up procedure for physical property data 

of cores 

7.2.1 Introduction 

A common problem to fast data analysis and trend recognition in physical property data of 

cores is 

a) large data sets 

b) the abundante of outliers and erroneous data. 

This short chapter is introducing a fast and automated and interactive technique to 

overcome the problem of outliers in large data sets that often mask true trends when plotted. 

Standard techniques including smoothing and filtering, always incorporate erroneous values 

into the final data presentation. In case of using core physical properties (e.g. density and 

velocity data) for the calculation of synthetic seismograms for example, outliers, erroneous 

smoothened data can have a dominant effect on position and amplitude of reflectors of the 

synthetic trace. 

A routine written in Matlab is used to handle large amounts of data in a standardized 

way. The routine removes values that are larger or smaller than values of a defined percentage 

above or below a multiple polynomial regression curve. The removed values are getting 

replaced by linear interpolations of neighbor values. The order of the polynomial fit and the 

cutoff borders are User defined. The correction is done in two successive steps. During a first 

step usually smaller order polynomials and wider thresholds are used. The second step takes 

the output data of the first step and more restrictive correction terms can be applied. Special 

care is taken of values at the beginning and end by automatically reducing the order of the 

polynomes to avoid unrealistic trends based On view data points. 

The process is user-interactive and graphically supported to allow an easy evaluation 

of each processing step. 
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7.2.2 Example 

Raw data treatment 

Fig. 7.1. Example of the data "cleaning" process used to remove extreme values and artifacts from raw data sets 

before constructing a synthetic seismogram. 

Example of MST data of a 20 m core section (ODP Leg 178, Site 1095). The 

Multisensor Track density and velocity data are cleaned in two successive steps. The 

Parameter a (lower pa-t of each figure column) indicates the % of the cut-off tolerante below 

and above a polynomial fit of order n through the original unaltered data. The value smooth 

stands for the used polynomial order. 

7.2.3 Interactive Matlab Code 

The matlab code "check" is compatible with ~ a t l a b  5.3. The routine ,,solo - check" in the 

current version is Part of the synthetic seismic package ,,synseis" subroutine ,,check" 

developed during this thesis. 
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