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Conference Program 

All presentations with be held in the Lecture Hall of the Instituto Andaluz de Ciencias 
de la Tierra (CSIC-University of Granada), Avenida de las Palmeras nº 4, Armilla 

(Granada) 

Monday 13th May 

Social event 

19:00-21:00 Ice Breaker and Registration at the Facultad de Derecho gardens 

Tuesday 14th May 

08:30-09:30 Late Registration 
09:30-10:15 Opening Ceremony 
10:15-11:00 Keynote: Ian Dalziel (Introduced by Philip Leat) 
11:00-11:30 Coffee Break 
11:30-13:30 Topic 1 Session: The Break-up of the South America-

Antarctic Peninsula continental bridge 
13:30-15:30 Lunch Break 
15:30-17:00 Topic 2 Session: Tectonic development of the Scotia Sea #1 

Keynote: Graeme Eagles 
17:00-17:30 Coffee Break 
17:30-19:40 Topic 2 Session: Tectonic development of the Scotia Sea #2 

Keynote: Julian Pearce 

Wednesday 15th May 

09:00-11:00 Topic 3 Session: Seismic stratigraphy, development of 
palaeoceanographic circulation 
Keynotes: Michael P. Meredith & Francisco J. Hernández-
Molina 

11:00-11:30 Coffee Break 
11:30-13:30 Topic 4 Session: Effects of final break-up of Gondwanaland 

on biota #1 
Keynote: Alistair Crame 

13:30-15:00 Lunch Break 
15:00-16:10 Topic 4 Session: Effects of final break-up of Gondwanaland 

on biota #2 
Keynote: Lawrence Lawver 

16:10-17:00 Poster Session 
17:00-17:30 Coffee Break 
17:30-19:00 IODP Workshop 
 
Social event 
21:00 

 
 
Tapas Dinner in Carmen de la Victoria 
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Thursday 16th May 

09:00-11:00 Topic 5 Session: Late Cenozoic climate evolution and the 
growth patterns of Antarctic ice-sheets #1 
Keynotes: Peter Barrett & Carlota Escutia 

11:00-11:30 Coffee Break 
11:30-12:40 Topic 5 Session: Late Cenozoic climate evolution and the 

growth patterns of Antarctic ice-sheets #2 
Keynote: Robert D. Larter 

12:40-15:00 Lunch Break 
15:00-17:00 Topic 6 Session: Importance of the Scotia arc development 

on global processes 
Keynotes: Philip T. Leat & Michael E. Weber 

16:20-17:00 Symposium General Discussion 
17:00-19:00 Closure ceremony 
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Oral programme: Tuesday 14th May 
 
10:15-11:00 

Keynote: Ian Dalziel (introduced by Philip Leat) 
 
HISTORY OF RESEARCH IN THE SCOTIA ARC REGION 

 

11:00-11:30 Coffee break 
 

Topic 1 Session: The Break-up of the South America-Antarctic 
Peninsula continental bridge 

Chairperson Lodolo, E. & Somoza, L. 
 
11:30-11:50 

Aleksander Guterch (Tomaz Janik) 
 
CRUSTAL STRUCTURE AND MOHO DEPTH ALONG THE 
ANTARCTIC PENINSULA 

 
11:50-12:10 

Fernando Poblete 
 
THE FUEGUIAN ANDES AND ANTARCTIC PENINSULA: FROM 
CONTINUITY IN THE PALEOZOIC - EARLY MESOZOIC, TO 
DIFFERENT GEODYNAMICS DURING THE CRETACEOUS –
CENOZOIC 

 
12:10-12:30 

Pablo Torres Carbonel 
 
STRUCTURE AND TECTONIC EVOLUTION OF THE FUEGIAN 
ANDES (NW SCOTIA ARC) BEFORE AND DURING DEVELOPMENT 
OF THE SCOTIA SEA  

 
12:30-12:50 

Andrés Maldonado 
 
EOCENE SEAFLOOR SPREADING OF THE ONA BASIN 
(SOUTHWESTERN SCOTIA SEA) 

 
12:50-13:10 

Rainer Nerlich 
 
THE SCOTIA SEA GATEWAY: NO OUTLET FOR PACIFIC MANTLE 

 
13:10-13:30 

Alessandro Vuan 
 
A REAPPRAISAL OF SURFACE WAVE TOMOGRAPHY IN THE 
SUBANTARCTIC SCOTIA SEA 

 

13:30-15:00 Lunch break 
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Topic 2 Session: Tectonic development of the Scotia Sea 

15:00-15:30 Topic 1 General Discussion 
Chairperson Julian Pearce & Fernando Bohoyo 
 
15:30-16:00 

Keynote: Graeme Eagles 
 
PLATE TECTONIC DEVELOPMENT OF THE SCOTIA SEA 

 
16:00-16:20 

Yasmina M. Martos 
 
STRUCTURE OF THE SCOTIA ARC FROM A MAGNETIC AND 
GRAVITY DATA COMPILATION 

 
16:20-16:40 

Ian Dalziel 
 
A POTENTIAL BARRIER TO DEEP ANTARCTIC CIRCUMPOLAR 
FLOW UNTIL THE LATE MIOCENE? 

 
16:40-17:00 

Jesús Galindo-Zaldívar 
 
THE DOVE BASIN (ANTARCTICA): A KEY FOR THE 
UNDERSTANDING THE SCOTIA ARC DEVELOPMENT 

 

17:00-17:30 Coffee break 
 

Chairperson Jesús Galindo-Zaldívar & Philip Leat 
 
17:30-18:00 

Keynote: Julian Pearce 
 
PETROLOGY AND TECTONICS OF THE SCOTIA SEA 

 
18:00-18:20 

Manuel Catalán 
 
MONITORING THE EVOLUTION OF DECEPTION ISLAND 
VOLCANO AS A CONSEQUENCE OF THE SCOTIA ARC 
DEVELOPMENT FROM A MAGNETIC STANDPOINT 

 
18:20-18:40 

Fernando Bohoyo 
 
TECTONIC EVOLUTION OF THE JANE BASIN AS A MAIN 
GATEWAY: IMPLICATIONS IN THE ANTARCTIC BOTTOM 
CURRENTS DISTRIBUTION (NORTHERN WEDDELL SEA, 
ANTARCTICA) 

 
18:40-19:00 

Patricia Ruano 
 
MASS-TRANSPORT PROCESSES IN THE SOUTHERN SCOTIA SEA: 
EVIDENCE OF PALEOEARTHQUAKES? 

 
19:00-19:20 

Emanuele Lodolo (Dario Civile) 
 
SEISMIC STRUCTURE AND TECTONICS OF THE SCOTIA-
ANTARCTICA PLATE BOUNDARY 

19:20-19:40 Topic 2 General Discussion 
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Oral programme: Wednesday 15th May 

Topic 3 Session: Seismic stratigraphy, development of 
palaeoceanographic circulation 

Chairperson Lawrence Lawver & Alistair Crame 
 
09:00-09:30 

Keynote: Michael P. Meredith 
 
THE ROLE OF THE SCOTIA ARC IN CONTEMPORARY SOUTHERN 
OCEAN CIRCULATION 

 
09:30-10:00 

Keynote: F. Javier Hernández-Molina 
 
SEISMIC STRATIGRAPHY OF THE SCOTIA SEA (ANTARCTICA): 
STATE-OF-THE-ART AND FUTURE CHALLENGES 

 
10:00-10:20 

Lara F. Pérez 
 
GROWTH PATTERNS AND PALEOCEANOGRAPHY OF THE SCAN 
BASIN (SOUTHERN SCOTIA SEA, ANTARCTICA) 

 
10:20-10:40 

Luis Somoza 
 
SEISMIC EVIDENCE OF THE OCCURRENCE OF FLUID FLOW AND 
GAS HYDRATES ALONG THE SCOTIA SEA 

10:40-11:00 Topic 3 General discussion 
 

11:00-11:30 Coffee break 
 
Topic 4 Session: Effects of final break-up of Gondwanaland on 
biota  

Chairperson F. Javier Hernández-Molina & Michael P. Meredith 
 
11:30-12:00 

Keynote: Alistair Crame 
 
THE SCOTIA ARC AND THE RISE OF THE MODERN ANTARCTIC 
MARINE FAUNA 

 
12:00-12:20 

Joel Cracraft 
 
BIOGEOGRAPHIC CONNECTIONS BETWEEN ZEALANDIA AND 
THE NEW WORLD: THE ROLE OF WEST ANTARCTICA AND THE 
SCOTIA ARC 

 
12:20-12:40 

Claudio González-Wevar 
 
MOLECULAR DATA SUPPORTS THE EXISTENCE OF GLACIAL 
REFUGIA IN SOUTH GEORGIA FOR THE ANTARCTIC LIMPET 
NACELLA CONCINNA (STREBEL, 1908) 

 
12:40-13:00 

Elie Poulin 
 
HISTORICAL AND RECENT BIOGEOGRAPHICAL PATTERNS AND 
CONTRASTING LEVELS OF GENETIC DIVERSITY BETWEEN 
ANTARCTIC AND SOUTH AMERICAN SHALLOW BENTHIC 
ORGANISMS 
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13:00-13:20 

Marcelo Leppe 
 
PATAGONIA-ANTARCTIC PENINSULA BIOGEOGRAPHICAL 
CORRIDORS DURING THE UPPER CRETACEOUS 

 

13:30-15:00 Lunch break 
 

Chairperson F.J.Lobo & M. Weber 
 
15:00-15:30 

Keynote: Lawrence Lawver 
 
TECTONIC RECONSTRUCTIONS AND VERTEBRATE 
BIOGEOGRAPHY TO/FROM PATAGONIA, THE ANTARCTIC 
PENINSULA AND AUSTRALIA 

15:30-15:50 Topic 4 General Discussion 
 

15:50-17:00 Poster Session 
17:00-17:30 Coffee break 
  

17:30-19:00 IODP Workshop (Carlota Escutia, F. Javier Hernández-Molina, 
Michael P. Weber) 
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Oral programme: Thursday 16th May 

Topic 5 Session: Late Cenozoic climate evolution and the growth 
patterns of Antarctic ice-sheets 

Chairperson Karsten Gohl & Robert D. Larter 
 
09:00-09:30 

Keynote: Peter Barrett 
 
CENOZOIC CLIMATE AND THE RESPONSE OF THE ANTARCTIC 
ICE SHEET 

 
09:30-09:50 

Peter K. Bijl 
 
TRACING PALEOGENE-NEOGENE SOUTHERN OCEAN CLIMATE 
AND OCEANOGRAPHY USING DINOFLAGELLATE CYST 
ASSEMBLAGES 

 
09:50-10:10 

Michael J. Hambrey 
 
CENOZOIC HISTORY OF THE ANTARCTIC PENINSULA ICE SHEET 
AND PERIPHERAL ICE MASSES: A REVIEW 

 
10:10-10:30 

John L. Smellie 
 
PALAEOGENE—NEOGENE TERRESTRIAL OUTCROPS ON THE 
SOUTHERN FLANK OF THE SCOTIA SEA REGION: KEY 
TOOLBOXES FOR DECIPHERING ENVIRONMENTAL 
DEVELOPMENT 

 
10:30-11:00 

Keynote: Carlota Escutia 
 
PAST ANTARCTIC ICE-SHEET DYNAMICS FROM CONTINENTAL 
MARGIN RECORDS 

 

11:00-11:30 Coffee break 
 

Chairperson Carlota Escutia & Peter Barrett 
 
11:30-12:00 

Keynote: Robert  D. Larter 
 
ANTARCTIC ICE SHEET HISTORY AND SCOTIA SEA EVOLUTION: 
RE-EVALUATION OF THE PARADIGM THAT OCEAN 
CIRCULATION CHANGES CONTROLLED DEVELOPMENT OF THE 
ANTARCTIC CRYOSPHERE 

 
12:00-12:20 

Minoru Ikehara 
 
SOUTHERN INDIAN OCEAN DRILLING PROPOSAL: OUTLINE AND 
FUTURE PLAN OF ANTARCTIC CRYOSPHERE EVOLUTION 
PROJECT (ANCEP) 

12:20-12:40 Topic 5 General discussion 
 

12:40-15:00 Lunch break 
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Topic 6 Session: Importance of the Scotia arc development on 
global processes 

Chairperson Jerónimo López & John L. Smellie 
15:00-15:30 Keynote: Philip T. Leat 

 
THE SOUTH SANDWICH ARC AS A GLOBAL MODEL 

15:30-16:00 Keynote: Michael E. Weber 
 
THE SCOTIA SEA ICEBERG ALLEY – ANTARCTIC GATEWAY TO 
LOWER LATITUDES AND ITS HISTORY OF ICE-SHEET 
INSTABILITY 

16:00-16:20 Topic 6 General discussion 
 

16:20:17:00 Symposium General Discussion (Andrés Maldonado, Ian Dalziel & 
Philip T. Leat) 

 

17:00-19:00 Symposium Closure Ceremony IACT Hall 
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Poster programme 

 
Topic 1 Session: The Break-up of the South America-Antarctic Peninsula 
continental bridge  

Marcelo Regero 
(Javier N. Gelfo) 

The record of Paleogene ungulates and the demise of the South 
America-Antarctica 

Tomaz Janik Crustal Structure and Moho Depth along the Antarctic 
Peninsula 

Philip T. Leat (Alan 
P. M. Vaughan) 

The origin of the Charcot Anomaly, Antarctic Peninsula, and 
implications for the tectonic evolution of the mid-Cretaceous 
Pacific Gondwana margin 

 

Topic 2 Session: Tectonic development of the Scotia Sea  

Lawrence A. 
Lawver 
(Peter F. Barker) 

Heat-flow determinations of basement age in small oceanic 
basins of the southern central Scotia Sea 

Federico D. Esteban Structural setting of the western South America-Scotia plate 
boundary 

Rudolf Greku Scotia Sea’s interior and geodynamics with the tomographic 
modeling 

Adolfo Maestro Palaeostress evolution of the southern Scotia Arc (Mesozoic to 
present) 

Sandra Mink Morphostructure and Cenozoic relief evolution of Elephant 
Island 
(Southern Scotia Arc) 

Yoshifumi Nogi Vector magnetic anomalies around the back-arc spreading axis 
on the northern East Scotia Ridge 

Philip T. Leat  
( Alex J. Tate) 

A New Topographic Map of the South Sandwich Volcanic Arc 

Norman Teferle Installation and First Evaluation of the King Edward Point 
Geodetic Observatory, South Georgia 

 

Topic 3 Session: Seismic stratigraphy, development of palaeoceanographic 
circulation 

Marga García  Recent sedimentation in the Scan Basin, Antarctica: along-slope 
vs. downslope sedimentary processes 

F. Javier Hernández-
Molina 

Contourite features in the northern Scotia Sea:  
preliminary sedimentary and paleoceanographic implications 

Xiaoxia Huang Expanded and integrated seismostratigraphic analysis of the 
Weddell Sea region, Antarctica 
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Topic 5 Session: Late Cenozoic climate evolution and the growth patterns of 
Antarctic ice-sheets 

John L. Smellie 
(Joanne S. Johnson) 

New 1:125 000-scale geological map of the James Ross Island 
Volcanic Group, the most important terrestrial repository of 
Neogene palaeoenvironmental information in the Antarctic 
Peninsula—Scotia Sea region 

 

Topic 6 Session: Importance of the Scotia arc development on global processe 

 Simon J. Day Evolved magmas in the Protector Seamounts volcanic field, 
South Sandwich Islands intra-oceanic volcanic arc, and the site 
of the 1962 pumice-forming submarine volcanic eruption 
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Antarctic Miocene plant fossils and the puzzle of bipolar distribution 
 

Allan Ashworth, Levi Moxness and Adam Lewis 
 

Department of Geosciences, North Dakota State University, Fargo, ND 58108-6050, U.S.A.; allan.ashworth@ndsu.edu 
 

Numerous fossil drupes of Hippuris L. (Mare’s tail) (Family: Plantaginaceae) have been isolated from 
lacustrine and fluvial deposits interbedded with tillites at the Oliver Bluffs, Beardmore Glacier (lat. 85⁰ 
S), and from the Friis Hills, McMurdo Dry Valleys (lat. 77⁰S).  The age of the deposits is estimated to be 
early to middle Miocene based on an 40Ar/39Ar date of 19.76 Ma on a volcanic ash, and on correlation of 
pollen taxa with those from Cape Roberts and ANDRILL cores.  The seeds are elongate globular, 1.5-
2.0mm long by 0.8-1.2mm wide. The better specimens still have pericarps with distinctive ornamentation 
preserved. Hippuris species occur in wetlands where they are part of the emergent vegetation fringing 
shallow ponds or along the margins of slow-flowing rivers. There are currently four Hippuris species 
described from North America and Eurasia. One of these species, H. vulgaris also occurs in Patagonia, 
Tierra del Fuego and Isla Navarino, where it is considered to be native. It also occurs in Australia but 
there it is considered to be an introduction. As a bipolar species the geographic range of Hippuris vulgaris 
is markedly disjunct with no known occurrences from the warm temperate to tropical regions, even at 
higher elevations. The bipolar distribution cannot be explained by self-dispersal mechanisms or by plate 
tectonics. The most likely dispersal agents are wetland birds that make the long migration flights from 
North to South America every year. There are several potential candidates among which is a shorebird 
species, Wilson’s Phalarope. To explain the occurrence of sexually reproducing populations of Hippuris 
in the interior of Antarctica (500 km from the South Pole) during the Miocene three requirements have to 
be met: 1. The Miocene climate of the continent had to be sufficiently warm and wet for the species to 
grow. There is abundant evidence to support that the Miocene climate of Antarctica had a climate similar 
to that of Tierra Del Fuego and supported a tundra vegetation; 2.  Wetland habitats needed to support the 
species had to be available.  That is confirmed by the sedimentary facies at both the Oliver Bluffs and the 
Friis Hills;  3. Wetland birds, which currently end their long migrations from the northern hemisphere in 
Tierra Del Fuego, would have continued their flights southward into Antarctica, during the Miocene.  So 
far no Miocene bird bones have been found, so the hypothesis is conjectural.  An alternative hypothesis is 
that Hippuris evolved in Gondwana, and its occurrence in southern South America is related to rafting 
associated with tectonism in the Scotia Arc. In this scenario, birds would still be required but only 
between South and North America. The distribution of species-richness in Hippuris (four in the northern 
hemisphere, one in the southern hemisphere) does not favor this hypothesis but it cannot be ruled out with 
the evidence available.  Future refinements of the timing and rates of separation of South America from 
Antarctica, resulting from the types of geophysical studies that Peter Barker was involved in, coupled 
with future molecular genetic studies of  Hippuris species, will help solve this biogeographic puzzle. This 
research was supported by NSF grants OPP 0739693 and NSF 0947821. 
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Heat-flow determinations of basement age in small oceanic basins of 
the southern central Scotia Sea  

 
 

Peter F. Barker1†, Lawrence A. Lawver2, Robert D. Larter1  
 

1 British Antarctic Survey, Madingley Rd, Cambridge CB3 0ET, UK (rdla@bas.ac.uk) 
2 University of Texas Institute for Geophysics, 10100 Burnet Rd.- R2200, Austin, TX 78758-4445, USA 

(lawver@ig.utexas.edu). 
 

 
Results are reported from seven heat flow stations in small basins of the southern part of the central 

Scotia Sea (CSS), undertaken in order to determine basement ages. The basins are small, which makes 
magnetic anomaly-based ages ambiguous and preserves basin subsidence that may have been anomalous 
as a result of local factors. The fact that these small basins formed in a back-arc setting adds additional 
uncertainty to depth-based age estimates. The results confirm that basin extension commenced in the 
Eocene, and indirectly support a relatively young, backarc origin for the northern CSS, but do not affect 
previously published suggestions of the age of onset of the Antarctic Circumpolar Current. 

 
 Heat flow in the five small basins of the southern CSS is compatible with essentially vertical 

conductive cooling of oceanic basement, and with basin origins by back-arc extension during the mid to 
late Cenozoic, within the Scotia Sea. Estimated ages range from 43 to 25 Ma, and the effect (at a lower 
level) of either of the mechanisms proposed by Barker & Lawver (2000) for the non-tectonic nature of 
northern CSS heat flow measurements is to make these maximum ages. In the majority of cases, these 
ages are compatible with those estimated from marine magnetic anomalies and sediment unloaded depth 
to basement, where those estimates are available.  

 
 In particular, Eagles et al. (2006) suggested a Middle Eocene age for Dove (Pirie–Bruce) Basin 

based on magnetic anomaly identification. The heat flow ages (42.2 and 43.0 Ma) found within the Dove 
Basin agree very closely with such an interpretation and confirm that back-arc extension at the western 
end of the SAM– ANT boundary was underway in the Eocene. It is possible that back-arc extension in the 
Scotia Sea was initiated as a result of a change in the relative motion of the bounding major plates at 
about 50 Ma (Livermore et al. 2005, 2007). 

 
References  

 
Barker, P. F. and Lawver, L. A. (2000): Anomalous temperatures in central Scotia Sea sediments – 

bottom water variation, or pore water circulation in old ocean crust. Geophysical Research Letters, 27: 
13–16.  

Eagles, G., Livermore, R. and Morris, P. (2006): Small basins in the Scotia Sea: the Eocene Drake 
Passage gateway. Earth and Planetary Science Letters, 242: 343–353.  

Livermore, R. A., Nankivell, A. P., Eagles, G. and Morris, P. (2005): Paleogene opening of Drake 
Passage. Earth and Planetary Science Letters, 236: 459–470.  

Livermore, R. A., Hillenbrand, C.-D., Meredith, M. and Eagles, G. (2007): Drake Passage and Cenozoic 
climate: An open and shut case? Geochemistry, Geophyscis, Geosystems, 8, Q01005, doi: 
10.1029/2005 GC001224. 

 
 

† Deceased (Peter Barker died on 25th June 2012). 
 

 
. 

  



The Scotia Arc: Geodynamic Evolution & Global Implications 

14-16 May 2013, Granada, Spain 
22 

 

  



The Scotia Arc: Geodynamic Evolution & Global Implications 

14-16 May 2013, Granada, Spain 
23 

 

CENOZOIC CLIMATE AND RESPONSE OF THE ANTARCTIC ICE SHEET 
 
 

Peter Barrett 
 

Antarctic Research Centre, Victoria University of Wellington, P O Box 600, Wellington. NEW ZEALAND. 
 

The history and behaviour of the Antarctic Ice Sheet(s) from geological records is becoming better 
understood through recently improved knowledge of global climate and regional geographic changes 
through Cenozoic time. 

 
In late Cretaceous times the Antarctic continent was contiguous with South America and Australia 

(Eagles & Vaughan, 2008), with West Antarctica a region of moderate positive relief following a long 
history of active subduction along its Pacific margin. By the time the first ice sheet formed, the 
Transantarctic Mountains had begun to rise but West Antarctica was still largely above sea level and a 
substantially larger landmass (Wilson et al., 2012). Hence the first continental ice sheet was likely a 
single mass reaching the coast around much of its perimeter, though this is recorded with certainty only in 
the Ross Sea and Amery sectors of the margin. Modelling and Cape Roberts cores indicate a dynamic ice 
sheet pulsing at Milankovitch frequencies and expanding from a central core on the Gamburtsev 
Mountains to the continental margin (Barrett, 2007). 

 
Both geological and geophysical evidence suggest that the present largely submarine subglacial 

topography of West Antarctica formed by extension in Oligocene times. This has resulted in an inherent 
vulnerability of the ice sheet in this region, in contrast to the East Antarctic ice cover with bedrock 
topography largely above sea level around the margins. Temperature trends through Oligocene and 
Miocene times indicate global surface temperatures 3-4°C above present day, with new paleoCO2 proxy 
data indicating pCO2 levels of 600 to 350 ppm (cf <300 ppm during Late Quaternary times). However 
Antarctic and deep-sea records indicate a significant event at 14 Ma – stabilisation of the East Antarctic 
Ice Sheet and high latitude cooling (Barrett, 2013). This continued into the Pliocene, but with episodes of 
West Antarctica Ice Sheet collapse (Naish et al. 2009), until the further decline in pCO2, along with 
reduced deep-sea and global surface temperatures, brought on the Northern Hemisphere Ice Sheets at 2.6 
Ma, a more stable West Antarctica Ice Sheet, and the global climate regime of the Quaternary. Rising 
CO2 emissions in recent decades have reversed this long term trend. 

 
References  
Barrett, P. J. 2007. Cenozoic climate and sea level history from glacimarine strata off the Victoria Land 

Coast, Cape Roberts Project, Antarctica. In Hambrey, M. J., Christoffersen, P., Glasser, N. F. & 
Hubbart, B. (eds.) Glacial Processes and Products. International Association of Sedimentologists 
Special Publication 39, 259–87. 

Barrett, P.J. 2013. Resolving views on Antarctic Neogene glacial history – the Sirius debate. Earth and 
Environmental Science Transactions of the Royal Society of Edinburgh, 104, 1–23. 

Eagles G. & Vaughan, A.P.M. 2009. Gondwana breakup and plate kinematics: Business as usual. 
Geophysical Research Letters, 36, doi:10.1029/2009GL037552..  

Naish, T., Powell, R., Levy, R., Wilson, G., Scherer, R., Talarico, F., & 50 others, 2009. Obliquity-paced 
Pliocene West Antarctic ice sheet oscillations. Nature 458, 322–28. 

Wilson, D.S., Jamieson, S.S.R., Barrett, P.J., Leitchenkov, G., Gohl, K., Larter, R.D., 2011. Antarctic 
topography at the Eocene–Oligocene boundary. Palaeogeography, Paleoclimatology, Palaeoecology. 
335-336, 24-34. 
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Tracing Paleogene-Neogene Southern Ocean climate and 
oceanography using dinoflagellate cyst assemblages 

 
 

Peter K. Bijl1, Alexander J.P. Houben1, Francesca Sangiorgi1, Alexander Ebbing1, Jörg Pross2, 
Appy Sluijs1 and Henk Brinkhuis1, 3 

 
1 Department of Earth Sciences, Utrecht University, Laboratory of Palaeobotany and Palynology, Budapestlaan 4, 3584 CD 

Utrecht, the Netherlands 
2 Paleoenvironmental Dynamics Group, Institute of Geosciences, Frankfurt University, Altenhöfer Allee 1, 60438 Frankfurt, 

Germany 
3 NIOZ Royal Netherlands Institute of Sea Research, P.O. Box 59, 1790 AB Den Burg, Texel, the Netherlands 
 
 

The Paleogene and Neogene “greenhouse-icehouse transition” is one of the major worldwide 
transitions, from ice-free polar regions until some time in the Eocene (~40-34 million years ago; Ma), to a 
fully glaciated Antarctica from 34 Ma onwards. The difficulty of reconstructing forcing factors, biotic 
response and climatologic consequences of such a transition lies in the scarcity of continuous records 
close to the Antarctic continent, the poor chronostratigraphic control on the records presently available, 
and the paucity of tools to reconstruct paleoenvironmental change. Organic-walled dinoflagellate cysts 
have a high preservation in high-latitude sediments, and therewith not only provide a valuable 
biostratigraphic tool of the Southern Ocean, but also they also provide highly detailed records of 
paleoenvironmental change. 

 
Recently, IODP Leg 318 recovered an unprecedented, well-dated Cenozoic sedimentary record from 

the Wilkes Land Margin of Antarctica. Much of the record lacks carbonate and silicate microfossils, but 
well-preserved dinocyst assemblages allow for the reconstruction of major climatological and 
oceanographic changes. 

 
Early Eocene (~53-51 Ma) dinocyst assemblages are dominated by cosmopolitan taxa, indicating 

warm, ice-free conditions, while mid Eocene (49-46 Ma) assemblages are characterized by endemic taxa 
coevally prevalent in the southwest Pacific Ocean. This suggests that a connection developed between the 
Australo-Antarctic Gulf and the Pacific Ocean, implying a shallow-water opening of the Tasmanian 
Gateway around 50 Ma.  

 
In the earliest Oligocene (33.6 Ma), low-diversity assemblages consisting exclusively of heterotrophic 

taxa replace the typically highly diverse Eocene dinocyst assemblages. The heterotrophic taxa are 
essentially identical to those dominating modern Antarctic sea-ice systems.  

 
Late Oligocene and Miocene dinocyst assemblages show high variability, from oligotrophic to 

heterotrophic dominance, which may provide information on repetitive changes of Antarctic glacial 
advance-retreat and/or shifts of oceanic frontal regimes. 

 
These new results are compared to previous drill holes around Antarctica. With the dinoflagellate-

derived data combined with organic geochemical tools, we can evaluate paleoenvironmental changes 
around Antarctica from the hothouse of the early Eocene to the icehouse of the Oligocene and Neogene, 
with gaps in our knowledge still remaining. 
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Tectonic evolution of the Jane Basin as a main gateway: implications in 
the Antarctic bottom currents distribution (northern Weddell Sea, 

Antarctica) 
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The development of the Scotia Arc between the major South America and Antarctic plates constitutes 
the main tectonic event in the SW Atlantic since the Oligocene. The former continental connection 
between South America and the Antarctic Peninsula was broken leading to dispersal of continental blocks 
and opening of Drake Passage. The evolution of the southern Scotia Sea, including continental 
fragmentation, block migration and oceanic spreading, has developed important deep gateways that 
connect the Weddell Sea to the Scotia Sea. This tectonic evolution, together Tasmanian Gateway opening, 
may be considered as one of the main factors that led to the isolation of Antarctica, the instauration 
initiation of the Antarctic Circumpolar Current (ACC) and the present pattern of ocean circulation. 

The main tectonic accident of the region is related to the Antarctic-Scotia plate boundary and the 
crustal elements involved. The southern sector of the Scotia Plate is formed by the oceanic spreading of 
the West Scotia Ridge (WSR) and several minor oceanic basins (Protector, Dove and Scan basins) 
separated by thinned and submerged continental blocks (Terror Rise, Pirie, Bruce and Discovery Banks) 
and developed from Oligocene to middle Miocene. The northern sector of the Antarctic plate includes the 
Powell, Jane and Weddell oceanic basins, and the South Orkney Microcontinent (SOM) and the Jane 
Bank. The Powell Basin is bounded to the north by the South Scotia Ridge, to the east by the SOM and is 
connected with the Weddell abyssal plain and Jane Basin to the south. Its development is associated with 
the SOM migration to the E-NE during Late Oligocene to Middle Miocene (30-26 to 22-18 Ma), although 
more recent volcanism is recognized on its margins. The evolution of these basins is related to the Scotia 
Sea growing to the east and defines a dextral character of the previous Antarctic-Scotia plate boundary. A 
similar stratigraphic sequence disposition can be recognized and correlated between basins. Finally, the 
present location of continental blocks along the Scotia-Antarctica plate boundary has favoured the 
development of the Late Miocene to present deep basins and passages (e.g. the South Orkney Trough and 
the Bruce Passage) formed in a regional transcurrent tectonic regime, which can be clearly differentiated 
from the classic development of previous passive margins during continental stretching. This deformation 
is driven both by regional stresses and by the contrasting rheological behaviours of oceanic and 
continental crust during a complex tectonic evolution (Bohoyo et al., 2007).  

 
FIGURE 1. Figure 1. Geological setting of the study area within of the Scotia Arc (Modified from Bohoyo et al. 2007). 1, inactive 

fracture zone. 2, active fracture zone. 3, transform or transcurrent fault. 4, inactive subduction zone or reverse fault. 5, active 
subduction zone. 6, rift. 7, active spreading axis. 8, inactive spreading axis. 9, continental-oceanic crustal boundary. BB, Bruce 

Bank. DB, Discovery Bank. ESR, East Scotia Ridge. FI, Falkland Islands. FZ, fracture zone. HB, Herdman Bank. JB, Jane Bank. 
JBs, Jane Basin. PAR, Phoenix-Antarctic Ridge. PB, Pirie Bank. PBs, Powell Basin. SGI, South Georgia Island. SOM, South 

Orkney Microcontinent. TR, Terror Rise. WSR, West Scotia Ridge 
 
Jane Basin is located along the southern and eastern margin of the SOM. During the 1997 summer 

season, the SCAN97 oceanographic cruise on board BIO HESPERIDES was carried out. The geophysical 
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dataset that allows to us to establish geodynamic and sedimentary models of the Jane basin and the 
southern border of the SOM is composed by multichannel seismic reflection profiles (MCS) 
complemented with potential field data (gravity and magnetic), swath bathymetry and high-resolution 
acoustic sub-bottom profiles (TOPAS).  

The MCS profiles and gravity models show heterogeneous thinning of the continental crust at the SE 
margin of the SOM. Taking into account the probable continental to intermediate nature of Jane Bank, the 
drifting of this bank to the southeast from the SOM was probably due to processes of continental 
fragmentation. MCS profile SM04 shows a good image of a spreading centre near the axis of Jane Basin, 
although this ridge is not well represented in the other sections. Important reverse faults in the oceanic 
crust of the Weddell Sea and Jane Basin were detected in the MCS profiles. These structures are younger 
that the age of development of Jane Basin, and they probably mark the end of Jane Basin spreading due to 
a change of the tectonic regime in the area. A thrusting of the SOM over the oceanic crust of the Jane 
Basin and duplication of this oceanic crust are detected in the gravity modeling, which emphasizes the 
importance of these reverse faults. Linear sea-floor magnetic anomalies were identified in Jane Basin, 
which allow us to date the oceanic crust. Spreading of Jane Basin began around 17.6 M.a, which is the 
age of the oldest magnetic anomaly (chron C5Dn), and ended at about 14.4 M.a. (chron C5ADn). Chron 
C6n (19.5 M.a.) was identified as the youngest oceanic crust of the northern Weddell Sea, whose northern 
spreading branch was totally subducted (Bohoyo et al., 2002). Magnetic anomalies of high intensities 
(over 400 nT) were detected, moreover, along the S-SE margin of the SOM, which may be attributed to 
basic plutonic rocks that were intruded during Mesozoic times in the Pacific Margin of the Antarctic 
Peninsula and form the Pacific Margin Anomaly belt (Bohoyo et al. 2002). 

Five main seismic units, named I to V (from top to bottom), have been recognized. A similar 
stratigraphic sequence disposition can be correlated between adjacent basins. A very well developed 
discontinuity (Reflector– c), clearly visible in Jane Basin between units III and IV, is identified within the 
southern Scotia and northern Weddell basins and recorded the initiation of the new oceanographic regime 
(Maldonado et al., 2006).  

 

 
FIGURE 2. Multichannel seismic profile SM03 and its stratigraphic and tectonic interpretation Location in Fig. 1. 

 
The analysis of the different sets of data suggests that subduction of the Weddell Sea spreading centre 

beneath the SE margin of the SOM acted as an important control on the development of Jane Basin. An 
important change in tectonic regime occurs at the Scotia-Antarctic plate boundary near 14.4 M.a. and was 
responsible for ending Jane Basin spreading. The evolution of the southern Scotia Sea basins that allowed 
deep circulation from Weddell to Scotia Sea reached roughly the present configuration in Middle-Late 
Miocene time.  Powell, Jane, Protector, Dove and Scan Basins were then fully opened and connected to 
one another, and the present day gateway that connects the Weddell and Scotia seas between Jane and 
Scan basins has played a particularly important role deep water circulation since that time.  
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Bransfield Strait (BS) is considered a back-arc basin of the South Shetland Islands (SSI) volcanic arc. 

The origin of this archipelago is related to magmatism and deformation induced by Phoenix plate 
subduction under the Antarctic plate during the Upper Mesozoic–Cenozoic interval, as well as by the 
Scotia Arc development (Dalziel, 1984; Barker et al., 1991). Bransfield Basin is a 500 km-long 
extensional basin, with a well-marked NE–SW orientation that developed during the Late Cenozoic, 
ending abruptly towards the southwest. The Hero Fracture Zone and Deception Island (DI) marks this 
limit, whereas the northeast limit is more gradual (southern Scotia plate) (González-Casado et al., 2000).  

 
Throughout the BS, a series of seamounts can be found, some of them corresponding to sub-aerial 

volcanoes, such as DI. DI is a complex stratovolcano with an external diameter of about 17 km and a 
flooded caldera (Port Foster) with a narrow connection to the open sea. This volcanic island has been very 
active during its entire evolution, and it is composed of rocks that date from < 0.75 Ma to historical 
eruptions (1842, 1967, 1969 and 1970) (Smellie, 2001). Nowadays, most of its activity is in the form of 
vigorous hydrothermal circulation, slight resurgence of the caldera floor and intense seismicity, with 
frequent volcano-tectonic and long period events. 

 
Geophysical cruises by the Royal Observatory of the Spanish Navy in the austral summers of 1987, 

1988-1989, 1990-1991, December 1999 (DECVOL cruise), January-February 2002 (GEODEC cruise), 
and December 2008 (MAREGEO cruise) (Figure 1) provide a body of information spanning almost two 
decades. The available data enhance our knowledge of tectonic and volcanic evolution of the study area. 
This information allows us to detect temporal changes by isolating signals of volcanic origin, or by 
comparing magnetic grids obtained in different periods. Magnetic surveys conducted in Port Foster (1988, 
1999 and 2008), and the study of its outer magnetic anomaly changes, point to a main period of variations 
concentrated between December 1989 and December 1999.  

 
In 1991 and during January 1999, the seismic activity in this area changed. The magnetic variations 

may be traced to one or both anomalous seismic periods. From December 1999 to December 2008, there 
were no significant changes in seismic activity; nevertheless, our data show some magnetic alterations, 
which might signal the slow progress of a volcanic environment towards equilibrium. Interpreting these 
magnetic changes called for the construction of several forward models. It is noteworthy that we could 
only reproduce the magnetic contrast of Deception Island with its surroundings after assuming a reverse 
magnetic polarity for the Deception Island block. Results suggest that the main structure of the volcano is 
older than 0.77 Ma (Channell et al., 2010), which is the age generally accepted by different authors. 
Additionally, we put forth this kind of study as a suitable, economical and easy method for monitoring an 
active volcanic system whenever it is possible to measure the magnetic field with accurate positioning, 
and if the external field components are removed correctly. 
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FIGURE 1. Marine magnetic track line coverage in the area inside Deception Island: a) Austral summer 1987-1988, b) 

December 1999, and c) December 2008. Outside of Deception island: d) Austral summer 1989-90, e) December 1999 (blue lines), 
and January-February 2002 (black lines), and f) December 2008. Coordinates in Universal Transverse Mercator (meters) 20 S Zone. 
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 The boundary between the Scotia and Antarctic plates runs along a complex morphological and 
structural feature called (improperly) South Scotia Ridge (Fig. 1). It is composed by a puzzle of blocks of 
different crustal nature, generated since Late Oligocene by the gradual stretching, separation and final 
dispersion of the original continental bridge between the southern South America and the northern 
Antarctic Peninsula. The broad-scale change of motion between the two major South America and 
Antarctic plates generated the development of the oceanic Scotia Sea, as reconstructed by several authors 
(Barker, 2001; Eagles et al., 2005; Civile et al., 2012, among others). However, significant differences in 
the various reconstructions still exist. 
 The south-western part of the Scotia Sea is formed by some small basins floored by oceanic crust 
(Protector, Dove and Scan basins) bounded by stetched and thinned continental/transitional crust blocks 
(Ona Platform, Terror Rise, Pirie Bank, Bruce Bank, Discovery Bank, Irizar Highs and Herdman Bank) 
(Galindo-Zaldivar et al., 2002; Bohoyo et al., 2007). To the east of the Shackleton Fracture Zone (an 
elevated and narrow ridge of uplifted oceanic crust that bounds to the west the Scotia plate), the South 
Scotia Ridge comprises two narrow and broadly E-W elongated blocks, that structurally pertain to the 
eastern sector of the South Shetland continental platform. East of the Discovery Bank, the southern edge 
of the Scotia Sea is structurally much less constrained because of the scarcity of geophysical and 
geological data.  
 Multichannel seismic reflection profiles available from the Seismic Data Library System 
(http://sdls.ogs.trieste.it) have been used to analyze the structural characteristics of the Scotia-Antarctica 
plate boundary, and propose an evolutionary history of this margin. From the Elephant Island to the 
north-westernmost margin of the South Orkney microcontinent, runs the plate boundary between the 
Scotia plate and the independent South Shetland continental block, tectonically limited to the south by the 
rift-related Bransfield Basin and its eastern prolongation within the Hesperides Deep. This lineament is 
defined by a sub-vertical master fault which abruptly juxtaposes the Scotia Sea oceanic crust against the 
continental crust. The movement along the fault has a transpressional component, testified by the 
presence of a buried deformed zone, apart for the segment located in correspondence of the Ona Platform. 
This transitional/continental crust elevated block possibly was adjacent to the Tierra del Fuego margin 
before the opening of the Drake Passage. To the east, an accretionary wedge has been identified along the 
northern margin of the South Orkney microcontinent, testifying the occurrence of a subduction zone. 
Further to the east, an E-NE oriented basin (Bruce Deep), which separates the Bruce Bank from the 
eastern promontory of the South Orkney microcontinent, marks another segment of the Scotia-Antarctica 
plate boundary. The eastern part of the plate boundary is the less constrained because the paucity of data 
and its inherent morphologic complexity. It may be composed by a series of tectonic lineaments of 
different lenghts, separated by an array of NNW-SSE trending, strike-slip faults, disposed in an en-
echelon geometry.  
 

 
Figure 1. General tectonic map of the Scotia-Antarctica plate boundary, from the Elephant Island to the 
Discovery Bank. SSR, South Scotia Ridge; OP, Ona Platform; SOAP, South Orkney accretionary prism; 
BD, Bruce Deep; HD, Hesperides Deep; BB, Bransfield Basin; JTB, Jane Thrust Belt; EITZ, Elephant 

Island transpressional zone. 
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An evolutionary history of this margin (from the Oligo-Miocene to the present) may be proposed. 

During the Early Miocene, the Weddell Sea oceanic crust subducted northward below a series of 
bathymetric highs constituting the former South Scotia Ridge, along with took place a process of 
fragmentation and dispersion of the crustal blocks by prevalent transcurrent motion between the two 
principal South America and Antarctic plates. The northern margin of the South Orkney microcontinent 
was characterized by convergence and subduction of the transitional crust separating the continental 
fragments, with the formation of an accretionary wedge. Along the Elephant Island/north-western margin 
of the South Orkney microcontinent segment, the plate boundary was marked by a sub-vertical, 
transcurrent master fault which juxtaposed the Scotia Sea oceanic crust with the South Scotia Ridge 
continental crust. The development of a dextral, N-NW trending en-echelon transform fault system 
dismembered both the Scotia Sea subduction zone, and the previous NNW-oriented Weddell Sea 
subduction zone, and also facilitated the process of fragmentation and dispersion of the crustal blocks. 
During the upper Pliocene, Bransfield Basin initiated to open, and this rift-related structure progressively 
migrated toward E-NE forming the Hesperides Deep, and leading to the formation of the independent 
South Shetland microplate. Finally, the left-lateral transtensional tectonism generated narrow pull-apart 
basins in the fore-arc sectors of the convergent zones.  
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Five decades ago, soon after plate tectonics began to have a major influence on historical 
biogeography, the search for biogeographic patterns among the southern continents intensified.  One of 
the key trans-Antarctic patterns discovered by phylogenetic and biogeographic analysis were sister-group 
relationships among taxa in Australia and South America, on the one hand, and New Zealand and South 
America, on the other (e.g., Brundin, 1972).  It was widely proposed that the simplest explanation for 
these patterns was continental fragmentation associated with two ancient land connections (tracks): (1) 
Australia-East Antarctic-South America, and (2) Zealandia-West Antarctica-South America, with both 
involving the Scotia Arc region (Figure 1).  
 

 
FIGURE 1. Two commonly observed transantarctic biogeographic patterns: A. Australia-East Antarctic-South America;  

B: Zealandia-West Antarctica-South America (after Brundin, 1972). 
 

Plate tectonic and paleo-sea level reconstructions have implied an older disjunction between the Marie 
Byrd Land/Ross Sea region of West Antarctica and Zealandia (~83-80 Ma) than between 
Australia/Tasmania and Australia (~60-65 Ma sea-level rise).  Although these strong biogeographic 
patterns have subsequently been confirmed, new molecular systematic analyses using species time-trees 
inferred from molecular sequence data suggest that for numerous groups the phylogenetic separations 
between New Zealand and South American sister-groups are substantially younger than the ~85 Ma 
separation of Zealandia and West Antarctica implied by magnetic anomalies.  Given that many of these 
groups are not prone to long-distance dispersal, understanding and reconciling these conflicts between 
paleogeography and biogeography are important for both disciplines.  A solution to this problem lies at 
the interface of accurate phylogenetic relationships and time-trees for the organisms, on the one hand, and 
robust paleogeographic models for the relevant time periods, on the other.   

 
This talk summarizes southern biogeographic patterns for which there are time-tree analyses and 

presents a new avian time-tree based on slowly-evolving  nuclear genes for birds exhibiting transantarctic 
biogeographic patterns A and B (Figure 1).  This analysis indicates that most lineages of modern birds 
arose around the K-Pg boundary or soon thereafter, which is consistent with the fossil record, and that the 
Zealandia patterns are not as old as the breakup between Zealandia and West Antarctica. Most 
biogeographic scenarios envision a clear spatial and temporal separation of Australia and Zealandia 
beginning in the middle of the Late Cretaceous around 85 Ma, but recent plate tectonic models (Sdrolias 
et al. 2003) and other geological evidence (Stickley et al. 2004) suggest a possible alternative 
biogeographic history.  Taking into account relative sea-levels, there were broad intercontinental 
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connections among Zealandia, Australia, the Tasmanian microcontinents, and adjacent East and West 
Antarctica from the Late Cretaceous into Paleogene times (Gaina et al. 1998). This landscape would have 
provided biotic interconnections to lands east and west of the Transantarctic Mountains.  Eocene 
paleogeographic reconstructions for Antarctica (Wilson and Luyendyk 2009) imply that narrow corridors 
of low-elevation land would have greatly restricted and filtered biotic interchange across West Antarctica.  
In contrast, the East Antarctica corridor would have been much broader and accommodated biotas living 
at higher elevations.  These observations, and the timing of vicariance events between South America and 
Antarctica have implications for paleogeographic reconstructions of Paleogene Antarctica.  
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The Scotia Arc and the rise of the modern Antarctic marine fauna 
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Since the earliest days of exploration it has been apparent that Antarctica is characterised by an 
abundant and varied modern marine fauna. But where did this fauna come from, and how did it survive 
the onset of intense glaciations? Although there is still no firm resolution of questions such as these, it is 
becoming steadily more apparent that the Scotia Arc has played a key role in the evolutionary history of 
Antarctica. 

In former times the extensive archipelago of the Scotia Arc and West Antarctica provided a huge area 
of shallow water habitat that simply does not exist today. Long before it turned cold a distinctive biota 
evolved in these southern high-latitude habitats under the influence of temperate climates but extreme 
seasonality. Elements of the modern fauna can indeed be traced back to the Early Cenozoic greenhouse 
world and the immediate aftermath of the K/Pg mass extinction event. The fauna increases in strength 
through the Early – Middle Eocene but thereafter seems to decline with the onset of global cooling at 
approximately 34Ma. Nevertheless there are indications of a moderately diverse Late Oligocene – Early 
Miocene fauna from the South Shetland Islands and it is unlikely that there was any subsequent mass 
extinction after the K/Pg. The primary response to climate change is for organisms to shift their ranges, 
and a variety of both palaeontological and molecular phylogenetic evidence suggests that there have been 
repeated expulsions and then re-invasions of marine taxa through the Scotia Arc. 

South America rather than Australasia has been the key influence on the Antarctic marine fauna 
throughout the Cenozoic era, and the Scotia Arc has played a vital role in facilitating repeated faunal 
interchange over the last 66 m.y. 
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The History of Geoscience Research in the Scotia Arc Region:  
A Summary 
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The history of geoscience research in the Scotia Arc dates back at least to the voyages of Captain 
James Cook in the 18th Century. Charles Darwin made the first map of southernmost South America 
during the voyage of HMS Beagle in the early 1830s. The fact that the Antarctic Peninsula is some type 
of continuation of the Andean Cordillera of South America was recognized about the same time, and the 
arcuate shape of the locally emergent Scotia Ridge joining the Andes to the ‘Antarctandes’ became 
apparent with the pioneering bathymetric studies of the Scottish National Antarctic Expedition in the first 
decade of the 20th Century (Rudmose- Brown et al., 1906). Expeditions from many different countries 
have contributed to understanding of the geologic evolution of the region, and this review will touch on 
some of the most outstanding discoveries. 

 
Systematic mapping of the Antarctic Peninsula and islands of the Scotia Ridge was undertaken 

following the Second World War by geologists of the Falkland Islands Dependencies Survey and its 
successor, the British Antarctic Survey.  Marine geophysics came into the picture in the 1960s and 1970s 
with pioneering seismic work by Lamont Geological Observatory of Columbia University on the North 
Scotia Ridge and by the Falkland Islands Dependencies Survey in the Central Scotia Sea. Peter Barker 
played a major role in studies of seafloor spreading within the Scotia Sea, first with his mentor Don 
Griffiths of the University of Birmingham (Barker and Griffiths, 1972), and subsequently as a member of 
the British Antarctic Survey. His many contributions, which we are honoring in this symposium, proved 
fundamental to unraveling the tectonic development of the Scotia Arc. Milestones in the history of 
geosciences research in the Scotia arc have included: the first ocean floor drilling by the United States-led 
Deep Sea Drilling Project in the 1970s (Barker, Dalziel et al., 1977); an ‘explosion’ of new geologic and 
geophysical research when many new countries became involved in Antarctic research following the oil 
crisis of the 70s; refinements in seismic techniques which permitted determination of first motion 
directions during earthquakes; the 1985 publication of the Tectonic Map of the Scotia Arc, compiled by 
scientists from the British Antarctic Survey, the University of Birmingham and Columbia University; 
refinement of computer reconstructions of paleogeography; the use of the satellites to map the ocean floor 
(Sandwell and Smith, 2009) and to measure both tectonic motions around the arc and glacio-isostatic 
adjustment on the Antarctic Peninsula; and recently the discovery of hydrothermal vents and fascinating 
vent communities beneath the East Scotia Sea and Bransfield Strait. 
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The Central Scotia Sea is situated in the Southern Ocean between the active South Sandwich arc-East 
Scotia Sea back-arc basin and the extinct West Scotia Sea spreading system. Presently the Central Scotia 
Sea is an integral part of the marine conduit that permits eastward deep-water flow from the Pacific 
Ocean to the Atlantic Ocean as part of the Antarctic Circumpolar Current. The geologic history of the 
Central Scotia Sea is therefore critical for a full understanding of the initiation and subsequent evolution 
of the complete, deep Antarctic Circumpolar Current, widely believed to have been a key factor in the 
history of Antarctic glaciation. Despite its importance, however, the isolation and iceberg abundance of 
the Central Scotia Sea has meant that, until recently, no in situ geologic samples had been recovered 
there. Here, we present new evidence on the nature and age of the Central Scotia Sea floor. Multibeam 
surveys and the first dredged samples indicate that a now submerged remnant volcanic arc, founded on 
oceanic crust and split by the East Scotia Sea basin from the South Sandwich arc, may have formed a 
barrier to deep eastward oceanic circulation through the Drake Passage-Scotia Sea conduit until after the 
mid-Miocene climatic optimum.  Inception and development of a full deep Antarctic Circumpolar Current 
may therefore have been important, not in the drop in global temperatures at the Eocene-Oligocene 
boundary as long surmised but rather in the subsequent late Miocene global cooling and intensification of 
Antarctic glaciation.  
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The South Sandwich volcanic arc is often seen as a type example of a young, primitive and simple 
intra-oceanic island arc. Many of the volcanoes in the arc include andesites and dacites, but in 1962 a 
major submarine eruption of more evolved rhyodacite magma produced large pumice rafts that drifted 
around the Southern Ocean. The site of this submarine eruption was suggested in 1962 to be Protector 
Shoal, at the northern end of the arc. Multibeam bathymetric surveys of the area around Protector Shoal 
during BAS research cruises in 2007 and 2010 defined a large submarine plateau, Nimrod Bank, with 
several flanking  seamounts, one of which is Protector Shoal (PS4) (Fig. 1). Some of these seamounts, 
which are up to >1 km high above base level, have well-developed summit craters and flank instability 
features. The plateau has a diameter of 15 km, rises some 500 m above base level, and has a large number 
of small volcanic domes distributed across its surface and toward Quest caldera. The seamounts and 
domes were dredged to retrieve material for petrological studies and in particular to identify the site of the 
1962 eruption.  

 

 
                                     
FIGURE 1. Multibeam bathymetric map of the Protector Seamounts volcanic field and adjacent areas, showing the named 

seamounts and the field of lava domes on the western side of Nimrod Bank, also the intensely faulted terrain to the NE, between the 
volcanic arc and the South Sandwich trench. 

 
Most of the dredges yielded a variety of andesite to dacite lavas, some with thick manganese 

encrustations and intense alteration indicative of extended exposure on the seabed. Also present in the 
dredges were a variety of iceberg dropstones whose abundance also indicated that the sampled deposits 
and surfaces were relatively old. In contrast, a dredge (DR195, see Fig. 1 for location) at a dome on the 
western edge of Nimrod Bank yielded only blocks of fresh pumiceous to moderately vesicular flow-
banded rhyodacite lava. This indicated that the seabed at the site had been covered by products of a 
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relatively recent eruption, either explosive or of the buoyant magma foam effusion type proposed by 
Rotella et al., (2013). 
 

Compositional similarity of this rock to samples of the pumice raft of the 1962 eruption indicates that 
Nimrod Bank, rather than Protector Shoal seamount to the south, was the site of that eruption. Dredge 
suites from the different seamounts show significant variations in trace element ratios and systematic 
variation with distance from the trench that indicate that the seamounts are fed by separate magma supply 
systems. Figure 2 shows the rocks from the different dredge sites and samples from adjacent islands on a 
LaN/YbN vs. Nb/Yb plot which provides the clearest separation of rocks from the different locations in 
terms of their incompatible trace element characteristics.  

 

                                         
FIGURE 2. La/Yb (normalized to chondritic values) vs. Nb/Yb plot of silicic (andesite to rhyolite) samples from the northern part of 
the South Sandwich volcanic arc showing coincidence of Nimrod dome samples with 1962 pumice and discrimination from silicic 

rock samples dredged at other seamounts and lavas sampled at Candlemas Island to the south. 
 
Petrographic and mineralogical features of the abundant and complex feldspar-dominated phenocryst 

and glomerocryst assemblages seen in many of the rocks indicate assimilation of earlier cumulate rocks, 
but there is no indication in the geochemical data of assimilation of earlier arc crust: rather, we interpret 
the petrography and mineralogy of the phenocryst assemblages as indicating multiple episodes of 
crystallization, magma recharge and entrainment of earlier cumulates within relatively small magma 
reservoirs. 
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The Scotia Sea opened to fill the widening space created between the dominantly-westward motion of 
the South American plate and the dominantly-eastward motion of the South Sandwich Trench and its 
ancestors, as seen from Antarctica. Presently this space opens along an east-west azimuth, and is 
partitioned into complex transform motions on two large fault zones at the southern and northern edges of 
the Scotia Sea, and post-17 Ma seafloor spreading in the East Scotia Sea back-arc basin just west of the 
trench. A patchwork of basins and extended microcontinents within the floor and margins of the Scotia 
Sea show that, in the past, other divergent plate motions saw to the growth of much of the area west of the 
back-arc basin by seafloor spreading and continental extension.  

 
Two different assumptions about the tectonic history of the Scotia Sea steer interpretations of these 

basins and microcontinents. The first is predicated on a 19th Century view of the regional geology in 
which ‘the Andes are to be seen again in Graham Land’; that is, on the assumption that the Scotia Sea 
grew by the disruption of a compact segment of an initially-continuous convergent Antarctic-South 
American continental margin. The second assumes that the Scotia Sea grew within the space generated by 
the relative motions of the major plates behind the active continental margin.  

 
The oldest remnants of the Scotia Sea’s growth are Jurassic and Cretaceous rocks of Tierra del Fuego 

and South Georgia. These rocks can be interpreted in terms of the growth of a back-arc basin, the Rocas 
Verdes basin, at the active continental margin of Gondwana. They are alternatively interpretable as 
records of basins that formed during NE-directed South American–Antarctic relative plate motions in the 
supercontinent interior.  

 
In Tierra del Fuego, remnants of small extensional basins with Paleogene sedimentary fills record the 

onset of WNW-directed motion of the South American plate at ~50 Ma. Ongoing plate motion in this 
sense culminated in the development of a large and organised mid-ocean ridge in the west Scotia Sea, 
expressing divergence of the South American plate from a plate overriding at the South Sandwich Trench, 
and the smaller Powell Basin between this overriding plate and the Antarctic plate. Magnetic anomaly 
records show that the West Scotia Ridge was active at 30–6 Ma and that the Powell Basin was opening at 
30–22 Ma. Powell Basin has alternatively been interpreted as a back-arc basin and the west Scotia Sea as 
‘back-arc in the broad sense’. 

 
A long history of interpretations concern the growth of the remainder of the Scotia Sea floor, in the 

small Protector, Dove and Scan basins and the central Scotia Sea at the same time as spreading on the 
West Scotia Ridge. They are constrained by short sequences of magnetic polarity reversal anomalies, 
which can be modelled to show changes in spreading rate at the same times as changes in the more 
complete west Scotia sequence of reversal anomalies. Interpretations like these require a complex circuit 
of small plates in the Scotia Sea after 30 Ma, a state that is suggested to have been driven by a similarly 
complex pattern of trench migration with both northerly and southeasterly components away from the 
northern and southern edges of the Scotia Sea.  

 
More recent interpretations of these basins are tectonically simpler, taking as their starting point 

knowledge of the bounding major plate motions. They fall into two time categories. In the younger 
category, the smaller basins are related to relative motions between an east-moving (and much slower) 
trench, and the South American plate. Their growth happens to accommodate regional plate divergence 
that was ongoing in the period between the development of Paleogene continental extensional basins in 
Tierra del Fuego and the ~30 Ma onset of spreading at the West Scotia Ridge. In the older category, the 
central Scotia Sea is related to N-S directed Jurassic–Cretaceous divergence of the South American and 
Antarctic plates in Gondwana breakup and subsequent excision from the South American plate by 
development of the South Sandwich Trench at a collision zone between oceanic floor of that plate and the 
continental Antarctic Peninsula.  
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Sedimentary archives along an inshore to offshore transect were targeted by IODP Wilkes Land 
Expedition 318 to obtain an East Antarctic record of ice sheet history and related paleoclimate, 
paleoceanographic, and sea level changes. Expedition 318 recovered early Eocene–Holocene sediments 
that reveal the transition of subtropical into sea ice–dominated ecosystems bordered by calving glaciers. 
Oligocene and Neogene glacial deposits provide a better understanding of how fast, how large, and how 
frequent were glacial and interglacial changes in this East Antarctic region. The Wilkes Land records 
should be complimentary to those from Prydz Bay (ODP Leg 188) and the Ross Sea (ANDRILL, CRP), 
which will allow variations between different ice sheet sectors to be assessed. In addition, integration of 
Wilkes Land records with continental and global records will provide a better understanding of East 
Antarctica’s role in the past, present, and future global system. 

 
Ice-to-abyss transects in vulnerable areas of the Antarctic ice sheets are the focus of the new SCAR 

PAIS (Past Antarctic Ice Sheet dynamics) Program. PAIS aims to improve our understanding of the 
sensitivity of the Antarctic Ice Sheets to a broad range of past climatic and oceanic warm conditions (i.e., 
“greenhouse” climates, times of more recent warming and ice sheet retreat during glacial terminations). 
The data-transect concept will link ice core, ice sheet-proximal, offshore, and far-field records of past ice 
sheet behavior and sea level, yielding an unprecedented view of past changes in ice sheet geometry, 
volume, and ice sheet-ocean interactions. The PAIS research philosophy is based on data-model 
integration and intercomparison using coupled Glacial Isostatic Adjustment-Ice Sheet-Atmosphere-Ocean 
models that include new reconstructions of past and present ice bed topography and bathymetry.
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New multichannel seismic reflection data, combined with geophysical data (bathymetry and 
gravimetry) have imaged the morpho-structural western segment (between 66° and 56° W) of the South 
America-Scotia plate boundary. We have identified different transtensional (asymmetric pull-apart basins, 
normal faults) and transpressional structures (folds and inverse faults) associated to the plate boundary. 
The distribution of these structures define two main domains: (1) a western domain: it corresponds to the 
offshore extension of the Magallanes-Fagnano fault system, with an E-NE orientation and characterized 
by pull-apart basins with negative flower structures, filled with Neogene sediments; (2) an eastern 
domain: it is located just north of the Burdwood Bank over the Malvinas trough and is characterized by 
compressive Andean structures. The distribution of these two domains is primarily controlled by the 
rigidity of the Burdwood Bank and the weak zone related to the Magallanes-Fagnano fault system. 

 
Introduction 

The study area corresponds to a segment of the Argentine continental shelf, between the Isla Grande 
de Tierra del Fuego and the Malvinas Trough (Fig. 1). The tectonic evolution of this southern region of 
the Atlantic Ocean has experienced various tectonic events prior to the formation of the present-day 
configuration. In the Late Jurassic was generated the Rocas Verdes marginal basin; in the Late 
Cretaceous-Paleogene there was a change towards a compressional tectonic regime, producing the 
Andean orogeny and the development of the fold-and-thrust belt (FTB) of the Magallanes and Malvinas 
foreland basins (Menichetti et al., 2008; Tassone et al., 2008). At 30-32 Ma, with the beginning of the 
formation of oceanic crust in the Scotia plate, a general strike-slip regime took place, with development 
of contractional structures (Barker, 2001). This change in the tectonic regime progressively caused the 
translation of the continental blocks to the periphery of the Scotia plate. At about 6 Ma, with the cessation 
of the sea-floor spreading of the Scotia plate, the relative motion of South America and Scotia plates 
generated the present-day sinistral plate boundary. This boundary extends for more than 3000 km, from 
the Chile trench in the Pacific Ocean to the north-eastern Scotia Arc in the Atlantic Ocean (Fig. 1). In the 
Tierra del Fuego region, the boundary is marked by the Magallanes-Fagnano tectonic lineament. Several 
strike-slip structures (pull-apart basins, push-ups, oversteps, etc.) have been recognized along this 
segment of the margin (Lodolo et al., 2003). In the Atlantic offshore area, the plate boundary runs along 
the northern flank of the Burdwood Bank, and aligns with the morphological axis of the Malvinas trough. 
New multichannel seismic reflection profiles image the segment of the South America-Scotia plate 
boundary in the Atlantic offshore between 66° and 56° W.  
 
Morpho-structural domains and structural control on the plate boundary configuration 

Seismic data permit distinction of two morpho-structural domains (Fig. 1, Esteban et al., 2012). The 
western domain has a general ENE-WSW orientation and extends from the Tierra del Fuego Atlantic 
coast to the N-E corner of the Burdwood Bank, and is characterized by a transtensional regime evidenced 
by the development of three Neogene pull-apart basins (Fig. 2). These basins have rhomboidal shapes, ca. 
70-100 km of length, 12-20 km width and a maximum sedimentary thickness of ca. 1.5 km (Esteban et 
al., 2012). The eastern domain has an E-W orientation and locates north of the Burdwood Bank. It is 
characterized by a transpressional regime, evidenced by the development of the Fold and Thrust Belt, and 
it is only interrupted by a local areal of transtensional regime (Fig. 2, Esteban et al., 2012).  

The location of the plate boundary and the distribution of the structural domains could be explained, 
in a general way, by the orientation of the plate boundary. The Burdwood Bank has a strong control over 
the Eastern Domain (segments III to V in Fig. 1). The rigidity of Burdwood Bank prevents the plate 
boundary location over the bank, and thus, it located just north of the bank. The Western domain 
(segment II) corresponds to a transition zone from the Magallanes-Fagnano fault system weak zone 
(segment I) and the N-W corner of the Burdwood Bank. The transtensional segment IV could be 
explained by a further structural control of the NW-SE structures parallel to the fractures zones developed 
in the Scotia Sea. 
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FIGURE 1. Topographic map with the plate boundary from the Plate Projects (http://www.ig.utexas.edu/research/projects/plate/) 

in black and from our data set (in color). Blue (red) segments indicate transtenssive (transpressive) segments. The roman 
numbers indicates segments of the plate boundary with different structural control (see text). Yellow lines indicate the location of 

seismic sections of Figure 2. ED: Eastern Domain. WD: Western Domain. MFFS: Magallanes-Fagnano Fault System. SAM: 
South America plate. Black box indicates studied area. SAN: Sandwich plate. SCO: Scotia plate. ANT: Antarctic Plate. AP: 

Antarctic Peninsula. SUD: South America. IM: Islas Malvinas. BB: Burdwood Bank. TdF: Tierra del Fuego. CT: Chile Trench. 
ATL: Atlantic Ocean. PAC: Pacific Ocean.  

 

 
FIGURE 2. Seismic sections over the plate boundary. Section 1 shows two pull apart basins in the Western Domain. Section 2 is 

located over the segment IV of the Eastern Domain. See location in Figure 1. 
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The Dove Basin was formed during the development of the Scotia Arc in the southern Atlantic (Fig. 
1). The dispersion of continental blocks that connected South America and Antarctica resulted in a 
succession of small oceanic basins and stretched continental banks in the southern Scotia Sea. Dove Basin 
developed since Late Oligocene up to Early Miocene and is located in the central Scotia Sea between 
Pirie and Bruce banks.  

The main morphotectonic elements of Dove Basin is a prominent NNE‐SSW elongated ridge located 
in its central part that is related to the spreading axis (Fig. 1B). Dredged rocks and geophysical data were 
collected during the SCAN2004 and SCAN2008 R/V Hesperides cruises along profiles orthogonal to the 
basin margins. Different ages may be proposed for the development of the basin due to the short length of 
the profiles. Magnetic chrons C5B (15Ma) to C5E (18.7 Ma) could fit the observed measurements, 
although the most complete set of magnetic anomalies is identified in the central profiles and show the  
best fit when chrons C6B (21.7 Ma) to C7 (24.5 Ma) are considered (Fig. 2).  Moreover, 40Ar/39Ar dating 
of a basalts sample dredged from the Dove Ridge (20.4 ± 2.6 to 22.8 ± 3.1 Ma) supports this Late 
Oligocene to Early Miocene age. The end of spreading was asynchronous along the basin, confirmed by 
the variable character of the magnetic anomalies along the spreading axis, with maximum magnetic 
anomaly along the northern profiles and local minor maxima in the southern profile. The spreading was 
probably asymmetrical for some periods, being the western part faster than the eastern part.  

 

 
 

FIGURE 1. Dove Basin setting. A, Location of the basin in the frame of the GEOSAT bathymetry of southern Scotia Sea. B, 
Multibeam bathymetry. SFZ, Shackleton Fracture Zone; EI, Elephant Island; TR, Terror Rise; PB, Pirie Bank; BB, Bruce Bank; 

DB, Discovery Bank; SOM,South Orkney Microcontinent.  
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Dredged rocks from Dove Basin (Fig. 1) include in situ samples evidenced by fresh cuts in addition to 
exotic rocks. Tholeiitic basalts probably forming the spreading axis are derived from magmas of 
asthenospheric upper mantle source within an extensional tectonic setting corresponding to Mid Oceanic 
Ridge Basalts (MORB). Earlier doleritic rocks, originated at a back‐arc extensional tectonic setting were 
dredged from Dove Rise and its northeastward Seamount. The mantle source for both types of rocks was 
chemically affected by subduction processes during a previous compressive stage probably related to the 
development of the Scotia Arc. The outcrops were later coated by Fe‐Mn crusts near the spreading axis 
with ages determined by the Co chronometer method ranging from at least 13 to 13.5 Ma.  

The oldest age proposed for the Dove Basin in respect to the younger westwards Protector Basin, 
indicate an opposite polarity for oceanic basin development than expected for the eastwards development 
of the Scotia Arc. These new data supports the hypotheses that the central Scotia Sea is floored by the old 
pieces of oceanic crusts reaching the Oligocene.    

 
 

FIGURE 2. Magnetic anomaly profiles and models of the Dove Basin. Location in Fig. 1. 
 

 
 

. 
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The Scan Basin is the easternmost of a series of small basins located in the central sector of the 

southern Scotia Sea. It is bounded westwards by the Bruce Bank, eastwards by the Discovery Bank and it 
opens northwards into the central Scotia Sea (Fig. 1). This basin represents the main connection for deep 
water flow between the Weddell and the Scotia seas (Lobo et al., 2011). The Scan Basin is occupied by a 
complex contourite depositional system, suggesting the predominance of along-slope recent processes in 
the sedimentary architecture. However, mass-wasting deposits of a wide range of sizes occur both buried 
and on the seafloor indicating, in addition, the importance of downslope recent processes that interact 
with the development of the contourite system. 

Recent sedimentary processes are mainly controlled by the interplay of tectonic and oceanographic 
factors (Hernández-Molina et al., 2007, 2008; Lobo et al., 2011). The dominant deep-current regime 
consists of the northward high-velocity flow of the Weddell Sea Deep Water (WSDW) , channelled along 
the western side of the basin, and a relatively weaker counter-flow of the WSDW towards the south at the 
eastern side of the basin. The interaction of the flow with the seafloor results in the formation of furrows 
which orientations are determined by the tectonic structures (Lobo et al., 2011).  

This work is based on the analysis of multibeam bathymetric data (SIMRAD EM12) and very-high 
resolution seismic reflection profiles (topographic parametric sonar, TOPAS), and aims a characterization 
of morphological features in order to analyse the recent sedimentary processes and the role played by the 
major controlling factors. 

 

 
 

FIGURE 1. Bathymetric map of Scan Basin and its location at the southern limit of the Scotia Sea. The limit of the contourite 
deposits and the distribution of morphological features characterized in this work are shown. 
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The complex contourite system occupies depths ranging 2200 to 3000 m and includes contourite drifts 

of different characteristics (sheeted, mounded) and other minor-scale contourite features such as furrows 
and erosional and wavy surfaces. Intercalated with the contourite deposits or deposited on the seafloor 
surface abundant mass-transport deposits showing transparent acoustic facies occur basinwide. These 
deposits range from thick (up to 200 ms TWTT thick) deposits (Fig. 2A and 2B) to thin and small 
transparent lenses of tens of ms TWTT (Fig. 2C). Both types of deposits have been identified 
preferentially on the basin margins, close to the morphological banks, along the entire length of the basin 
(Fig. 1). Erosional surfaces (Fig. 2D) predominate at the southern areas and furrows and wavy surfaces 
mostly occur at the western side of the basin (Figs. 1 and 2E).  

 
 

 
 
 

FIGURE 2. TOPAS profiles showing the acoustic characteristics of morphological features composing the contourite depositional 
system in Scan Basin. See location of profiles in Figure 1.

  
The distribution and characteristics of the depositional system suggest a complex interaction between 

along-slope and downslope processes. The northward flow of the WSDW seems to interact with the 
structural highs of the Bruce Bank, but also with the local topography within the basin floor, resulting in 
the formation of furrows and wavy surfaces. Intensified currents along the western side of the basin are 
responsible for the formation of mounded contourite drifts that evolve to sheeted drifts at the middle 
reaches of the basin. The southward flow of the weak counter-current of the WSDW is responsible for the 
formation of lower-relief contourite features at the eastern side of the basin. At both margins the 
occurrence of mass-transport deposits suggests that tectonic activity is coeval with contourite depositional 
processes and that recurrent slides are affecting the distribution of contourite morphological features. The 
effect of the currents on the destabilisation of slopes may not be disregarded, in addition, as a triggering 
mechanism for the occurrence of mass-transport processes. 
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The history of dispersal and evolution of the Antarctic land mammal faunas is closely related to the 
fate of the land bridge between South America and the Antarctic Peninsula and in the end to its 
interruption during the Paleogene. The greatest insight can be obtained from taxa that were the most 
unlikely to have rafted, swum, or flown across expansive marine barriers (e.g. those that were large-
bodied and inferred to have been restricted to terrestrial locomotion). In contrast to Mesozoic mammalian 
lineages (i.e. Gondwanatheria) already present in the ancient Gondwana continent, therian mammals 
passed from North to South America by the ?Late Cretaceous or early Paleocene (Goin et al., 2006). 
Setting aside marsupials, which arrived to Australia via Antarctica, the fossil record of South American 
native ungulates (SANU) are reliable tools in order to test paleogeographic hypotheses. Particularly, the 
stratigraphic calibration of Antarctic and South American SANUs phylogenies (i.e. litoptern 
Sparnotheriodontidae and astrapothere Astrapotheriidae) here presented, evidence the minimum age 
(middle Paleocene) at which their common ancestor were present on both land masses. Additionally, 
Notoungulata, the most diverse SANU group, provides further paleogeographic information. Their 
absence from Antarctic Paleogene and Patagonian middle Paleocene (Peligran Land Mammal Age) 
records, suggest that their radiation occurred after the final break-up of both continents.  
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Repeated ice advances and retreats dramatically limited the availability of suitable habitats on the 
continental shelf leaving characteristic demographic signatures in shallow benthic Antarctic invertebrates. 
Here, we present new genetic information concerning the glacial demographic history of Nacella 
concinna, a dominant benthic species along shallow ice-free rocky ecosystems. We examined the patterns 
of genetic diversity and structure in this broadcast spawner sampled from eight localities along maritime 
Antarctica (Antarctic Peninsula and adjoining islands), and from the peri-Antarctic island South Georgia 
(Figure 1). The Antarctic limpet represents a single panmictic unit along maritime Antarctic, from 
Adelaide Island to South Orkney Islands. Low levels of genetic diversity characterized this population; its 
median-joining haplotype network exhibited a typical star-like topology with a short genealogy and we 
detected the presence of a dominant haplotype broadly distributed in all the sampling localities (Figure 2). 
In contrast, and as previously reported with nuclear AFLP markers, we detected significant genetic 
differentiation between South Georgia and the rest of the analyzed localities from maritime Antarctica 
(Figure 3). Higher levels of genetic diversity, a more expanded genealogy, and the presence of more 
private haplotypes in the South Georgia population support the hypothesis of glacial persistence of N. 
concinna in this peri-Antarctic island. Furthermore, Approximate Bayesian Computations did not support 
the persistence of N. concinna along maritime Antarctica during the last glacial period but the resiliency 
of the species in peri-Antarctic refugia, such as South Georgia. Finally, we proposed here a model of 
Quaternary biogeography for Antarctic marine benthic invertebrates characterized by shallow and narrow 
bathymetric ranges that includes (1) the extinction of maritime Antarctic populations during glacial 
periods, (2) the persistence of populations in peri-Antarctic refugia and (3) the re-colonization of 
maritime Antarctica following the deglaciation process and related to rapid population expansion.  
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FIGURE 1. Sampling localities of N. concinna along maritime Antarctica and South Georgia. 
 
 
 
 

mailto:omeuno01@hotmail.com�


The Scotia Arc: Geodynamic Evolution & Global Implications 

14-16 May 2013, Granada, Spain 
56 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 2. Haplotype network including 269 Nacella concinna mtDNA COI sequences. Each haplotype is represented by a colored 
circle indicating the locality where it was collected; the size of the circle is proportional to its frequency in the whole sampling 

effort. 
 

 
 
FIGURE 3. Spatial output from Geneland using all nine N. concinna populations. Black circles indicate the relative position of the 

sampled populations. Darker and lighter shading are proportional to posterior probabilities of membership in clusters, with 
lighter (yellow) areas showing the highest probabilities of clusters. 
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The gravity tomography method was used to reconstruct a deep structure of the region. Density 

anomalies (Moritz, 1990) and depths of disturbed masses were calculated using the spherical harmonic 
functions of the EGM 2008 geoid. The values of density anomalies are indicated in percentages relative to 
density at the appropriate depths according to the PREM 1981 model. 

 
In Figures 1, 2 the blue colour indicates less dense masses, yellow – more dense masses. But, in 

accordance with Turcotte and Schubert (2002), the sign of a density anomaly has to be interpreted as 
being inverse in the layer from the surface to the depth of isostatic compensation. The latter, as a rule, 
corresponds to the depth of the asthensnosphere. This depth of 200 km (dotted line in Figure 1) was 
computed as a depth of equal weight for all columns along the section of 58°S. Depths of the local 
isostatic compensation within regions of different geological origin are calculated also.  

 

 
 

FIGURE 1. Section along 58°S 
 

Figure 2 shows the section across the South Sandwich Arc through the Montagu Volcano’s peak.  
 
Maps of the lateral distribution of dense anomalies at different depths display the layer-by-layer 

structure of the Scotia Sea. 
 
A comparison with the seismic tomography models is shown on the poster. 
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FIGURE 2. Latitudinal section through the Montagu Island 
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 The Antarctic Peninsula Ice Sheet and the small ice masses on adjacent islands are experiencing 
rapid recession in response to arguably the most extreme warming on Earth. Ice-shelf collapse, in 
particular, is a dramatic illustration of this response. In order to understand contemporary processes 
controlling ice sheet growth and recession, it is necessary to view these changes in the context of long-
term palaeoenvironmental complexity. This paper, therefore, reviews the geological evidence for 
cryospheric change in the region since the onset of glaciation on the continent. Only with such geological 
data can plausible ice-sheet models be developed for testing future scenarios of ice sheet variability 
(Davies et al., 2012). 
 

Glaciation in Antarctica was initiated around the Eocene/Oligocene transition (c. 35 Ma) in East 
Antarctica. In the Antarctic Peninsula region, the pre-Quaternary record of glaciation is derived from a 
combination of glacigenic sediments and volcanic rocks, and from continental shelf drilling and seismic 
studies. There are hints that the Peninsula was glaciated possibly as early as Eocene time, and definitely 
by Late Oligocene time, but more comprehensive records exist for Miocene time onwards.  
 

Palaeogene records of Antarctic Peninsula glaciation are mainly restricted to King George 
Island, where glacigenic sediments provide a record of early East Antarctic glaciations, but with 
modification of far-travelled erratics by local South Shetland Island ice caps (Birkenmajer, 1996). 
Evidence for Neogene glaciation is derived primarily from King George Island and James Ross Island, 
where glaciovolcanic strata indicate that ice reached 500 to 850 m in thickness during glacial periods 
(Hambrey et al., 2008; Smellie et al. 2008). The evidence suggests that the Antarctic Peninsula Ice Sheet 
draped, rather than drowned, the topography (Smellie et al., 2008). Marine geophysical investigations 
indicate multiple ice-sheet advances during this time (Barker & Camerlenghi, 2002).  
 

Seismic surveys of continental shelf-slope deposits indicate up to ten large advances of the Antarctic 
Peninsula Ice Sheet during Early Pleistocene time (Barker & Camerlenghi, 2002). Glacial phases became 
more pronounced, with ice reaching the continental shelf edge, and of longer duration during Middle 
Pleistocene time. During Late Pleistocene time, repeated glaciations reached the shelf edge, but ice 
shelves inhibited iceberg rafting. The Last Glacial Maximum (LGM) occurred at 18 ka BP, following 
which glaciomarine sediments on the continental shelf indicate ice-sheet retreat. Recession after the LGM 
was episodic in the Weddell Sea, with multiple readvances and changes in ice-flow direction, but rapid in 
the Bellingshausen Sea. The Late Holocene Epoch was characterised by repeated fluctuations in 
palaeoenvironmental conditions, with associated glacial readvances. However, rapid warming has led to 
ice-shelf collapse and rapid recession of land-based glaciers during the last one hundred years. 
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The North Scotia Ridge (NSR) is a complex of shallow banks and submarine ridges derived from the 
former continental link existing between South America and South Georgia (Barker, 2001). It constitutes 
the northern edge of the Scotia Sea and hosts the sinistral strike-slip boundary of the South America-
Scotia plates (Pelayo and Wiens, 1989). The study area is located in the western part of the NSR which 
comprises the shallow Burdwood Bank, a submerged E-W oriented continental fragment (Fig. 1). This 
tectonically complex area is influenced by the transpressional regime resulting in an active convergence 
whose probably tectonic expression is the northern Malvinas/Falkland Trough. Due to its relatively 
shallow relief (Fig. 1), the NSR imposes an important morphologic obstacle to the northern flow of the 
Antarctic water masses between the Scotia Sea and the South Atlantic Ocean (Howe et al., 1997). The 
water masses circulation in the northern part of the Scotia Sea is under the influence of five active bottom 
waters: (a) the Antarctic Intermediate Water (AAIW); (b) the upper part of the Circumpolar Deep Water 
(UCDW); (c) the Southeast Pacific Deep Slope Water (SPDSW); (d) the lower fraction of the 
Circumpolar Deep Water (LCDW); and (e) to the east the Weddell Sea Deep Water (WSDW) (Howe et 
al., 1997). 

 
Bottom currents lead to the dominance of contourite sedimentary processes along the continental 

margins and the abyssal plains, which generate both depositional and erosional features (Rebesco and 
Camerlenhgi, 2008). Although contourite deposits have been described in the southern part of the Scotia 
Sea (e.g.: Maldonado et al., 2006), few examples are reported from the NSR and the Malvinas/Falkland 
Trough (e.g.: Howe et al., 1997). The main objectives of the present study are to identify the major 
contourite features along the northern Scotia Sea margin and to assess its influence on the growth patterns 
decoding the sedimentary and paleoceanographic evolution. 

 

 
 

FIGURE 1. (A) Simplified bathymetric map of the Scotia Sea (derived from the GEOSAT gravimetric anomaly map). AB, Aurora 
Bank; AP, Antarctic Peninsula; BB, Bruce Bank; BS, Bransfield Strait; BuB, Burdwood Bank; DaB, Davis Bank; DB, Discovery 
Bank; DvB, Dove Basin; EI, Elephant Island; HB, Herdman Bank; M/F I, Malvinas/Falkland Islands; M/F P, Malvinas/Falkland 
Plateau; M/FT, Malvinas/Falkland Trench; NEGR, Northeast Georgia Rise; OB, Ona Basin; PB, Powell Basin; PiB, Pirie Basin; 

PiBk, Pirie Bank; PrB, Protector Basin; SB, Scan Basin; SGI, South Georgia Island; SI, Shetland Islands; SOM, South Orkney 
Microcontinent; SR, Shag and Black Rocks; SSI, South Sandwich Islands; SST, South Sandwich Trench; TB, Terror Bank.  

(B) Location of seismic data used in this study area. Bathymetric contours are from the GEBCO bathymetric database. 
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The analysis of the regional morpho-sedimentary and seismic-stratigraphic contourite features and 
evolution is based on the interpretation of single- and multi-channel seismic profiles collected in the 
western segment of the North Scotia Ridge (Fig. 1). The data base includes: (1) published profiles (single-
channel seismic lines available from the National Geophysical Data Center (NOAA) and the Marine 
Geoscience Data System (Academic Seismic Portal - Univ. of Texas Institute for Geophysics, ASP-
UTIG) (SCS data); (2) industrial seismic sections provided by the Secretaría de Minería Argentina (WG 
& 77 data) through the “Daniel Valencio” Geophysical Institute (Department of Geology, Univ. Buenos 
Aires, Argentina); and (3) multi-channel seismic data acquired in 1999 by the oceanographic vessel 
A.R.A. Puerto Deseado, in the framework of the PNRA-TESAC project (TM data). 

 
The study area is divided in two areas separated by the Burdwood Bank (BuB): to the north the 

Malvinas/Falkland Trough; and to the south the Northwest Scotia Sea. In the Malvinas/Falkland Trough 
area, sediment thickness, seafloor and acoustic basement depths increase toward the east. Five seismic 
units compose the sedimentary record; the seismic units are designed as VF to IF from bottom to top. The 
original morphology of the acoustic basement exerts a considerable influence on the morphology of the 
seismic units. However, the basement influence declines from the upper part of the Unit IIIF to the 
seafloor, as this stratigraphic interval is mostly composed of contourite sheeted (plastered) drifts. In 
addition, an extensive contourite terrace is identified along the middle slope. 

 
The Northwest Scotia Sea area extends along a wide range of water depths. The acoustic basement is 

highly irregular, particularly in the proximity of the slope, where deep-perched basins are observed. The 
deposits are mostly constrained by depressions of the acoustic basement. Five seismic units are identified 
and designed as VS to IS from bottom to top. The influence of the morphology of the acoustic basement 
on the deposits younger than the upper part of the Unit IIIS is low, particularly in the abyssal plain, where 
the major depocenters are composed of thick contourite drifts. In this area the contourite drifts include 
sheeted, mounded, confined, infilling and patch drifts. Contourite erosive features also occur, the most 
remarkable is a middle slope contourite terrace. 

 
After a preliminary analysis of the available data sets, we infer that the growth patterns of the lower 

units are highly controlled by the structure of the acoustic basement, whereas the upper units, tentatively 
from the middle Miocene to the present, mostly include contourite depositional and erosive features 
associated to the local circulation of the AAIW, UCDW, SPDSW and LCDW. The interfaces between 
these water masses are related to morphologic changes along the slope. Thus, the boundary between the 
AAIW and the UCDW is associated with the occurrence of a regional contourite terrace along the middle 
slope. Further work will be focused on the correlation between the Malvinas/Falkland Trough and the 
northwest Scotia Sea stratigraphy, and the generation of a regional circulation model since the Miocene to 
the present. 
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The Scotia Sea is located east of the Drake Passage (DP) and is surrounded by the Scotia Arc, which 
is composed by the South Sandwich fore-arc, the North Scotia Ridge, the South Scotia Ridge (SSR), and 
the Shackleton Fracture Zone (SFZ). This sea is characterized by a complex tectonic and sedimentary 
evolution mostly influenced by plate tectonics. As a result, most of the oceanic basins are isolated and 
highly affected by the ocean circulation. The importance of the Scotia Sea is highlighted because of its 
exceptional location for decoding and reconstructing plate tectonics, past thermohaline circulation (THC) 
and environmental changes (climate & sea-level). These changes have driven major variations in the 
depositional style of the sedimentary basins as well as the relative temporal and spatial importance of 
along-slope and down-slope sedimentary processes. The main objective of this presentation focuses in the 
update of the present seismic stratigraphic knowledge within the Scotia Sea. In more detail, we present: a) 
a summary of the current state-of-the-art of seismic stratigraphic studies; b) the implications and 
problems from admitted stratigraphic results and future challenges; and c) some considerations for a new 
possible IODP proposal. 
 

The Scotia Sea is a largely oceanic basin where the water masses circulation, from the surface to the 
sea-floor, is very active, although with important differences between the northern and southern sectors. 
The main water masses are largely part of the Antarctic Circumpolar Current (ACC), which represents the 
principal connection between the South Atlantic, South Pacific and Indian oceans. Regionally, the ACC 
and its deeper component, the Circumpolar Deep-Water (CDW), are flowing eastward across the Scotia 
Sea. The CDW is divided into the lower (LCDW) and the upper (UCDW) fractions in relation to their 
origin and latitudinal extension. The northern sector of the Scotia Sea is also under the influence of the 
Antarctic Intermediate Water (AAIW) flowing eastwards, as well as the eastward flowing Southeast 
Pacific Deep Slope Water (SPDSW) between the UCDW and LCDW (Naveira-Garabato et al., 2007). In 
the southern sector of the Scotia Sea the LCDW is flowing east above the South Pacific Deep-Water 
(SPDW), which is also flowing eastward. The westward flowing Weddell Sea Deep Water (WSDW), 
represents the densest and deepest water mass within the Scotia Sea that is formed in the Weddell Sea and 
crosses the South Scotia Ridge by deep gateways toward the Scotia Sea. . In addition, a branch of the 
LCDW circulates with flows derived from the Weddell Gyre and also flows westward along the slope on 
the southern flank of the South Shetland Trench above the WSDW (Hernández-Molina et al., 2006). 

 
In general terms, this modern oceanographic regime was set up as a consequence of some major 

tectonic events: (a) complete deep water gateways were established in the DP; (b) gaps opened between 
the continental and northern and eastern arc fragments in the Scotia Sea allowing the establishment of a 
full-ocean-depth CDW; (c) gaps opened in the South Scotia Ridge which facilitate the WSDW and 
LCDW to escape from the Weddell Gyre into the south Scotia Sea, and (d) completion of the present 
morpho-structural configuration of the Scotia Arc. The bottom-currents related to these water masses and 
other associated regional processes (e.g.: internal waves, eddies, overflows, etc.) have significantly 
controlled the sedimentary processes on the continental margins and abyssal plains within the Scotia Sea. 
The bottom flows of the CDW and WSDW have significantly influenced the growth patterns and the 
deposits of the Scotia Sea from the Middle Miocene to the present (e.g.: Maldonado et al., 2006). 
However, the role of the other bottom water masses on both the sea-floor morphology and processes and 
in the basins evolution, is poorly recognized. Moreover, the onset, hydrographic characteristics, depth of 
influence, and the spatial distribution of each of these water masses are quite different. 

 
Several studies have investigated the seismic stratigraphy of the Scotia Sea (e.g.: Maldonado et al., 

2006; Lindeque et al., 2012). These authors have identified several seismic units bounded by regional 
discontinuities in the stratigraphic record, which have been correlated from basin to basin within most of 
the south and western Scotia Sea. The sedimentary stacking patterns of these units depict major changes 
in the depositional style of the basins. Two main evolutionary intervals are recognized, which represent a 
large difference between the pre- and post- Middle Miocene units. The older units have variable seismic 

mailto:fjhernan@uvigo.es*�
http://www.google.com.ar/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CCAQFjAA&url=http%3A%2F%2Fwww.cima.fcen.uba.ar%2FUMI%2F&ei=LPh5UOfFLZGI9AT8hoCIDA&usg=AFQjCNGvbLf4TyLV0xkvrQr-JwbkS4XN4g�
http://www.google.com.ar/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CCAQFjAA&url=http%3A%2F%2Fwww.cima.fcen.uba.ar%2FUMI%2F&ei=LPh5UOfFLZGI9AT8hoCIDA&usg=AFQjCNGvbLf4TyLV0xkvrQr-JwbkS4XN4g�
mailto:apiola@hidro.gov.ar�


The Scotia Arc: Geodynamic Evolution & Global Implications 

14-16 May 2013, Granada, Spain 
64 

 

facies that result in significant differences in the distribution and thickness depending mostly on the 
basement structure and age of the basin. On the contrary, the younger units reveals similar seismic facies 
representing a general homogenization in the basins because of the dominant depositional and erosional 
features associated with the circulation of the bottom flows. This major change in the sedimentary 
stacking pattern about the Middle Miocene time is attributed to a major paleoceanographic change, which 
recorded an increase in bottom-water circulation related to the: (1) the western Antarctic ice-sheet 
(WAIS) expansion; (2) a general sea-level lowering; (3) the opening of gaps in the SSR due to the plate 
dynamics, which enabled the first incursions of WSDW and LCDW from the Weddell Sea, and (4) the 
onset of the North Atlantic Deep Water (NADW) circulation across the Atlantic, and then, into the 
Southern Hemisphere, establishing the flow of LCDW around Antarctica. That Mid-Miocene change has 
been recognized not only in the entire Scotia Sea, but also in the Antarctic Peninsula Pacific Margin and 
many other southern hemisphere continental margins. 

 
There is however, controversy on the causes for the onset of basin depositional growth patterns of the 

Scotia Sea: it could have started during the Eocene, the Early Oligocene, or even at about the Early 
Miocene. There are also significant discrepancies in the interpretations, especially in the age of 
development of the small, independent oceanic basins due to difficult identification and age assignation of 
the magnetic anomalies. Since drilling data area not available in the Scotia Sea, some weak assumptions 
were considered, such as that the sediment deposition occurred just after the oceanic crust formation, and 
that the sedimentation is a continuous process through time, although hiatuses may occur in the 
stratigraphic sequence. 

 
In spite of the importance of the Scotia Sea the region has not yet been drilled for scientific purposes, 

even though the DP has key implications for global climate and oceanography (e.g.: Potter and Szatmari, 
2009). There are a number of problems to be resolved including: (1) the basement crust age; (2) the 
break-up evolution; (3) the age of the sedimentary units and discontinuities; (4) the possible hiatuses 
identification; (5) more precise basin to basin stratigraphic correlation; (6) the documentation of 
sequences and sedimentary facies, and (7) to decode the interplay between along-slope and across-slope 
sedimentary processes. Tectonically induced changes are highlighted in the IODP Science Plan as one of 
the principal internal forcing mechanisms for environmental change (http://www.iodp.org/Science-Plan-
for-2013-2023/). So, we proposed the following five broad scientific objectives for a possible SCOTIA 
SEA drilling proposal: 1) to Understand the opening and evolution of the DP; 2) to established the onset 
of deep gateways in the Scotia Sea and how they have influenced on the global ocean circulation and 
climate; 3) to determine the onset of CDW; SPDW; SPDSW & WSDW; 4) to temporally calibrate the 
major event on the tectonic and sedimentary evolution determining their global significance; 5) to 
reconstruct the paleoceanographic changes and the paleo-THC that affected the southern hemisphere, and 
6) to ascertain syn-sedimentary neo-tectonic control on sedimentary architecture and evolution, specially 
during the last 8 Ma. The SCOTIA SEA drilling proposal will address important questions highlighted in 
the IODP Science Plan for 2013-2023 and its potential results could be applied more widely and 
integrated with other regional studies. This in turn will help to understand the evolution of the Antarctic, 
its relation with paleoenvironmental and paleoceanographic changes, and its global linkages. 

 
Results shown in this talk are supported by the PN-MICINN-CTM2008-06386-CO2-01/02 and CTM2011-30241-

C02-01/02; CONTOURIBER (CTM 2008-06399-C04/MAR) and MOWER projects (CTM 2012-39599-C03). 
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Three transects (Fig.1) with 4000 km long multichannel seismic reflection profiles from various 
organizations were initially used to interpret horizons in order to define the basin-wide 
seismostratigraphyof the Weddell Sea. We integrated local stratigraphic models of Miller et al. (1990), 
Rogenhagen et al. (2004) and Maldonado et al. (2006) and extended the stratigraphic model of Lindeque 
et al. (2013) (Fig. 2), which connects the Scotia Sea with the Weddell Sea records, by adding 200 more 
seismic lines and identified three sediment units as pre-glacial (148-34Ma), transitional (34-12Ma) and 
full-glacial (12- 1Ma). Borehole data of ODP Leg 113 and SHALDRIL constrain sediment ages locally. 
We generated sediment depth and thickness grids of these three units. The sediment thickness grids allow 
us to compare the pre-glacially dominated and glacially dominated sedimentary development of the 
Weddell Sea. The thickest sediments are present in the southern Weddell Sea with a maximum thickness 
of 10 km. The largest deposition centers are located in front of the Filchner Ronne Ice Shelf. Similar to 
observations from the Scotia Sea (Maldonado et al., 2003), abundant sediment drifts are found in the 
southern and southwestern Weddell Sea at full glacial times as a result of intensification of ocean 
circulation. 

 
FIGURE 1. Bathymetry map of the Weddell Sea region of Antarctica. Red lines and black lines show the existing multichannel 

seismic profiles. The red lines were used for the initial stratigraphic model. The green dots are ODP Leg113 drill sites. Orange dots 
are SHALDRIL. APIS is Antarctic Peninsula Ice Sheet, EAIS is East Antarctic Ice Sheet and WAIS is West Antarctic Ice Sheet. 



The Scotia Arc: Geodynamic Evolution & Global Implications 

14-16 May 2013, Granada, Spain 
66 

 

 
 

 
FIGURE 2. Multichannel seismic reflection data transect B from central Weddell Sea. Magnetic Anomaly data cited from Lindeque. 

et al. (2013) 
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The Southern Ocean has played a very important role in the global climate system through geologic 
history to the present day. To understand the processes that change atmospheric CO2 concentrations, it is 
important to understand the sub-systems and processes of the Antarctic cryosphere, such as changes to the 
Antarctic Circumpolar Current (ACC), the Weddell Gyre, the biological pump, sea surface temperature, 
the polar front location, the distribution of sea-ice, and the Antarctic ice sheet on modern and geologic 
time scales. The evolution of the Antarctic cryosphere for major climate shifts during the Cenozoic is still 
poorly understood. The key motivation for the IODP scientific drilling in the Southern Ocean stems from 
a lack of knowledge of the complex role the Antarctic cryosphere plays in the global climate system and 
water circulation. Understanding the history of variations of ice volume and associated cryospheric 
changes during the Cenozoic is of great importance because changes of ice volume and distribution 
change global sea level, affect albedo, control the latitudinal temperature gradient of the Southern 
Hemisphere and thus heat transport via atmospheric and oceanic circulation, and influence the 
distribution of ice shelves and seasonal sea ice, which are commonly considered to cause the cold bottom 
waters that drive global ocean circulation.  

We will propose the drill sites along a north to south transect in the Indian sector of the Southern 
Ocean. The proposed sites are on sediment drift deposits on the Conrad Rise, and on the Del Caño Rise. 
The arrangement of those sites is crossing the oceanic fronts, the subtropical front, subantarctic front, 
Antarctic polar front, and winter sea ice limit. These sites contain continuous sedimentary sequences 
exhibiting moderate to high sedimentation rates (Katsuki et al., 2012). Age control will be provided by 
oxygen isotope stratigraphy, relative geomagnetic paleointensity with conventional geomagnetic polarity 
stratigraphy, and high-resolution biostratigraphy. The data from this drilling will greatly advance our 
understanding of the relationship between Antarctic climate change and Southern Ocean 
paleoceanographic variability. 

The proposed sites are strategically located to reveal the evolution of the Antarctic cryosphere and to 
investigate the role of the ACC and Weddell Gyre system in that evolution. The Indian sector of the 
Southern Ocean is a most suitable high-latitude ocean to elucidate the evolution of the Antarctic 
cryosphere. Our main objectives are: 

1. Evolution of the ACC and Weddell Gyre system: To test the hypothesis that considerable 
expansion of the ACC and Weddell Gyre system caused global cooling and a large decrease in the 
thickness of the East Antarctic ice sheet (EAIS) during the mid-Pleistocene transition (MPT). 

2. Variability of the Antarctic climate and sea-ice distribution during the Quaternary: To reconstruct 
high-resolution records of ACC migration, sea ice coverage, surface water stratification, the biological 
pump, acidification of ocean waters, and eolian dust inputs in the Southern Ocean.  
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FIGURE 1. Location map showing proposed drilling sites in the Indian sector of the Southern Ocean.  
 

 
FIGURE 2. Example of a multichannel seismic profile at the Conrad Rise. 
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During four Polish Antarctic geodynamical expeditions between 1979 and 1991, deep seismic 
sounding (DSS) measurements were performed in the transition zone between the Drake and South 
Shetland microplates and the Antarctic plate in West Antarctica. The network of 20 DSS profiles ranging 
in length from 150 to 320 km covered the western side of the Antarctic Peninsula from Adelaide Island in 
the south to Elephant Island on the north. The total length of the profiles was about 4500 km (Figure 1). 
The seismic results obtained during four expeditions were published in a number of papers (Guterch et 
al., 1985, 1991, 1998; Grad et al., 1992, 1993, 1997, 2002; Janik, 1997a,b; Janik et al., 2006; Środa et al., 
1997; Środa, 2001, 2002; Yegorova et al., 2011). 

The collected results of deep seismic soundings have been synthesised to produce a map of Moho 
depth beneath the NW coast of the Antarctic Peninsula. On two transects across the deep landward 
projection of the Hero Fracture Zone, we found high velocity bodies with Vp>7.2 km/s, similar to ones 
we detected previously in Bransfield Strait. However, these bodies are not continuous; they are separated 
by a zone of lower velocities located SW of Deception Island. In Bransfield Strait, an asymmetric 
“mushroom”-shaped high velocity body was found at a depth interval from 13-18 km down to the Moho 
boundary at a depth of ca. 30 km. The Moho depth map along the coast of the Antarctic Peninsula was 
prepared using previous seismic 2-D models. The map (Figure 2) shows variations in crustal thickness 
from 38-42 km along the Antarctic Peninsula shelf in the southern part of the study area to 12-18 km 
beneath the South Shetland Trench (Środa, 2002, Janik et al., 2006). 

The papers by Barker et al. (2003) and Christeson et al. (2003) present the results of a wide-angle 
seismic experiment with a net of eight profiles, conducted in Bransfield Strait in 2000. Christeson et al. 
(2003) detected, as in our investigations, velocities >7.25 km/s at a depths 10-15 km at the central part of 
Bransfield Strait, which they interpreted as the Moho boundary. In our interpretation, it is the top of high 
velocity body (HVB). The well-documented upper mantle velocity of Vp>8.0 km/s on the record sections 
along 300 km of DSS-20 profile (Grad et al., 1997), strong reflections from the Moho boundary observed 
on DSS-17 profile (Grad et al., 1993, Yegorova et al., 2011) and lower velocities (~6.9 km/s) detected 
below HVB along DSS-3 profile (Janik, 1997a,b) confirm our interpretation of the Moho boundary at a 
depth of ~30 km below Bransfield Strait. 

 
 

FIGURE 1. Location of deep seismic sounding (DSS) profiles in Antarctic Peninsula Shelf (Guterch et al., 1998) 
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FIGURE 2. Map of the depth to the Moho boundary along the Antarctic Peninsula (Środa, 2002; Janik et al., 2006) 
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The creation of this new map of the Neogene—Quaternary James Ross Island Volcanic Group 

(JRIVG) follows nearly 10 years of research principally by the British Antarctic Survey and their 
collaborators. With its publication, it provides a readily accessible key tool to be used as a basis for future 
research programmes investigating southern Scotia Sea and northern Antarctic Peninsula environmental 
and climate evolution, a region that is the northernmost most climatically sensitive part of Antarctica.  

James Ross Island, situated at the southern margin of the Scotia Sea south of Powell Basin, is the 
largest island on the east side of the Antarctic Peninsula. Its geology varies from highly fossiliferous 
Cretaceous shallow-marine sedimentary strata to Neogene—Quaternary volcanic and associated glacial 
sedimentary rocks of the JRIVG. A 1:125 000-scale map showing the geology of the JRIVG has now 
been completed (Smellie et al., 2013; Fig. 1), the first such map since that published at a much smaller 
scale by Nelson (1975), based on early 1960’s mapping and geological understanding. The JRIVG is one 
of the great Cenozoic volcanic fields of Antarctica. Extending over an area > 7 000 km2, it has an erupted 
volume conservatively estimated at > 4500 km3. Distinctive sequences known as lava-fed deltas were 
recognised by Nelson as the predominant sequence type in the JRIVG. They were the first lava-fed deltas 
to be discovered outside of British Columbia and Iceland and the first in Antarctica. However, the 
mapping of the deltas followed contemporary ideas and extrusion was assumed to be submarine. That 

interpretation strongly 
influenced Nelson’s 
stratigraphical thinking. By 
contrast, the recognition of 
the JRIVG as a principally 
glaciovolcanic volcanic 
field (i.e. erupted in 
association with an ice 
sheet; Smellie and Skilling, 
1994) necessitated 
substantial changes to the 
stratigraphy and the 
correlation of mapped 
units.  
 
FIGURE 1. Detail from the 
new 1:125 000-scale 
geological map of James 
Ross Island showing some 
of the mapped geological 
units. 
 

The JRIVG is now divided lithostratigraphically into 22 lava-fed delta formations, together with 
tuff cones (Terrapin Hill Formation; mainly marine emplaced) and hypabyssal intrusions that include the 
only evolved (non-basaltic) compositions on the island (Palisade Nunatak Formation). It is one of the 
most extensively 40Ar-39Ar dated volcanic fields in Antarctica and all of the Ar and K-Ar isotopic ages are 
depicted on the map. The results indicate an age for in situ outcrops extending back to 6.2 Ma (Smellie et 
al., 2008) although dated clasts in glacial deposits suggest that eruptions began > 12 m.y. ago. The 
chronology of the eruptions suggests that the volcanic field may still be active but with exceptionally long 
repose periods. The JRIVG also contains important glacial sedimentary outcrops, grouped within four 
formations (Hobbs Glacier, Cockburn Island, Weddell Sea and Mendel formations; e.g. Pirrie et al., 1997; 
Jonkers et al., 2002; Nyvlt et al., 2011). The glacial sediments are locally highly fossiliferous and those 
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fossils are now yielding the first accurate palaeo-sea-surface temperatures for the southern flank of the 
Scotia Sea (Clarke et al., 2010; Williams et al., 2010). Considered together, the JRIVG is the most 
important terrestrial repository of palaeoenvironmental information for the late Miocene—Quaternary in 
the Antarctic Peninsula—Scotia Sea region (Smellie et al., 2008, 2009; Hambrey et al., 2008; Nelson et 
al., 2009; Nyvlt et al., 2011). It is equally important, in a whole-Antarctic context, as analogous glacial 
outcrops elsewhere (Sirius Group), which in contrast are bedevilled by uncertainties about their age.  
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The fact that circum-Antarctic ocean circulation and the Antarctic cryosphere developed in parallel 
during the Cenozoic era was revealed by results from Antarctic and Southern Ocean Deep Sea Drilling 
Project (DSDP) legs in the 1970s. This association provided the basis for the paradigm that development 
of the Antarctic Circumpolar Current (ACC) reduced meridional heat transport, isolated the continent 
within an annulus of cold water, and was thus the main cause of intensifying glaciation (e.g. Kennett, 
1977).  

 
From 1970s DSDP results it was already clear that the main glacial-climatic thresholds had been 

crossed near the Eocene-Oligocene boundary, during the Middle Miocene and during the Late Pliocene. 
Subsequent more detailed studies and increasingly refined timescales have narrowed down the times of 
these steps in environmental evolution to 34.0–33.6, 14.2–13.8 and 3.3–2.5 Ma. 

 
A challenge to the paradigm emerged ten years ago from a coupled climate-ice sheet modelling study 

(DeConto and Pollard, 2003). The modelling results suggested that ice sheet feedbacks associated with 
declining atmospheric pCO2 may have been sufficient to cause rapid growth of the Antarctic Ice Sheet at 
around the time of the Eocene-Oligocene boundary in the absence of any changes in ocean circulation. 
Remarkably, these results also suggested ice sheet growth in two steps within 0.5 Myr, which was 
subsequently confirmed by detailed palaeoceanographic data (Coxall et al., 2005). DeConto & Pollard 
(2003) did, however, also attempt to model the effect of ACC onset by using a parameterized 20% 
increase in southward ocean heat transport to simulate ice sheet growth with Drake Passage closed. The 
results suggested that ACC onset resulting from opening of Drake Passage could have been the critical 
factor controlling the timing of ice sheet inception, but only if atmospheric pCO2 was between 2.5 and 3 
times pre-industrial level (i.e. in the range 700–840 ppmv). A recent estimate of past atmospheric pCO2 
levels derived from alkenones in marine sediments suggests that they were decreasing rapidly at around 
the time of the Eocene-Oligocene boundary, but may have been within this critical range during the 
period of rapid ice sheet growth (Pagani et al., 2011). 

 
Other modelling studies incorporating more realistic ocean components have cast doubt on the notion 

that ACC onset caused a significant reduction in southward ocean heat transport (e.g. Huber and Nof, 
2006). In contrast, another study incorporating an ocean general circulation model suggests that 
southward ocean heat transport and Antarctic air temperatures would have been significantly greater with 
Drake Passage closed at higher atmospheric pCO2 (Sijp et al., 2009). Indeed, Sijp et al. (2009) conclude 
that Drake Passage being closed is a necessary condition for ice-free Antarctic conditions at high pCO2. 

 
Even if future, more sophisticated modelling studies rule out the possibility that ACC onset could 

have caused a significant reduction in southward ocean heat transport, it remains possible that ocean 
circulation changes were the primary cause of earliest Oligocene global environmental changes through 
their impacts on the carbon cycle. The ACC is today the strongest current in the world’s ocean and the 
main pathway of nutrient exchange between the Pacific, Atlantic and Indian oceans. Thus, onset of ACC 
flow may have increased productivity and accelerated CO2 drawdown. The Early Oliogocene expansion 
of the zone of accumulation of biosiliceous facies in the Southern Ocean could have resulted from such 
increased productivity. 

 
Onset of ACC flow through Drake Passage could, however, only have been a contributory factor to 

earliest Oligocene Antarctic Ice Sheet growth if a deep-water pathway opened at or before 34 Ma. 
Estimates of when a deep gap first opened extend over a wide range of ages, from Late Eocene to earliest 
Miocene. Reconstructions of major plate motions indicate divergence between South America and 
Antarctica started in the Eocene, but the details of how this divergence was manifested in Drake Passage 
also depend on the evolution of local, short-lived small plates, which shunted continental fragments 
around and formed small basins. Moreover, even if a deep gap had formed in the vicinity of Drake 
Passage by 34 Ma, continental fragments to the east and subduction-related topography around the early 
Scotia Arc may have delayed ACC development further (Barker and Burrell, 1982). Thus, considerable 
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uncertainty remains about the timing of onset of ACC flow through Drake Passage and its possible role in 
environmental changes in the earliest Oligocene. Further geophysical and drilling investigations are 
needed to resolve the early history of this important ocean gateway.  

 
Middle Miocene development of both the western Scotia Sea and the East Scotia Sea is well-

constrained by undisputed interpretations of marine magnetic anomalies. Debate continues, however, 
about the age of linear magnetic anomalies in part of the central Scotia Sea lying to the southwest of 
South Georgia, with interpretations of their ages ranging from Cretaceous to Miocene. Regardless of the 
true age of this part of the Scotia Sea, it is clear that at the beginning of the Middle Miocene continental 
and remnant arc fragments formed almost continuous barriers along the North Scotia Ridge and South 
Scotia Ridge. It is likely that the Scotia Sea was also enclosed to the east by a palaeo-South Sandwich arc, 
which would have extended southwards from the southern tip of the South Georgia continental block to 
Discovery Bank. It is not clear whether or not the narrow, >3000 m-deep gap in the North Scotia Ridge at 
48˚W, through which the modern Polar Front passes, had already formed by then. If this gap is a product 
of subsequent strike-slip displacement along the Scotia–South America plate boundary, then ACC flow at 
the start of the Middle Miocene might have been more limited than it is now. The early Middle Miocene 
step in global environmental evolution coincides with the time that a deep-water gap is likely to have 
opened to the east of South Georgia as a result of back-arc spreading in the East Scotia Sea (Larter et al., 
2003), and we suggest the possibility that there might be a causal link merits further investigation.  

 
Opening of deep-water gaps along the South Scotia Ridge in the Middle Miocene allowed Weddell 

Sea Deep Water to flow into the Scotia Sea. Although this deep inflow must have uplifted less dense 
water masses in the Scotia Sea, it remains unclear what its effects were on the upper parts of the water 
column and on flow of the ACC. 

  
The Middle Miocene step also followed a slow-down of spreading in the western Scotia Sea, which 

resulted in formation of a median valley along the ridge axis and generation of rougher sea-floor 
topography on its flanks. The increase in sea-floor roughness would have increased vertical mixing, 
which could have enhanced productivity. The median valley along the remnant West Scotia Ridge today 
steers the Polar Front to the gap in the North Scotia Ridge at 48̊W. Thus, for mation of the median valley 
could have caused the course of the Polar Front to switch from a previous, more southerly path. This 
would in turn have increased flow over rugged topography to the east of the Falkland Plateau, and thus 
potentially have increased vertical mixing, enhanced productivity and accelerated CO2 drawdown. 

 
Since the Late Miocene the only significant changes in the overall configuration of the Scotia Sea 

have been further widening of the East Scotia Sea, slow sinistral strike-slip motion along both the North 
Scotia Ridge and South Scotia Ridge, and slow deformation resulting from transpression along the 
Shackleton Fracture Zone. It seems unlikely that these changes could have had any significant effect on 
ACC flow. Therefore, we concur with suggestions that the step in global environmental evolution during 
the Late Pliocene probably resulted from a decrease in atmospheric pCO2 and rapid variations in 
insolation that triggered intensification of Northern Hemisphere glaciation. 
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Temporary “land bridge” connections between continents are often invoked to explain the 

distribution of related groups of mammals that are now separated by major seaways or even oceans. Plate 
tectonics now has a reasonable inventory of “land bridges” including where and when they may have 
played a role in terrestrial reptilian and mammalian dispersal. As more new fossil species are found on 
different continents, phylogenetic relationships often support major plate motions, particularly with 
regards to the opening and closing of seaways. Phylogenetics can also offer insight into when seaways 
may have first severed dry land dispersal routes by providing a framework of testable hypotheses to 
explore proposed paleogeographic reconstructions. Plate tectonics and the terrestrial mammal fossil 
record from Seymour Island, Antarctica support dispersal of mammals from South America to Antarctica 
and possibly onto Australia until as late as the Early Eocene or possibly Middle Eocene. An Early 
Paleocene monotreme from central Patagonia is the only one known outside of Australia where they 
originated in the Early Cretaceous. Although monotremes are not known from Antarctica they 
presumably made their way eastward from Australia to South America via Antarctica prior to the Early 
Paleocene. Early Cretaceous dinosaurs from James Ross Island support the idea that there was a terrestrial 
link with Patagonia at that time. Woodburne and Case (1996) suggested that Patagonia and the Antarctic 
Peninsula had a strong physical connection until at least the Early Eocene based on the affinity of 
placental and marsupial fauna between Seymour Island and Patagonia during the Casomayoran SALMA 
(54 – 51 Ma). After the Early Eocene, Seymour Island polydolopids begin to show endemism and 
specialization as opposed to the Patagonian members of the same family. Even though mammals survived 
on the Antarctic Peninsula until the very end of the Eocene, the 12 mammal taxa represent a bimodal size 
distribution unlike similar Eocene fauna from Patagonia. Reguero and Marenssi (2010) inferred that the 
last mammal dispersal between South America and Antarctic Peninsula occurred at the end of the 
Paleocene or during the earliest Eocene. They suggested that the South American mammals reached 
Antarctica during the Early Eocene Climatic Optimum and then became isolated with the survivors as 
endemic species. While shallow seaways may keep mammal populations separated, they do not 
necessarily produce the gateways required for major climate shifts. 
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Peter Barker first described the configuration of subduction beneath the Sandwich plate which is 
generating the South Sandwich arc, the spreading in the back-arc basin to the west of the subduction zone, 
and the essentials of the plate tectonic relationship of the Sandwich plate to the adjacent South America, 
Antarctic and Scotia plates (Barker, 1970, 1972; Barker and Hill, 1981). Barker recognised that the South 
Sandwich arc is largely built on, and is surrounded by, oceanic rather than continental plates. This oceanic 
tectonic setting, and consequent thin lithosphere and no contamination of magmas by continental crust or 
continent-derived sediment, is a principle reason why the South Sandwich arc and back-arc spreading 
centre are globally important for understanding how subduction systems work. In this contribution, we 
compare the South Sandwich arc with the oceanic Izu-Bonin arc, Japan, and other island arcs, to highlight 
the importance of the South Sandwich example.  

 
Subduction of the South American plate is towards the west, beneath the Sandwich plate. The 

subduction zone is ca. 580 km long in a N-S direction, and is therefore considerably shorter than oceanic 
arcs in the Pacific. At both north and south ends of the subduction zone, slab edges are being subducted, 
and this allows flow of Atlantic mantle from east of the subduction zone into the mantle wedge around 
both ends of the slab (Fig. 1). This has a relatively large influence on the topography and geochemistry of 
the East Scotia Ridge back-arc spreading centre compared with other oceanic subduction zones. The East 
Scotia Ridge is poorly sedimented, and geochemical variations along its length are relatively well known. 
Apart from Atlantic influx mantle at both ends, it has uneven distribution of magmas derived from 
subduction–modified mantle, although these compositions are concentrated at the ends of the spreading 
centre where it is closest to the subducting slab.   

 

                                     
 

FIGURE 1. Cartoon of the northern end of the subduction zone showing mantle flow into the mantle wedge. 
 
The majority of the South Sandwich arc is submarine, and only the summits of larger volcanic edifices 

are emergent above sea level. Bathymetric mapping of the submarine part of the volcanic arc has only 
recently been completed. This confirmed earlier views that the structure of the volcanic arc is very 
simple. There is little surface evidence for faulting except at the northern and southern extremities of the 
arc, and there is no intra-arc rifting. There is little evidence for extinct volcanic edifices or lines of 
edifices in the arc. The spacing and size of volcanic front volcanoes – those forming a convex line parallel 
and closest to the trench – is similar to other oceanic arcs. Many of these have developed collapse 
calderas in many cases known to be associated with dacitic and rhyolitic volcanic rocks. The setting, size 
and compositional association of these calderas is very similar to the increasing numbers of similar 
structures being identified in the Izu-Bonin and Tonga-Kermadec arcs.  Silicic lavas also occur on some 
seamounts that do not have calderas. Petrological data indicate that the silicic magmas evolved via 
multiple episodes of crystallization, magma recharge and entrainment of earlier cumulates within 
relatively small magma reservoirs.  

 
Several of the volcanic front volcanoes have small submarine satellite volcanic cones and lava flows 

which may be fissure-fed as documented in the Izu-Bonin arc. The largest seamounts in the South 
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Sandwich arc form three cross-cutting seamount chains that extend to the SW from the volcanic front for 
38-60 km toward the rear-arc (Fig. 2). These appear to be tectonically controlled, along three lithospheric 
fractures that parallel faults on the northern part of the Sandwich plate adjacent to the trench. Although 
the age of their development relative to the volcanic front volcanoes is unknown, some can be interpreted 
to have been volcanically active since the last glacial maximum, as shelves formed during low sea level at 
that time have been covered by more recent eruptions. This means that the ages of the most recent 
eruptions of the seamount chains overlap with those of the central volcanoes of the volcanic front. There 
is therefore no simple age progression of volcanic activity along the seamount chains as proposed for 
similar structures in the Izu-Bonin arc. This provides the important potential to sample contemporaneous 
cross-mantle wedge magmas from volcanic front to rear-arc to back-arc.    

 

                        
 

FIGURE 2. Multibeam bathymetric image of the area around Saunders Island, South Sandwich arc, showing two of the NE-SW 
seamount chains. 

 
The basement of the northern part of the South Sandwich arc is well-documented from marine 

magnetic data as being oceanic crust formed at the East Scotia Ridge back-arc spreading centre (Barker 
and Hill, 1981; Larter et al., 2003). The basement of the southern part of the volcanic arc is less well-
known, although there are strong indications that older continental crust or volcanic arc crust is present. 
Zircon U-Pb dating has been successfully used in the Izu-Bonin arc (Tani et al., 2011) and we are 
currently investigating zircon provenance in the South Sandwich area.  
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The timing of the terrestrial connections between South America and Antarctica during the Upper 
Cretaceous is crucial to understanding the origin of the austral biota. During most of the Jurassic-
Cretaceous interval both landmasses were disconnected by the “Rocas Verdes Basin” and the 
establishment of a terrestrial bridge seems to have happened during the Turonian (Smellie et al. 1984). 
New evidence from molecular phylogeography reinforces this model, as shown by both the  
Struthioniformes (Sereno et al. 2004) and marsupials (Nilsson et al. 2010). Thereafter  formation of the 
deep marine Magallanes Basin took place and this can be considered a novel vicariant event for the 
terrestrial biotas during the Campanian-Lower Maastrichtian interval. Such an event provoked 
asymmetric evolutionary responses on either side of the basin. One of the key arguments for such a 
process is based on the distribution of Nothofagus and dinosaur megafossils (Leppe et al. 2012, Dutra 
2013). Nothofagaceae occur on the Antarctic Peninsula since the Campanian, but in Patagonia 
megafossils of Nothofagaceae are well known only from the Paleogene, with controversial evidence from 
the end of the Maastrichtian. The presence of an end-Cretaceous land bridge has been endorsed recently 
with new findings of dinosaurs from the Antarctic Peninsula and Patagonia, as well as well-preserved 
Nothofagus leaves in Upper Maastrichtian rocks from the northern border of the Magallanes Basin. 
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The geological evolution of the Scotia Arc connected the Pacific and Atlantic oceans, having 
important global implications. The southern part of the Scotia Arc stress regime has remained little 
known due primarily to lack of exposure of outcropping rock and scarcity of commercial drilling and 
recorded seismicity. Stress tectonic studies in this area are key to developing a better understanding of the 
net effects of plate-boundary and glacio-tectonic forces. To contribute to the knowledge of late Mesozoic 
and Cenozoic evolution of the mentioned area in this work 3392 brittle mesostructures (1865 faults, 976 
joints, 28 basaltic dikes and 523 tension gashes) the results of measuring at 147 sites are presented. The 
measurements located in northern Antarctic Peninsula and the South Shetlands, James Ross and South 
Orkneys archipelagos, covering a length of more than 1,000 km along the Scotia Arc. A total of 228 stress 
tensors have been obtained. Fault data were analyzed with the Etchecopar, y-R, Right Dihedra, Search 
Grid and Stress Inversion palaeostress determination methods. Moreover, present-day stress orientation 
has been obtained by means of data collected by the US Geological Survey National Earthquake 
Information Center (NEIC). In the study area 50 earthquake focal mechanisms have been identified 
(USGS, 2013). 

 
Orientations of σ1 show three main modes trending NW-SE, N-S and NE-SW, and σ3 direction is NE-

SW and NW-SE. The age of the stress tensors have been ascribed to three criteria: 1) the formation age 
where the mesostructures have been measured; 2) the similarity in the distribution of the fault, joint and 
tension gashes planes in rocks of different age; and 3) the relationship of the measured mesostructures 
with other geological structures (e.g. relationship between the principal stress axes and the bedding plane 
and cross-cutting relationships among dikes and other dikes or geological features). Present-day stress 
orientation data from earthquakes focal mechanisms located in the study area, from NEIC and Harvard 
Seismology Centroid Moment Tensor Catalog (Dziewonski et al., 1981) from 1973 to the present day, 
suggest a NE-SW and ESE-WNW to NW-SE compression and a SE-NW and NNE-SSW extension. 

 
In order to study the variation of the deformation along the study area the analyzed sites were grouped 

in five sectors (Fig.1): A) South Shetlands Block and Bransfield Basin; B) Former Phoenix Plate; C) 
Shackleton Fracture Zone; D) South Scotia Ridge; and E) Northern Antarctic Peninsula and Larsen Basin. 
The South Shetlands Block and Bransfield Basin sector shows normal and wrench tectonic regime 
inferred from brittle mesostructures, with two main σ3 orientation modes trend NE-SW and NW-SE and 
three main σ1 orientation modes trend N-S, NE-SW and NW-SE. The earthquake focal mechanism 
analysis evidences a NW-SE extensional direction (Fig. 1A). The Former Phoenix Plate sector shows a 
NE-SW σ1 orientation corresponding to a wrench-faulting regimen from earthquake-focal mechanism 
(Fig. 1B). The Shackleton Fracture Zone sector is characterised by two orientation of σ1 in NE-SW and 
ENE-WSW corresponding to a wrench regimen derives from earthquake-focal mechanism (Fig. 1C). The 
South Scotia Ridge sector shows normal and reverse tectonic regime inferred from brittle mesostructures, 
with a main σ3 orientation mode trend NNW-SSE and a main σ1 orientation mode trend NW-SE to 
WNW-ESE. The earthquake focal mechanism analysis evidences a NW-SE extensional direction and NE-
SW compresional orientation in a wrench regime (Fig. 1D). Finally, the Northern Antarctic Peninsula and 
Larsen Basin sector shows a predominantly NW-SE extensional direction from brittle mesostructures 
(Fig. 1E). 

 
The NW-SE compressional stress is related to the Mesozoic-Cenozoic oceanic subduction of the 

Former Phoenix Plate under the Antarctic Plate and the subduction of northern Weddell basin under the 
Scotia Plate. The NE-SW compressional stress field is associated to the Cenozoic to present Scotia-
Antarctic sinistral transcurrence movement. The NW-SE extension is related to the development of the 
Cenozoic Jane, Larsen and Bransfield back-arc basins due to subduction of the Weddell oceanic crust 
under the South Orkney microcontinent in the western sector of the study area and the subduction of the 
Former Phoenix Plate under the Antarctic Plate in the western sector of the Scotia Arc, respectively. 
Finally, the NE-SW extension is related to the opening of the Powell Basin caused by the displacement 
towards the east of the South Orkney microcontinent along the South Scotia Ridge. 
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FIGURE 1. Regional tectonic framework and bathymetric contour map of northern Antarctic Peninsula and Southern Scotia Arc 

regions (modified from Galindo-Zaldívar et al., 2006). Bathymetric map derived from satellite and ship track data (Smith and 
Sandwell, 1997). Earthquake focal mechanisms of the northern Antarctic Peninsula from Harvard Seismology Centroid Moment 

Tensor Catalog (Dziewonski et al., 1981). Original symbols in focal mechanism are maintained (white, compression; black, 
extension). Earthquake epicentres from NEIC (USGS, 2013). The differentiated sectors considered in this study are marked by red 
boxes: (A) South Shetland Block and Bransfied basin; (B) Former Phoenix Plate; (C) Shackleton Fracture Zone; (D) South Scotia 

Ridge; and (E) Northern Antarctic Peninsula and Larsen Basin. Legend: 1, Inactive transform fault; 2, Transform fault; 3, 
Transcurrent fault and sense; 4, Inactive subduction zone; 5, Subduction zone; 6, Extensional zone; 7, Axis of spreading ridge; 8, 

Inactive spreading ridge; 9, Submerged continental crust; 10, Focal mechanism; 11, Earthquake epicentre. APR, Antarctic-Phoenix 
Ridge; BB, Bruce Bank; DB, Dove Basin; DBk, Discovery Bank; EI, Elephant Island; FZ, Fracture Zone; JB, Jane Basin; JBk, Jane 

Bank; PB, Pirie Bank; PB, Powell Basin; PrB, Protector Basin; SOI, South Orkney Islands; SOM, South Orkney Microcontinent; 
SSI, South Shetland Islands; TR, Terror Rise; WSR, West Scotia Ridge. Density stereoplots (contour interval 1%) and stereoplots 
equal area projection, lower hemisphere representing (A) compression (σ1,, red arrow), (B) extension (σ3,, yellow arrow), and (C) 

greatest horizontal stress (σy,, green arrow) axes obtained from the analysis of brittle mesostructures and (D) compression (σ1,, red 
arrow), (E) extension (σ3,, yellow arrow), and (F) greatest horizontal stress (σy,, green arrow) axes obtained from earthquake focal 

mechanism from NEIC (USGS, 2013). 
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 The southern Scotia Sea contains several small oceanic basins bounded by submarine banks of 
continental or transitional nature. The majority of the basins were developed during the Oligocene and 
Miocene as a result of the eastward migration of a tectonic arc over the Weddell Sea and the Atlantic 
Ocean. The Ona Basin is the westernmost basin bounded by the Shackleton Fracture Zone to the west, the 
Terror Rise to the east and the South Scotia Ridge to the south. The basin is connected northward into the 
western Scotia Sea. A dense geophysical data set collected during the last two decades is analysed. We 
provide evidence for the occurrence of oceanic crust older than previously reported, whereas the sediment 
distribution gives useful insights about depositional processes and basin growth patterns. 
          

 
 

Fig. 1 – Simplified tectonic sketch showing the main phases of the Ona Basin and western Scotia Sea 
evolution 

 
 

 Plate tectonic reconstructions proposed an opening of the Drake Passage during the Early 
Oligocene (31 Ma), although former connections between the Ross Sea and the Weddell Sea across 
narrow passages between the Antarctic Peninsula and Eastern Antarctica may have existed (Lawver and 
Gahagan, 2003). Other kinematic models account for a progressive opening of the Drake Passage since 
about 50 Ma, through continental stretching and oceanic spreading (Livermore et al., 2007). Several 
authors based on geological, geophysical and biological arguments also claimed for an opening of the 
Drake Passage earlier than the Eocene/Oligocene boundary. The oldest magnetic anomaly confidently 
recognized in the southwestern Scotia Sea, however, corresponds to C10 (29 Ma) near the Elephant Island 
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(Lodolo et al., 1997) indicative of a younger age for the oceanic development of the southwestern Scotia 
Sea. Our new data set consistently reveals, in contrast, than older anomalies are detected in the Ona 
Basin. We suggest that chron C12n (31 Ma) is probably recorded in the profile ANT92/93-M05 near the 
contact between the overthrusted basin plain and the SSR and that older anomalies are consistently 
observed in other profiles of the region.  

 
The structure of the area and the distribution of depositional units provide additional insights into the 

age of the Ona Basin development. A deep, north-south trending trough occupies the eastern region of the 
basin. The depression of the oceanic basement is filled by a thick pile of deposits where older units not 
previously reported in the Scotia Sea are identified (cf., Maldonado et al., 2006). Using estimates of 
sedimentation rates and the total thickness of the deposits we obtain an age of about 43 Ma for the base of 
the stratigraphic units. 

 
An early opening of the Scotia Sea during the Eocene is proposed. It involves a mechanism of back-

arc development and ridge jumping in different phases, from the Eocene to the Oligocene (Fig. 1). We 
suggest that the South-America-Antarctic bridge started to be fragmented during the initial evolutionary 
phases (44-33 Ma). The development of deep gateways allowed a connection between the Pacific and 
Atlantic oceans and, hence, initiated the thermal isolation of Antarctic during the Middle and Late 
Eocene. Although an Eocene opening of the Drake Passage was previously postulated in several studies, 
we show the first conclusive evidences based on geophysical data that illustrate the nature of the crust, the 
tectonic evolution and the distribution of deposits in the southwestern Scotia Sea. The tectonic evolution 
of the initial Drake Passage gateways is important in order to reconstruct the deep-water masses 
circulation through time around the Antarctica and its global implications. 
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The Scotia Sea is an oceanic basin located between the South American and the Antarctic plates 

containing at present the Scotia and the Sandwich plates. Transpressional tectonics occurs in the western 
South Scotia Ridge area, while the central and eastern South Scotia Ridge are affected by transtenssional 
tectonics (Aldaya and Maldonado, 1996; Larter et al., 1998; Barker, 2001; Galindo-Zaldívar et al., 1996; 
Bohoyo et al., 2007). In this study we analyse the Scotia Arc (Fig. 1), its boundaries and the subsurface 
mantle from the magnetic and gravity stand points. 
 

 
FIGURE 1. Total field magnetic anomaly map for the Scotia Arc at surface. 

The GEODAS data set is analyzed in order to assess the total field magnetic signature of the Scotia 
Arc. This data set consists of about 23 million records collected by about 2400 cruises from 1953 to 2008, 
including 6 Spanish cruises carried out on board the BIO Hespérides. To improve these data we include 
aeromagnetic flight data of the study area from the so-called Project Magnet. 

To infer the crustal and mantle density heterogeneities, we use GRACE satellite in-flight data to 
calculate Bouguer Anomaly map of the study area to have a fully coverage of this remote region. Also, 
Bouguer anomaly map (Fig. 2) has been used to obtain an upward continuation to 100 km to observe the 
large anomalies due to mantle heterogeneities in the Scotia Arc. 

 
 

FIGURE 2. Bouguer anomaly map of the Scotia Arc at surface. 
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The magnetic and gravity anomaly maps at surface show the main geological structures related to the 
plate boundaries of the study area. Moreover, the magnetic information displays the continuity along the 
continental blocks of the Pacific Margin Anomaly. Magnetic anomalies underline the structures of the 
oceanic crust, such as oceanic spreading axes (e.g. the Bransfield Strait and the spreading center of the 
South Sandwich Islands), large fracture zones and volcanoes. On the other hand, the gravity data were 
used to determine continental and oceanic crust and mantle heterogeneities below the study area. The 
western Scotia Sea shows a very different gravity signature to the Central and Eastern Scotia Sea due to 
the crustal nature and the underlying mantle which flows to the east from the Pacific. The upward 
continuation shows the mantle structure and subduction slabs of the Atlantic and Phoenix/Pacific plates 
up to 100 km depth. 
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The Role of the Scotia Arc in  
Contemporary Southern Ocean Circulation 

 
 

Michael P. Meredith1,2  
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The Scotia Arc is the major obstacle in the generally zonal flow of the Antarctic Circumpolar Current 
(ACC), the world’s largest current system. After exiting the topographic constriction of Drake Passage, 
the ACC veers northwards to cross the North Scotia Ridge, where the currents cores are strongly tied to 
gaps in the bathymetry. Dynamically, this crossing exerts a strong control on the transport, structure and 
variability of the ACC. Large ridge systems are important because of the topographic drag that they exert 
on the flow; this transfers momentum input at the surface to the solid earth, and is an effective 
mechanism to retard the current. Large ridges, and smaller topographic undulations within the Scotia Sea, 
are also important in inducing mixing, which is a key process in closing the global ocean overturning 
circulation, and which has implications for global climate. 

 
In the context of Southern Ocean overturning circulation, the range of unblocked latitudes precludes a 

net meridional geostrophic flow above the level of the shallowest topography; in a stream wise sense, this 
is governed by the depths of the sills of the Scotia Arc. This leads to an overturning cell that is 
predominantly northward in the near-surface Ekman layer, with a compensating geostrophic flow below 
the depth of the shallowest topography. Wind-forced accelerations to this cell are compensated partially 
by an opposing eddy-induced overturning cell that includes flow in the unblocked latitudes, and the 
balance of these two cells results in the overall size and structure of the Southern Ocean overturning. The 
nature of the Scotia Arc topography thus exerts strong influence on the overall dynamics of the oceanic 
overturning, with consequences for the sequestration of heat and carbon from the atmosphere, and hence 
climatic change. 

 
The lower limb of the Southern Ocean overturning circulation is also strongly influenced by the 

Scotia Arc. The major source of Antarctic Bottom Water (AABW) is the periphery of the Weddell Sea. 
This water circulates within the Weddell Gyre, before flowing northward through and around the Scotia 
Sea, as well as toward the Indian Ocean. The most direct route for AABW to enter the lower limb of the 
Atlantic overturning circulation is by crossing the South Scotia Ridge (especially in the vicinity of 
Orkney Passage), traversing the Scotia Sea, and then exiting immediately east of South Georgia (via 
Georgia Passage). Outside the Southern Ocean itself, AABW warming is most intense in the southwest 
Atlantic, highlighting the importance of understanding the controls and mechanisms that govern the flow 
along this route. 

 
Recent findings demonstrate that the overflow of AABW across the South Scotia Ridge is episodic, 

and controlled by fluctuations in local winds. This creates significant temporal variability in AABW 
properties in the Scotia Sea, and the trend in winds is such that a significant part of the warming observed 
in the Atlantic could be attributable to wind-forced changes in overflow. Within the Scotia Sea, AABW 
can pool in deep trenches in the northern and eastern flank of the basin, for timescales of several years. 
This has been used to demonstrate significant spatial structure in deep ocean mixing within the Scotia 
Sea, and has highlighted attention on the mixing that the AABW undergoes as it transits Orkney Passage 
itself. Determining the dynamics and variability of ocean mixing at the South Scotia Ridge is a high 
priority for future research. 

 
This invited talk will present an overview of the role of the Scotia Arc on the time-varying, three-

dimensional circulation of the contemporary Southern Ocean. It will address the issues described above, 
with a particular focus on recent developments concerning the dynamics and variability of bottom water 
flow. Priority areas for future research will be highlighted. 

 
 
. 
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Morphostructure and Cenozoic relief evolution of Elephant Island 
(Southern Scotia Arc) 
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Elephant Island belongs to the South Shetlands archipelago and is located at about 61º 08’S and 55º 
07’W in the vicinity of the present-day active triple junction of the South Shetland Block, Antarctic and 
Scotia plates (Fig. 1A, B, C). It is characterised by phyllites, greenschists, blueschist and some 
metabasites, marbles and quartzites metamorphosed in HP-LT conditions during the Cretaceous (Trouw 
et al., 2000, Grunow et al., 1992). Metamorphic zones have NW-SE orientation, but the main foliation 
shows E-W to NE-SW trends, generally with steep to vertical dips. The level of the geological knowledge 
of the Elephant Island is relatively low in comparison to other areas in the region, mainly because of the 
difficult access. Geomorphological and neotectonic studies are scarce despite the interest of these topics 
(Galindo-Zaldívar et al., 2006, López-Martínez et al., 2006). 

 
 

FIGURE 1. A) Location of the study area regarding Antarctica and South-America continents. B) Regional tectonic framework of 
the Scotia Arc and northern Antarctic Peninsula region. C) Geological setting of the Elephant Island area. D) Aerial photography 
image of Elephant Island, showing in red the ice-free areas. D1, D2 and D3) Rose diagrams of fracture orientation (black color) 
and lineaments (red color) of the three sectors differentiated. E) Rose diagrams of fracture orientation (black color) and lineaments 
(red color) on Elephant Island. In all rose diagrams outer circles represent 10% of data and N the number of measurements. 

 
Morphostructural and geomorphological evidences obtained on Elephant Island, as well as some 

observed signs of landform deformation have been interpreted as result of neotectonics related to the 
recent uplift history, taking into account its location in respect to the main tectonic active structures of the 
southern Scotia Arc. The main analysed morphostructures related to tectonic processes have been 
fracturing at outcrop scale, lineaments determined from aerial photographs and RADARSAT-2 satellite 
images, and raised marine erosive platforms. 

Study of fracturing at the outcrop scale 
The studied structures at exposure scale were joints (including fractures with no apparent offset 

between both walls) and strike-slip, normal and reverse faults with little offset. The fractures were 
measured along a sector of steep cliffs of the western coast of the island. Outcrop observation of fractures 
is severely limited by the scarcity of good exposures that are mainly concentrated close to the ice-free 
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sectors of the shoreline and by the difficulties derived of the abrupt terrain and the usually bad weather 
conditions. Directions of fractures were obtained from 23 sites, with 277 planes measured (Fig. 1D, E). 
Most of them correspond to joints (91), and the rest (187) to striated faults (46 dextral faults, 23 sinistral 
faults, 57 reverse faults and 61 normal faults). Most joints and strike-slip faults have vertical planes, 
whereas normal and reverse faults show dips between 45 and 80º. In an overall view, fractures at the 
outcrop scale show NNW-SSE and NNE-SSW orientation maxima, although their directional distribution 
is not as clustered as the orientation of lineaments, and the local variability of the dominant orientation in 
each site is higher. Analysis of total data shows several relative maxima striking 010-020º, 070-080º, 090-
100º, 110-120º and 160-170º (Fig. 1E). 

Analysis of lineaments 
The metamorphic rocks of Elephant Island show a defined pattern of lineaments represented 

throughout the studied area. From the analysis of remote images, a total of 1624 lineaments were mapped. 
The identified lineaments correspond to erosion linear gullies and vertical scarps or steep slopes. These 
linear geomorphic features must correspond with fault-line scarps, aligned small-scale faults and joints or 
other erosive features. A quantitative analysis of lineaments was carried out to determine the size and 
orientation patterns of lineament sets. The histogram of lineament lengths shows a log-normal 
distribution. The relationship between azimuth and length shows that the highest density of lineaments 
corresponds to NE-SW orientations and lengths between 0 and 1000 m. Moreover, there are two relative 
maximum orientations: N-S and NW-SE. N-S lineaments are dominant in the 0-200 m interval, 
nevertheless NW-SE ones are dominant in the >200 m interval. A significant aspect of length-orientation 
relationships is that NW-SE lineaments are increasingly important as length increases; on the other hand, 
N-S lineaments are decreasing as length increases. The studied region was divided into three sectors with 
different lineament patterns (Fig. 1D). The northwestern and southern areas (Figs. 1D1 and 1D3) present 
a lineament pattern similar to the general pattern of the island, since the majority of data is coming from 
this sector. Dominant N and NE-striking fracture sets are identified in the northwestern area, with 
subsidiary E- and NW-striking sets. In the southern part (Fig. 1D3), the NE-striking set shows a higher 
frequency, but most data strike N and E. The eastern area (Fig. 1D2) shows strongly dominant NE- and 
NW-striking sets. 

Analysis of the relief including raised marine erosive platforms 
The relief of the island has been analysed by means of a DEM, where marine erosive platforms are a 

significant element to be considered in a morphostructural context. The present marine abrasion surface is 
up to 100 m large and includes many stacks up to 20 m high. A submerged platform at less than 100 m 
depth, especially wide offshore from the western coast, has been pointed out. Significant raised marine 
erosive platforms have been identified at 215, 140-150, 55-60 and 45-50 m a.s.l., which are especially 
well developed along the western coast. Platforms at similar and lower altitudes have been recognised 
south of Emma Cove and also north of Cape Lindsey up to Minstrel Point. In some cases, as in Cape 
Lindsey, marine platforms show landward tilting and large undulations. 

The analysis of the fracturing and the relief has been interpreted in connection to the main tectonic 
processes that determined the geodynamic evolution of the island from the Cenozoic to the present. A 
NW-SE compressive stress direction related to the subduction of lithosphere modified in the vicinity of 
the Shackleton Fracture Zone and of the Antarctic Plate below the South Shetlands Block has been 
established, as well as NE-SW compressive and WNW-ESE extensional stress directions corresponding 
to the propagation of sinistral motion related to the Scotia Plate-South Shetlands Block boundary and, 
finally, overprinted on these, a radial extension related to the uplift of the island due to glaciotectonic 
processes. 
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The Scotia Sea gateway: no outlet for Pacific mantle 
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The Scotia Sea in the South Atlantic holds a prominent position in geodynamics, because it has been 

proposed as a potential outlet of asthenosphere from under the shrinking Pacific into the mantle beneath 
the opening Atlantic. Shear wave splitting and geochemical studies have previously tested this hypothesis. 
Here, we take a different approach by calculating present-day dynamic topography of the region in search 
for a systematic trend in dynamic topography decreasing from west to east in response to a flow-related 
pressure gradient in the sublithospheric mantle. To this end, we reconstruct the kinematic history of the 
Scotia Sea, which is characterized by complex back-arc spreading processes active on a range of time 
scales. Our plate reconstructions allow us to derive an oceanic age-grid and to calculate the associated 
residual (dynamically maintained) topography of the Scotia Sea by comparing present-day isostatically 
corrected topography with that predicted from our reconstruction. The results provide no indication for a 
systematic trend in dynamic topography and we conclude that the material needed to supply the growing 
subatlantic mantle must be derived from elsewhere. 
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Vector magnetic anomalies around the back-arc spreading axis 
on the northern East Scotia Ridge 
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Sea floor spreading in back-arc basins is a characteristic phenomenon related to subduction.  
However, the process of initiation and evolution of back-arc spreading, and the similarities and 
differences between back-arc and mid-ocean spreading remain poorly known.  The East Scotia Sea has 
been created over at least the past 15 Ma, and was one of the first back-arc basins in which well-
developed magnetic anomalies were identified. 

 
Vector measurements of the geomagnetic field provide more detailed information than total intensity 

for understanding the magnetic structure of oceanic crust.  A shipboard three-component magnetometer 
(STCM) was developed and used to measure geomagnetic field vectors (Isezaki, 1986).  A STCM was 
firstly installed on board the British Antarctic Survey ship, RRS James Clark Ross, during cruise JR09a 
and vector data of the geomagnetic anomaly field were obtained around the back-arc spreading axis in the 
northern East Scotia Sea. 

 
The geomagnetic field vectors were calculated using the twelve constants related to the ship's 

magnetic susceptibility and permanent distribution following Isezaki (1986).  The residual field for each 
component was obtained by subtracting the IGRF model.  Strikes of the two-dimensional magnetic 
structures at the positions of their boundaries (boundary vectors) are determined by using vector data of 
the geomagnetic anomaly field (Seama et al., 1992).  Crustal magnetization was also estimated using the 
method of Parker and Huestis (1974) assuming a constant-thickness source layer and an upper surface 
defined by the bathymetry. 

 
No transform faults are observed in the back-arc spreading in the northern East Scotia Sea.  Magnetic 

anomaly profiles and the strikes of the boundary vectors indicate that propagating rifts and overlapping 
spreading centers occur at each segment boundary.  Southward propagating is dominant.  The ridge axis 
is characterized by high magnetization and higher magnetization is also observed at each segment 
boundary.  Asymmetric spreading patterns are found, possibly due to rift propagation.  
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Petrology and Tectonics of the Scotia Sea 
 

Julian A. Pearce 
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The Scotia Sea is an excellent natural laboratory for studying the interplay between magmatic and 
tectonic processes in oceanic environments. In addition to processes in a young primitive island arc (the 
South Sandwich Islands: see presentation by Leat), it carries information on: 1) birth and death of ridges; 
2) subduction initiation; 3) continent arc collision; and 4) origin and evolution of a mantle domain 
boundary. This presentation summarizes completed and ongoing work on these topics with collaborators 
who are too many to list here, but which include the late Peter Barker. His methodical dredging over a 
long period lay the foundations to this work and he also contributed to my most recent dredging cruise to 
the Central Scotia Sea (NBP0805: PIs= Dalziel and Lawver; PDRA= Hastie). 

 
Birth and Death of a Small Ocean: The West Scotia Sea.  Lavas sampled along, and at the margins of, 

the West Scotia Ridge, many during a targeted cruise (JCR077-8: PIs= Pearce and Leat; PDRA= Barry) 
provide insights into the birth and, particularly, death of an ocean ridge. In the latter case, spreading 
suddenly stopped between about 6 and 5Ma. The final stages are particularly well documented with the 
eruption of progressively alkalic magmas. A final eruption of volatile-rich alkali basalt containing mantle 
nodules then took place only about 400ka ago along the axis of the dead ridge. The combination of the 
lavas and the nodules form the basis of a model in which the depth of melting progressively increases and 
degree of melting progressively decreases as the ridge dies. The small volume of residual volatile-rich 
magma eventually attains sufficient volatile pressure to create the final eruption.  

 
Magmatism and Subduction Initiation: The Central Scotia Sea/South Sandwich Forearc. Subduction 

Initiation is an important process in geology, and the birthplace of many of the world’s biggest ophiolites. 
The oldest rocks in the Scotia system outcrop in the Central Scotia Sea and the South Sandwich forearc 
and give ages in the range 28.5-32.8Ma (Hastie et al., submitted). Unlike the type area of subduction 
initiation in the Western Pacific, however, there is no obvious development of a protoarc characterised by 
boninitic volcanism. Nor was the mantle source as depleted as that feeding the present South Sandwich 
arc. This may be interpreted as meaning that slab rollback and sea-floor spreading did not take place here: 
instead magmatism began by ‘pinned’ westward subduction beneath what is now the Central Scotia Sea 
beneath pre-existing oceanic-type crust. The important climatic conclusion from this work is the evidence 
for the arc as a barrier to deep sea-water flow during the early opening of Drake Passage (Dalziel et al., in 
press). 

 
Microcontinent-arc Collision. The puzzle over the link between South Georgia and the crust of the 

Central Scotia Sea may have been solved with the discovery of volcanogenic sandstones and extensive 
submarine volcanic rocks giving one good eruption age of of c. 11.6±0.4 Ma. Compositionally, the 
volcanic rocks are of basic‐intermediate‐acid (BADR) composition and include both lavas and submarine 
pyroclastic rocks. They are higher in subduction-mobile elements than any other arc volcanics within the 
Scotia Sea. A likely cause of this high subduction flux is the proximity to, and subsequent collision with, 
South Georgia. Following collision, a tear fault develops at the Northern margin of the arc, allowing 
rollback of the subducting plate and hence leading to the Atlantic  provenance and depleted character of 
the mantle feeding the South Sandwich arc.  

 
Evolution of a Mantle Domain Boundary. The Scotia Sea lies at the boundary between two mantle 

domains: a SE Pacific domain and a South Atlantic domain. Each domain has a distinctive isotopic 
signature such that the domains may be distinguished using, for example a 208Pb/204Pb-206Pb/204Pb or 
143Nd/144Nd-206Pb/204Pb isotope diagram (Pearce et al., 2001). Before the opening of Drake Passage, these 
two domains were separated by the subducting plate beneath the Andes, as well as by the Andean 
lithospheric root. Isotopic fingerprinting (Fig. 1) demonstrates that West Scotia Sea lavas have a Pacific 
provenance. Thus, opening of Drake Passage, probably at the end of the Eocene, led to outflow of mantle 
from the shrinking Pacific into the opening West Scotia Sea, as earlier predicted by Alvarez (1982) (Fig. 
2). The second event influencing mantle flow was the retreat of the South Sandwich arc, tentatively 
estimated as happening at c. 10Ma, following the above-mentioned South Georgia collision. Isotopic 
fingerprinting of lavas from the South Sandwich arc shows them to be of South Atlantic provenance, 
implying that their mantle source flowed about the edges of the subducting plate as it retreated eastwards. 
The results thus show that a mantle domain boundary similar to the Australia Antarctic Discordance 
(AAD) presently lies beneath the Central Scotia Sea. The JCR and NPB cruises discussed above constrain 
this domain boundary to be to the west of the subduction zone that was active prior to South Georgia 
collision.  
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FIGURE 1. Isotopic fingerprinting of rocks from, and around, the Scotia Sea (from Pearce et al., 2001). 
 

 
FIGURE 2. Mantle flow and around, the Scotia Sea (from Pearce et al., 2001).New data indicate that the E-W spreading centre in 

the Central Scotia Sea is older than Eocene, that an arc marked the eastern edge of the West Scotia Sea and that South Georgia 
collided with that arc to allow rollback of the subducting plate. 
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The Scotia Sea (Fig. 1A) is an oceanic basin developed between the formerly adjacent South America 

and Antarctic Peninsula. The initial opening of the Drake Passage during the Cenozoic definitively 
separated these two landmasses, and created the conditions for an incipient deep-water masses exchange 
between the Pacific and Atlantic oceans. The Scotia Sea is bounded southwards by the South Scotia 
Ridge, an E-W trending complex elevation, which delineates the strike-slip boundary between the Scotia 
and Antarctic plates (Fig. 1A). A host of restricted basins (Ona, Protector, Dove and Scan, from west to 
east) separated by structural highs (Terror, Pirie, Bruce and Discovery, from west to east) (Fig. 1B) of 
presumed continental crust nature occurs close to this geological structure (BAS, 1985; Bohoyo, 2004; 
Eagles et al., 2005).  

 
FIGURE 1. Geological setting of Scan Basin. A) Tectonic setting of the Scotia Sea. B) General physiographic map of the Scotia Sea 
southern margin. The circulation of the main water masses is represented: CDW, Circumpolar Deep Water; WSDW, Weddell Sea 
Deep Water; WSBW, Weddell Sea Bottom Water. Morpho-structural elements: BP, Bruce Passage; DP, Discovery Passage; EP, 

Elephant Platform; OP, Orkney Passage; PP, Phillip Passage; SOM, South Orkney Microcontinent. 
 

The sedimentary processes in the Scotia Sea are presently influenced by along-slope processes led by 
two main water masses (Orsi et al., 1999): (1) the Circumpolar Deep Water (CDW), that forms the lower 
branch of the Antarctic Circumpolar Current (ACC); and (2) the Weddell Sea Deep Water (WSDW), 
which is a deep-water mass formed in the Weddell Sea that crosses the South Scotia Ridge gateways 
toward the Scotia Sea (Fig. 1B). The Scan Basin constitutes the only unrestricted connection between the 
Weddell Sea and the Scotia Sea, and is also adjacent to one of the most important regional deep gateways, 
the Bruce Passage (Fig. 1B). This gateway has significantly influenced the water masses exchange 
between the two seas, and has enabled one of the few worldwide examples of deep submarine overflows 
(Legg et al., 2009). 

Eleven multichannel seismic reflection profiles have been analyzed in this study. The staked versions 
of most of the seismic data are available in the Antarctic Seismic Data Library System hosted at the OGS 
(http://sdls.ogs.trieste.it). These profiles reveal the main morpho-structural features of the Scan Basin and 

http://sdls.ogs.trieste.it/�


The Scotia Arc: Geodynamic Evolution & Global Implications 

14-16 May 2013, Granada, Spain 
98 

 

allow us to establish the stacking pattern of the sedimentary record, and to reconstruct the growth patterns 
of the basin. Seismic data and gravity modelling support the interpretation that the basin is mainly floored 
by oceanic crust showing significant differences in the tectonic and seismic attributes between the 
northern and southern regions. 

Seven main stratigraphic units have been identified in the Scan Basin plain, bounded by marked 
reflections that represent discontinuities in the sedimentary record. Unit VII is restricted to the igneous 
crust depressions. This unit deposits are thicker in the southern region, where two grabens reveal 
thickness of ca. 1 s (TWTT) in the eastern graben and ca. 0.75 s (TWTT) in the western one. The average 
thickness of the sediment record of the Scan Basin over this unit is 1.8 s (TWTT) (Fig. 2). Overall, the 
deposits are thicker in the eastern part. The maximum thickness (2.6 s TWTT) occurs in the southeastern 
edge of the basin, adjacent to the Discovery Bank (Fig. 2).  

 

 
Figure 2.- Thickness distribution of the sedimentary record of the Scan Basin superimposed on to a simplified structural map, the 

dotted line marks the tentative edge between the northern and southern oceanic crusts of the basin. 
 
The structure and distribution of depositional units suggest that the Scan Basin is more complex than 

other southern Scotia Sea basins previously examined. The southern region is the older and it was 
probably developed during the initial phases of seafloor spreading in the Scotia Arc. The original basin 
was located in a western position, close to the eastern tip of the Antarctic Peninsula. This proto-basin 
migrated eastwards during the Oligocene, following the opening of the southern Scotia Sea basins 
together with the northern Scan Basin region; reaching its present position during the Early-Middle 
Miocene.  

The Scan Basin stratigraphic record suggests the occurrence of important paleoceanographic events 
during its evolution. Down-slope sedimentary process (mass-transport & turbidites) characterize the basin 
sedimentation during the early formation of the basin. Afterwards, the Circumpolar Deep Water (CDW) 
started to circulate into the basin. Since the Scan Basin reached its present paleogeographic position and 
the Jane Basin became open, it constituted the most direct morpho-bathymetric connection between the 
Weddell Sea and the Scotia Sea. This occured from the Middle Miocene until the Present, during which 
time the WSDW has taken a new route coming into the Scan Basin by means of the Bruce Passage, and 
progressively displacing the CDW northwards. Consequently, the WSDW has controlled deep-water 
sedimentation processes due to its behaviour as an overflow to this isolated deep basin. 
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The Scotia Arc is connected to South America and Antarctica by the arc shaped Fueguian Andes and 
Antarctic Peninsula, respectively. 

 
Cambrian plutons, Permian cordierite-sillimanite-garnet migmatitic gneiss    at Punta Baja, and 

Permian S – type granite (Herve et al, 2012) form part of the basement of  Tierra del Fuego   indicative of 
a Permian high-grade metamorphic and anatectic (P=2-3 kbar; T=730-770°C) event. Similar Permian 
metamorphic zircon ages   have been obtained by previous authors   from a migmatized paragneiss at 
Adie Inlet, Antarctic Peninsula, in which the detrital Cambrian igneous zircons present may have been 
derived from the Cambrian plutons from Tierra del Fuego, as no granitoids of such age are present in the 
Antarctic Peninsula. Late Paleozoic to Early Mesozoic detrital units – the Trinity Peninsula Group in 
Antarctica and the Duque de York Complex in Patagonia - , have similar detrital zircon age patterns 
indicating a common source in which Permian igneous rocks predominated (Fanning et al, 2011). The 
metasedimentary basement unit in the Cordillera Darwin Metamorphic Complex differs from the 
Cambrian basement in Tierra del Fuego and from the Duque de York Complex (Hervé, et al., 2010). 

Current paleogeographic reconstructions situate Punta Baja and Adie Inlet close together during the 
Middle Jurassic, and the age data presented here suggest they already formed a continuum during the 
Permian metamorphic and partial melting event, which occurred in thickened crust with high geothermal 
gradient. Cambrian/Ediacaran plutonic rocks are also known from the basement of northwestern 
Argentina, the Sierra de la Ventana, the Cape Fold Belt in South Africa, and the Ross Orogen in 
Antarctica. The finding of late Precambrian gneiss, early Jurassic plutons and mid Jurassic volcanic rocks 
on the Pirie Bank in the Central Scotia Sea, suggest a similar geological history to that of Tierra del 
Fuego and that this and maybe other  tracts of the Central Scotia Sea with assumed continental character 
may have been continuous with Patagonia before break-up. 

 
The unconformity separating the gneiss from the overlying Middle Jurassic Tobífera Formation in 

Tierra del Fuego and Antarctic Peninsula indicates that ca. 10 km of continental crust were eroded in the 
time gap represented by the unconformity. Frequent conglomerate beds in Permian to Triassic widespread 
clastic units in southern Patagonia and Antarctic Peninsula were probably derived from this eroding crust, 
in the time span continental glaciations occurred in southwestern Gondwanaland. 

 
The southernmost Andes of Patagonia and Tierra del Fuego present a prominent arc-shaped structure, 

the Patagonian Orocline. Despite the fact that this major structure was already described by Alfred 
Wegener in 1929, few paleomagnetic studies have been attempted to describe the rotations associated 
with the formation of the Patagonian Orocline.   Paleomagnetic and anisotropy of magnetic susceptibility 
(AMS) data from   107 sites were obtained from the Última Esperanza region (NS structures at ~51° S) to 
Península Hardy, south of the Beagle Channel at ~55° S.   10 sites were sampled in rocks from the South 
Patagonian batholith, 5 sites   from the Tobífera formation,  erupted during extension that lead  to the 
development of the Rocas Verdes basin floored by a quasi-oceanic floor. 19  sites from the sedimentary 
infilling of the Rocas Verdes basin  , 3 from the ophiolites  and 67 from sedimentary rocks of the 
Magallanes fold and thrust belt, developed during late Cretaceous to Tertiary times were also analysed. 
Characteristic remanent magnetizations obtained from the Rocas Verdes Basin tectonic province 
correspond to secondary magnetizations postdating the early phase of folding.   Counterclockwise 
rotations of about 90° are recorded south of the Beagle channel. Similar results have been obtained by 
previous authors in the area (Dalziel, et al., 1973; Cunningham, et al., 1991). Few sites from sediments of 
the Magallanes fold and thrust belt have stable magnetizations. The available paleomagnetic results 
indicate that the EW fold and thrust structures in Tierra del Fuego do not record significant 
counterclockwise rotations.  
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AMS results shows a strong correlation between magnetic lineation and the strikes of structures of the 
fold and thrust belt. However the magnetic lineations in both intrusive and sedimentary rocks along the 
Beagle Channel are mainly vertical which suggests that deformation occurred during the intrusive 
emplacement (~90 Ma) and that the Beagle channel fault was mainly a reverse fault.  

 
In summary, we suggest that the formation of the Patagonian Orocline occurred in two stages. The 

first stage is associated to large counterclockwise rotations and closure of the Rocas Verdes basin during 
the late Cretaceous. The second stage corresponds to the formation of the curved non-rotational 
Magallanes fold and thrust belt during the Cenozoic. 

 
Paleomagnetic data   from 61 sites in Paleozoic, Mesozoic and Cenozoic igneous and sedimentary 

rocks from the Antarctic Peninsula and the South Shetland Islands were obtained. Paleozoic and Jurassic 
results failed the fold test and suggest an important remagnetization in the area. The similarity between 
these results and those obtained from Cretaceous intrusives indicates a mid-Cretaceous age for the 
remagnetization. The paleopoles obtained for the different blocks and for different ages suggest that there 
is no relative rotation among them. These combined results allow us to obtain a Cretaceous (90 Ma) and a 
Paleocene (60 Ma) paleopole. These paleopoles document a very low apparent polar wandering of the 
Antarctic Peninsula for the last 100 Ma  (Poblete et al, 2011). 

 
The paleomagnetic data allow us to conclude that even though the apparent symmetry between 

Patagonia and Antarctic Peninsula, they have, at least from a paleomagnetic perspective, very different 
tectonic histories. The opening of the Drake Passage, probably involved a northerly movement of South 
America more than a southerly displacement of the Antarctic Peninsula, as suggested by Somoza, 2007. 
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Many groups of benthic organisms exhibit high levels of genetic differentiation among Provinces in 
the Southern Ocean, supporting the existence of vicariant process since the Eocene. However, some 
groups and especially those with high dispersive capacities show more recent divergence times. Here, we 
analyzed levels of genetic divergence in congeneric species of four Southern Ocean benthic groups with 
dispersive potential including an echinoid (Sterechinus), a gastropod (Nacella), a bivalve (Yoldia) and D-
loop sequences of a fish (Harpagifer). We estimated the times of separation and we compared the levels 
of genetic variation between Antarctic and sub-Antarctic species. We found marked genetic differences 
between Antarctic and sub-Antarctic congeneric species of the analyzed taxa (Figure 1). The installation 
of an effective barrier between these Antarctic and sub-Antarctic invertebrates occurred between 3.7 and 
5.0 Ma, long after the physical separation of the continents. In the case of Harpagifer, divergence time 
estimations suggest a more recent separation of the Antarctic (H. antarcticus) and the sub-Antarctic 
species (H. bispinnis), no more than 1 Ma. Genetic comparisons between species of Nacella and 
Sterechinus showed lower levels of genetic diversity in Antarctic groups suggesting a more pronounced 
effect of the glacial episodes in Antarctica than in southern South America (Figure 2). In contrast, the 
Antarctic species of Harpagifer exhibited higher levels of genetic diversity than its sub-Antarctic relative. 
The present study provides new evidence about the differentiation processes between Antarctic and South 
America organisms. None of the analyzed genera showed evidence for recurrent gene flow across the 
Antarctic Circumpolar Current since the Mio-Pliocene.  
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research in Evolution. 

 
FIGURE 1. Neighbor-Joining haplotype Networks constructed using COI sequences from Antarctic and Magellanic congeneric 

species of: A) Sterechinus (n = 150), B) Nacella (n = 191); C) Yoldia (n = 10). Each haplotype is represented by a circle whose size 
is proportional to it frequency. 
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FIGURE 2. Neighbor-Joining haplotype Networks using D-loop sequences from Antarctic and Magellanic congeneric species of 
Harpagifer. 
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Several small basins bounded by extended continental blocks are recognized in the southern Scotia 
Sea, near the Scotia-Antarctic plate boundary (Figure 1). The basins are characterized by active 
seismicity, which is largely concentrated along the boundaries of the continental blocks and in the 
easternmost block (Discovery Bank, DiB). All these oceanic basins have formed in response to sea-floor 
spreading of the Scotia Sea during the westwards development of the Scotia Arc. The Dove Basin (DB) is 
a small oceanic basin between the continental Pirie Bank (PB) to the west and the Bruce Bank (BB) to the 
east. The Scan Basin is located between the BB to the west and the Discovery Bank to the east. The Scan 
Basin is also located northeast of the Bruce Passage (BP) which is the main deep gateway between the 
Weddell and Scotia seas through the Jane Basin (JB). These basins are structurally limited to the south by 
the Antarctic-Scotia plate boundary. The Late Miocene to present-day deformation of the basin 
sedimentary infill has been controlled by the seafloor spreading, deep-water flows and the transcurrent 
tectonics along the plate boundary, whereas the opening of new gateways have favored large 
paleoceanographic changes and the onset of many contourite features during the last evolutionary stages. 

 

 
FIGURE 1. Tectonic setting of the Scotia Sea surrounded by the Scotia Arc, with indication of seismicity (NEIC database). 

BB, Bruce Bank; BS, Bransfield Strait; DB, Dove Basin; DiB, Discovery Bank; JaB, Jane Bank; JB, Jane Basin; PAR, 
Phoenix–Antarctic Ridge; PB, Pirie Bank; SB, Scan Basin; SFZ, Shackelton Fault Zone; SOM, South Orkney 

Microcontinent; SSB, South Shetland Block; SSR, South Scotia Ridge; TR, Terror Rise; WSR, West Scotia Ridge. 

Different types of geophysical data including magnetic profiles, high-resolution parametric echo-
sounder profiles (TOPAS) and multichannel seismic profiles have been recorded during the SCAN2004 
and 2008 cruises onboard R/V Hesperides. Particularly, the high-resolution profiles of the subsurface 
sediment record obtained with TOPAS profiles allow to identify numerous signs of failure and mass-
transport deposits (*) associated to the margins of the aforementioned basins. 
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In the Dove Basin, the arched and abrupt PB margin is sculpted by several NNE-SSW to NE-SW 
escarpments. The BB margin displays a more complex geometry, with smooth slopes and small 
continental bocks in its eastern part. Eastward Scan Basin, the DiB has rectangular NE-SW oriented shape 
with an irregular western slope including several volcanic cones. 

The existence of numerous events of sedimentary units characterized by a transparent acoustic 
response intercalated within stratified facies of contourite and hemipelagic deposits are identified in the 
area, which is potentially promising to understand the interaction between along- and down-slope 
processes and points out the slopes instability and its relation with major tectonics features. Amongst 
them, the youngest transparent seismic facies are interpreted as mass-transport deposits (Figure 2), whose 
distribution is related to the present-day sinistral transcurrent compressive regime. 

 
FIGURE 2. Relation between mass-transport deposits in Dove and Scan basins and the regional tectonic setting: A, 

Tectonic and seismicity along the South Scotia Ridge. Mass-transport deposits indicated by black squares. B, 
Examples of mass-transport deposits as imaged in TOPAS profiles. Transparent, structureless lenticular deposits 

overlie undulated and deformed reflective strata. Sub-parallel, high-amplitude reflections occur above the 
transparent deposits. 

Different and often combined mechanisms may be responsible of slope instability (earthquakes, high-
amplitude surface water waves, sediment overburden, basal erosion). Indeed, large mass-transport 
deposits have been described in other areas around Antarctica, as the Gebra Slide in the Central 
Bransfield Basin (Imbo et al., 2003) or large debris flow deposits in the Pacific margin of the Antarctica 
Peninsula (Diviacco et al. , 2005), where the trigger mechanisms of the mass-transport deposits are 
attributed to a combination of several factors. The occurrence of a large number of evidence of mass-
transport deposits in the vicinity of an active plate margin and the fact that many of them are mainly 
located in the eastern slopes of the aforementioned of the southern Scotia Sea would highlight the 
importance of the seismic factor within a transpressive tectonic regime, taking into account the boundary 
orientation,  as a trigger of these mass-transport processes.  

(*)The term submarine mass-transport deposits is used in the present work involving different types of 
instabilities (slides, slumps debris/mud flows), which have been recognized and defined in the literature 
(e.g.: Shipp et al., 2011; among others). 
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The Scotia Sea is situated at the cusp between Antarctica and South America. Following early 
Cenozoic separation by plate break-up processes, environmental conditions on opposing flanks evolved 
very differently, leading to the growth of widespread glacial conditions in the Antarctic Peninsula. The 
Scotia Sea thus represents a physical and climatic barrier responsible for many of the environmental 
characteristics of the region. Palaeogene and Neogene strata are widely exposed and easily accessible on 
the southern flank of the Scotia Sea, on King George, James Ross and Seymour islands, and they offer 
unique opportunities to investigate environmental development leading up to and following plate 
separation in the most northerly and climatically sensitive part of Antarctica. The geological record on 
Seymour Island is sedimentary and has been relatively well investigated in recent years using a variety of 
environmentally significant chemical proxies. However, it is truncated by a profound erosional 
unconformity that has removed all of the post-Eocene sequence. By contrast, apart from important 
outcrops of glacial sediments, King George and James Ross islands are overwhelmingly dominated by 
volcanic strata that have not previously been regarded as major sources of palaeoenvironmental 
information. Such a view should now change with the recognition and documentation of widespread 
glaciovolcanic sequences in the James Ross Island Volcanic Group. After 10 years of continuous 
investigation, studies on James Ross Island are mature and the James Ross sequence is now the best dated 
most detailed terrestrial record of latest Miocene—Pliocene glacial development in Antarctica. Current 
research on the island is now focussed on the interglacial periods via new fossil-based climate proxies 
that are yielding the first definitive estimates of sea surface temperatures for the northwestern Weddell 
Sea. The volcanic record on King George Island is dominated by volcanic strata formed during the pre-
glacial Palaeogene hothouse, probably including the Palaeocene—Eocene Thermal Maximum, but it also 
contains evidence for multiple Neogene glacial events. However, appraisal of the King George Island 
sequences has suffered historically from a highly complicated stratigraphy bedevilled by unpredictable 
isotopic dating inconsistencies that are only now becoming resolved. The King George Island strata and 
their palaeoenvironmental significance are ripe for renewed investigation and reappraisal, particularly 
within the contentious context of bipolar Palaeogene glacial events as precursors of a more fully 
developed Neogene Antarctic glaciation.  
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Three oceanographic surveys were carried out in the Scotia Sea and northern Weddell Sea during the 
years 2001, 2004 and 2008 as part of the SCAN project (SCotia and ANtarctic plate boundary) aboard the 
R/V Hespérides. These surveys allowed us to acquire a complete dataset of multichannel high-resolution 
seismic profiles, ultra-high resolution parasound echosounder (TOPAS) and swath bathymetry (Simrad 
EM12 & EM120). The total area surveyed extends between 57º S and 62º S and 35º W and 57º W (Fig. 
1).  

 
 
FIGURE 1. Bathymetric map showing the Scotia Sea and the extension of the study area (South Pole Azimuthal Lambert projection) 

 
The study area is located in the southern part of the Scotia Sea, close to the South Scotia Ridge.  This 

area is characterized by the confluence of two major deep-water water flows: the westward directed 
Weddell Sea Deep Water (WSDW) derived from the Weddell Gyre across the South Scotia Ridge 
passages towards the Scotia Sea, and the Antarctic Circumpolar Current (ACC) that flows clockwise 
around Antarctica. The ACC isolated northern warm waters away from Antarctica plays an important role 
in maintaining the thermal isolation of the continent. Thus, the temperature of the water column at water 
depths greater than 1000 m ranges between -0.5º C and 0ºC, mainly caused by the WSDW flow. At these 
temperature and depth water conditions, the gas hydrate is the stable phase of methane or other light 
hydrocarbons at seabed.  

The dataset of seismic profiles reveals the occurrence of a large amount of acoustic anomalies that 
point out to the occurrence of fluid flow and gas hydrates beneath the seabed, which includes acoustically 
transparent zones, vertical acoustic chimneys and Bottom Simulating Reflectors (BSR). Numerous 
examples of acoustically transparent zones have been observed on TOPAS profiles in several regions of 
the southern Scotia Sea. In this sense, three types of acoustically transparent zones have been observed: 
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columnar, dome and “Pagoda” structures (Fig. 2). Most of the columnar zones breach out high-amplitude 
reflectors interpreted as the present BSR. In the case of the “Pagoda” structures, there has been a long-
lasting debate on their formation. Thus, the “Pagoda” structures were initially described as a result of the 
formation of gas hydrate at seabed and later as a consequence of an increase in pore fluid pressure 
beneath seabed.  

 

 
 

FIGURE 2. Characteristic dome and “Pagoda” structures observed on TOPAS seismic profiles along the south Scotia Sea (from 
36ºW to 57º W) breaching out the reflectors and deforming the sea floor. 

 
We interpret the shallow transparent acoustically zones as shallow-bottom high-pore pressure zones 

located at the top of gas-hydrate stability zone (THSZ), probably reflecting upward migration of the 
uppermost boundary of hydrate-bearing sediments. Within these deep-water polar areas, the hydrate layer 
is stable at least from Early Miocene times (≥15 Ma), which means that any shifting and/or breaching of 
the base of the gas-hydrate stability zone (BGHZ) have only occurred due to the sediment overburden in 
the upper layers or to a drastic change in the heat flow. In this way, local breaches of a BSR´s should have 
been caused by an increase in the geothermal gradient as a consequence of rising warm fluids or by an 
increasing in the temperature of the bottom seawater.  

This research is funded by the Spanish Polar Research Programme project GLOBANT (CTM2008-
06386-C02/ANT). This is also a contribution to the European COST Action ES0902 PERGAMON. 
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The submarine part of the South Sandwich arc, South Atlantic, is a prime example of an intra-oceanic 
arc in an oceanic plate tectonic setting. Its submarine part has been mapped at ∼50 m horizontal resolution 
for the first time using multibeam sonar. A new topographic map of the South Sandwich arc (Figure 1) 
shows in detail the volcanic and structural features of the volcanic arc – back-arc system. The 1:500,000 
scale map includes multibeam (swath) bathymetry mostly acquired in 2007 and 2010 on the James Clark 
Ross (Leat et al., 2010 and unpublished data). The multibeam bathymetry data are merged with ASTER 
GDEM topographic data on a background of satellite-derived bathymetry data. The map shows the entire 
trench, arc and back-arc system. The South Sandwich Islands are the emergent summits of 3-3.5 km high 

central volcanoes. The volcanoes 
that emerge to form the islands 
form a very well-defined volcanic 
front. There is no intra-arc rifting, 
no significant presence of extinct 
volcanic centres, and the 
bathymetric data confirm the very 
simple tectonic structure of the 
volcanic arc. The islands are 
surrounded by narrow, shallow 
shelves thought to have been 
formed during sea level low stands. 
The shallow shelves are thought to 
be the sources of sediment that has 
fed spectacular sediment waves on 
the volcanoes’ submarine flanks. 
There are many satellite seamounts. 
Three prominent, NW-SE-trending 
seamount chains extend from the 
arc into the rear-arc in the central 
sector between Zavodovski and 
Saunders islands. The northernmost 
volcanic centre of the arc, around 
Protector Shoal, consists of seven 
seamounts and a large volcanic 
plateau. The southernmost volcano 
of the volcanic front includes the 
newly found 5 km diameter 
Adventure caldera which is part of 
the same large volcanic edifice as 
Kemp Seamount. 

 
The map is a key tool for future 

research on the volcanic arc and 
back-arc, in volcanic and tsunami 
hazards, volcanic arc structure and 
volcanism, sedimentary processes, 
oceanography, benthic biodiversity 
and hydrothermal vent 
communities.  

 
FIGURE 1. New map of the South Sandwich 

arc. 
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Over the last two decades information from geology, geophysics, seismology and satellite altimetry 
has lead to a good understanding of the Scotia Sea tectonic evolution [e.g. Barker, 2001]. It is believed 
that the northern edge of the Scotia plate forms a left lateral transform with the South American plate, 
which has a transform rate of approximately 7 mm/yr [e.g. Thomas et al, 2003]. However, due to a lack of 
subaerial exposure the Scotia and South Sandwich tectonic plates have remained geodetically under-
sampled (Figure 1). Hence, to this day there is an incomplete understanding of the tectonics and potential 
glacio-isostatic adjustment of South Georgia and the associated shelf areas including that of Shag Rock 
[Smalley, et al. 2007]. 

 
During February 2013 the King Edward Point (KEP) Geodetic Observatory was established in South 

Georgia through a University of Luxembourg funded research project and in collaboration with the 
National Oceanography Centre and the British Antarctic Survey (Figure 1). Due to its remote location in 
the South Atlantic Ocean as well as being one of few subaerial exposures of the Scotia plate, South 
Georgia has been a key location for a number of global monitoring networks, e.g. seismic, magnetic and 
oceanic. However, no geodetic monitoring station had been established despite the global network of 
Global Navigation Satellite System (GNSS) stations lacking observations from this region. 

 

 
 

FIGURE 1:Tectonic plates in the South Atlantic Ocean (Plate Project, Institute of Geophysics, University of Texas at Austin): 
transforms/fracture zones (green), ridges (red) and trenches (blue); existing continuous GNSS stations (yellow circles) and KEP 

geodetic observatory (red circle); SN: the South Sandwich plate. 
 
The new KEP Geodetic Observatory consists of an autonomous, continuous GNSS station with 

auxiliary equipment for power, communications and meteorology. The installation site is located on the 
highest point of Brown Mountain, which lies south of King Edward Point (KEP) research station across 
King Edward Cove. The GNSS antenna and monument are bolted onto a rock outcrop (Figure 2a) with an 
aluminium pipe frame housing the auxiliary equipment and enclosures approximately 30 m away (Figure 
2b). A network of benchmarks was established both at the installation site and KEP, allowing to 
geodetically link the GNSS station with other geophysical sensors. 

 
In order to avoid multipath and geometric effects, potentially affecting the observatory’s capability to 

detect millimetre-level crustal motions, the installation site had been identified beforehand using Google 
Earth and local surveys, which were carried out by KEP personnel during 2012. The site on Brown 
Mountain was then selected as one with few obstructions above 10° elevation, the only intrusion beyond 
this elevation lies in a south-westerly direction. The closeness of Brown Mountain to KEP also means that 
it can be easily reached and allows the use of a radio link for the data transfer to KEP. Of importance to 
being given permission for the installation was that the equipment would not be seen from King Edward 
Cove, i.e. preserving the pristine views of the natural environment of South Georgia. 
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a) b) 
 

FIGURE 2: a) GNSS antenna on 1-metre mast. b) aluminium pipe frame with electronics and auxiliary equipment. 
 
All equipment for the KEP geodetic observatory was procured and configured by UNAVCO Inc. The 

hardware largely follows the design for GNSS stations operating in Antarctica. The power system is a 
12V DC system, powered by two 80-watt solar panels. Since solar power is available all year-round at 
this latitude, wind turbines were not used. The GNSS receiver, power system electronics, and radio are 
located in the upper enclosure, along with 10 batteries. Another 10 batteries are located in the lower 
enclosure as auxiliary power storage during extended cloudy periods and to maintain reserve power in 
case of long-term (decade-scale) degradation in battery capacity. The GNSS receiver is a Trimble NetR9, 
which telemeters to KEP research station via an Intuicom EB-1 900 MHz Ethernet radio bridge. To save 
power, this radio is turned off 50% of the time. A short Yagi antenna for the radio and a Vaisala WXT-
520 weather station are attached to the top of the frame. Temperature, pressure, humidity, wind speed and 
wind direction from the weather station are fed into the GNSS receiver and are stored together with the 
GNSS observations. Two daily observation files are stored on the GNSS receiver, namely one with 15 
seconds and one with 1 second recording interval.  Whereas the first is archived at UNAVCO on a daily 
basis via the existing VSAT link at KEP, the high-rate data is left on the receiver and can be downloaded 
if and when the need arises. 

 
In this presentation we will present a first evaluation of the observations from the KEP Geodetic 

Observatory for the period from February to May 2013. We calculate multipath characteristics and 
positioning statistics from precise point positioning (PPP) and discuss the installation in terms of benefits 
for studies of tectonics and glacio-isostatic adjustment processes. The meteorological data is evaluated by 
comparison to the data from the existing KEP meteorological station and widely used numerical weather 
models. 
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Abstract: The orogenic history of the Fuegian Andes (Late Cretaceous-Miocene) is compared with the 

tectonic history of the Scotia Sea. Remarkable coincidences between both are found for the last 40-50 
Ma, which are supported by recent structural studies in Tierra del Fuego that indicate contraction in the 
Fuegian Andes during activity of the Western Scotia Ridge, and onset of strike-slip faulting since the late 
Miocene. A Latest Cretaceous-Paleocene N-directed contraction recorded in the Fuegian Andes is more 
difficult to explain in the context of the South America-Antarctic Peninsula connection. We speculate that 
a complex bending of that connection triggered a northward movement of the Fuegian Andes backstop, 
which caused the recorded contraction. 

 
We provide here a comprehensive tectonic history of the Fuegian Andes based on published data and 

20 years of field work in Argentine Tierra del Fuego (TDF). Formation of the Fuegian Andes started 
during closure of the Rocas Verdes back arc basin (RVB) in the Late Cretaceous (Klepeis et al., 2010, and 
references therein). At this time, the Antarctic Península and southern South America were still connected 
forming a continuous continental belt (Barker, 2001). Basin closure started with obduction and 
underthrusting of the oceanic basin floor before ~80 Ma, which led to high-grade metamorphism of mid 
crustal rocks (Klepeis et al., 2010). This process culminated with collision of the N-NE continental basin 
margin and the magmatic arc that rimmed the back arc basin at its Pacific side (Klepeis et al., 2010). 
After collision, continued contraction produced large scale thrusting of the continental margin, forming a 
duplex that stacked the Paleozoic continental basement and Upper Jurassic volcanic-volcaniclastic rocks. 
The duplex had a roof thrust emplaced at the contact between the Jurassic rocks and the Cretaceous back 
arc basin sedimentary fill, which hence formed the detachment of the Fuegian thrust-fold belt (TFB) 
(Torres Carbonell et al., 2011). Thus, shortening in the duplex was transmitted through this roof thrust to 
the TFB. Early deformation in the TFB affected the oldest sedimentary fill of the Austral (Magallanes) 
foreland basin, progressing through a sequence of layer parallel shortening, folding and thrusting. 
Superposed tectonic foliations formed during this deformation sequence record at least two contractional 
stages before the Danian, and the formation of a concave-to-the-north recess in the TFB. This recess was 
most probably formed under a N-S oriented regional maximum compressive direction (Torres Carbonell 
et al., 2013). From the Ypresian to the early Miocene, contraction in the TFB evolved through thrusting 
and folding involving at least six contractional stages, accommodating circa 45 km shortening in the 
easternmost TFB (Torres Carbonell et al., 2011). Deformation in the external TFB was located mostly 
above a detachment emplaced in Paleocene horizons. Formation of the recess continued during these 
stages, indicating that the regional N-S compression was stable through TFB propagation. The next 
tectonic phase involves the inception of a strike-slip faulting regime associated with the birth of the 
Fagnano (Magallanes) transform system in TDF, which is an active seismogenic fault zone that forms the 
westernmost part of the north Scotia Ridge. This system produced a left-lateral offset of c. 50 km to the 
foreland TFB. Extrapolation of geodetic slip rates in TDF suggests an age of 7-11 Ma (late Miocene) for 
inception of strike-slip faulting (Torres Carbonell et al., 2008).  

 
Part of the Scotia Sea tectonic history can be correlated in TDF. That includes the period of the middle 

Eocene to the early Miocene contractional history, which coincides with the migration of the southern tip 
of continental South America to the north in Scotia tectonic plate models (Barker, 2001; Eagles et al., 
2005). That portion of the continent was the “Fuegian backstop” formed by the prior Late Cretaceous-
early Paleogene orogenic growth. This backstop compressed the Paleogene-early Neogene foreland basin 
against the crustal buttress of South America forming the external TFB. Thus, the fragmentation of the 
Scotia Sea since the Eocene seems not to have had an extensional imprint in the Fuegian Andes, but on 
the contrary the activity on the Western Scotia Ridge within the plate circuit surrounding the Scotia Sea 
caused continued contractional deformation in the Fuegian Andes until the early Miocene, when this ridge 
extinguished (Eagles et al., 2005). In addition, the decrease and subsequent cease of seafloor spreading in 
the Western Scotia Ridge (between ~16 and 6 Ma) followed by an increase in activity of the Sandwich 
ridge, are argued to have influenced the formation of the transform boundary between the Scotia and 
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South American Plates and consequently, the inception of strike-slip faulting along the Fagnano 
transform system (Barker, 2001; Eagles et al., 2005, and references therein). 

 
It is more difficult, however, to explain the N-directed contraction between the Campanian and the 

Paleocene in TDF (Torres Carbonell et al., 2013), since there are no records of such a tectonic scenario in 
the continental bridge formed by South America and the Antarctic Península. It has been argued that 
coeval to convergence and closure of the RVB during the early Late Cretaceous, the Antarctic Peninsula 
rotated clockwise with respect to South America about a pole near their connecting bridge. This caused 
bending of that connection and convergent motion in the NW part of the rotation pole, namely the 
Fuegian Andes region (Barker, 2001). This continued further up to 50 Ma, after which the motion of the 
Fuegian backstop addressed above started. We speculate that the mentioned bending of the South 
America-Antarctic Península continental bridge could have caused counterclockwise rotation of the 
Fuegian Andes backstop (i.e. the magmatic arc), which compressed the sedimentary cover of the RVB 
and early foreland basin with an approximate N-direction during the Late Cretaceous-Paleocene.  
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FIGURE 1: Palaeo-Pacific Ocean and Gondwana at  100 Ma with arrows 
showing approximate OJN fragment trajectories. Af Africa; Ant; Antarctica; 

AP Antarctic Peninsula; Aus Australia; ?CAP possible Charcot Anomaly 
plateau; HP Hikurangi Plateau; MP Manihiki Plateau; MS Manihiki Scarp; 
OJP Ontong Java Plateau; Ind India; Sam South America. Modified after 

Matthews et al.(2012) 

The origin of the Charcot Anomaly, Antarctic Peninsula, and 
implications for the tectonic evolution of the mid-Cretaceous Pacific 

Gondwana margin. 
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Understanding of Cretaceous plate motions, and closure of the global plate circuit, is hampered by the 
“Cretaceous Normal Superchron” (CNS) between 120 and 84 Ma, an interval of very stable geomagnetic 
field that produced no magnetic striping over the ocean floor. This coincided with eruption of several 
oceanic large igneous provinces (LIPs), huge outpourings of magma (> 100,000 km3) that created vast 
regions of volcanic and related rocks (Coffin and Eldholm, 1993), concentrated in time in what is called a 
superplume event, and associated with a global episode of plate reorganisation (Matthews et al., 2012). 
Lack of sea floor magnetic striping during the CNS has complicated the task of reconstructing plate 
motions in detail, leaving large uncertainties in the relative positions of continents, oceans, and the LIPs 
they bear. Perversely, prolonged stability of the geomagnetic field at these times means that sea floor 
magnetic striping, which is normally used to reconstruct plate motions, does not form when changes in 
plate motions can be at their greatest.  

 
123 million years ago, one of the largest LIPs in Earth history was erupted in the palaeo-Pacific Ocean 

(Chandler et al., 2012; Taylor, 2006) at the beginning of the CNS, the 5 million km2 Ontong Java-Nui 
super-plateau (OJN; 2/3 the area of Australia). Shortly afterwards, as a result of the changes in palaeo-
Pacific plate configuration associated with its formation, it is thought to have split into at least three 

component parts that are recognised today (e.g. Fig. 1) (Taylor, 
2006), the Ontong-Java, Manihiki and Hikurangi 

plateaus (Fig. 1). 
 

105 million years ago, still within the 
CNS, a global reorganisation of plate 

motions, associated with mountain 
building events on continental margins, 
was triggered by changes in subduction 
along the Gondwana margin in the 
vicinity of West Antarctica (Matthews 
et al., 2012). Matthews et al. (2012) 
presented two hypotheses for this to 
account for global plate 
reorganisation: 1) increased ridge 
crest–trench interaction at subduction 

zones; or 2) collision of the Hikurangi 
Plateau fragment of the OJN with the 

Gondwana margin (Fig. 1). The authors 
favoured their first hypothesis because 

Hikurangi Plateau collision, they argued, does 
not affect a sufficient length of the subducting 

margin to trigger plate motion changes. 
However, it has been observed (Taylor, 

2006) that a further large piece of the 
OJN may have rifted-off the unusually 
straight Manihiki Scarp (Fig. 1) and been 
removed to the southeast. 
 

Preliminary plate motion modelling 
suggests that a LIP fragment derived 

from the Manihiki Scarp would have collided with the Gondwana margin in the vicinity of the Antarctic 
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Peninsula. A candidate feature for evaluation has been identified near the southern end of the peninsula. 
Here, a high amplitude rectilinear aeromagnetic anomaly off the west coast, the Charcot Anomaly (CA) 
(Johnson and Ferris, 1997), is over 1000 km long (Golynsky et al., 2002) and represents one of the 
longest unexplained linear continental margin anomalies on Earth. Inboard of this anomaly lies the 
latitudinally restricted and enigmatic collisional-accretionary Palmer Land Event orogeny, the origin of 
whose second phase at 103–100 Ma remains unexplained (Vaughan et al., 2012). These data hint that the 
CA may be the geophysical expression of the trailing edge of this fragment of the OJN (Labelled “?CAP” 
on Fig. 1) and that the second phase of the Palmer Land Event orogeny may be the on-land expression of 
its collision with, and partial subduction beneath, the Gondwana margin 100 million years ago.  
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 Regional surface wave tomography is helpful in revealing the nature of the crust and the S-wave 
seismic velocity profiles beneath the sub-Antarctic Scotia Sea region. The seismic station coverage in this 
remote area is still poor, especially in the Scotia Sea and surrounding oceans. Seismic stations are located 
in Antarctic Peninsula, along the tip of South America, and in the islands along the North and South 
Scotia Ridges. Thus, it is not possible to apply the recently developed ambient noise seismic tomography 
for improving the spatial resolution of S-wave velocity models and earthquakes have to be used to infer 
crustal properties. The joint use of our regional network, global seismographic network stations and local 
temporary arrays provide better lateral resolution than that obtained in our previous studies (Vuan et al., 
2000) concerning the Scotia Sea. Tomographic analysis is extended to new data, obtained using 15 broad 
band seismic stations and more than 300 regional events. Rayleigh and Love wave fundamental mode 
group velocities in the period range from 15 s to 50 s are considered. Errors in the measurements, 
estimated on clusters, are larger for Love waves than for Rayleigh waves and their averages are 0.060 
km/s and 0.040 km/s, respectively. The correlation length of the heterogeneities, which can be resolved 
by Rayleigh waves, is generally lower than 150-200 km, but becomes greater near the periphery of the 
maps. The spatial resolution of Love waves is lower than 300-400 km, poorer than that of Rayleigh 
waves, due to the higher noise found in the horizontal components and resulting in a lighter path 
coverage. Models of the shear wave velocity in the crust and upper mantle for the tip of South America, 
the Falkland plateau, the Scotia Sea, the South Sandwich oceanic spreading ridge, the South Sandwich 
trench, the South Scotia ridge, the Antarctic Peninsula, the Bransfield Strait and the Drake Passage are 
presented. Moreover a database of 70 teleseismic earthquakes is used to infer the lithospheric structure 
beneath PMSA and ESPZ stations, deployed in Antarctic Peninsula respectively south of the intersection 
of the Hero Fracture Zone (HFZ) with the South Shetland Trench (SST), and at the extreme tip of the 
Antarctic Peninsula. The inversion of receiver function of teleseismic body waves is constrained by our 
group velocity tomographic study in the Scotia Sea region in order to minimize the non-uniqueness 
problem that results from the velocity-depth trade-off. The high noise level, typical of the oceanic 
environment, is overcome by stacking teleseisms with common receiver-station azimuthal angle and 
distance, and by selecting events with mb > 6.0 within a range of distances between 30° to 85°.  
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The Scotia Sea 'Iceberg Alley' (Figure 1) is the major transport route for Antarctic icebergs. Trajectory 
studies indicate that 90% of all icebergs are entrained in the eastward-flowing Antarctic Coastal Current. 
They travel counter-clockwise around Antarctica, merge in the Weddell Sea and then travel north through 
into the Scotia Sea, where they are swept into the Antarctic Circumpolar Current. Therefore, the Scotia 
Sea is an important Antarctic gateway to lower latitudes.  

 

 
 

FIGURE 1. Sites MD07-3133 and MD07-3134 are located in the central Scotia Sea (yellow dots). Open turquoise arrows refer to 
'Iceberg Alley'. Gray big arrow indicates main wind direction of Southern Hemisphere Westerlies (SHW). Purple dashed line shows 
extent of Patagonia at the Last Glacial Maximum (LGM). White dotted line indicates limit of Patagonian ice sheet during the LGM. 
Polar Front is shown by blue dashed line. Southern boundary of Antarctic Circumpolar Current (SB of ACC) is indicated by gray 

dashed line. Solid turquoise arrows give direction of ACC. White dashed lines describe winter (WSI) and summer (SSI) sea ice 
extent. NPI and SPI are Northern and Southern Patagonian ice fields; NSR and SSR are North and South Scotia Ridge.  

Insert map (upper right) shows circum-Antarctic drift of icebergs (turquoise; ≥ 5 km in length) calving off the Antarctic ice shelves 
1999 – 2009. Black arrows indicate general counterclockwise flow within Antarctic Coastal Current (ACoC). FRIS is Filchner-

Rønne Ice Shelf; RIS is Ross Ice Shelf; AIS is Amery Ice Shelf. 
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We present two well-dated, high-resolution, deep-sea sites from the south-central Scotia Sea (Weber 

et al., 2012, Quaternary Science Reviews), located in the center of Iceberg Alley, and thereby capturing a 
spatially integrated signal that is representative of the variability in the flux of icebergs released by the 
Antarctic Ice Sheet during the last deglaciation.  

 
Reconstruction of the last global sea level rise faces uncertainties because little evidence from robust 

data is available for Antarctic ice sheets. Deglacial dynamics have mostly been inferred from shallow-
water cores on the shelf, where decisive changes are either erased by grounding ice or occur in 
condensed, lithologically complex successions with partially reversed and generally unreliable 14C ages. 
Previous modeling studies reconstruct a late ice-sheet retreat starting around 12 ka BP and ending around 
7 ka BP with a large impact of an unstable West Antarctic Ice Sheet (WAIS) and a small impact of a 
stable East Antarctic Ice Sheet (EAIS). However, our new findings from the Scotia Sea challenge these 
reconstructions and call for a principal revision of the Antarctic deglacial history.  

 
The well-dated sites demonstrate a highly dynamic Antarctic Ice Sheet during the last deglaciation 

with eight distinct phases of enhanced iceberg routing, dubbed Antarctic Ice Sheet Events (AIE), in 
contrast to existing models of a late ice-sheet retreat which implied only little contribution to the last, 
natural, sea-level rise 19,000 to 9,000 years ago. We found the first direct evidence for an Antarctic 
contribution to Meltwater Pulse 1A in the flux rates of ice-rafted debris. Also, there are clear Antarctic 
responses for Meltwater Pulse 19 ka at 19,000 years ago (see also Weber et al., 2011, Science), and for 
Meltwater Pulse 1B at 11,300 years ago.  

 
Using an ensemble of transient deglacial model simulations we could show that increased export of 

warmer Circumpolar Deep Water towards Antarctica contributed to Antarctic Ice Sheet melt by ocean 
thermal forcing (Weber et al., Science, in review). Therefore, studying the Scotia Sea holds the potential 
to substantially revise and improve our understanding of the transient response of the Antarctic Ice Sheet 
to external and internal forcings, the influence to the postglacial isostatic adjustment as well as the 
contribution to the last, natural, sea-level rise.  

 
The Scotia Sea farfield data will also help improving projections for future sea-level rise by 

implementing enhanced ocean thermal forcing at Antarctic grounding lines. In addition, it is planned to 
drill several deep-sea sites in the Scotia Sea within the next phase of the Integrated Ocean Discovery 
Program (IODP) to extend the Antarctic Ice Sheet record further back in time, to study past ocean-
atmosphere interactions along major frontal systems, and the onset of Antarctic Bottom Water production.  
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