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View north over Hut Point Peninsula to Mount Erebus

-
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These watercolor paintings by Dee Molenaar were originally published in 1985 with his map of the McMurdo Sound area of
Antarctica. We are pleased to republish these paintings with the permission of the artist who owns the copyright.
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Prolog

Antarctica! The very word brings to mind images of fierce winds, bone-chilling cold,
and utter desolation. Antarctica has the reputation of being a hostile place unfit for
human habitation where only foolhardy explorers go to satisfy their craving for
adventure. Those of us who have worked there have a very different impression of
Antarctica. To us it is a place of unsurpassed beauty where the isolation from the
“world” permits time for contemplation and creative thought, where loneliness is
transformed into solitude, and where life depends on respectful submission to the
weather. Antarctic field-geologists learn to live in harmony with the land because
they have come not to test their survival skills, but to discover the geologic history of
this place and to learn how geological and biological processes work in this unique
environment.

Antarctica is also a continent without borders where scientists from many nations
come to work in peace, constrained only by the terms of the Antarctic Treaty. In
Antarctica, people of different nationalities and cultures support each other in times
of need and enjoy each other’s fellowship when they meet on the trail. The spirit of
Antarctica has evolved because of the absence of economic competition which has
been deliberately excluded by the Treaty. A similar spirit of cooperation is now mani-
festing itself in the exploration of the solar system because the harsh environment of
space and the great effort that is required to survive there demand it. Success in the
scientific exploration of Antarctica and of the solar system depends both on interna-
tional cooperation and on our willingness to respect the natural environmental condi-
tions that exist in these places.
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Preface

This book presents an integrated overview of all aspects of the geology of the
Transantarctic Mountains in easily readable form. The book can also be used to look
up specific information about the geology of this mountain range and it records the
names of many of the Earth Scientists who have contributed to the understanding we
now have of the origin of the Transantarctic Mountains. In spite of the remote loca-
tion of Antarctica, tens of thousands of men and women have already been there and
many more will visit the continent in the future in order to participate in scientific
research or to support the research programs that are undertaken by the nations that
have joined the Antarctic Treaty. In addition, hundreds of tourists visit Antarctica
annually in order to enjoy its natural beauty and to gain an appreciation of their own
good fortune for living in the more hospitable regions of the Earth. Antarctica can
teach all of us to respect the natural environment that sustains us on the Earth. This
book is therefore intended for the men and women who have already visited Antarctica
and for those who may visit this continent in the future in order to work there or to be
inspired by its natural beauty.

We confine our attention in this book to the Transantarctic Mountains where geol-
ogists of many nations have been working since the International Geophysical Year
(1957-1958) and where we have also conducted fieldwork between 1964 and 1995.
The Transantarctic Mountains are unusual because, for most of their length, they
consist of an uplifted and deeply dissected plateau of flat-lying sedimentary and vol-
canic rocks that were deposited in Phanerozoic time. These rocks are underlain by a
basement consisting of a folded and variably metamorphosed volcano-sedimentary
complex that was intruded by granitic rocks in the course of the Ross Orogeny during
the early Paleozoic Era. Our objectives in writing this book are to summarize the
relevant facts about each of the major rock units in the Transantarctic Mountains, to
present the hypotheses that have been proposed to explain their origin, and to make
our readers aware of issues that are still unsettled. In this way, we hope to encourage
further work on geological problems and to identify areas in the Transantarctic
Mountains where additional research may be needed. The information we present is
derived primarily from the relevant literature supported, when appropriate, by the
results of our own work and that of our students. We assume that our readers have a
working knowledge of the technical aspects of Earth science and we encourage them
to make up their own minds concerning the hypotheses we present.

Antarctica is important not only because of the rocks that form its crust, but also
because of the large ice sheet that covers most of the continent. The glaciation of East
Antarctica started during the Neogene and has formed an ice sheet that is more than
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3 km thick and contains most of the world’s fresh water. The stratigraphy of the ice
and its isotopic composition of oxygen and hydrogen record variations of the climate
extending upto 800,000 years into the past. The history of the East Antarctic ice sheet
is also recorded by the geomorphology of the Transantarctic Mountains and by the
deposits of till, gravel, and sand the ice sheet has left behind. The ice of the East
Antarctic ice sheet adjacent to the Transantarctic Mountains does not melt, except
locally on rare occasions. Instead, it ablates directly into the air. Consequently, ter-
restrial rock debris and extraterrestrial meteorite fragments that are transported by the
ice sheet accumulate on the blue-ice surfaces of its ablation zones. Outlet glaciers,
that flow from the polar plateau through valleys in the Transantarctic Mountains to
the coast of Victoria Land and into the Ross Ice Shelf, descend to the low elevations
of the coast where the ice does melt during the austral summer. In the dry (or ice-free)
valleys of southern Victoria Land the resulting meltwater collects in lakes and ponds
on the valley floors.

In spite of the harsh climate that characterizes the Transantarctic Mountains, bac-
teria, algae, lichens, and moss grow in sheltered places in the soil and some plants
have adapted by becoming endolithic. Even mites and nematodes have been discov-
ered in the ice-free valleys and algal mats thrive in the warm brines that occur at the
bottom of the largest and deepest lakes.

These attributes of the Transantarctic Mountains are reflected by the title of this
book because a complete description of this mountain range must address not only
the rocks, but must also include the ice, the meteorites, and the water. The study of
the Transantarctic Mountains is a multi-disciplinary enterprise including aspects of
geology, glaciology, meteoritics, aqueous geochemistry, botany, and zoology.

The relevance of Antarctica to the populated areas of the Earth may become more
apparent in case global warming causes the Antarctic ice sheet to start melting,
thereby raising sea level and flooding coastal areas worldwide. The resulting loss of
living space will require the human population to adjust on an unprecedented scale
exceeding the increase of sealevel at the end of the Pleistocene Epoch when the popu-
lation of the Earth was much smaller than it is today.



Acknowledgments

We are pleased to acknowledge our colleagues, former students, and friends who
gave us reprints of their papers, permitted us to use their diagrams and photographs,
or otherwise assisted us in the preparation of this book. Their names are recorded
here in alphabetical order with our sincere thanks:

Chris Adams, Richard Alley, Ernie Angino, Rose Askin, Loren Babcock, Enriqueta
Barrera, Peter Barrett, Charles Bentley, John Behrendt, Paul Berkman, Jane and Phil
Boger, Scott Borg, Hal Borns, Terry Boroughs, George Botoman, Margaret Bradshaw,
Henry Brecher, David Bromwich, Colin Bull, Richard Cameron, Bill Cassidy, Eric
Cherry, Norbert Clauer, Jim Collinson, Charles Corbat6, Gary Cotton, Cam Craddock,
Bert Crarey, Ghizlaine Crozaz, Ian Dalziel, Mary Davis, Georg Delisle, George
Denton, Don DePaolo, Amy Deventer, Marcia Dixon, George Doumani, Gisela
Dreschhoff, Rene Eastin, David Elliot, James Elliot, Frank and Carol Faure, Bob
Felder, Robert Fleck, Ken Foland, Art Ford, Trey and Sarah Fortner, N.H. Fourcade,
Larry Frakes, Ralph von Frese, Harald Furnes, Harry Gair, Bill Gealey, Chris Gero,
Dick Goldthwait, John Goodge, Bill Green, Ed Grew, Pieter Grootes, Anne Grunow,
Bernie Gunn, John Gunner, Marta Haban, Erik Hagen, Martin Halpern, Warren
Hamilton, Bill Hammer, Ralph Harvey, David Harwood, Ann Hawthorne, Knut
Heier, Tim Horner, Terry Hughes, John Isbell, Ken Johnson, Ken Jezek, Lois Jones,
Barbara Kaelber, Elizabeth Kibler, George Kleinschmidt, Karen Klusmeyer, Chris
Koeberl, Jack Kovach, Larry Krissek, Phil Kyle, Leo Laporte and the TWiT Army,
Dan Larsen, Brenda and David Lasorsa, Wesley LeMasurier, John Lindsay, Bill
Long, Berry Lyons, Ursula Marvin, Paul Mayewski, M.K. McClintock, Bill McIntosh,
Barry McKelvey, Garry and Dianne McKenzie, Beverly McMahon, Eileen and Maury
McSaveney, John Mercer, Velon (Tex) Minshew, Art Mirsky, Michael Mohlzahn,
Dee Molenaar, Joe Montello, Raymond Montigny, Ellen Mosley-Thompson, Sam
Mukasa, LeeAnn Munk, John Murtaugh, Dirk Neethling, Kuni Nishiizumi, Robin
Oliver, Olav Orheim, Larry Owen, Julie Palais, Robert Pankhurst, Matt Place, Mike
Prentice, Doug Pride, Phil Ray, Peggy Rees, Bert Rowell, Peter Rowley, Bob Rutford,
Dwight Schmidt, Jim Schopf, Emil Schulthess, Chuck Schultz, Roberta Score, Mary
Siders, Andy Sipp, John Splettstoesser, John Sutter, Bernard Stonehouse, Mike
Strobel, Ed Stump, Chuck Summerson, Paul Tasch, Karen Taylor, Tom and Edie
Taylor, Jim Teller, Franz Tessensohn, Lonnie Thompson, Sam Treves, Fiorenso
Ugolini, Chuck Vavra, Bob Walker, Peter Wasilewski, Gerald Webers, Peter Webb,
Tan Whillans, J.D.L. White, Shawn Wight, Bob Wilkinson, Terry Wilson, Rebecca
Witherow, John Zawiskie, Ed Zeller, and J.H. Zumberge.

Xi



xii

Acknowledgments

Most of all we thank our mountaineering friends who guided us in the field and
helped us to work safely in the Transantarctic Mountains and on the polar plateau:
David Buchanan, David Reed, John W. Schutt, and Courtney Skinner.

We also owe a debt of gratitude to the administrators of the National Science
Foundation of the USA for the financial and logistical support that enabled us to work
in Antarctica. We thank them all but mention especially: David Bresnahan, Erick
Chiang, Shaun Everett, Helen Gerasimou, Margaret Lanyon, Ann Peoples, Winnifred
Reuning, Phil Smith, Mort Turner, Jack Twiss, Jill Vereyken, and Peter Wilkniss.

We also thank the staff of the Byrd Polar Research Center (formerly the Institute
of Polar Studies) of The Ohio State University who supported our efforts in many
ways: Peter Anderson, Kathleen Doddroe, David Lape, Arthur Mirsky, Rae Mercier,
and Lynn Everett.

Our efforts to write this book were greatly facilitated by the assistance we received
from Lynn Lay, librarian of the Byrd Polar Research Center, and from Mary Scott and
Patty Ditto of the Orton Memorial Library of the School of Earth Sciences at The
Ohio State University. We also thank Betty Heath for transforming a very messy
manuscript into a neatly typed manuscript.

We gratefully acknowledge the financial support of The Ohio State University at
Marion with special thanks to Dr. Greg Rose, Dean and Director of The Ohio State
University at Marion. We also thank Petra van Steenbergen, Senior Publishing Editor
of Springer, and her assistant, Cynthia de Jonge, for their friendly cooperation during
the writing and production of this book.

Last but not least, we freely admit that all errors of omission and commission in
this book are entirely our responsibility and do not reflect on the Office of Polar
Programs of the National Science Foundation or on The Ohio State University.

Gunter Faure and Teresa M. Mensing



Contents

Part1 Exploration and Characterization

1 The Exploration of Antarctica................ccoceevieriieniieniiieeeeie e

1.1
1.2
1.3
1.4

1.5

1.6
1.7
1.8
1.9
1.10

Brave Men in Wooden Sailing Ships ........ccoceeveviineniincniencnieene
Search for the Magnetic Pole in Antarctica ...........ccoceeveveeceneenenne
Surviving the Antarctic Winter .........ccocceceeverieneeieneeseneeiesceeene
The Race to the Geographic South Pole ..........ccccooeniininincninen.
1.4.1 Scott’s First (Discovery) Expedition, 1901-1904...............
1.4.2  Shackleton’s First (Nimrod) Expedition, 1907-1909 .........
1.4.3 Scott’s Second (Terra Nova) Expedition of 1910-1913......
1.4.4 Amundsen’s (Fram) Expedition of 1910-1912...................
1.4.5 Shackleton’s Second (Endurance) Expedition,

TOTA—T101T o

The Modern Era Begins ........cccoeeeiieieniniieniieeeee e
1.5.1 Byrd’s Little America Expedition, 1928-1930...................
1.5.2 Byrd’s Second Expedition, 1933—1935.......c.ccccceenienieienne
1.5.3 International Geophysical Year IGY), 1957-1958 ............
1.5.4 Commonwealth Trans-Antarctic Expedition,

TO55—1958 ...t
ANLATCHC TIEALY ..euveeuieiieieiiieieei ettt
Scientific Meetings and Publications...........c.cccceeevenieneniecencenienne
Popular Books About ANtarctiCa ..........eeceeveeeveereeenieseenieneenieneenens
SUIMIMATY .ottt ettt ettt sit e s sb e ssaesbeesaeesaneens
APPEINAICES ...ttt ettt sttt st st
1.10.1 Exploration of Antarctica Following Byrd’s

Second Expedition (Stonehouse 2002) ..........ccceveereereennnne.
1.10.2 Principal Research Stations in Antarctica

(Stonehouse 2002).....cccuuiieeiieiieeeeeee e
1.10.3 Member Nations of the Scientific Committee on Antarctic

Research (SCAR) (Stonehouse 2002).........ccovveeevieeecnneeenneen.
1.10.4 International Symposia of Antarctic Research Organized

by SCAR (Ford 2000) .....c..cceeueeeirinenininenereeieseneseeeenne
1.10.5 Gondwana Conferences and Their Proceedings Volumes.....
1.10.6  Selected Volumes of the Antarctic Research Series of

the American Geophysical Union (AGU) of Washingtion,

DC (All Publications Listed Here Are Also Included

in Section 1.10) c..ooiiiiiiiiee e

22
24
24
25
25

xiii



Xiv

Contents

1.10.7 Memoirs, Special Papers, and Maps of the Geological Society

of America (GSA) Relevant to Antarctica...........c...cccuveeene. 36

REfEIENCES. ....oi it e 37

2 Antarctica: The Continent ........................cooooiiiiiiiiiiii e, 41
2.1 TOPOZGIAPRY ...eveeniiiiieiieieeitee ettt e 41
2.2 VOICANOES ..ottt ettt ettt et e et e e eareeeaneas 43
2.3 CIMALE ..ottt ettt e et ete e et e e e eta e e eeateeeebeeeeaseeeaneas 44
2.4  Cold-Weather INJUries ........ccccoveeviereerieniinieniieeeeeeeteee e 45
2.5 The Ozone HOle ........oooouviieiiiiiiieceeeceeeeeeeee e e 47
2.6 McCMUrdo Station .........ccoooeviiiiiiieeeiie ettt 49
2.7 Amundsen-Scott South-Pole Station...............ccceveeeevvieeeciieeeinieeenee. 52
2.8  Fieldwork in ANtarctiCa ..........ccceeeevueeeeiiieeeiiiieeeiee et 54
2.9 Preservation of the Environment...........c...ccoeeeviiieeiiiiieciieceiiee e, 56
2,10 SUMMATY .ntiiiiiiiieieeteee ettt sttt st eae 57
211 APPENAICES.....uiiuiiiiiiiniieieeiieeetee ettt 57
2.11.1 Exploration of Antarctica by Tractor Train..........ccccceceenene 57

2.11.2 Structure of the AtMOSPhEre ........c.cceoveveerierienenienienieene 60

2.11.3 Energy Spectrum of UV Radiation ........cc.cccceeveveenieneennenne 60

2.11.4 Formation and Destruction of Ozone..........cccc.cccvveeuveene. 61

2.11.5 Effect of UV Radiation on the Biosphere .........c..ccccceeeneene 62
RETEIENCES .....eviiieeiieeeee et et 62

Part II The Basement Rocks

3 Southern Victoria Land; Basement Rocks ...................cccccooooiieinn. 67

3.1 Ice-Free Valleys......coocoiiiriiiininieiieieieeeceeeee e 71

3.1.1 TOPOZIAPNY ..c..eiiiriiiiiiiieiieiieeetee ettt 71

3.1.2 GEOLOZY -eeeuveveenieiieieetieteette ettt ettt 72

3.2 Koettlitz and SKelton Groups..........ceceeeevuereenieneeneneenenieneniennees 77

3.3 Brown HillS...ccueeciiiiiieiieiieieeee ettt s 79

3.4  Age Determinations ..........cccceoeeverieeieneeiieneenieneeneeeee e eee e 81

T3 B (N B 1 1< OO SRRPR 81

342 RD-SEDAES...ccciieiiiiiieiiecie ettt s 81

343 OALPATDALES ..ottt 85

344 U-PDDALES....oeoiieiiiiiieiiecie ettt see e sve e 86

3.4.5 SM-NA DaAteS.....veeeiiiriiieiieieeieeeie et eae e sve e 87

3.5 Geologic History of Southern Victoria Land...........cccccocevieneniennen. 88

3.6 APPENAICES....uiruiiiiiitiiiiesieteeeeee et e 89
3.6.1 Classification of Plutonic Rocks

of Granitic COMPOSIHION .......cceeveireririnirerieeneseseieans 89

3.6.2 K-Ar Method.......coiiieieieeieeeeteeeee e 89

3.6.3 RDb-St Method......ccoieiiiieieieeeeeece e 90

3.6.4 “Ar/*Ar Partial-Release Dates .........ccocoveeevierieiiieriereenennns 91

3.6.5 U-Pb MethOds .....coueueieieieieieieiieteeeeeese et 92

3.6.6 SmM-Nd Method.......cccoiuiiiieieieeieeeeece et 93

RETOIEICES ....viieiiieiieciieeece ettt ettt et sbe b e sebeesaeeennes 94

4 Northern Victoria Land...............cccoccooviiiiiiiniiiniececee e 99

4.1 EXPIOTation.....cveieieiiiieiniieiiniesie sttt st 99

4.2 Terra Nova Bay ....ccocoociiiiiiiiiiiieeeeeee e 103



Contents XV
4.3 WILSON TEITANE .......eouiviiiiiiiieicrecceeeeetee et 107
4.3.1 Berg Group, Oates Land .........cccceceveevieneeneneeneniencneeene 107
4.3.2 Rennick SChiSt ......ccoivieviirienieieieiiieieeeeeneeeeeeene 108
4.3.3 Daniels Range and Wilson Hills ..........ccccceveniineniincniennen. 110
4.3.4 Morozumi Range .........cccceooeeieiiniiiniiiiniiniieceeeee 112
4.3.5 Lanterman and Salamander Ranges.........c.ccocceveriencniennen. 115
4.4 BOWETS TEITANE ......couirviiiiiiiienieieiceeeeeeeee et 116
4.4.1  Sledgers GIOUP......coceererierieeienieeiesieete ettt 117
4.4.2  Mariner GIOUD ......ccceevueruienierienieeienieetenieeee e et 119
4.4.3 Leap Year GIrOUP ...cccceoeeienierieniieienieete ettt 119
4.5 Robertson Bay Terrane...........ccceeeveenienienenienienieneeeeneeee e 120
4.5.1 The Handler Formation..........cccccceevvevirinincnenenenienienenns 120
4.5.2 Millen SChiSt.....cccocirivininiiicicieieicceee e 121
4.5.3 Admiralty INtrusives ........ccccecereeiienieneneeneneeeseeeseeene 121
4.5.4 Gallipoli Porphyries and Carboniferous Volcanics.............. 125
4.6 TECLOMICS ...evevrurniiieiieiieienie ettt sttt ettt s 126
4.6.1 Subduction Model........c.ccoeeueienieininininineneneseneeienene 126
4.6.2 Tectonics of the Wilson Terrane ............ccccecevevevenueniecnenns 128
4.6.3 Accreted-Terrane Model ..........ccccceevveirininiinininenenieienne 130
47T SUMIMATY c..eeeiiiiiieiesieete ettt ettt et sbe et e e 131
4.8 APPENAICES....iiiiiiiiiiiiiieiieeetetee et 132
4.8.1 Age Determinations of Basement Rocks
of the Terra-Nova-Bay Area.......cccccoceevereenerienenieneneeene 132
4.8.2 Age Determinations of Granites and Metasediments
of the Berg Group, Oates Land (Adams 1996, 2006).......... 133
4.8.3 Age Determinations of Basement Rocks
of the Lazarev Mountains, Daniels, Morozumi,
and Lanterman Ranges, Wilson Terrane .............cccceeeeeenen. 134
4.8.4 Age Determinations of the Basement Rocks
in the Bowers Terrane ...........cccecevvevivinencnienencnicieieeenee 136
4.8.5 Age Determinations of the Robertson Bay Group
and Admiralty Intrusives, Robertson Bay Terrane............... 137
4.8.6 Additional Photographs of the Geology
of Northern Victoria Land...........cccoccovevinininininincncnennne 140
REfEIENCES.....coueiuiiiiiiiiii e 140
5 Central Transantarctic Mountains..............cccccocevvinininineneneniennennenne. 145
5.1 Nimrod Group, Miller Range...........ccccooevveniiiiniininiiienceee, 146
5.1.1 Geology of the Miller Range ...........cccccoeevienieieninieneenene 146
5.1.2  Age Determinations ...........coccerereenerrienienieneesienieeeseeneenne 148
5.2 Beardmore Group, Queen Elizabeth Range..........cccccoccevirieninnne. 153
5.2.1 Conventional Stratigraphy ........c..ccoceevererrieninneneeieneeiene 153
5.2.2 Revision of the Goldie Formation.............c.ccoevvevuenuenvenennne 154
5.3 Byrd Group, Churchill Mountains ..........ccccceeeveneeniencenencencneene. 156
5.3.1 Conventional Stratigraphy ........c..ccoceevererrienienenieieneeniene 157
5.3.2 Revision of the Stratigraphy ........ccccceeceverieninnininieneeene 158
5.3.3 Pegmatite, Mt. MadiSON........ccocevienierieniinienieienceiesceee 160
5.4 Petrogenesis of the Hope Granite ...........ccccoeeevenienieneenenicencneene. 162
5.5 Beardmore to Shackleton Glaciers............cocevverineneninienienenennenns 165
5.5.1 Beardmore to Ramsey GIaciers ...........cccceeuereevienensieneennenne 165

5.5.2 Shackleton Glacier AT€a .......cccuveveieeeuveeeeieiiieeeeeeieeieeeeeeenns 166



XVi

Contents

5.5.3  Age of the Taylor Formation...........c.cccocevienenieninniincnnncnne. 168
5.54  Queen Maud Batholith..........ccceceeriiiviieniiiiiieieceeeeeiee 169
5.6 SUIMMATY .coviviiriiiiiitiiie ettt ettt et st 169
RETEIEINCES. ..ottt 170
The Queen Maud Mountains ................ccccoooeiiieeiiiieiiie e 173
6.1  Duncan MOUNTAINS .......cccueeieriirieniieienieete ettt 174
6.2 O’Brien Peak.........ccoooeiiiiiiiiiiiiiiiieeeeeee e 176
6.3 Nilsen Plateau ........cccoeieiiiiieniiiiiieeeecee e 177
6.3.1 Granite Harbor Intrusives (Southern Nilsen Plateau).......... 177
6.3.2  Volcano-Sedimentary Complex (Northern Nielsen Plateau)..... 178
6.3.3  Age Determinations ..........cecceeeeeeneenieneenieneeneneenieseeneene 180
6.4 ScOtt GlACIEr AT@a.....ccueeiiruieiieiieiieienitee sttt 182
6.4.1 La Gorce Mountains. ........cceceerereerernienennieneeneneesieseeneene 183
6.4.2  Age Determinations ..........cecceeeeeerernieneenieneeneneenieseeniene 186
6.4.3 Queen Maud Batholith .............ccccoooiiiiiiiiiiiiicccieeeeees 187
6.5  Leverett GlaCier ATCa.......ccceevueeceeriirierieienieeie et 188
6.5.1 History of EXploration..........cc.ccecevervieneeneneenenienienieiene 188
6.5.2  Stratigraphy .....ccccoevuevieiieiieieieieineeeeee e 190
6.5.3 Granite Harbor Intrusives.........c.ccooceevenerneniinenienienieene 192
6.5.4 Isotopic Age Determinations...........cecceevererueeenenienveniennens 192
6.6 SUIMMATY ..covevuiriiiiiiirieiteteertetetetere ettt et 193
6.7 APPENAICES.....eruiriiiiiiriiieieteieerereeetet ettt et 194
6.7.1 Rb-Sr Systematics, Nilsen Plateau
(Eastin 1970; Fig. 6.5).cc.ccoiiiiiieinieiiieneeeeneeeeneeee 194
6.7.2 Bouma CyCIes ....c..ccuevieieiriiieiiiiiciceeene e 195
6.7.3 Modal and Chemical Compositions and Rb-Sr
Systematics of the Wyatt Formation, Scott-Glacier
Area and Wisconsin Range, Transantarctic Mountains ...... 195
6.7.4 Leverett Formation, Mt. Webster,
Harold Byrd Mountains...........ccccecceeeerenenenenenenenennennen 196
REfEIENCES .....eiiiiiiiiiiee e 197
Horlick Mountains .............cccooiiiieniiieninienieeeseee et 201
7.1  Exploration of the Wisconsin Range ........c..ccoceoceeveniinenienenenens 201
7.2 Basement Rocks, Wisconsin Range..........c.ccocceveevinieneniencneenene 203
7.2.1 LaGorce FOrmation .........c..ceceveevienienieneenienienenieneeeeens 203
7.2.2  Wyatt FOrmation..........ccoueruerienienienieieneenieseenie e 204
7.2.3  Southern NUnataks .........cccceeoeririienieneneeneneneeeeneeeees 205
7.2.4 Wisconsin Range Batholith...........c..coccoovininiinnnnnnnn. 207
7.3 Age Determinations, Wisconsin Range ...........cccoceevevvenenencnncnnennee 209
7.3.1 Age of the LaGorce Formation ..........cccccecevivincninienennens 209
7.3.2  Age of the Wyatt Formation..........ccceccevveenenvienenieencnnnennen. 210
7.3.3 Age of the Wisconsin Range Batholith..........cc.ccccceoeeenen. 211
7.3.4 Age of Aplite and Pegmatite Dikes.........ccccceceereriencnnennen. 212
7.4  Geologic History, Wisconsin Range Basement .............ccceceveeiene 213
7.5 Long HillS c.ooiuiiiiiiiiieeeeeeee e 213
7.5.1 Todd Ridge Pyroclastics, Chemical Composition............... 215
7.5.2 Age of the Todd Ridge Pyroclastic Rocks .........c..ccoceeeennen. 215
7.6 Ohio RANZE ...oouviiiiiiiiiiiiiieieeeee e 216

7.6.1 Geology of the Ohio Range..........cccceevuereeniniencnicncnieen. 217



Contents Xvii
7.6.2  Granitic Basement..........ccccoueeveieininiinininenenesenceieene 217
TT SUIMMATY .ottt ettt sttt st e e b e e e 218
T.8  APPENAICES. ...uiiuiiiiiiiiiieiieiteteeeee ettt 219
7.8.1 Chemical Composition of Metavolcanic Rocks, Wyatt

7.8.2

7.8.3

7.8.4

7.8.5

7.8.6

Formation, Scott Glacier Area and Wisconsin Range

in Weight Percent (Faure unpublished;

MINSKEW 1967).....ciiiieiiieiieeieeitere et 219
Rb-Sr Data, Basement Rocks, Wisconsin Range

(Montigny and Faure 1969; Ray 1973;

Faure unpublished)..........ccoceeviniininiiiiniieecee, 219
7.8.2.1 LaGorce Formation, Ford Nunataks,

Wisconsin Range...........ccoceeevevinieniniieneeicnceene 219
7.8.2.2 Wyatt Formation, Metavolcanic Mountain,

Wisconsin Range...........ccoceeeveviiieninienieicnceene 220
7.8.2.3 Granitic Gneiss, Olentangy Glacier,

Wisconsin Range...........ccoceeeveviiieninienieicnceene 220
7.8.2.4 Unfoliated Porphyritic Granitic Rocks,

Gratton Nunatak and Olentangy Glacier............... 220
7.8.2.5 Aplite Dikes, Mims, Polygon, Tillite Spurs,

Wisconsin Range...........ccoceeeveviniieniniiinieiinceene 220
7.8.2.6 Mineral Concentrates, Granitic Rocks

and Pegmatites, Mims Spur ...........cocceeeeveeneeeenne. 221
7.8.2.7 Mineral Concentrates, Pegmatites, Mims Spur,

Wisconsin Range...........ccoceeeveviniieniniiinieiinceene 221

Chemical Analyses of Felsic Pyroclastic Rocks
on Todd Ridge, Long Hills, and on Mt. Webster,
Harold Byrd Mountains, in Weight Percent

(Faure unpublished; Minshew 1967).......cc.ccoceveriencniennen. 221
Rb-Sr Data, Felsic Pyroclastic Rocks, Todd Ridge,

Long HillS...couoiieiiiieieieeeeeeeee e 222
Modal Compositions of the Granitic Basement Rocks,

Ohio Range (Long 1961; Treves 1965).......cccccocevienereennen. 222

Chemical Analysis of a Porphyritic Quartz Monzonite,
Mt. Glossopteris, Ohio Range (W.W. Brannock,

US Geological Survey, Reported by Long 1961)................ 222

REFEIEINCES ...eevvieiieeiieiie ettt 223

8 The Far-Eastern Mountains..............cc.ccoooveeriiiiiienieeiienieeeesee e 225
8.1 Thiel MOUNLAINS .....eeertieriieiieeieeieeeteesteeeteeseeeteeseeeesseesseessseenanesnne 225
L.l GeOLOZY ettt s 227

8.1.2 Age Determinations ...........cecereerueneenienienienienieeeeneeee e 229

8.1.3 Ellsworth-Whitmore Mountains...........cccceeeveerueerveeseeniuennne 231

8.1.4  SUMMALY ....eoviiiiiiiiiiriieterteees ettt s 232

8.2 Pensacola MOUNLAINS .......cccveeveerireeiireniieeieeneeeieeseeeesseessnesseessnennne 233
8.2.1 Discovery and EXploration..........c.cceceeveveenenieenenneenceneenne 233

8.2.2  TOPOZIAPNY.....eoueiiiiiiriiiieiteeteeeteeete et 233

8.2.3  StratiZraphy ....coceeeevieriiieiieieriteeeeee e 234

8.2.4 Age Determinations (Rb-Sr Method)........cccceceveriincnncnne. 237

8.2.5 Age Determinations (U-Pb Method).........cccceceverencnnnnne. 242

8.2.6 Revised Stratigraphy ........c.cccocevieninieninienineneeeceee 243

8.2.7  SUMMALY ....ooriiriiiiiiieriietenieeet ettt 245



Contents

xviii

8.3  Argentinad Range .........coocooieviiiiniiiinineeee e 245

8.4  Shackleton Range and Theron Mountains ............cceccecveveeneereencnne. 246
8.4.1 Discovery and Mapping.........cccceeeeevenreecieneesieneenieneeneenaes 247
842 GeOlOZY..couiriieiiiiieiietee e e 248
8.4.3 Age Determinations........c..ccoeecverieevienieesieneesieneenie e 250
844 TECLOMICS ..ueviviuiriiriiieientcteteeeeee ettt 253
8.4.5  GlaCIatioN......cc.eviruiriirieieieieteeeeeeeeee e 256
8.4.6  SUMMAIY ....ooueeiiiiiiiiiereeteteee e 257

8.5 APPENAICES....iiuiiiiiiiiieiietee e 258
8.5.1 Chemical Analyses of Whole-Rock Samples of the Thiel

852

8.5.3

8.5.4

8.5.5

8.5.6

8.5.7

8.5.8

859

8.5.10

8.5.11

8.5.12

8.5.13

8.5.14

8.5.15

Mountain Porphyry and of Xenocrysts of Cordierite

and Hypersthene (Ford and Himmelberg 1976) ................ 258
Chemical Analyses of the Reed Ridge Granite

(A and B) and of the Thiel Mountains Poprhyry

(C and D) in Percent by Weight and Parts Per Million

(ppm)as Indicated (Vennum and Storey 1987)................... 259
Rubidium-Strontium Systematics of the Thiel

Mountains Porphyry and Reed Ridge Granite

(Data from Eastin 1970) .......ccccvevieeviieiienieereeeieeeeeeeenne 259
Summary of Isotopic Age Determinations

of the Basement Rocks of the Thiel Mountains

(Schmidt and Ford 1969; Eastin 1970;

Pankhurst et al. 1988) .......ccoviieeiiiiieiieeceeeee e 260
Isotopic Age Determinations of Granitic Rocks

in Whitmore Mountains and Other Nunataks

of the Ellsworth-Whitmore Mountains Block ................... 261
Patuxent Formation in the Patuxent Range

(Data by Eastin (1970)) .c..cooeveenirieninienenieneeienieeeeeeee 262
Patuxent Formation: Description of Samples

from the Patuxent Range........c..cccccecveviniininiiniinincee 262
Patuxent Formation Samples of Felsic Flows

and Plugs (Data by Eastin 1970) .......cccccecevivineneneniennene 262
Felsites of the Patuxent Formation, Schmidt

and Williams Hills ........cccooeviiniiiiiiiinineccicee 263
Patuxent Formation: Samples of Diabase

and Basalt (Data by Eastin 1970) .......cccccocevvininnenennennen. 263
Patuxent Formation: Description of Diabase

and Basalt Samples from the Neptune Range.................... 263

Gambacorta Formation: Felsic Volcanic Rocks

of the Hawkes Porphyry Member of the Pensacola

Mountains (Data by Eastin 1970) ........ccccoeceeveneeninenncnne. 264
Gambacorta Formation and Hawkes Porphyry

in the Neptune Range (Rock Descriptions

by D.L. Schmidt) ........ccvvivirinriinieincincencnerceecees 264
Chemical Compositions of Rock Samples

from the Hawkes-Porphyry Member

of the Gambacorta Formation Provided

by D.L. Schmidt to R. Eastin, in Weight Percent .............. 265
Serpan Granite and Gneiss: Rb and Sr Concentrations

and ¥’Sr/*Sr Ratios (Measured by Eastin 1970)................ 265



Contents

Xix

8.5.16 Serpan Granite and Gneiss from Serpan Peak

in the Neptune Range of the Pensacola Mountains

(Data by Eastin 1970) ....cc.cocivieniniiiiiieneieeereeeeeene 266
8.5.17 Chemical Compositions of Rock Samples from

the Serpan Granite and Serpan Gneiss on Serpan Peak,

Northern Neptune Range, Pensacola Mountains,

in Weight Percent..........ccooeeveniiiiniininiininenceeeneeee 266
8.5.18 Selected Isotopic Age Determinations of Rocks

and Minerals in the Pensacola Mountains

in Units of 10° Years (Ma) ......cc.oovevevvieeeereeeeereeeeeveeeene 267
8.5.19 Summary of Isotopic Age Determinations

of Rocks and Minerals in the Principal

Mountain Ranges of the Shackleton Range

Expressed in Ma ......ooeeveiiiienieieiicceeceee e 268

REfEIENCES. ..o et 269

9 From Rodinia to Gondwana ........................ccccoooiiiieiiiicce e, 275
9.1 Continental Drift ..........ccccoooiiiiiiiiiee e 275
9.2 The SWEAT Hypothesis .......ccceeveeririeninienenienieeienieeiesiceesieeieae 278

9.3 CoatS Land .......c.oooeiiiiieiiieeieeeee e e 280
9.4 SUIMIMAIY «..evieiiiiieiieiieet ettt ettt sttt et sb et b et sbe e e eae 283
REfCIENCES ...t et 284

Part III Gondwana: Growth and Disintegration

10 The Beacon SUPErEIroUP ...........cccceevuieriierieenieeiienieeiieenveesieesereesveessneenne 289
10.1  Southern Victoria Land.............cocoueieiiiiiiiiiieiecceeeeecee e 290
10.1.1  Ice-Free Valleys .......cccccoevieeieieinininicineseseeeeeene 290

10.1.2 Expanded Stratigraphy.........ccccceveeverienenieenienieenenieneneens 293

10.1.3  Darwin MOUNtAINS .......cccceeeieuiieeiiieeeiieeeieeeeiee e e 297

10.2  Northern Victoria Land .............ccooeiioiiiieiiiiieie e 301
10.2.1 Glacial DiamiCtite .........cceeeeuieeeiiieeiiie e e 302

10.2.2 Takrouna FOrmation.............ccceeeeiieeiiieeiiie e 303

10.2.3  Section Peak Formation ............ccccocovviieiiieeeiiie e, 304

10.3 Central Transantarctic MOUNtAINS ...........ccovuvieeeieeeeiieeereeeeieee e 305
10.3.1 Alexandra FOrmation ...........c.ccceevvieeiieeeiiie e 306

10.3.2  Pagoda Tillite .....cccuevveerieriieienieieeieneceee e 307

10.3.3  Mackellar Formation...........ccccoceeuiieeiieeeiiie e 308

10.3.4 Fairchild Formation.............cccceoeeiiieiieieiiieceiee e 309

10.3.5 Buckley Coal MEasures ...........cccceeeevueueeeeeenenenenenennens 309

10.3.6  Fremouw Formation..............ccccceueieeiuieeeiiiieeciec e 311

10.3.7 Falla FOrmation............ccceeeiuiieeiiieeeiieceieeeecieee e 312

10.3.8 Age Determinations, Falla Formation...........c..cccccoceeuence. 313

10.4 Queen Maud MOUNLAINS........cccueieeiuiieeiiiieeeiee e ettt 315
10.4.1 Cumulus Hills, Shackleton Glaci€r........ccccccceevvvvveeveeeeennne. 315

10.4.2 Mt. Weaver, SCOtt GlaCier........uuuuueveeeiieieeeeieieieeeeeeeeeeeeeeennn 317

10.5 Horlick MOUNTAINS ....c..viiiiiieieiiie ettt et e 318
10.5.1 Wisconsin Range.........ccoeevueveeniineeniiienenieenieniceeeee 318
10.5.2  Ohio RANGE ....oveviniiiiiiiciiiciciecceccsc e 319

10.6 The Far Eastern MOUNAINS .........ccccoeeeiieeeiiiieeeiieceiee et e e 325
10.7  SUMMATY .oetiiiinieiiieieeiteeetee ettt et sttt st s e e eae 325

RETEIENCES ...vviiiieeeeee e e e e e eraa e e e e eenn 325



XX Contents
11 Beacon Supergroup; Special topics ..........cccccveviieiiieiieiiiierieeiceeeeieae 331
11.1 Isotopic Studies of Carbonate ROCKS ........c.ccecereerieneinienienienieiene 331
T1.1.1 SHrONTUML ceueeeieieeeieieeitee et 331
T1.1.2 OXYZOI ittt ettt sttt 334
1113 Carbon..couceieieeieiieieeeeee et 337
11.1.4 Calcite Cleats in Coal........cccccoeevienienieniieninienenieneeeeeee 337
11.2  The Glaciation of GONAWana............ceeceeeererienerienenieneeeneeiene 339
11.3  Tetrapod Fauna..........coceecviviiiiiniiniiiienceceeieeeeee e 344
11.3.1 Graphite Peak.........ccoovieiiniiiiniiniieneeeeeeee 344
11.3.2  Coalsack BIUff........cccooiiiiiniiiiiiieeeeceeeee 345
11.3.3 Cumulus Hills, Shackleton Glaci€r...........ccccccveveveieiveenennn.. 346
11.3.4 Gordon Valley and Mt. Kirkpatrick ..........ccoceeveerenancnnns 347
11.3.5  LyStroSaUuIUS ....ccueevereieiieiieieeiienieete ettt 347
11.3.6 Permo-Triassic Extinction Event ..........cc.ccooceiveencniincnnen. 347
11.4  Plant FOSSILS ...cooueiriiiiiieiieieeieeeteeete et 348
11.4.1  GIOSSOPLETIS. c..eeveeniereieieeiienieeieeiteteeitetesiee et sie e 349
11.4.2  DICIOIdIUM .eoueeiieiiiiieieeiieieeitee et 350
11.4.3 Cycads and Other GYmMnoOSPerms...........c.cceverveeruereenuennnens 351
11.4.4  Palynomorphs ......ccceeeeuerieniinieninienieieneee e 353
11.4.5 Permo-Triassic CIMAte...........ceoereeniriienennieneeieneeieneens 353
11.5  Mineral DepOosits.......ccccerierierieiienieieeienieetese et 354
11.5.1 CRAMRA ...ttt 354
11.5.2 Inventory of Mineral Deposits ........c.ccocerervienenienenciennces 355
11.5.3 Radioactivity SUIVEYS ......cccceveeruirieniirienenienieniesieeienieene 356
11.5.4 Bituminous Coal ........cccooeeviinienirieninieneiiereeeesieeeenieene 358
11.6 SUMMATY ..covviiiiiiiiiiinieetieereeeeteeree ettt s s 359
1.7 APPENAIX.ciuiiiiiiiiiiiiiriieitetee ettt sttt 360

11.7.1 List of Publications Concerning Metallic Mineral
Deposits in Different Regions of Antarctica

by Year of Publication...........ccccecevieniniininieniiiinceeene 360
RETEIONCES . ..cueiiieieiiieieeeee e 363
12 The Ferrar Group: Kirkpatrick Basalt ..................cccooovvvinniininiennne. 373
12.1 Wisanger Basalt, South Australia .........cccccoceviiiininiininiinnienens 373
12.2  Tasmanian DOIErite ..........cocuevirieniiiiinieiencee e 373
12.3 Diamictites, Transantarctic MOUNTAINS ........eeevvreeeeeeeeeeeieieeiereeeeeeennns 375
12.3.1 Mawson FOrmation ..........cecceeeeveneeneieenenienenienceieniene 375
12.3.2  Prebble Formation...........cceceveevieneencneenenieienienceeeiee 378
12.3.3  Exposure Hill Formation..........ccccccceceeiveneninicneneneniennns 379
12.4  Kirkpatrick Basalt, Northern Victoria Land............c.cccocevienininnienns 380
12.4.1 Mesa Range.......coceevveeuieniiiieniiieneeeseeesteeee e 380
1242 TODIN MESA.....cciiriiiiiriieiinienieeteree e 382
12.4.3  Pain MeSa....cc.eeiiriiiiiiieiiiiet e 384
12.4.4  Solo NUNAtaK.....ccoieiirieiinieieeieeeecec e 389
12.5 Brimstone Peak, Prince Albert Mountains...........ccceevvveeeeeevvveeeeennnns 392
12.6  Kirkpatrick Basalt, Queen Alexandra Range...........ccccoevevenennene 392
12.6.1 Stratigraphy and Chemical Composition............c.cceveeueuee 393
12.6.2  Fossils Among the Lava FIOWS .........cccecevvenininencnicnenne 395
12.6.3  K-ArDates ...oueeieiieiiiieieeieeeeteeeteeee e 396
12.6.4  OAL/PPAT DALES .oveneeviieeiieiiieeeieteeee et 397

12.6.5 RD-STDAteS...uuveiiiiiiiiiiiiieiieeeeeeeeeeee et 399



Contents XXi
12.6.6  Intial 87Sr/3Sr Ratios ...c.covevieeeiieeiieieieieieeeieeieeeie e 400
12.6.7 Magma MiXinNg......cccoeeruerierienienienienieeteneete et see e 401
12.7 Petrogenesis: Isotopic Evidence..........ccoceevuererviinienincenenieneneee. 403
12.7.1 Tasmanian DOIEIIte .......c..ceouevieriinieniinienieieneeeeneeeee 403
12.7.2 Kirkpatrick Basalt, Mesa Range ...........ccccceceneriencnnecnne. 405
12.8 Continental TeCtONICS.........coeeruirieririenienierieeeseee e 405
12.9 Virtual Geomagnetic POIes..........cccccuvveviriniinininieneneiesieieieienns 406
12,10 SUMIMATY ...vtinieiiieiieiieteeteeieee sttt sttt e bt entesbe e e ene 408
REEICNCES ...ttt et 408
13 Ferrar Group: Dolerite Sills and the Dufek Intrusion .......................... 415
13.1 Southern Victoria Land...........cccceoerieniniininieninieneeieceesceiene 415
13.1.1  ISOtOpic Dating.....c.cceevieriieiiniieiiniieieeiieieetenee e 418
13.1.2 Chemical COMPOSItIONS .......cceerverieriieieniieienieeeeneeeenees 420
13.1.3  Mineral Stratigraphy ........cccceeceeriemiieninienenieneeeeneeeee 420
13.1.4  Trace EIements.......cccceoerienieniienienieniieieiceteneeeee e 422
13.1.5 Flowage Differentiation ...........cccceceeveeeenervienenneencnneenne. 424
13.1.6  Magma TranSpOrt.......c.cccceevuerierienienienienieeienieeeeseeeee e 425
13.1.7  Petrogenesis .......ceouerueerieriieiiniieieeiieieeitenee et 426
13.2 Roadend Nunatak, Touchdown Glacier ..........ccccccceviveviiieveieieeeeenns 427
13.2.1  Strati@raphy..c..ccoeeeerenienenieeetereee e 427
13.2.2 Chemical COMPOSItIONS .......cceerierieriinieniinienieeieneeeenees 428
13.2.3  RDB-SrDating......ccccoveeienieiiiieiieieeeeceeeee e 430
13.2:4  OXYZON .ttt sttt 431
13.3 Central Transantarctic MOUNLAINS .........coceeruerienierienenienieeieneeiene 432
13.3.1 Mt. Achernar, MacAlpine Hills .........cccccocervieneniencnnnenne. 432
13.3.2 Portal Rock, Queen Alexandra Range .........cc.cceceveeneenee. 436
13.4  Dufek INtruSion .......c.eoeeierienienieeieeneeteesteeete e 440
13.4.1 TOPOZIAPNY ..cuveimiiiiiniiiieiieiteeetere et 441
13.4.2  Stratigraphy.....ccccoeeeverienenienieeeneee e 443
13.4.3 Chemical Composition and Mineralogy ..........c..ccocceueeee. 447
13.4.4  Age and Petrogenesis. .........ccecververienieneeneniieneneeneeeeees 449
13.4.5 Natural Resources.........coceevevienienieniinienenieneeeenceee e 452
13.5  SUMMATY .oeiiiiiiiiiieieteteeee ettt 456
13.6 APPENAICES. ....iieiiiiriietieiiieieete ettt sttt 456

13.6.1 Mineralogical Types of Ferrar Dolerite Sills
in Southern Victoria Land (Gunn 1966)..............cccceeeuneeen. 456

13.6.2 Chemical Analyses of Dolerite Sills

on Roadend Nunatak, Southern Victoria Land ................... 457

13.6.3 Rb-Sr Systematics of the Dolerite Sills

on Roadend Nunatak at the Confluence of the Touchdown

and Darwin Glaciers, Southern Victoria Land..................... 457
13.6.4 Major-Element Analyses of Whole-Rock Samples,

Ferrar Dolerite Sills, Mt. Achernar,

Queen Alexandra Range, in Percent by Weight.................. 458
13.6.5 Rb-Sr Systematics of the Sills

of Ferrar Dolerite on Mt. Achernar, Queen

Alexandra Range ( 84°12'S, 160°56'E) ....cccoceevvriencnnnne. 459
13.6.6 80 Values of Plagioclase and Pyroxene

in Dolerite Samples of Sill # 2 on Mt. Achernar

and Estimates of the Isotope Equilibration Temperature .... 460



XXii

Contents

14

15

13.6.7 Chemical Analyses of Rock Samples from a Measured Section
of the Sill of Ferrar Dolerite on Portal Rock,
Queen Alexandra Range (J.M. Hergt personal communication
to G. Faure, April 27, 1987).c..coceveiiinieienieieneeeeeee e 460
13.6.8 Average Chemical Analyses of the Lexington Granophyre
and Other Felsic Differentiates of the Dufek Intrusion
in the Forrestal Range and Dufek Massif, in Weight Percent
(Ford 1970; Ford and Kistler 1980) ......c.ccceevveevveerieencieennenne 463
13.6.9 Modal Concentrations of Minerals in the Rocks
of the Forrestal Range and the Dufek Massif

(Data from Ford et al. 1983) .....ccoooviiiiiiiiieeie e 464
13.6.9B Concentrations of Metals in Whole-Rock Samples
of the Dufek Intrusion (Ford et al. 1983).......cccccevvvveveennen. 464

13.6.10 Concentrations of Vanadium in the Oxide Minerals
of the Dufek Intrusion in the Dufek Massif

(Ford et al. 1983)...cccuiiiiiiieeieeieeereeeeere e 465

REfEIENCES.....ooueiiiiiiiiiieccce e 466

Kirwan Volcanics, Queen Maud Land ..........................coooeiiiiininn. 471

14.1 Kirwan ESCarpment..........cc.ceceveevienieniinienieiieniescenie et 472

14.2 VesStfella.....cooeiieiiiiiiieiieeeeecee ettt 476

14.2.1 Chemical COMPOSILIONS ......eerveruveriirieniieienieeienieeee e 477

14.2.2 TIsotopic Age Determinations ............cecceceeereruerenrenuenuenenn 479

14.2.3  PetroeNesis ...cccuevueerueruienieriienieetenieeitesteete et 480

14.2.4 Permian Sedimentary ROcKs ..........ccceveeviininiiincnncncnnne. 482

14.3  Plogen and Basen .........cocueiieieniiiiienieiiniec ettt 483

14.3.1 Geology and GeOChemiStry.........cceeuenreeieneenienieeieneeeeae 483

14.3.2  Isotopic COMPOSILIONS .....cceerveeurerieeiiniieienieeienieeeeseeenee e 484

14.3.3  Petrogenesis .......cocueruerierierieniieienieeiesieete st 485

144 SUMIMATIY .c.eviiiiiiiitieieniieieettee ettt sttt st et saee e e 486

145 APPENAICES ...uiiuiiiiiiiiiieiieiieeettete ettt sttt st 487
14.5.1 K-Ar Age Determinations of Jurassic Basalt Flows

and Dikes in Queen Maud Land ..............cc.cccooiiieiiniennnnen. 487

REfEIENCES.....cueiiiiiiiiiiie e 488

Break-up of Gondwana and Assembly of Antarctica............................ 491

15.1 The Plume Hypothesis ........ccccouevueieieirinininineneeceeseseceieeenee 491

15.2 The Weddell-Sea Triple JUNCtion.......c.ccecevererereninenenicieeeennee 494

15.3 Subduction Along the Paleo-Pacific Coast.........c.ccccevvererenrennennennee 495

15.4 Assembly and Break-Up of Gondwana ...........cccceceeevenenenienennennee 497

15.5 Uplift of the Transantarctic Mountains...........cc.ccevereenenieneneeniene 500

15.5.1 Crustal Structure of Antarctica ............ceceevevererenrereneennn 501

15.5.2 The Transantarctic Fault Zone...........ccccccoeveverinenencncnne. 502

15.5.3 Marie Byrd Land..........ccoceooieiiniininiiiieceeceeceee 504

15.5.4 The Accreted Terranes of NVL.......ccccocevininininencnennnn. 505

15.5.5 Fission-Track Method of Dating...........cccceeeeveeneenencennnnne. 505

15.5.6 Uplift of the Transantarctic Mountains............c.ccecereeneenne. 507

156 SUMMATY .eoutiiiiiiitiiieeteeieet ettt bbb e e eae 508

15.7  APPENAIX.cuiiiiiiiiiiiiieniieieeteeetee ettt 510

15.7.1  The Fission-Track Method of Dating..........c..cceceeceerernennen. 510

RETEIENCES ...eeeiiieieiee e e et e et e e e eenn 511



Contents

XXxiii

Part IV Fire and Ice

16 Cenozoic VOICANOES .............ccooviiiiiiiiiiiie et et 519
16.1 Erebus Volcanic Province .........ccocoeeeevieeeiiiiieiiec e 519
16.1.1  PetrolOgy ..cc.ceoueeieniieieniieieniieieetee ettt 521

16.1.2 Chemical COMPOSILIONS .......cocuerveeriirieniieienieeieneeienieenens 522

16.1.3  K-ATDAteS...ooiiiiieeiiee e e 523

16.1.4  RD-Sr SyStematiCs......cceeverieriiniiiienieie et 525

16.1.5 U-Pb SyStematiCs ......ceouerurerieriiniieienieeie oo seenieeeeens 526

16.1.6  OXygen ISOtOPES. .......cevueeieriieiiniieienieie et 527

16.1.7 Ultramafic InCIUSIONS.........ccouveeeiiiieeiiieeeiiee e 527

16.1.8  Granulite INCIUSIONS .........eeeiiieeeiiieeiiee et 528

16.1.9  Structural Discontinuity of the Deep Crust............cccceuenne. 529

16.2 ROSS ISIANd........ooooviiiiiiiiiieeeceees e e 530
16.2.1 Hut Point Peninsula and Petrogenesis...........c..ccceveeuennene 532

16.2.2 Mount Erebus, SUMMIt......ccooeeuemeeieiiiieeeeeeeeeeeeeeeeeeeeeeeeeeae 535

16.2.3 Mount Erebus, Gas and DUust ...........eeeeveeeeeeeeeieiiiieeieieeeennn. 538

16.2.4 Mt. Erebus, S0Oil SaltS.......cccovuvviiiiiiiiiieiiiiiieeee e 539

16.2.5 Soil Salts, Coast of Ross Island ............ccceeveveiiiiiiviiiienennne. 540

16.3 Melbourne Volcanic Province...........cccoceeevieeeeciieieciieeeciee e 542
16.3.1 Mt. MEIDOUINE ....ocovviiiiiieeciieeeiiee et 543

16.3.2 Petrogenesis (Mount Melbourne) .........cc.cceeeeverveniennennene 546

16.3.3  The Pleiades........coooviieeiiieciieeeiee e 548

16.4 Hallett Volcanic Province..........cccocuieeeuieeeiiiceciie e 550
16.4.1 Adare Peninsula..........ccocoeeeuiieeiiiieiiie e 550

16.4.2 Hallett Peninsula...........ccccooouiiieiiiioiiieiiiieeeee e 551

16.4.3 Daniell Peninsula ..........c.cccoouieeeiiiiiiiieiiiee e 551

16.4.4 Coulman Island............cccoooiiiieiiiieiiie e 552

16.4.5 Possession ISIands.............cooveeeeeiiieeiieceiiieeeiee e 553

16.5 The Balleny, Scott, and Peter I Islands ...........ccccceveriiieniincnennenne 554
16.5.1 Balleny Islands........ccccocueierieniiniiiniiiiinieceeeeeeeeee 555

16.5.2  Scott ISland...........cccoouviieiiiiiiiieeeeeeee e 555

16.5.3 Peter IIsland ..........cccooeeeiiiiiiiiiiiie e 556

16.5.4 Petrogenesis (Balleny Islands)........c.cccoceeveneencncencneennene 556

16.6 Mount Early and Sheridan Bluff, QMM .........cccccooeiiniininiinennee 558
16.7  SUMIMALY ...veiuiiiieiieiieieeiteeie ettt sttt sae e e 561
16.8  APPENAICES ....ueuiiiiriiiiieiieeiiete ettt 562

16.8.1 Average Chemical Compositions
of the Granulite Inclusion from the Deep Crust Beneath
the Transantarctic Mountains and the Ross Embayment
(Kalamarides and Berg1991) .......cccccoveniinineincniincniene 562
16.8.2 Isotopic Compositions of Strontium and Sulfur
in Soil Salts on Ross Island Including the Summit

of Mt. Erebus (Jones et al.1983; Faure and Jones 1989)..... 563
16.8.3 Isotopic Compositions of Two-Component Mixtures
(Faure and Jones1989) .......ccovevieeciienieeiienieeieeee e 564

16.8.4 Isotope Compositions of Strontium and Neodymium
of Volcanic Rocks from the Mt. Melbourne Volcanic Field

(Worner et al.1989) ......oocviieiieieeiieeeeeee e 565
16.8.5 Isotope Compositions of Strontium of the Cenozoic Lavas
of Northern Victoria Land and Adjacent Islands ................ 565

RETEIEICES ... e e e e 565



XXiv

Contents

17

18

The East Antarctic Ice Sheet.................oocoiiiiiiiiniiieee 573
17.1 Dynamics of the Antarctic Ice Sheets.......c..ccccevvveviiveninienicnncne. 573
17.2  Cenozoic Glaciation of AntarctiCa........cc.cceceevuerveniencienieneeneeneene 576
17.3  The Elephant MOTAINe.........ccccvecveieieininininieeneseeeseseeeenennens 579

17.3.1 Physical DImensions...........ccccceeeeeveerininenenenenennennes 579

17.3.2 Lithologic Composition of Rock Clasts............cccceueee. 579

17.3.3  Origin of the Elephant Moraine.............ccccevceeveereenennen. 581

17.3.4 Dating Supraglacial MOraines ...........ccocceceereereereennennen. 582

17.3.5 Micropaleontology of Molded Till Pellets..................... 583

17.3.6  Ablation Rates........cccceeieiiinieiiniiiiienceieceeeee e 585

17.3.7 Subglacial Calcite and Opaline Silica........c..ccccereeuennen. 586

17.4 Reckling Moraine and Allan HillS .........cccccocvvinviniininniinincnenns 589

17.4.1 Lithology of Rock Clasts .......c.cccceeueeveerinineninenenienen 591

17.4.2  Ablation Rates........cccceeieiinieiiniiniienceccecceeeen 591

17.4.3  OXygen ISOtOPES ......cccovervirveienieieieieieieeeeereee e 592

17.4.4  Bedrock Topography...........cccceevvevuevieeeinveneninenenienen 594

17.5 Accumulation Rates of Snow and Condensation Temperatures ...... 595

17.5.1 Accumulation Rates..........ccccceervieninninieniniencneeeee, 595

17.5.2 Temperature Estimates (OXYZen) ........cccocevveeruenreenuenneans 596

17.5.3 Temperature Estimates (Hydrogen) .........cc.cceeceveenenncee 597

17.6  Climate Histories from Ice COres .........ccoceevereeneneenienienienienene 599

17.6.1 The VOStok COIe ....cc.eeievuiriiniinienieeieneeie et 600

17.6.2 Dating ICe....cceeiuiriiiiiiieiiiieeeeeeeeeee e 601

17.6.3 EPICA Core at Dome C.......cccoceereevieneinenienienieieneene 601

17.7 Water Under the Antarctic Ice Sheet.........c.ccoceveriininieninnenene. 605

17.7.1 Pressure-Melting Point ...........ccccevveeviniineniencnienennn, 605

17.7.2  Lake VOStOK ...cccuevuieiirieniieienieeiesieeee et 607

17.7.3  1ICE SHrEAMS...c..eevieieniieiieieeieieeee sttt 607

17.7.4 Effect on Sea Level .......cccoceniniiniininiiniiicniec, 608

17.8 Cryogenic Brines and Evaporites..........ccoccevevienenienicnienennienene 610

17.9  Chemical Composition of Antarctic ICe ...........cccecevvevirvininicnennns 612

17.9.1 Firn at Base Roi Baudouin..........c.cceccevveeniiiincnencnnen. 613

17.9.2 The Byrd-Station Ice Core.........ccoceevereeneneencniencnnens 613

17.9.3 Nitrate and Sulfate Concentrations ...........c.cceeeeveneennnene 614

17.9.4 Lead in Continental Ice Sheets ..........c.cccocerveenerienennens 615

17.10 Dust in the Ice Sheets of Antarctica.......c..ccoceevereerienienieneenenenn 617

17.10.1  Stratospheric DUSt.......ccccoeeevirienenieninienceenceeeeenee 617

17.10.2 Tephra Layers in the Ice Sheets of Antarctica............... 619

17.10.3 Tephra on the Allan Hills Ice Fields ..........cccceveeiennne. 621

17.10.4 Black Spherules, Allan HillS.........c.ccoooerieniniiinieninenne 622

1711 SUMIMATY .ottt ettt s st st saeens 624

1712 APPENAIX ..ttt ettt 626
17.12.1 Chemical composition of snow at Base Roi Baudouin,

Amundsen-Scott, and Plateau stations

(Hanappe et al. 1968).........ccceeevuenenenieieieicieiceeenen, 626

RETEICNCES ...ttt 627

Meteorites 0N ICe..........c..oooiiiiiiiiiiiiiicee e 635

18.1 Meteorites in ANLATCICA.......eeeeruerierieeienieetenieete e see e saeens 635

18.2  Classification Of MELEOIIES .....cc.eeuveruerierierienieeienieeiereeieseeniesinens 637

18.3  ANtarctiCc MELEOIILES. ..c.ueruieuieriieiieiieieetenieete sttt st 640

18.3.1 Physical Properties of Meteorites. .......c.ccoceerereenereeniennnens 641

18.3.2 Transport and EXpOSUIE........cccccoeeuireeniirienienienienienienene 643



Contents XXV
18.3.3 Meteorite Collections from Antarctica .........c..ccoeeuenne. 644
18.4 Meteorite-Impact CratersS..........cceverierierieniierieniieieeeenee e 644
18.4.1 Wilkes Land Impact Basin..........ccccceceevireencneencnnennen. 645
18.4.2 Butcher Ridge, Cook Mountains ...........cccceevereerueruennen. 645
18.5 Allan Hills Icefields .........coceririeniiieniiienieeceeeeeeeeeeee e 649
18.6 Meteorite Chronologies ..........cccceverriererrieniienienienieetenee et 652
18.6.1 Cosmic-Ray EXposure Ages .......ccccceceereereenereenienuennn. 653
18.6.2  Terrestrial AZeS.....cocuevvieieniieiiniieieeeerceeerieeeee e 655
18.6.3 Old Meteorites at the Allan HillS........c.ccoceveriencnnennen. 656
18.7 Chemical Weathering of Stony Meteorites ..........c..ceceveecueneenncnne. 656
18.7.1 Evaporite Minerals...........ccccceeveveeireneninieneneneneneenes 659
18.7.2  Clay MINerals.........cccevueeienieiienieiinieneeeene et 660
18.7.3  Trace EIements.......c.cccoueeuenieeiienieeniinieneeeenieeeenieeee e 661
18.7.4 Todine Contamination ...........c.ceeceereereerereenesneenensuennens 661
18.8 Iron Meteorites: Derrick Peak...........cocceveiiiiinininiiniiice 663
18.9 Lunar and Martian MEteOrites .......ccccereerueruierienienienienieeienieeeeees 665
18.9.1 Lunar Rocks in Antarctica ..........ceeceveeevereenerneeneeneennen. 666
18.9.2 Martian Rocks in Antarctica..........cceceveeveeneeveencenuennen. 669
18.9.3 Life on Mars? (ALH 84001) ....ccccceeveeeverieeienieeieeeenn 670
18.10 Micrometeorites and Cosmic Spherules ...........ccoceeeveneroienenienienns 672
18.10.1 Discovery of Micrometeorites .........cccceeeervereerueneeneennes 673
18.10.2  Origin and COMPOSIION. ....co.eerverierierienieeienieeieeieeeeaes 673
18.10.3  ClasSifiCation........coceevuereerierienienienienieeee e 675
18.10.4 Micrometeorites, Cap Prudhomme.............ccccevireennenne 675
18.10.5 Micrometeorites, South Pole.......cccooeueveveiiiiiiiiieniiennennn. 677
L1811  SUMIMAIY ..ottt ettt sttt nbeeae 677
18,12 APPENAICES. ..couuiiiiiiriiiiieiieieeteete ettt sttt 678
18.12.1 Letter Codes and Locations of Collecting Sites
of Meteorite Specimens (Antarctic Meteorite
Newsletter, 29(2):3, 2006 and Gazetteer
of the Antarctic (Fourth edition))...........ccccceeevieeeiieeenn. 678
18.12.2 Calculation of the Terrestrial Age of the LL6
Chondrite ALH 78153 by the Decay
of Cosmogenic **Cl and Al.........cccoceevrveeieenieenreenienns 679
18.12.3 Lunar Meteorite Specimens Collected
in Antarctica Including Paired Samples
(Warren 2005; Papike et al. 1998; Eugster 1989;
Bogard 1983) ....c.coevieriiiiieicicieicee e 680
18.12.4 Partial List of Martian Meteorites Collected
1N ANEATCHICA. .ottt 681
ReferenCes. .. ..covueeiiiiiieee e 682
19 Glaciaton of Southern Victoria Land...................c.coconiniinininnnnnen. 693
19.1 Neogene Sediment in McMurdo Sound...........cccecevenenenieniennenns 693
19.1.1 CIROS-1 and MSSTS ...coveiriiiniineenceneeneeeieeeieneenene 694
19.1.2 Cape Roberts Project ........cccecvevevienineenenienenieneeeeen 696
19.1.3 Ross Ice Shelf Project.......cccoeeevevieneniencnienenenceeee, 697
19.2 The Sirius GIOUP.....cceveruiriirieieieietetetetet et eenenens 697
19.2.1 ML SITTUS .eoeeiiiiiiinicieieeeiente ettt 698
19.2.2 Marine Microfossils and Real Wood ...........ccoceeeeneneenne. 700
19.2.3  Pyrite Grains and Cosmic Spherules ........c..ccoceecencnenne. 701
19.3  Dominion RANEE ........cccevuiriiienieiiiiieieieiieeeeese e 702

19.3.1  Strati@raphy.....ccceeeerienienienieeetereeereeee e 702



XXVi Contents
19.3.2  Pliocene Nothophagus ..........cccceceeirininiineninienenenieienene 704
19.3.3  The Beardmore Fjord..........ccccceceririninininininencnicienene 706
19.3.4 History of Glaciation of the Transantarctic
IMOUNEAINS ..ttt nens 706
19.3.5 Trouble with Diatoms .........ccccceeceeiririnineninineneieienene 707
19.3.6  The Outlet GlaCIers.......ccuecueveieieiriiieinereseeseeeeenene 709
19.3.7 Rb-Sr Dating of Feldspar in Till .......ccccoeverininienenccnenns 710
19.4  Volcanic Activity, Southern Victoria Land .........c.cccoceeceniiiincnnnns 711
19.4.1  Taylor Valley .....c.coevevienieiiieieieiniiieeeeseseeeeeenenene 714
19.4.2 Wright and Ferrar Valleys........ccccoocevieniniieniiiiencnienenens 715
19.4.3  Koettlitz Glacier.........ccceveruerrenienienieieieieicieieeeeeceeenes 716
19.5 Arena Valley and Western Asgard Range ...........cccceeevecvevinininennen. 718
19.5.1  Arena Valley......coooevieiiiriiniieiinieeieniceec et 718
19.5.2 Western Asgard Range..........cccoeceevuevieneneencieencniencnee, 718
19.5.3  Volcanic ASh ......cccoceviviinieninienienieiciciceceeeceeeeeee e 718
19.5.4 Endolithic PIants ...........ccceeevevienienieiiinieieieieeeeeeeenenns 720
19.6  Wright Valley .....cooceviiiiiiiiiiiieieiceccceeeeeeeeeee e 722
19.6.1  Glaciation.......cc.evuevieriinieienieieieieiceereeeeeeee e 723
19.6.2  Peleus Till ...co.ccerieirieiniiiriiieieneeereenee et 724
19.6.3  Wright Fjord........cccooiiiiiiiiiiiiiieececeeesee, 726
19.6.4 Ross-Sea Glaciation .........c..coeeveeveieieieieeninienenieenennens 726
19.7 Lakes of the Ice-Free Valleys.........ccoceveviiiininiencnicnenienceieee 728
19.7.1 Lake Vanda, Wright Valley .........cccccocevveninnenenicnineneens 728
19.7.2  Sources of Salts: Strontium ISOtOPEs ........ccccevververeruenncnns 737
19.7.3 DonJuan Pond.........ccccoceciiiieiiiiiniininiiininincneseeene 738
19.7.4 Lake Bonney, Taylor Valley .........cccccocvvenininieneninenennns 740
19.7.5 Meltwater Streams, Taylor Valley...........cccocevvenenincnennne 742
19.8  SUMMATY ..uviiiiiiitieieiieteetee ettt sttt st s naeeae 746
19.9  APPENAICES.....iiiiiiiiiniieiieiieie ettt sttt 748
19.9.1 “Ar/*Ar Dates Derived from Volcanic Ash in Arena
Valley and from the Western Asgard Range,
Southern Victoria Land (Marchant et al. 1993a, b) ........... 748
19.9.2 Names and Locations of 44 Present-Day Lakes
and Ponds in southern Victoria
Land and on Ross Island (Chinn 1993)..........ccccoeeeunenneen. 748
19.9.3 Chemical Analyses of Brine in Don Juan Pond
of Wright Valley, Southern Victoria Land
(Compiled by Jones 1969) .......ccccceveverineneneneneniennenenn 749
19.9.4 Reports Concerning the Geochemistry of Don Juan
Pond in Wright Valley, Southern Victoria Land ................ 749
19.9.5 Isotope Compositions of Strontium in the Water
of the Principal Tributary Streams in the
Three Watersheds of Taylor Valley (Lyons et al. 2002)..... 750
REfEIENCES ...ttt 750
20 Antarctica in RetroSpect..............cccceeeiiiiieeiiieniieieenie et 759
AUthor INdex..........ccoooiiiiiiiiic e 761
SUDFECt INAE@X ..ottt 779

Geologic Time Scale...........cccooooiiiiiiiiiiiiie e 803



Part |
Exploration and Characterization



Chapter 1
The Exploration of Antarctica

In spite of its remote location and its cold and stormy
weather, Antarctica has attracted seal hunters, whalers,
and scientists all of whom have contributed to the
exploration of this continent. The names of these
explorers are preserved by many of the topographic
and geologic features of Antarctica, as well as by the
names of its coastal areas and surrounding oceans.
Those who now wish to visit Antarctica can do so in
steel-hulled ships or in large transport planes that land
on the sea ice or even on the polar plateau. The research
stations that are maintained in Antarctica by several
nations offer most of the comforts of home. Even sci-
entists who work in the mountains and on the polar
plateau are transported into the field by helicopters or
fixed-wing aircraft; and they use snowmobiles rather
than dogsleds to travel across the polar plateau. In spite
of these labor-saving accommodations and devices,
the weather in Antarctica has not changed since the
epic journeys of Robert Scott, Ernest Shackleteon, and
Roald Amundsen. The sign at Williams Field adjacent
to Ross Island welcomes travelers with the Maori
phrase: “Haere Mai” (Welcome). It could also read:
“Enter at your own risk.” Antarctica can be a cruel
place. Those of us who now work in Antarctica should
be aware of the heroic struggle and tragic fate of some
of those who preceded us.

1.1 Brave Men in Wooden Sailing Ships

Captain James Cook was the first person to circum-
navigate Antarctica between 1772 and 1775 during his
three voyages of exploration into the Pacific Ocean
(Beaglehole 1955, 1961, 1962, 1967; Bellec 2000). On
January 30, 1774, Captain Cook reached a point near
the coast of West Antarctica at 71°10°S, 106°54°W.

These voyages exposed the crews of his ships to frightful
conditions caused by severe cold, violent storms, and
dangerous pack ice along the coast. As a result of these
hardships and based on what he had seen, Captain
Cook reported that any land that may exist close to the
geographic south pole was not worth the effort to
explore (Stonehouse 2002). In the years that followed
Captain Cook’s voyages, the ocean around Antarctica
was frequented by a multitude of European and
American whalers and seal hunters who were primar-
ily interested in making a profit from the sale of whale
oil and seal skins (Stonehouse 2002; Victor 1964).

The scientific exploration of Antarctica started by
Captain Cook continued 45 years later with the Russian
Naval Expedition (1819-1821) led by Fabian Gottlieb
Benjamin von Bellingshausen (1778-1852) who was
a Baltic nobleman of German descent from the island
of Saaremaa (Oesel) in Estonia which, at that time,
was a province of Tsarist Russia (Debenham 1945).
As a midshipman in the Russian Imperial Navy,
Bellingshausen had previously participated in the
Russian around-the-world expedition (1803—1806)
that was commanded by Admiral Johann von
Krusenstern (1770-1846) who was also a Baltic noble-
man from Estonia. Bellingshausen in Fig. 1.1 circum-
navigated Antarctica with two ships named Vostok and
Mirnyy and his closest approach to the mainland of
Antarctica was 69°S. Bellingshausen acted on orders
of the Tsar of Russia who wanted to demonstrate
Russia’s naval power while at the same time contribut-
ing to the exploration Antarctica which had been offi-
cially recognized as a landmass at the bottom of the
Earth.

During his return voyage, Bellingshausen sighted
the ship of the American seal hunter, Nathaniel
Palmer (1799-1877) off the coast of Deception Island
(62°57’S, 060°38°W). The two explorers met on this
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Fig. 1.1 Fabian Gottlieb von Bellingshausen (1778-1852) was
an Estonian nobleman of German descent who became a highly
regarded officer in the navy of the Tsar of Russia. For that reason,
he was ordered to undertake a voyage of discovery to the Southern
Ocean with two wooden sailing ships named Vostok (commanded
by Bellingshausen) and Mirnyy (commanded by Lazarev). Both
ships successfully circumnavigated Antarctica between 1819
and 1821 and returned safely to their home port. This voyage
confirmed that Antarctica was a large continent surrounded by
the Southern Ocean (Photo by the Scott Polar Research Institute,
University of Cambridge, used here with permission)

occasion and exchanged information about their
findings. The exploits of the Russian explorer are
recorded by the names of the Bellingshausen Sea and
Bellingshausen Island (59°25°S, 027°03’W), whereas
the memory of the American seal hunter and navigator
is preserved in the Palmer Archipelago (64°15’S,
062°50’W) and in Palmer Land (71°30’S, 065°00°W)
which is the southern part of the Antarctic Peninsula.
In addition, the USA presently maintains a scientific
research station called Palmer Station on Anvers Island
(64°33’S, 063°035’W) off the west coast of the
Antarctic Peninsula.

Even as Bellingshausen was returning from his
expedition to Antarctica, a British seal hunter of Scottish
ancestry by the name of James Weddell (1787-1834)
entered upon the stage of Antarctic exploration.
Weddell in Fig. 1.2 retired from the British Navy in

Fig. 1.2 James Weddell (1787-1834) and Matthew Brisbane
were hunting seals in the South Shetland and South Orkney
Islands in 1823 when they turned their ships south and sailed into
a large embayment in the land mass of Antarctica now known as
the Weddell Sea. They reached a point even farther south than
Captain Cook when they decided to turn back. They were fortunate
to have penetrated this far into the Weddell Sea and to have escaped
unhurt because the pack ice in the Weddell Sea is notorious for
trapping ships (Photo by the Scott Polar Research Institute,
University of Cambridge, used here with permission)

1819 and subsequently made a name for himself as a
successful seal hunter and expert navigator working in
the South Shetland (62°00°S, 058°00’W) and South
Orkney islands (60°35’S, 045°30°W) of the southern
Atlantic Ocean. In 1823, James Weddell, accompanied
by Captain Matthew Brisbane in a second sailing
ship, turned south from the South Orkney Islands and
sailed into a large embayment in the Antarctic main-
land now known as the Weddell Sea. On February 20
of 1823 the ships reached their most southern position
at 74°15°S, 034°015°45“W, which was 214 nautical
miles farther south than the position achieved previ-
ously by James Cook. The Weddell Sea is notorious
for the slowly rotating pack ice which trapped
and, in some cases, destroyed the ships of subsequent
expeditions to the area (e.g., Shackleton’s ship the
Endurance, 1914-1917).



1.1 Brave Men in Wooden Sailing Ships

The next actor to appear on the Antarctic stage was
the French nobleman and navy officer Jules Sébastien
César Dumont d’Urville (1790-1842) who was in
charge of the French Naval Expedition to Antarctica in
1837-1840 (Bellec 2000). His plan was to follow the
course of James Weddell and to attempt to reach a
point even farther south than Weddell or anyone else
had achieved. He also hoped to find the magnetic pole
in Antarctica. After wintering in Indonesia and taking
on provisions in Hobart, Tasmania, d’Urville in Fig. 1.3
sailed south-east in January of 1840 and, although he
did not succeed in finding the magnetic pole, he did
claim for France a segment of the coast of East
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Fig. 1.3 Jules C. Dumont d’Urville (1790-1842) was a French
naval officer and navigator who led the French Naval Expedition
to Antarctica from 1837 to 1840. He was an experienced explorer
who had worked in the eastern Mediterranean Sea followed by
two expeditions to map the coasts of Australia and New Zealand
and to map variations of the magnetic field in the South Pacific
and the Southern Ocean. He used two ships (Astrolabe and
Z€leé) in an attempt to find the magnetic pole in Antarctica.
Although he failed to achieve that objective, he named Adélie
Land along the coast of East Antarctica after his wife and dis-
covered two large islands off the coast of the Antarctic Peninsula
(Photo by the Scott Polar Research Institute, University of
Cambridge, used here with permission)

Antarctica, which he named the Adélie Coast (67°00’S,
139°00’E) in honor of his wife.

On the return trip to France, d’Urville was surprised to
encounter an American warship that was part of a fleet
commanded by Lieutenant Charles Wilkes (1798-
1877) who was leading the United States Exploring
Expedition from 1838 to 1842 to the southern ocean. On
December 26 of 1839 four ships in Wilkes’ fleet headed
south toward the coast of Antarctica. Wilkes in Fig. 1.4
sailed along the coast of East Antarctica including the
part that is now called Wilkes Land (69°00’S, 120°00’E).
Only two of the six ships that started this voyage returned
to New York in August of 1842.

Fig. 1.4 Lieutenant Charles Wilkes (1798-1877) of the US
Navy commanded the United States Exploring Expedition from
1838 to 1842. He was an outstanding navigator and hydrogra-
pher and was appointed to be the Director of the Navy’s Depot
of Charts and Instruments. In 1838 he was put in charge of a fleet
of six ships that were to sail around the world with side trips into
the Southern Ocean for the purposes of geographic exploration
and hydrographic research. During the summer of 1840 he sailed
close to the coast of East Antarctica where he repeatedly sighted
land although the weather was cold and stormy (Photo by the
Scott Polar Research Institute, University of Cambridge, used
here with permission)
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On the day when the sailing ship Astrolabe of
Dumont d’Urville encountered the Porpoise of Wilkes’
fleet on the high sea off the coast of East Antarctica,
the crews of both ships hoisted full complements of
sails and passed without saluting each other in contrast
to Bellingshausen and Palmer who preceded them as
Antarctic explorers.

The claim to Adélie Land which Dumont d’Urville
had discovered was not recognized until 1926 because
it was not clear whether d’Urville or Wilkes had actu-
ally seen it first. Finally, on January 20 of 1950, a
group of scientists of the French Polar Expedition
landed on the Adélie coast to set up a base which was
named Dumont d’Urville in honor of the famous navi-
gator and explorer (Stonehouse 2002).

1.2 Search for the Magnetic Pole
in Antarctica

The magnetic field of the Earth and the location of the
magnetic poles were of great interest to the seafaring
nations of the nineteenth century because the magnetic
compass was used to steer ships across the oceans that
contained few points of reference. For this reason, sev-
eral Antarctic explorers of the nineteenth century
attempted to map the magnetic field of the Earth and to
determine the position of the magnetic pole in
Antarctica (e.g., Dumont d’Urville and Charles
Wilkes).

The magnetic field of the Earth was also much on
the mind of James Clark Ross (1800-1862) a British
naval officer who had participated in and led several
exploratory voyages and dogsled expeditions in the
Arctic between 1818 and 1831 searching for the elu-
sive Northwest Passage from the Atlantic to the Pacific
Ocean. On May 31, 1831, James Ross in Fig. 1.5
reached the magnetic pole in the Arctic at 70°05°N and
096°46’W. In 1904 Roald Amundsen relocated the
pole at 70°30’N and 095°30°W. Still later, in 1947, a
Canadian scientific expedition placed the magnetic
pole at a spot north of Prince of Wales Island at 73°N
and 100°W. The present position of the pole is at
77°18’N and 101°48’W (Emiliani 1992, p. 228).

Evidently, the magnetic pole of the Arctic moves
and is not coincident with the geographic North Pole
of the Earth. These observations are one of the points
of departure for the on-going research to understand

Fig. 1.5 Captain James C. Ross of the Royal Navy of Great
Britain together with Captain EM. R. Crozier was one of the
most successful early Antarctic explorers between 1839 and
1843. The two British Navy Captains discovered the Ross Ice
Shelf and sailed along it to the coast of Victoria Land. They also
discovered Ross Island and named its two principal volcanoes
after their two ships: Erebus and Terror (Photo by the Scott Polar
Research Institute, University of Cambridge, used here with
permission)

how the magnetic field of the Earth is generated, why
the magnetic poles move, and why the magnetic field
has spontaneously reversed its polarity many times
during the course of geologic time.

In 1839, Captain James Ross was appointed to
lead the British Naval Expedition (1839-1843) to
Antarctica. His assignment was to penetrate the pack
ice with his two small ships, HMS Erebus and HMS
Terror, and to reach the magnetic pole. Ross and his
associate, F.M.R. Crozier who commanded HMS
Terror, set sail on September 30, 1839 and arrived in
Hobart, Tasmania in early 1840. After visiting Sir John
Franklin, who was the Governor of Tasmania, Ross
and Crozier started their voyage to Antarctica on
November 13, 1840. Their ships were well stocked
with provisions and were staffed with volunteers on
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Fig. 1.6 The Antarctic voyage of Ross and Crozier started in
1840 from Hobart, Tasmania. After their return to Hobart, they
moved on to Sydney, Australia. From there they set out again to
the Ross Sea in 1841 and then headed for home via the Falkland
Islands with two more close approaches to the northern tip of the
Antarctic Peninsula and to the Princess Martha Coast of Queen
Maud Land in East Antarctica (Adapted from Stonehouse 2002,
p. 215)

double pay. Ross and Crozier in Fig. 1.6 were able to
break through the pack ice which typically surrounds
the continent in the early spring of the southern hemi-
sphere and sailed into open water now called the Ross
Sea. During this voyage, Ross and Crozier discovered
the Ross Ice Shelf and sailed along its high cliff until
they encountered the coast of Victoria Land, which
Captain Ross claimed for England and named in honor
of Queen Victoria.

On January 24, 1841, these explorers also discov-
ered an island at 78°S and 168°E located off the coast
of Victoria Land. The latitude of this island exceeded
the most southern position reached by James Weddell,
which Ross and Crozier celebrated by issuing double
rations of rum to their crews. Ross named the two vol-
canoes on the island after his ships Erebus and Terror
and the island itself is known to us as Ross Island.
Captain Crozier’s name identifies a prominent penin-
sula on Ross Island where the famous rookery of
Emperor Penguins is located.

Ross and Crozier attempted to find the magnetic
pole in Antarctica based on a continuous series of mea-
surements they had made of the magnetic field of the
Earth ever since they left London. Ross was deter-
mined to plant the same flag on the magnetic pole of

Antarctica that he had hoisted over the magnetic pole
in the Arctic. He was unable to achieve that goal only
because the magnetic pole at that time was located
behind the mountains of Victoria Land and was not
reachable with sailing ships.

After wintering at Hobart, Ross and Crozier sailed
south again in December of 1841 and discovered the
Bay of Whales along the edge of the Ross Ice Shelf. In
1910 Roald Amundsen set up his base camp called
Framheim at this site from where he reached the geo-
graphic South Pole in 1911. Ross and Crozier nearly
perished when their ships collided in a violent storm
among the icebergs of the Ross Sea. They managed to
untangle their ships and sailed north to the Falkland
Islands. From there they crossed the Weddell Sea with
two close approaches to the Antarctic Peninsula and
the coast of East Antarctica (Fig. 1.6).

Ross returned to England in 1843 and was knighted
by Queen Victoria. Although he had not reached the
magnetic pole of Antarctica, his discoveries opened
the way for the subsequent exploration of the interior
of Antarctica by Robert F. Scott, Ernest Shackleton,
Roald Amundsen, and Richard E. Byrd. After publish-
ing a report of his Antarctic expedition (Ross 1847),
Ross undertook a final expedition into the Canadian
Arctic in 1848-1849 to search in vain for survivors of
Sir John Franklin’s expedition who had used his two
Antarctic ships Erebus and Terror in a failed attempt to
find the Northwest Passage. All 129 officers and
enlisted men under Franklin’s command were later
found to have died primarily of lead poisoning
(Faure 1998).

The magnetic pole in Antarctica was eventually
discovered in 1909 by T.W. Edgeworth David at
72°025’S and 115°16’E in the interior of the continent
behind the mountains of Victoria Land. David was a
member of the so-called Nimrod Expedition of 1907-
1909 that was led by Ernest Shackleton (1874—-1922).
Since its discovery in 1909, the magnetic pole in
Antarctica has moved 900 km to its present position at
65°S and 139°E in the Indian Ocean off the Adélie
Coast of East Antarctica (Stonehouse 2002, p. 169).
However, nearly 50 years elapsed before the map of
the magnetic field in Antarctica was completed during
the International Geophysical Year that lasted from
1957-1958 (Victor 1964).

In retrospect, we see that Bellingshausen’s circum-
navigation of Antarctica between 1819 and 1821 on
behalf of the Tsar of Russia may have motivated a
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series of national expeditions by several countries,
including France (1838-1842), USA (1838-1842),
Great Britain (1839-1843), Belgium (1897-1899),
Germany (1902-1903), and Sweden (1902-1904). All
of these early expeditions attempted to explore
Antarctica and to claim parts of its territory from
the decks of wooden sailing ships. Apparently, the
exploration of Antarctica that was initiated by Russia
with Bellingshausen’s voyage became a priority for
other nations.

1.3 Surviving the Antarctic Winter

All of the scientific expeditions prior to 1898 returned
to Australia or New Zealand for the winter because the
wooden sailing ships they used could not withstand the
harsh winter weather and the pressure of the sea ice
that forms annually around the coast of Antarctica.
The first group of scientists to spend the winter in
Antarctica was the Belgian Antarctic Expedition of
1897-1899 in the ship Belgica commanded by
Lieutenant Adrien de Gerlache de Gomery (1866—
1934) of the Belgian Navy. The first mate of the pre-
dominantly Norwegian crew was Roald Amundsen
and the ship’s physician was Dr. Frederick Cook who
later claimed to have reached the geographic North
Pole. On March 3, 1898, the Belgica became trapped
in the pack ice of the Ross Sea west of Alexander
Island at 71°30°S near the base of the Antarctica
Peninsula and remained stuck for 13 months while it
drifted more than 1,000 km with the ice. The scientists
on board continued to make observations throughout
the long Antarctic winter. The ship finally broke free
of the ice on March 14, 1899 and returned home.
Amundsen and Cook, both of whom had extensive
prior experience in the Arctic, contributed significantly
to the ultimate success of the Belgica expedition
(Cook 1909).

The second group to winter in Antarctica was
led by Carsten Borchgrevink (1864-1934) who
organized the privately financed British Antarctic
Expedition of 1898-1900. Borchgrevink was born in
Oslo, Norway, but emigrated to Australia in 1888 and
became a school teacher. In 1894 he joined the
Norwegian Whaling Expedition of 1893—-1895 when it
took on supplies in Melbourne. The ship was unable to

penetrate the pack ice in the Ross Sea and landed at
Cape Adare in northern Victoria Land. Borchgrevink
who was neither a sailor nor an explorer decided to
return to Cape Adare and eventually obtained financ-
ing from a British newspaper man, which explains why
this Norwegian-Australian adventurer became the
leader of a British Antarctic expedition. He and his
team returned to Cape Adare on February 17, 1899,
aboard the sailing ship Southern Cross. Borchgrevink
intended to penetrate into the interior with dog teams,
but the terrain did not permit that. The group survived
the Antarctic winter in two prefabricated wooden huts
they assembled on the beach at Cape Adare. When
their ship returned in January of the following year,
Borchgrevink sailed south along the coast of Victoria
Land to Ross Island and then followed the edge of the
Ross Ice Shelf, which had receded about 48 km since
James Ross had been there in 1840. Consequently,
Borchgrevink and his men set a new record by reach-
ing the southern latitude of 78°21’S and subsequently
improved on that record when they traveled to
78°50’S during a short excursion on the Ross Ice
Shelf. The coast of Northern Victoria Land where
Borchgrevink and his men wintered over is now
called the Borchgrevink Coast.

The fate of the Belgica Expedition was later shared
by the German South Polar expedition of 1901-1903
led by Erich von Drygalski (1865-1949). His ship,
the Gauss, was also trapped in the ice for 1 year from
February 1902 to February 1903 about 95 km from the
Kaiser Wilhelm II Coast (67°00’S, 090°00’E) of East
Antarctica. The scientists on board had only limited
opportunities to pursue their scientific objectives
except the geologists Philippi (1912a, b) and Rheinisch
(1912) who described the alkali-rich lavas of the
Gaussberg (66°48’S, 089°12’E), an isolated extinct
volcano on the coast of East Antarctica (Drygalski
1912; Sheraton and Cundari 1980; Duncan 1981;
Collerson and McCulloch 1983; Tingey et al. 1983;
Faure 2001; Lidecke 2006). The members of the expe-
dition also deployed a captive balloon in order to get a
wider view of their surroundings and sent sledging
parties to explore the Kaiser Wilhelm II Coast. After
Drygalski returned to Germany, his ship was sold to
Canada.

The Swedish South Polar Expedition of 1901-
1904 led by Otto von Nordenskjold (1869-1928)
was forced to spend two winters on Snow Hill Island
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identified in Fig. 1.7 at 64°28’S and 057°12’W off
the east coast of the Antarctic Peninsula. The expedi-
tion tried to reach the King Oscar II Coast (65°45°S,
062°30°’W) during the austral summer of 1902.
However, when dense pack ice prevented the ship
from entering the Weddell Sea, Nordenskjold chose
to winter over in a small comfortable hut they erected
on Snow Hill Island while his ship, the Antarctic,
commanded by Captain C.A. Larsen, headed north
to the Falkland Islands. In October of 1902,
Nordenskj6ld and two of his five companions used
dogs to travel south on the Larsen Ice Shelf (discov-
ered by C.A. Larsen in 1893) to a small nunatak at
66°03’S, 062°30’W, which Nordenskjold named
Borchgrevink Nunatak after the Norwegian-
Australian-British explorer. In December of 1902
Nordenskjo6ld and his team explored Seymour Island
(64°17°S, 056°45°W) in Fig. 1.7 where they found
fossil plants and the bones of large penguins both of
which indicated that the climate of this area was
warmer in the past than it is at present. However,
when their ship tried to pick them up from Snow Hill
Island in November of 1902, it was forced to turn
back by heavy pack ice. During a second try to reach
Snow Hill Island, the Antarctic was trapped by the
pack ice and was crushed about 40 km east of Paulet
Island which is located off the east coast of Dundee
Island (63°30’S, 055°55’W) identified in Fig. 1.7.
The crew of 22 men abandoned the ship on February
14, 1903, and walked to Paulet Island where they
spent a crowded and uncomfortable winter in a small
stone hut they constructed.

Three men, who had previously gone ashore at
Hope Bay before the ship sank, tried to walk to Snow
Hill Island located about 100 km southeast of their
position “as the crow flies.” When they realized that
they could not reach their destination, they returned to
Hope Bay and expected the ship to pick them up. When
the ship did not return (because it had sunk), they forti-
fied their tent with a stone wall in Fig. 1.8 and survived
the austral winter of 1903 eating penguins and seals.
On September 29 of 1903 the three men at Hope Bay
tried again to walk to Snow Hill Island and on October
9 accidentally met Nordenskjéld who was exploring
Vega Island with two companions and a dog team.
After the unexpected reunion, Nordenskjold guided
the castaways to his winter camp on Snow Hill Island.
On October 31, 1903, when the ice had begun to break
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Fig. 1.7 The Swedish South Polar Expedition (1901-1904)
was led by Otto Nordenskjéld who set up a winter-over hut on
the northern tip of Snow Hill Island close to Seymour Island
where Captain C.A. Larsen had previously found interesting
fossils. During October of 1902, Nordenskjold and two
companions used dog teams to travel south across the Larsen
Ice Shelf to a nunatak on the King Oscar II Coast which they
named Borchgrevink. When their ship attempted to pick them
up at Snow Hill Island, it was crushed by the pack ice and sank.
Captain Larsen and the crew escaped to Paulet Island and
eventually rejoined Nordenskjold. In the end, everyone was
rescued by the Argentine navy (Adapted from Stonehouse
2002, p. 259)
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Fig. 1.8 This is the stone hut at Hope Bay on the northern tip of
the Antarctic Peninsula in which three members of Otto
Nordenskjold’s Swedish South Polar Expedition (1901-1904)
survived the winter of 1903 after their ship “Antarctic” was
crushed by pack ice and sank on February 14 of that same year
(Photo by Bernard Stonehouse, published with his permission)

up, Captain C.A. Larsen and five seamen rowed an
open boat from Paulet Island to Hope Bay in order to
rescue the three men he had put ashore there. However,
when they arrived at Hope Bay on November 4, they
found a note indicating that the men were walking
south to Snow Hill Island. Therefore, Larsen and his
men continued rowing south for three more days until
they reached the fast ice around Snow Hill Island. They
left the boat at the edge of the fast ice and walked 24
km to Nordenskjold’s camp where they were later
picked up with Nordenskjdld’s party by the Uruguay, a
ship of the Argentine Navy commanded by Captain J.
Irizar. The Uruguay went on to rescue the remaining
survivors on Paulet Island and returned the entire
Nordenskjold expedition to Buenos Aires. In spite of
the horrendous ordeal endured by Nordenskjdld and
his crew, the expedition lost only one man who died of
natural causes on Paulet Island (Nordenskjold et al.
1905).

When it became apparent that several European
nations were actively exploring Antarctica, a French
medical doctor by the name of Jean-Baptiste Etiene
Auguste Charcot (1867-1936) decided that France
should not be excluded from this enterprise. Therefore,
he raised funds for the construction of a ship he named
Le Francais. In August 1903 he set sail for the Antarctic
Peninsula and proceeded to map its west coast and off-
shore islands. Contrary to most of his predecessors,
Charcot decided to winter over in a sheltered bay on
Booth Island (65°05°S, 064°00’W), where he and his

group of scientists made observations and collected
specimens. The ship broke free from the ice in
December of 1904, which allowed Charcot to continue
to explore the west coast of the Antarctic Peninsula.
On February 15 of 1905 his ship struck a submerged
rock and sustained significant damage. After making
temporary repairs, Charcot returned safely to Buenos
Aires where he sold his ship.

The limited success of the Francais Expedition
caused Charcot to commission a larger and better
equipped ship he named the Pourquoi Pas? (“Why
Not?”). He left France on August 15 of 1908 in his
new ship and stopped on Deception Island where he
was pleased to note that the captains of whaling ships
and seal hunters were using the maps he had made
during his first expedition. He continued mapping
the west coast of the Antarctic Peninsula and win-
tered at Port Circumcision on Petermann Island (65°10’S,
064°10°’W). During the following year, Charcot con-
tinued his exploration by mapping the coast even
though his new ship was also damaged by running
aground. At the end of a productive voyage of explora-
tion during the summer of 1910, Charcot returned
to France where he received a warm welcome as a
successful and unusually sensitive polar explorer.

Victor (1964, p. 183) reported that Charcot disap-
proved of the French habit of drinking wine with
every meal, partly because the wine barrels took up
too much space on his ship. Therefore, he compen-
sated his fellow scientists on board by stocking the
ship’s library with classical books by Virgil, Dante,
Cervantes, Swift, Saint-Simon, Hugo, and Michelet.
Charcot later noted with pleasure that his colleagues
learned to enjoy these works during the long voyage.
Charcot and most of his crew died in 1936 when his
ship foundered off the coast of Iceland (Stonehouse
2002).

1.4 The Race to the Geographic
South Pole

At the start of the twentieth century the exploration
of Antarctica had progressed from observations of
the coast to efforts to penetrate into the interior of the
continent. More specifically, Robert F. Scott, Ernest H.
Shackleton, and Roald Amundsen competed to become
the first humans to reach the geographic South Pole.
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1.4.1 Scott’s First (Discovery) Expedition,
1901-1904

The exploration of the interior of Antarctica and the race
to the geographic pole started with the British National
Antarctic Expedition of 1901-1904. It was jointly
sponsored by the British government and by the major
British scientific societies of the time and was led by
Commander Robert F. Scott (1868—1912) of the British
Navy (Huntford 1986a). The objective of this expedition
was to explore the Ross Sea sector of Antarctica. The
expedition was given a new ship christened the RRS
Discovery which was designed and built for exploration
in Antarctic waters. The third officer of the crew
was Ernest Henry Shackleton (1874—-1922) who was
entrusted with the job of preparing the Discovery for
a 3-year voyage to Antarctica (Fig. 1.9a and b).

Fig.1.9(a) Robert Falcon Scott (1868-1912) led two expedi-
tions to Antarctica in 1901-1904 and 1910-1913. Although
he reached the geographic South Pole in 1912, he and his men
perished on the return trip to his base on Ross Island (Photo
by the Scott Polar Research Institute, University of Cambridge,
used here with permission) (b) Ernest Henry Shackleton
(1874-1922) also led two expeditions to Antarctica in 1907-1909

The ship was equipped with two steam engines and
carried 335 t of coal. The expedition left England in
August of 1901 and reached Lyttelton Harbor on the
South Island of New Zealand at the end of November
of the same year. After restocking the ship with provi-
sions, the expedition headed south to Cape Adare and
followed the coast of Victoria Land to Ross Island.
From there, Scott sailed east along the edge of the Ross
Ice Shelf to the coast of West Antarctica which he
named King Edward VII Land.

Scott had brought along a captive helium balloon in
order to view the terrain in Antarctica from a high ele-
vation. He deployed this balloon on February 4, 1902
at the Bay of Whales and took turns with Shackleton to
observe and photograph the surface of the Ross Ice
Shelf from a height of 790 ft or 241 m (Victor 1964,
p- 178). Scott’s ascent in a tethered balloon came only

and 1914-1917. Although he did not achieve all of his
objectives, all of the men under his direct command survived
great hardships. Shackleton died in 1921 on South Georgia
Island while on his third Antarctic expedition and was buried
in the whalers’ cemetery at Grytviken (Photo by the Scott
Polar Research Institute, University of Cambridge, used here
with permission)
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Fig. 1.10 The hut that Robert Scott and his men built in 1902
still stands at Hut Point where their ship, Discovery, was moored
for two winters. The hut was not well-enough insulated to with-
stand the cold which forced the crew to live on the Discovery.
Observation Hill looms in the background. The hut is on the list

53 days after a similar ascent by Drygalski along
Kaiser Wilhelm II Coast of East Antarctica. The ship
then returned to Ross Island where Scott and his men
erected a wooden hut that had been built for use on a
ranch in the outback of Australia.

This hut in Fig. 1.10 still stands at the tip of Hut Point
Peninsula about 1 km from McMurdo Station of the USA
at 77°51’S, 166°40’E. This station was initially estab-
lished in 1955 by Rear Admiral George J. Dufek of the
US Navy and was named after Lieutenant A. McMurdo
who served with Captain Crozier on the HMS Terror.

Scott’s expedition spent the austral winter on the
Discovery, which was frozen into the ice next to the
hut, because the hut was not sufficiently insulated to be
habitable during the Antarctic winter. During the fol-
lowing spring, Robert Scott, Edward Wilson, and
Ernest Shackleton made a long trip across the Ross Ice
Shelf and came close to the mouth of the Beardmore
Glacier in Fig. 1.11. All of the sled dogs died during
this trip or were killed and the men had to resort to

of Historic Sites and Monuments (HSMs) and is being curated
by New Zealanders stationed at nearby Scott Base. It still con-
tains some of the provisions and utensils used by Scott and his
men as well as frozen carcasses of Weddell seals that were fed
to the sled-dogs (Photo by G. Faure)

man-hauling in spite of snow blindness and scurvy.
Shackleton became so exhausted that he was unable to
pull the sled and could barely walk. The group finally
returned to the Discovery Hut on February 3, 1903 in a
state of complete exhaustion resulting from inexperi-
ence in polar travel, insufficient food, and bad plan-
ning (Stonehouse 2002, p. 232). Shackleton was sick
for a month after this trip and was sent home on the
relief ship on orders from Scott.

While Scott and his companions were exploring a
route to the geographic South Pole, a second group of
Scott’s men, led by Albert Armitage, crossed McMurdo
Sound on November 29, 1902 and explored the moun-
tains of Victoria Land in Fig. 1.12. They discovered a
large glacier which they named after the geologist
Hartley Ferrar and used it to reach the polar plateau
before returning to their base camp on Ross Island on
January 19, 1903.

About 1 week later, the relief ship Morning arrived,
but was unable to free the Discovery. Therefore, the
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Fig.1.11 Robert Scott, Edward Wilson, and Ernest Shackleton
left their base at Hut Point on November 2 of 1902 and traveled
across the Ross Ice Shelf to a point near the mouth of the
Beardmore Glacier at 82°16’S. They attempted to use dogs but
ended up man-hauling their sleds because their dogs died or
were killed. They returned on February 3 of 1903 after 93 days
on the trail during which they traveled 1,320 km for a daily
average of about 14 km per day. All three suffered from snow
blindness, scurvy, and exhaustion. This trip opened the way for
Scott’s quest to reach the geographic South Pole during his sec-
ond expedition from 1910 to 1913 (Adapted from Stonehouse
2002, p. 46)

relief supplies were transferred from the Morning to
the Discovery before the Morning departed in early
March with several members of the expedition on
board, including Ernest Shackleton. The remainder of
Scott’s group spent a second winter on the ice-bound
Discovery at Hut Point.

Scott later led a nine-man party west across
McMurdo Sound to continue the exploration of
Victoria Land. They reached the polar plateau and
traveled across its empty vastness for 450 km before
returning to Hut Point in time for Christmas of 1903.
About 2 weeks later, two relief ships, the Morning and
the Terra Nova, appeared at the ice edge some 32 km
from Hut Point. Fortunately, the sea ice in McMurdo
Sound began to break up in early February and all
three ships were able to sail north together.
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Fig.1.12 While Scott and his companions were trekking across
the Ross Ice Shelf to the mouth of the Beardmore Glacier, a
second group led by the navigator and surveyor Albert Armitage
crossed McMurdo Sound on November 29 of 1902 and explored
the mountains of southern Victoria Land. They were the first
humans to enter the ice-free valleys and discovered the Ferrar
Glacier which they named after the geologist Hartley Ferrar.
They surveyed the glacier and ascended it up to an elevation of
2,750 m above sea level thereby pioneering the route that Scott
used in the following year (1903) to reach the polar plateau
across which he traveled for about 450 km before turning back
(Adapted from Allen 1962)

1.4.2 Shackleton’s First (Nimrod)
Expedition, 1907-1909

After Shackleton had returned from the British National
Antarctic Expedition (1901-1904) led by Robert Scott,
he decided to organize his own expedition that would
attempt to reach both the geographic and the magnetic
poles in Antarctica and to explore King Edward VII
Land in West Antarctica. The resulting British Antarctic
(Nimrod) Expedition (1907-1909) left London at the
end of July of 1907. The Nimrod, an old wooden seal-
ing ship, was heavily loaded with parts for a small hut,
a motor-driven car, nine dogs, ten ponies, and a crew
and staff of 39 persons (Huntford 1986b). The race for
the South Pole had begun!

On January 23 of 1908 the Nimrod reached the edge
of the Ross Ice Shelf where Shackleton intended to set
up his base camp in a deep embayment he had discovered
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Fig. 1.13 Shackleton’s hut at Cape Royds on Ross Island accom-
modated the 15-man team of the British (Nimrod) Expedition dur-
ing the winter of 1908 (May to September). The group departed on
March 25, 1909, with all hands on board. The interior of Shackleton’s
hut remains as its occupants left it with canned goods stacked neatly

in 1903 (i.e., the Bay of Whales). However, the embay-
ment had disappeared and Shackleton decided to move
to Ross Island and landed at Cape Royds where he and
his men set up the hut in Fig. 1.13 and unloaded their
supplies. The Nimrod departed on February 22 leaving
Shackleton and 15 men to winter over. In early March,
a group led by William Edgeworth David climbed Mt.
Erebus for the first time.

Shackleton was personally interested in reaching
the geographic South Pole and therefore began laying
depots for the trek south as soon as the weather permit-
ted in September of 1908. On October 28 a group of
four men led by Shackleton (i.e., Jameson Adams, Eric
Marshall, and Frank Wild) headed south across the
Ross Ice Shelf. They reached the mouth of the
Beardmore Glacier and followed it up to the polar
plateau. The team continued toward the South Pole by
man-hauling on limited rations. On January 9 of 1909,
at 88°23’S and 162°E, they were only 97 miles from

on shelves and in boxes on the floor. In addition, canned goods in
wooden boxes are still piled against the outside wall of the hut
nearly 100 years after Shackleton and his men departed. The huts
on Cape Royds and Cape Evans are now on the list of Historic Sites
and Monuments (HSMs) (Photo by T.M. Mensing)

the pole (Stonehouse 2002, p. 39). On this day Ernest
Shackleton decided to turn back because they did not
have enough food and fuel to get back safely, although
they probably could have reached the South Pole.
Therefore, the men retraced their steps and returned to
Cape Royds on March 1 where the Nimrod was wait-
ing to take them home.

By deciding to turn back when it was not safe to
continue, Shackleton failed to reach his goal, but he
achieved an even more important goal of bringing his
companions back alive. Shackleton is widely admired
for taking care of his men at the expense of his per-
sonal quest to reach the South Pole.

Before Shackleton and his men had left for the pole,
another group consisting of the geologists W. Edgeworth
David and Douglas Mawson accompanied by the phy-
sician Alister Mackay set out to find the magnetic pole
of Antarctica (Mawson 1915). They drove the motor
car across McMurdo Sound, but man-hauled sleds
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while traversing the mountains of Victoria Land. After
they reached the polar plateau, they used a dip needle to
find the magnetic pole. Finally, on January 15, 1909,
they came to a place at 72°25’S, 155°16’E where the
dip of the magnetic field differed from the vertical by
only 15° of arc. They calculated that the pole would
move to their position in 24 h. Therefore, they raised
the British flag on the following day and claimed the
area for the British Empire (Stonehouse 2002).

A third party consisting of Raymond Priestley,
Bertram Armytage, and Sir Philip Brocklehurst explored
the Ferrar Glacier and the ice-free valleys of southern
Victoria Land west of Ross Island. Both parties were
picked up by the Nimrod and, after Shackleton and his
men had returned from their trek, the Nimrod headed
north and landed safely in Lyttelton Harbor on the
South Island of New Zealand. Ernest Shackleton was
knighted by the King of England for his achievements
in Antarctica, but his career of geographic exploration
did not end there.

1.4.3 Scott’s Second (Terra Nova)
Expedition of 1910-1913

Robert Scott bided his time until Shackleton had
returned from his expedition. When it became appar-
ent that his former friend and recent rival did not reach
the South Pole, Scott started preparations for another
assault on the Pole. The resulting British Antarctic
(Terra Nova) Expedition of 1910-1913 got underway
on June 1 of 1910. The Terra Nova was a converted
Scottish whaling ship commanded by H.L.L. Pennell
of the British Navy. The ship had an auxiliary engine
and was crowded with 19 ponies, 30 dogs, and three
tractors. When Scott reached Melbourne, Australia, on
October 12, he received an ominous telegram from
Roald Amundsen of Norway:

Beg leave to inform you proceeding Antarctica

Scott knew then that he had a formidable rival in his
race to the South Pole.

The Terra Nova reached Ross Island without inci-
dent and unloaded a disassembled wooden hut and the
supplies of the expedition at Cape Evans where Scott
had decided to set up his base camp. By mid-January
of 1911, the hut in Fig. 1.14 had been erected and all of
the supplies had been stowed.

Next, the Terra Nova took a four-man team led by
Griffith Taylor across McMurdo Sound in order to
explore the ice-free valleys of southern Victoria Land
(Strange and Bashford 2008). The members of this
team included Charles Wright, Frank Debenham, and
Edgar Evans.

The Terra Nova then sailed along the edge of the
Ross Ice Shelf where Scott wanted to establish a sec-
ondary base camp at the Bay of Whales. However,
the bay was already occupied by the Fram of Roald
Amundsen’s Norwegian South Polar Expedition.
Consequently, Victor Campbell who was to set up
Scott’s secondary base, withdrew and returned to
Cape Evans. The final assignment of the Terra Nova
was to sail north to Cape Adare in order to put ashore
a group of six men led by Victor Campbell and
including Raymond Priestley. They set up a base
camp near the huts of Borchgrevink and spent a busy
year engaged in biological, meteorological, and geo-
logical research. When the Terra Nova returned in
January of 1912, Campbell asked to have his group
moved to Terra Nova Bay (74°50’S, 164°30’E)
located about 450 km south of Cape Adare on the
coast of Victoria Land. He intended to spend 6 weeks
there doing mostly geological research. However,
when the ship later returned to pick up Campbell and
his team, Terra Nova Bay was blocked by pack ice.
Consequently, Campbell’s party was forced to spend
a miserable winter in an igloo and an ice cave on
Inexpressible Island (74°54’S, 163°39°E). On
September 30 of 1913 Campbell and his men started
to walk back to Cape Evans on Ross Island and
finally reached it on November 7 after 36 days. They
survived in part by using supplies left behind by
David, Mawson, and Mackay of Shackleton’s expe-
dition in 1907/1909. This legendary ordeal which
was later described by Priestley (1914), took place at
a site that is now reachable in about 2 h by helicopter
from McMurdo Station.

Another legendary sledging trip was undertaken on
June 27 of 1911 by Edward Wilson, Apsley Cherry-
Garrard, and Henry (Birdie) Bowers who man-hauled
sleds from Cape Evans to Cape Crozier in order to
recover some embryos of Emperor penguin chicks
before they hatched. This trip took place in the dark in
extremely cold and windy weather. The team did reach
Cape Crozier, where they collected three embryos, and
returned to Cape Evans on August 2 after a trip that
also lasted 36 days.
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Fig. 1.14 Scott’s hut at Cape Evans on Ross Island from which
he started his trek to the South Pole during the British (Terra
Nova) Expedition of 1910-1913. Cape Evans in Figure 1.11 is
located only 24 km from McMurdo Station compared to 35 km
for Cape Royds. Scott’s hut at Cape Evans was later occupied by

Today, Cape Crozier is reachable by helicopter from
McMurdo Station in less than 1 h, but it is off limits to
visitors because it is a Specially Protected Area (SPA)
that can only be entered with a permit. Cape Crozier is
also a Historic Site and Monument (HSM) because of
a message post and a stone hut erected by members of
Scott’s expeditions of 1901-1904 and 1910-1913,
respectively.

After the Terra Nova left Cape Evans on January 25
of 1911, Scott started moving supplies to the Ross Ice
Shelf to be used on the way to the Pole. On November
3, 1911, after spending the winter at Cape Evans, Scott
and a group of 16 men, two tractors, nine ponies, and
one dog team started the journey to the Pole traced in
Fig. 1.15. The tractors broke down in less than 3 days
and had to be abandoned. The ponies were shot as
needed to provide food for the dogs and the men. When
the group reached the mouth of the Beardmore Glacier
on December 9 (36 days after leaving Cape Evans) all

the men of Shackleton’s Imperial Trans-Antarctic Expedition of
1914-1917 who established a string of food caches across the
Ross Ice Shelf all the way to the mouth of the Beardmore Glacier
to be used by Shackleton during his crossing of Antarctica
(Photo by G. Faure)

of the remaining ponies were shot. The only remaining
dog team turned back 2 days later. Another group of
four men turned back halfway up the Beardmore
Glacier (Atkinson, Cherry-Garrard, Keohane, and
Wright). When Scott reached the edge of the polar pla-
teau on January 4 of 1912, four more men were to
leave (Bowers, Crean, Evans, and Lashley). However,
Scott decided on the spur of the moment to add Bowers
to his group that was scheduled to continue to the
South Pole.

This group of five men (Robert F. Scott, Edward
Wilson, Lawrence “Titus” Oates, Edgar Evans, and
Henry “Birdie” Bowers) reached the South Pole on
January 18 of 1912. They were profoundly disap-
pointed and demoralized when they discovered that
Amundsen and his men had reached the Pole about
1 month before them on December 14 of 1911. The
Norwegians had set up a black tent at the Pole which
contained a letter addressed to the King of Norway, a
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Fig. 1.15 Robert Scott and his team started their trek to the
South Pole on November 3, 1911, and followed the route pio-
neered previously by Scott, Wilson, and Shackleton in 1902 and
later by Shackleton, Marshall, Adams, and Wild in 1909. Scott
and his men (Edward Wilson, Lawrence Oates, Edgar Evans, and
Henry Bowers) reached the South Pole on January 18, 1912
about 1 month after Roald Amundsen. Scott, Wilson, and Bowers
died in their tent only 1 day’s travel from the One Ton Depot.
Evans and Oates died earlier (Adapted from Stonehouse 2002)

sextant, a level, some clothing, and a plate with the
names of Amundsen’s crew. In addition, there was a
letter addressed “For Robert F. Scott.”

Scott wrote in his diary: “Great God! This is an awful
place....” The group headed back to the Beardmore
Glacier and descended to the Ross Ice Shelf. The men
were cold, tired, starving, and suffering from vitamin

deficiency (Huntford 1986a). Evans died on February
18, 1912, after a fall on the Beardmore Glacier. Oats
sacrificed his life in mid-March by walking away from
the tent during a snow storm. The three remaining men
(Scott, Wilson, and Bowers) died in their tent a few days
later during a snow storm only a short distance from
their “One Ton Depot” marked in Fig. 1.15.

The death of Robert Scott and his four companions
was caused by exhaustion, malnutrition, and exposure
to the cold. Most observers have found fault with
Robert Scott because he disliked using dogs and pre-
ferred instead to burden his team members with pull-
ing heavy sleds up the Beardmore Glacier and across
the polar plateau. Although Scott did not have food or
the fuel to support five persons, he nevertheless added
Bowers to his team thereby depriving the others of
much-needed nourishment and space in the tent. If
Scott had used dog teams, he could have carried more
food and fuel and might have accomplished the trip in
less time. Even if he did not win the race to the South
Pole, he and his men might have survived the trip.

Scott disliked using dogs to pull sleds during his
Antarctic expeditions because he thought that the work
was too hard for them. Roald Amundsen did not have
such sentimental feelings about dogs, although he
treated them well, because he liked dogs and knew
from prior experience in the Arctic that well-fed dogs
work better than dogs that are malnourished.

When the polar party of Scott did not return by
March 2 of 1912, the Terra Nova had to leave Cape
Evans in order to avoid being trapped in the ice of
McMurdo Sound. The naval surgeon Edward L.
Atkinson sent out teams who searched in vain for Scott
and his companions. The youngest member of the expe-
dition, Apsley Cherry-Garrard, and a Russian dog han-
dler, Dmitri Girev, drove dog teams all the way to the
One-Ton Depot (Fig. 1.15) and waited there for Scott
and his men to return as they had been instructed to do.
Ironically, Scott and his men were lying in their tent
only 11 miles farther south having run out of food and
fuel. Cherry-Garrard waited for them for 6 days before
he decided to turn back on March 12. He made it back
to Cape Evans, but worried for the rest of his life that he
should have driven beyond the One-Ton Depot, in
which case he might have rescued Scott and his remain-
ing companions (Huntford 1986a; Solomon 2001).
Cherry-Garrard later published a detailed account of
Scott’s second Antarctic expedition, entitled “The worst
journey in the world” (Cherry-Garrard 1922).
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The remaining group of 12 men spent another
winter at Cape Evans. In the spring of the following
year, Atkinson led a large search party onto the Ross Ice
Shelf in a final effort to find the bodies of Scott and his
companions. When Charles Wright spotted the tent on
November 12, 1912, Scott was lying in the center with
Wilson on his left and Bowers on his right. The diaries
and last letters they had written lay beside them. Atkinson
took all the papers, rolls of exposed film, and rock sam-
ples that Wilson had collected along the Beardmore
Glacier. The last words in Scott’s diary were:

For God’s sake take care of our people.

Atkinson read a Burial Service after which the tent was
collapsed and a large snow cairn was erected on top of
it. The members of the search party returned to Cape
Evans on November 26 and were greatly relieved that
Campbell and his men had returned in their absence
from their winter-over on Inexpressible Island. The
Terra Nova arrived at Cape Evans on January 18, 1913,
but before the remainder of Scott’s second Antarctic
expedition left Cape Evans, Atkinson and a group of
men erected a cross on the summit of Observation Hill
located directly behind McMurdo Station in order to
commemorate the five men who died after reaching
the geographic South Pole of Antarctica. The cross in
Fig. 1.16 carries the names of the men who went to the
pole (Captain Scott, Wilson, Bowers, Oats, and Evans)
and an inscription selected by Cherry-Garrard (Bull
and Wright 1993):

To strive, to seek, to find, and not to yield.

The cross still stands on the summit of “Obs Hill” and
new arrivals to McMurdo Station are encouraged to
visit it at least once during their stay to pay their
respects and to enjoy the view of McMurdo Station,
Mt. Erebus, and the Royal Society Range on the main-
land of Antarctica.

Sir Charles Wright (1887-1975), who was knighted
in 1946, was in residence at McMurdo Station in
February of 1964 when Gunter Faure returned from
fieldwork in the Wisconsin Range of the Horlick
Mountains. Sir Charles, who was 78 at the time, had a
research project at Pole Station, but was prevented
from working there himself for health reasons. During
a social gathering one evening, Sir Charles reminisced
freely about Scott’s Terra Nova Expedition and its
tragic end. However, when he was asked to describe

Fig. 1.16 The cross on the summit of Observation Hill over-
looks McMurdo Station and is a popular destination for visitors
to Antarctica. It was constructed of Australian Jarrah wood by
the ship’s carpenter of the Terra Nova. After some discussion,
the survivors of Scott’s expedition at Cape Evans decided to
inscribe the cross with the concluding line of Tennyson’s
Ulysses: “To strive, to seek, to find and not to yield.” When the
cross was finished, Atkinson, Wright, Lashly, Crean, Debenham,
Keohane, Cherry-Garrard, and the ship’s carpenter transported
the cross to Hut Point and then carried it to the top of Observation
Hill where they erected it. At five P.M. on January 22, 1913, the
job was done. The men gave three cheers and one more before
returning to Cape Evans (Cherry-Garrard, 1922, p. 586/7) (Photo
by G. Faure)

what he had seen when Scott’s tent was opened, he
politely declined.

A memorial to Captain Robert F. Scott still stands
in a pleasant park along the Avon River of Christchurch
New Zealand. Many Antarctic travelers stop to view
the greater-than-life statue in Fig. 1.17 which was
carved by his wife, Kathleen. The inscription in the
granite base of the statue was taken from Scott’s
diary:

I do not regret this journey, which has shown that

Englishmen can endure hardship, help one another and
meet death with as great fortitude as ever in the past.
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Fig. 1.17 The statue of Robert Scott in polar clothing strikes a
heroic pose in the park along the Avon River in Christchurch,
New Zealand. The statue was carved from a block of marble by
Scott’s wife, Kathleen (Photo by T.M. Mensing)

1.4.4 Amundsen’s (Fram) Expedition
of 1910-1912

Roald Engelbregt Gravning Amundsen (1872-1928)
was a man of few words whose consuming passion
was polar travel by land, by sea, and finally by air. He
adopted the lifestyle of the Inuits whom he met during
his successful voyage from Norway to Alaska by way
of the Northwest Passage. The remarkable career of
this expert polar traveler was described by Huntford
(1986a). In addition, Huntford (1987) published
Amundsen’s photographs that illustrate the principal
accomplishments of his career as a polar explorer: The
Northwest Passage Expedition (1903-1906), the
South-Pole Expedition (1910-1912), and the Maud
(Northeast) Expedition (1918-1923). In spite of his

Fig. 1.18 Roald Amundsen of Norway was not a man who
smiled a lot. He was instead driven by his passion for explora-
tion of the polar regions. Being a thorough and methodical per-
son, he trained himself and his companions in the art of polar
travel and planned meticulously in order to assure success with-
out injury to the members of his team. This portrait of Amundsen
is displayed in Oslo in the museum that houses the Fram, the
ship in which he and his men traveled to Antarctica for the pur-
pose of reaching the South Pole

reluctance to smile in Fig. 1.18, he was in fact a warm-
hearted man who loved the dogs that helped him to
reach the South Pole. Huntford (1987) described him
this way: Behind a forbidding exterior there hid a
sensitive man with an immense capacity for affection.

Amundsen first came to Antarctica as the second
officer of the Belgica (1897-1899) and subsequently
sailed through the Northwest Passage in a small fish-
ing boat called the Gjoa. During this trip, which lasted
from 1903-1906, Amundsen and his six companions
spent two winters in the Arctic during which he
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established good working relationships with the local
Inuits and traveled with them to the magnetic pole of
the Arctic and to the settlement of Eagle in Alaska
from where he telegraphed a message concerning his
progress. The Gjoa arrived in San Francisco in October
of 1906 (Stonehouse 2002).

After Amundsen returned to Norway, he began
preparations for an expedition to the North Pole using
the Fram which Fridtjof Nansen (1861-1930) had
agreed to lend him for this purpose. However, when
Dr. Frederick Cook and Robert Peary both claimed to
have reached the North Pole in late 1908 (Cook) and
early 1909 (Peary), Amundsen decided to attempt to
reach the South Pole instead. He announced this
change of plans only after he had left Oslo in August
of 1910. When he reached the island of Madeira, he
informed his crew and asked his brother to send a
telegram to Robert Scott who had left London on
June 1 of 1910.

Amundsen sailed directly to the Bay of Whales
along the edge of the Ross Ice Shelf and set up a base
camp in January of 1911 about three kilometers inland
of the ice edge. His camp consisted of the hut
“Framheim” and of several tents. He and his compan-
ions had all traveled extensively in the Arctic and were
skilled dog handlers. They went to work immediately
laying a series of caches of food and fuel across the
Ross Ice Shelf. Even before the end of the Winter on
September 8, 1911, Amundsen tried to get an early
start, but he was forced to return to Framheim by the
extremely cold and windy weather.

He tried again on October 20 taking four men (Olav
Bjaaland, Helge Hassel, Helmer Hanssen, and Oscar
Wisting) and headed south across the Ross Ice Shelf
in Fig. 1.19. Each of his companions drove a sled
pulled by 13 Greenland huskies who were in excellent
condition. Consequently, they crossed the Ross Ice
Shelf with ease traveling about 32 km per day and
building cairns at fixed intervals to guide their return.
They reached the Transantarctic Mountains on
November 11 only 22 days after leaving Framheim.
Amundsen decided to cross the mountains by follow-
ing the Axel Heiberg Glacier to the polar plateau. The
ascent to the plateau was very difficult because of the
steep gradient and the abundance of deep crevasses in
the ice of this glacier. After 5 days of intense effort in
cold and windy weather, they reached the polar pla-
teau at an elevation of about 10,000 ft or 3,050 m.
From there, the run to the South Pole was relatively
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Fig. 1.19 The route taken by Amundsen and his men led
directly from Framheim at the Bay of Whales to the mouth of the
Axel Heiberg glacier which they used to reach the polar plateau
and hence the South Pole. They started the trip on October 20,
1911, with four sleds, each of which was pulled by 13 dogs.
Amundsen selected experienced men to drive the sleds and made
rapid progress across the Ross Ice Shelf. The ascent of the Axel
Heiberg glacier was difficult because it is steep and heavily cre-
vassed. The group required 5 days to traverse the glacier and to
reach the polar plateau. They arrived at the South Pole on
December 14 of 1911 (Adapted from Stonehouse 2002)

easy. They arrived at the Pole on December 14, 1911,
where all five men participated in planting the
Norwegian flag.

Helmer Hanssen described the arrival at the South
Pole in his diary (Huntford 1987, p. 131):
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It was... “a solemn moment for us all. As always,
Amundsen thought of his companions, and when we planted
the Norwegian flag at the South Pole, he let us all hold the
bamboo stick with the flag, when it was fixed in the snow....”

Oscar Wisting recalled the occasion this way:

Roald Amundsen asked us to gather round to plant the
flag. ‘It is not the privilege of one man alone to carry out
this ceremony. It is the privilege of all those,” he said,
‘who have risked their lives for this cause.” Each man
gripped the flagpole, and together we planted Norway’s
flag at the South Pole, where no human had yet set foot.

Amundsen himself recorded in his diary that:

[T]he Norwegian flag, with the Fram pennant underneath,
are flying from the top of the tent pole. In the tent, I have
placed various things: my sextant with a glass artificial
horizon, a hypsometer, 3 reindeer fur boot warmers, some
kimikks and mittens, and a few small things. In a folder,
I left a letter for the King and some words to Scott who,
I must assume will be the first to visit the place after us.

Amundsen spent 3 days making sure that they had
correctly located the Pole. Before they departed, they
set up the tent that was later found by Scott and his
companions. The trip back to Framheim was unevent-
ful and ended on January 25, 1912. Amundsen’s pre-
diction came true when Robert Scott and his
companions discovered the black tent and the
Norwegian flag at the South Pole on January 18, 1912.
Their profound disappointment is evident in Fig. 1.20.

While Amundsen and his men were on their
way to the South Pole, the Fram had carried out an
extensive oceanographic cruise in the South Atlantic
Ocean. After Amundsen had returned from the Pole,
all members of the expedition boarded the ship and
sailed away on January 30, 1912. They arrived in
Hobart on February 7, 1912 (Amundsen 1912; Victor
1964; McPherson 1975; Reader’s Digest 1985,1990;
Huntford 1986a, 1987; Stonehouse 2002).

Fig.1.20 Robert Scott and his companions reached the South Pole
onJanuary 18, 1912, where they found the black tent and Norwegian
flag left by Amundsen and his men on December 14, 1911. They
were profoundly disappointed to have lost the race to the South Pole

as they stood around dejectedly. The individuals shown here from
left to right are: Scott, Oates, Wilson, and Evans. The picture was
taken by Henry (Birdie) Bowers (Photo by the Scott Polar Research
Institute, University of Cambridge, used here with permission)
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1.4.5 Shackleton’s Second (Endurance)
Expedition, 1914-1917

After Amundsen and Scott had reached the South Pole,
Sir Ernest Shackleton proposed to cross Antarctica from
the Weddell Sea to the Ross Sea, a feat that had previ-
ously been attempted by the German explorer Wilhelm
Filchner (1877-1957) during the German Antarctic
(Deutschland) Expedition of 1911-1913 (Stonehouse
2002). Accordingly, Shackleton organized the Imperial
Trans-Antarctic Expedition of 1914-1917 which
involved the use of two ships. The Endurance com-
manded by Captain Frank Worsley was scheduled to set
up a base camp along the Luitpold Coast of the southern
coast of the Weddell Sea (Worsley 1931). Shackleton
and his men planned to use dogs to travel from this base
across the continent to the Ross Ice Shelf and from there
to Ross Island. At the same time, the Aurora commanded
by Captain Aeneas Mackintosh, was supposed to return

to Shackleton’s hut at Cape Royds on Ross Island in
order to establish a chain of depots across the Ross Ice
Shelf to the base of the Beardmore Glacier for use by
Shackleton and his party.

The Endurance left South Georgia Island on
December 5, 1914, and headed south into the Weddell
Sea where it was trapped by pack ice in early January
of 1915. Shackleton was forced to winter-over in his
ship as it slowly moved around the Weddell Sea until
November 15, 1915, when the ship was crushed by the
ice and ultimately sank. Shackleton set up tents on the
pack ice for his 28 men. In April of 1916 the camp had
been transported by the moving ice to the northern
edge of the pack ice and was located within sight of
open water. Therefore, Shackleton put his three life-
boats into the water and headed for Elephant Island
(61°10°S, 055°14’W). All three boats reached the
island on April 14, 1916, where they set up the camp
in Fig. 1.21 by inverting two of the lifeboats and by

Fig.1.21 Shackleton’s camp at Cape Wild on Elephant Island
which he and his men reached after their ship, the Endurance,
was crushed by pack ice in the Weddell Sea on November 15,
1915. The shelter consisted of two lifeboats turned up-side-
down on the beach. On April 24, 1916, Shackleton and five of
his men sailed away in the lifeboat, James Caird, hoping to

reach the whaling station on South Georgia Island. The remain-
ing 22 men survived in their improvised shelter until August 30
when Shackleton returned on the Chilean Trawler, Yelcho, to
rescue them. All of the men survived (Photo by the Scott Polar
Research Institute, University of Cambridge, used here with
permission)
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setting them up on low walls made of beach cobbles.
Shackleton instructed the ship’s carpenter to make the
third lifeboat (James Caird) sea-worthy and then used
it with five men to sail 1,120 km across the open ocean
to South Georgia Island. After 17 days at sea, they
landed at King Hakon Bay on the uninhabited south
side of South Georgia Island. Shackleton and two of
his men decided to walk across the mountainous island
and reached a whaling station at Stromness Bay on the
following day.

The station manager immediately sent a boat to the
other side of the island to pick up the three men
Shackleton had left on the beach. Another ship with
Shackleton and his two companions on board attempted
to reach Elephant Island, but could not land because
the island was surrounded by pack ice. Therefore, the
ship took the three men to the Falkland Islands.
Shackleton continued his efforts to reach the 22 men
that were still camping on the beach at Elephant Island
and eventually succeeded on August 30 of 1916 by
means of a Chilean steam-powered tugboat. It is easy
to imagine the anxiety of the men who had been wait-
ing on Elephant Island since April 14 in hopes of being
rescued without knowing whether Shackleton had
reached South Georgia Island.

Meanwhile, another drama was unfolding on Ross
Island during the summer of 1915 because a solid sheet
of ice prevented the Aurora from landing at Cape
Royds and forced Captain Mackintosh to land at Cape
Evans instead. Before all of the supplies had been
unloaded, the Aurora drifted away and was trapped in
the pack ice for a period of 10 months. Eventually,
Lieutenant J.R. Stenhouse managed to free the ship
and returned it to New Zealand.

The group of ten men at Cape Evans lacked the sup-
plies and equipment they needed to set up the depots
for Shackleton and his men. This caused a great deal of
concern for Captain Mackintosh and his men because
they did not know that the Endurance had sunk and
that Shackleton was not traveling across the continent
as planned. In spite of lacking essential equipment
including polar clothing, Captain Mackintosh and his
men made heroic efforts to set up the six depots on the
Ross Ice Shelf that Shackleton needed to complete his
crossing of Antarctica. They actually reached Mount
Hope at 83°31’S, 171°16’E near the mouth of the
Beardmore Glacier. This futile effort cost three lives:
Arnold Spencer-Smith died of scurvy while on the trail
and Captain Mackintosh and Victor Hayward died
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Fig. 1.22 This memorial at Cape Evans was erected by the
Antarctic Division of D.S.I.R. of New Zealand in 1962-1963.
The inscription reads: “Sacred to the memory of Captain A.L.A.
Mackintosh, R.N.R. and V.G. Hayward who perished on the sea-
ice in a blizzard about May 8, 1916, and of Reverend A.P.
Spencer-Smith, B.A. who died on the Ross Barrier about March
6, 1916” (Photo by G. Faure)

when they broke through the ice between Hut Point
and Cape Evans. The memorial in Fig. 1.22 was erected
by New Zealanders and bears an inscription composed
by A.K. Jack who survived the ordeal. The seven sur-
vivors at Cape Evans were finally rescued on January
10 of 1917 (Shackleton 1920; Joyce 1929; Worsley
1931; Huntford 1986b).

The scientists and crew of the Endurance who had
survived on Elephant Island were reunited with
Shackleton in Punta Arenas, Argentina. In spite of
unimaginable hardships and great emotional strain,
Shackleton had once again brought all of the men
under his command back alive. His great determination
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as an explorer and his concern for the well-being of his
men were praised by Roald Amundsen:
Sir Ernest Shackleton’s name will for evermore be

engraved with letters of fire in the history of Antarctic
exploration.

1.5 The Modern Era Begins

The exploration of Antarctica up to and including
Shackleton’s attempt to travel from the Weddell Sea to
the Ross Sea were handicapped by the lack of reliable
communication and by having to travel either by man-
hauling or by dogsleds. The record of these expeditions
assembled by Reader’s Digest (1985, 1990) and by
Stonehouse (2002) shows that fixed-wing aircraft were
first used in 1928 by the Australian explorer George H.
Wilkins (1888-1958) and by the American Richard E.
Byrd (1888-1957) in Fig. 1.23. At about the same time,
short-wave transmitters and receivers permitted long-
distance communication by means of Morse code and
by voice. If Nordenskjdld had been able to communi-
cate with his ship and with its shipwrecked crew on
Paulet Island, some of the suffering they endured could
have been avoided. Therefore, the introduction of air-
craft, wireless communications, and reliable snowmo-
biles has greatly facilitated the exploration of Antarctica
and the on-going study of its geology and biology.

1.5.1 Byrd’s Little America Expedition,
1928-1930

The First World War (1914-1918) stimulated the devel-
opment and use of fixed-wing aircraft in military oper-
ations over Europe which motivated the US Navy to
establish the naval air service. Richard Evelyn Byrd,
Jr. (1888-1957), who had graduated from the Naval
Academy in Annapolis in 1912, joined the naval air ser-
vice and distinguished himself as a planner in support
of long-distance flights in the Arctic (Anderson 1974).
In 1926 Richard Byrd and Floyd Bennet used a tri-
motor Fokker aircraft to fly from Svalbard (Spitsbergen)
to the North Pole and returned safely after flying 2,100
km over featureless sea ice. Byrd also crossed the
Atlantic Ocean in 1927 by flying from Newfoundland
to the village of Ver-sur-Mer in France.

Fig.1.23 Richard E. Byrd (1888-1957) was an American naval
aviator who distinguished himself by flying to the North Pole in
1927 and subsequently to the South Pole in 1929. He organized
and led two large-scale expeditions to Antarctica in 1928-1930
and 1933-1935. He set up base camps on the Ross Ice Shelf
which he named Little America I and II. Admiral Byrd pioneered
the use of fixed-wing aircraft for the exploration of the interior of
Antarctica while at the same time sending the geologist Laurence
Gould on the longest journey ever undertaken with dog sleds to
explore the Queen Maud Range of the Transantarctic Mountains
(Photo by T. M. Mensing taken at McMurdo Station)

Thus encouraged, Byrd organized an expedition to
Antarctica in order to fly to the South Pole. This objec-
tive received support from the US government, the US
Navy, the news media, and the general public all of
whom contributed to the financing of the expedition.
As a result, Byrd’s first Antarctic Expedition (1928-
1930) included two ships, the City of New York and
the Eleanor Bolling, the latter of which was named
after his mother. He carried abundant supplies, 95
dogs, several radio transmitters, a tractor, and three
planes. These supplies were unloaded at the Bay of
Whales on the Ross Ice Shelf and moved away from
the ice edge a distance of 11 km where Byrd set up his
base camp called Little America I, which resembled a
small village where 42 men and the sled dogs wintered
over. On January 27 of 1929 Byrd and the pilot Brent
Balchen flew to Edward VII Land first seen by Robert
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Scott in 1902 (Section 1.4.1) and discovered the
Rockefeller Mountains (78°00°S, 155°00°W) of West
Antarctica from the air.

While Byrd was making several additional short
reconnaissance flights in February and early March of
1929, several dog teams carried supplies across the
Ross Ice Shelf for a sledging expedition to be led by
Laurence Gould. On November 4, 1929, Gould started
the longest sledging journey in Antarctica to explore
the Queen Maud Range (86°00°S, 160°00°W) located
800 km from Little America (Gould 1931).

Three weeks later, on November 28, 1929, Byrd
and three of his companions including Brent Balchen
took off in the tri-motor aircraft and reached the South
Pole in less than 10 h. After circling the Pole, they
returned to Little America I in about 6 h. Byrd had
made the trip in less than 1 day that had taken
Amundsen 90 days. For many years, Richard E. Byrd
remained the only man who had flown across both
geographic poles of the Earth (Byrd 1931).

1.5.2 Byrd’s Second Expedition,
1933-1935

For the second expedition to Antarctica Byrd, once
again, had two ships (Bear of Oakland and Jacob
Ruppert) which arrived off the coast of Edward VII
Land on December 20, 1933. After penetrating the
pack ice, the ships entered the Bay of Whales on
January 17, 1934 and unloaded their cargos including
150 sled dogs, four aircraft (including a helicopter),
several tractors, three Guernsey cows, and a calf who
were to provide fresh milk for 56 men. None of the
land-based expeditions of Robert Scott, Ernest
Shackleton, and Roald Amundsen was as well equipped
or included so many men. Nevertheless, both of Byrd’s
expeditions relied on traditional as well as on modern
means of transportation.

Byrd set up a weather station at 80°08’S and
163°57°W on the Ross Ice Shelf and moved there in
March of 1934 in order to spend the winter making a
continuous series of weather observations. At first, all
appeared to be well until his team members at Little
America II noticed that Byrd was beginning to behave
erratically. They quickly organized a small tractor train
in August of 1934 and brought Byrd back to Little
America II where he recovered from what was later

diagnosed as carbon monoxide poisoning caused by a
defective heater.

During the 1934/35 field season Byrd’s teammates
explored large areas of West Antarctica and measured
the thickness of the Ross Ice Shelf (90 m) as well as
the depth of the water in which it floated (600 m). All
of the various field parties returned to Little America II
in January of 1935 and were picked up by the ships in
February. Although Byrd and his men had explored
large areas in the Ross-Sea sector of Antarctica, the
US government did not formally claim these territories
as other nations had done (e.g., Britain, New Zealand,
Norway, and France).

After Byrd’s second expedition, the exploration of
Antarctica by means of ships, aircraft, and dog sleds
continued by the American, British, and German
expeditions listed in Appendix 1.10.1 (Byrd 1935;
Victor 1964; Reader’s Digest 1985, 1990; Stonehouse
2002).

1.5.3 International Geophysical Year
(IGY), 1957-1958

At a dinner party on April 5 of 1950 in the home of
Dr. James Van Allen in Silver Springs, Maryland, the
suggestion was made that the time was ripe for
another International Polar Year (IPY) even though
the next one was not scheduled until 1982-1983. The
first IPY had occurred in 1882-1883 followed 50
years later by the second IPY in 1932-1933. The pro-
posal for a third IPY was submitted to the International
Council of Scientific Unions which approved it in
1952 but expanded its scope to include geophysical
studies of the whole Earth and of the space around
the Earth. The resulting International Geophysical
Year (IGY) extended from July 1 of 1957 to December
31 of 1958 and coincided with the maximum of the
Sun-spot cycle.

The study of the Sun during the IGY coincided and
may have influenced the timing of the first artificial
satellites launched by the Soviet Union (Sputnik 1,
October 4 and Sputnik 2, November 2, 1957) followed
by Explorer 1 of the USA on January 31, 1958. At the
request of James van Allen, the American satellite car-
ried a Geiger Counter that detected the inner radiation
belt that encircles the Earth (Victor 1964; Faure and
Mensing 2007).



26

1 The Exploration of Antarctica

During the IGY 12 nations established 55 research
stations in Antarctica where more than 5,000 scientists
made measurements of various geophysical parame-
ters (Crary 1982). This level of participation was made
possible because all of the nations that had claimed
territory in Antarctica agreed not to enforce these
claims and to cooperate fully not only with the claim-
ant but also with the non-claimant nations:

Claimant nations: Argentina, Australia, Chile,
France, New Zealand, Norway, United Kingdom.

Non-claimant nations: Belgium, Japan, South Africa,
Soviet Union, and the United States of America.

This arrangement not only permitted the non-
claimant nations to conduct research in Antarctica but
it also encouraged the claimant nations to cooperate
with each other.

The history and evolution of the US Antarctic
Research Program (USARP), later renamed the US
Antarctic Program (USAP), and its implementation by
Operation Deep Freeze of the US Navy were described
by Crary (1982) in the Antarctic Journal of the United
States which was established in 1966. Operation Deep
Freeze, commanded by Rear Admiral George Dufek,
constructed several research stations during the austral
summers of 1955/56 and 1956/57 for use by American
scientists during the IGY: Little America on the Ross
Ice Shelf, Byrd Station in Marie Byrd Land in West
Antarctica, Hallett Station in northern Victoria Land,
and South Pole Station, later renamed Amundsen—
Scott Station. In addition, McMurdo Station at the tip
of the Hut Point Peninsula on Ross Island was estab-
lished to support the movement of cargo from New
Zealand to Antarctica by means of large transport
planes such as the C-124 Globemasters which were
flown by the pilots and crews of Air Squadron VXE-
Six of the US Navy. These pilots and crews also flew
the planes that carried cargo and civilian passengers to
their destinations within the continent. This operation
lasted 44 years from 1955 to 1999 (Gillespie 2005).

During the IGY the USA also maintained Ellsworth
Station (77°43’S, 041°08’W) on the Filchner Ice Shelf
from 1957 to 1962. A personal account of life at this
station was later published by Behrendt (1998).
Following the IGY, the USA opened Siple Station
(75°33’S, 083°33’W) in 1969 and occupied the site,
which is located 2,450 km from McMurdo Station,
until 1989 when the last version of Siple Station was
closed. FEights Stations at 75°14°S, 077°10°W in south-
western Palmer Land was operated by the USA from

1961 to 1965 in support of seismic surveys and studies
of glaciology and upper atmospheric physics. In 1959
Hallet Station in northern Victoria Land was trans-
ferred to joint US/New Zealand management until
1964 when the principal laboratory buildings were
destroyed by fire. The station was subsequently refur-
bished in 1984 for intermittent use. Palmer Station at
the south end of Anverse Island at 64°46’S, 064°03°W
was established in 1965, 7 years after the end of the
IGY and has been occupied continuously ever since
(Stonehouse 2002).

1.5.4 Commonwealth Trans-Antarctic
Expedition, 1955-1958

During the IGY, the interior of Antarctica was explored
by means of tractor trains that traversed the continent
while making geophysical, glaciological, and meteo-
rological observations (Schulthess 1960). For exam-
ple, the Commonwealth Trans-Antarctic Expedition
(1955-1958) led by Vivian E. Fuchs and Edmund
Hillary crossed Antarctica from the edge of the
Filchner Ice Shelf to Scott Base on Ross Island. The
main body of the expedition departed on November
24 of 1957 from Shackleton Base at the edge of the
Filchner Ice Shelf and arrived at South Pole Station
(Amundsen—Scott) on January 19, 1958. The tractors
used by this expedition were far more sophisticated
than the primitive vehicles Scott tried out during the
Terra Nova Expedition in Fig. 1.24. The modern trac-
tors of the Trans-Antarctic Expedition overcame seri-
ous obstacles such as the large crevasse in Fig. 1.25.
In the meantime, Hillary and his men had driven from
Scott Base on Ross Island up the Skelton Glacier and
arrived at Pole Station on January 4, 1958 where
they waited for the arrival of the tractor train led by
Fuchs. The two groups merged and left Pole Station
on January 24 and arrived at Scott Base on March 2
of 1958. The group led by Fuchs and Hillary had
traveled 3,453 km in 99 days and had accomplished
the goal of Shackleton’s Imperial Trans-Antarctic
Expedition of 1914-1917 (Fuchs and Hillary 1958;
Fuchs 1982, 1990).

This famous traverse across Antarctica is one of
many examples of successful international coopera-
tion that achieved its objectives. In many other ways,
the IGY in Antarctica was a huge success not only in
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Fig.1.24 Robert Scott started his trek to the South Pole with two tractors both of which broke down within 3 days after leaving Cape
Evans on November 3, 1911 (Photo by the Scott Polar Research Institute, University of Cambridge, used here with permission)

terms of its scientific results but also in terms of the
international cooperation among participating nations
(Crary et al. 1956; Crary 1962, 1982; Odishaw and
Ruttenberg 1958).

After the IGY, many nations that did not previously
have an Antarctic research program decided to join the
community of the Antarctic nations in order to benefit
politically. As a result, the number of nations that have
set up permanent or temporary research bases on the
mainland of Antarctica and on the off-shore islands
listed in Appendix 1.10.2 has increased from 12 during
the IGY to more than 28 in 2002 (Stonehouse 2002).

The benefits that have been realized transcend the
results of geographic exploration of the continent and
the acquisition of a large body of numerical data on
subjects that range across the entire spectrum of sci-
ence. The most far-reaching consequence of the IGY
and its aftermath is the harmonious working relation-
ship that has developed among the nations that con-
tinue to participate in Antarctic research in accordance

with the Antarctic Treaty that was first negotiated in
1958 (McKenzie 1984; Beck 1986; Fifield 1987,
Berkman 2002; Joyner and Theis 1997).

1.6 Antarctic Treaty

The peaceful cooperation of nations with overlapping
territorial claims in Antarctica and with conflicting pri-
orities elsewhere in the world was an unexpected ben-
efit of the IGY (Sullivan 1957; Gould 1958; Siple
1959). Therefore, the 12 nations that had participated
in the exploration of Antarctica during the IGY (i.e.,
Argentina, Australia, Belgium, Chile, France, Japan,
New Zealand, Norway, South Africa, USSR, and USA)
negotiated a treaty in order to continue to use Antarctica
exclusively for peaceful purposes. The preamble of the
resulting Antarctic Treaty identifies its objectives
(Stonehouse 2002, Appendix E):
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Fig.1.25 Oneofthe moderntractorsused by the Commonwealth
Trans-Antarctic Expedition (1955-1958) led by V.E. Fuchs
nearly fell into a large crevasse. In spite of its precarious situa-
tion in this photograph, the tractor was recovered and the tractor
train continued to South Pole Station and eventually reached
Scott Base on Ross Island (Photo ©Royal Geographical Society,
reproduced by permission)

“Recognizing that it is in the interest of all mankind
that Antarctica shall continue forever to be used exclu-
sively for peaceful purposes and shall not become the
scene or object of international discord;

Acknowledging the substantial contributions to sci-
entific knowledge resulting from international coop-
eration in scientific investigation in Antarctica;

Convinced that the establishment of a firm foun-
dation for the continuation and development of
such cooperation on the basis of freedom of scien-
tific investigation in Antarctica as applied during
the International Geophysical Year accords with
the interests of science and the progress of all
mankind;

Convinced also that a treaty ensuring the use of
Antarctica for peaceful purposes only and the continu-
ance of international harmony in Antarctica will fur-
ther the purposes and principles embodied in the
Charter of the United Nations.”

The provisions of the Antarctic Treaty are specified
in 14 Articles that treat various aspects of the agree-
ment such as:

1. The use of Antarctica for peaceful purposes
(Article 1)

2. Promotion of international cooperation in scien-
tific research including the exchange of scientists
(Articles 2 and 3)

3. Refusal to become involved in current or future
claims of sovereignty (Article 4)

4. Prohibition against nuclear experimentation and
disposal of radioactive waste (Article 5)

5. Agreement that the treaty shall apply to the area
south of 60°S latitude including ice shelves but
excluding the high seas (Article 6)

6. Inspection of stations by representatives of signa-
tory nations and exchange of information concern-
ing their operation (Article 7)

7. Provision that observers and scientists working in
Antarctica are subject to the laws of their own
countries (Article 8)

8. Scheduling of consultative meetings for the dis-
cussion of issues and disputes (Article 9)

9. Responsibility of signatory nations to enforce the
provisions of the Antarctic Treaty (Articles 10 and 11)

10. Modification of the Treaty by means of amendments
and major review after 30 years (Article 12)

11. Mechanism to permit other states to accede to the
Treaty (Article 13)

12. Selection of the official languages of the Treaty:
English, French, Russian, and Spanish (Article 14)

After the signing of the Antarctic Treaty by the origi-
nal 12 signatory nations, many other nations “acceded”
to the treaty and some were actually granted full mem-
bership with “consultative” status. The number of full-
member nations listed in Appendix 1.10.3 has increased
to 30 including India and China which are the most
populous nations in the world. In addition, 15 coun-
tries have become associate members which supports
the claim that more than 70% of the people of the Earth
have accepted the principles embodied in the Antarctic
Treaty.
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1.7 Scientific Meetings and Publications

Whereas the treaty regulates the governance of
Antarctica, the International Council of Scientific
Unions (ICSU) set up the Scientific Committee on
Antarctic Research (SCAR) in order to initiate, pro-
mote, and coordinate scientific research in Antarctica.
The members of this committee are appointed by the
scientific academies of the nations that have achieved
consultative status. In this way, SCAR helps to imple-
ment the scientific research in Antarctica within the
guidelines provided by the Antarctic Treaty. SCAR has
formed several Working Groups that provide technical
information and advice to the Consultative Meetings
of the nations that have full voting privileges. SCAR
also schedules scientific symposia of Antarctic research
in different countries identified in Appendix 1.10.4
(Ford 2006).

Another recurring series of international confer-
ences are the Gondwana Symposia which publish
Proceedings Volumes (Appendix 1.10.5). In addition,
the American Geophysical Union of Washington,
D.C., has published monographs in the Antarctic
Research Series that started during the IGY (Appendix
1.10.6).

In 1966 the National Science Foundation and the
US Naval Support Force, Antarctica, launched the
Antarctic Journal of the Unites States in order to pro-
vide “... a common outlet for information on the logis-
tic and scientific aspects of the national effort to a
broad audience of participants and interested observ-
ers” (Jones and Bakutis 1966, p. 1). In 1977, the
Antarctic Journal started publishing Annual Review
issues (vol. 12, no. 4) that contained brief preliminary
(i.e., unreviewed) reports submitted by the research
groups that were active in Antarctica with financial
and logistical support by NSF and by Operation Deep
Freeze. These special issues contain a wealth of infor-
mation about the ongoing scientific research in
Antarctica. The series ended in 1997 (vol. 32, no. 5)
and publication of the Antarctic Journal was officially
discontinued in 2002.

The rapid growth of the scientific literature per-
taining to Antarctica caused the National Science
Foundation to establish an office within the Library
of Congress whose mission was to bring this litera-
ture “under bibliographic control.” The resulting Cold
Regions Bibliography Section of the Science and

Technology Section of the Library of Congress repub-
lished English translations of the abstracts of scien-
tific papers in 13 subject areas that originated in 30
countries and were originally written in 13 different
languages. The first volume of the resulting Antarctic
Bibliography was issued in 1965 and the series of vol-
umes eventually ended with volume 25 (Doumani 1965).
These books have excellent indexes of both authors and
subjects and remain a valuable source of information
pertaining to a wide range of subjects including geologi-
cal and biological sciences, ice and snow studies, meteo-
rology, and even political geography.

Scientific journals that are either devoted to the
publication of Antarctic science or regularly contain
reports on this subject include:

Antarctic Science

Polar Record

South African Journal of Antarctic Research
British Antarctic Survey Bulletin

New Zealand Journal of Geology and Geophysics
Polish Polar Research

Antarctic Record

Several other scientific journals occasionally publish
peer-reviewed scientific reports on the topic of Antarctic
science (e.g., Geology, Geological Society of America
Bulletin, Journal of Geology, Tectonics, Geophysical
Research Letters, Precambrian Research, Journal of
Geophysical Research, Science, Nature, etc.).

1.8 Popular Books About Antarctica

The history of exploration of Antarctica was beauti-
fully illustrated in two large books published by
Reader’s Digest (1985, 1990) while McPherson (1975)
presented pictures of the landscapes of the
Transantarctic Mountains where geologists now travel
and work. The wildlife in the context of the surreal
landscapes of Antarctica was captured in pictures by
the incomparable Elliot Porter (Porter 1978). In addi-
tion, the calendars published annually by Colin and
Betty Monteath of New Zealand emphasize the serene
beauty of Antarctica when the Sun happens to be shin-
ing (Monteath and Monteath 1990-2004).

Other Antarctic photographers who have published
their pictures of Antarctica include, but are not limited to,
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Emil Schulthess, Ann Hawthorne, Margaret Bradshaw,
Walt Seelig, Guy Guthridge, and many others.

The most recent trend in the popular Antarctic lit-
erature is the publication of specialized encyclopedias
including those of McGonigal and Woodworth (2001),
Stonehouse (2002), Trewby (2002), and a magnificent
two-volume set edited by Riffenburg (2007). These
encyclopedias contain explanatory text on a multitude
of subjects pertaining to Antarctica, they are illus-
trated by a large number of photographic images and
detailed maps, and they contain extensive lists of
references.

There is no shortage of Antarctic adventure stories
such as the reports by Siple (1931, 1936) about his par-
ticipation in Byrd’s two expeditions to Antarctica, the
excellent account of life at Ellsworth Station during
the IGY by Behrendt (1998), and the story by Dewart
(1989) of how in 1960 he spent 1 year with the Russians
at the Mirnyy research station. Another book by a
geologist is the account by Doumani (1999) of the tri-
als and tribulations of scientists and military personnel
who were trying to live and work together in Antarctica
from 1958 to 1965. In addition, Neider (1974) pub-
lished an astute account of life in McMurdo Station
during the austral summer of 1970/71 that included a
helicopter crash near the summit of Mt. Erebus. Other
eye-witness accounts of travel to and within Antarctica
were published by Neider (1972), Parfit (1985), and
Pyne (1986).

The successes and failures of the pioneers in the
exploration of Antarctica are discussed in the litera-
ture: Fisher and Fisher (1957), Lansing (1959), Fuchs
(1982, 1990), and Solomon (2001). Even Admiral
Bellingshausen was memorialized in a book edited by
Debenham (1945). Other books that describe the occu-
pation of Antarctica by humans were published by
Chapman (1965), Bertrand (1971), Baughman (1994),
Rowell (1995), Walton and Atkinson (1996), and
Green (2008). Lest we forget, Gillespie (2005)
reminded us that the success of the US Antarctic
Program was made possible by the men and women of
the US Navy Detachment known as VXE-Six.

Antarctica also continues to attract more than its
share of adventurers who must rely on their own
resources to reach Antarctica and to achieve their per-
sonal objectives. The policy of the National Science
Foundation is not to offer support unless their very
lives are in imminent danger (e.g., Mears and Swan
1987; Messner 1990; Steger and Bowermaster 1992;
Arnesen and Bancroft 2003; Andrews 2007).

1.9 Summary

The exploration of Antarctica started in the eighteenth
and nineteenth centuries by means of daring voyages
by brave men in wooden sailing ships who managed to
penetrate the pack ice and who survived the cold and
stormy weather of the Southern Ocean. Several of the
early explorers acted on orders by their governments
(e.g., Cook, Bellingshausen, Dumont d’Urville,
Wilkes, Ross, etc.) to discover new land and to assess
the opportunities for commercial enterprises such as
fishing, and the “taking” of fur seals and whales. The
discoveries they made attracted a large number of pro-
fessional seal hunters and whalers into the Southern
Ocean some of whom explored the coast of Antarctica
on their own initiative in order to discover new hunt-
ing grounds (e.g., Weddell and Palmer). These com-
mercial enterprises were so successful that processing
plants were set up on some of the islands in the
Southern Ocean near the Antarctic Peninsula.

When the ships of some of the scientific expeditions
were trapped by the pack ice, the explorers were forced
to winter-over in their ships (e.g., de Gerlache,
Drygalski, Nordenskjold, etc.) while others deliber-
ately allowed their ships to be frozen into the ice
(Charcot) or came prepared to winter-over on land
(Borchgrevink). The lessons learned during these acci-
dental or deliberate attempts to survive the winter in
Antarctica encouraged their successors to explore the
continent from base camps on land and ultimately to
try to reach the geographic South Pole (e.g., Scott,
Shackleton, and Amundsen).

The race to reach the South Pole during the first
decade of the twentieth century was won by Roald
Amundsen and his team from Norway who reached the
South Pole on December 14, 1911, followed about
1 month later by Scott and his four companions on
January 18, 1912. Amundsen was successful because
he and his men used Greenland huskies to pull their
sleds, whereas Scott and his companions had to man-
haul the sled containing their camping gear, food, and
fuel up the Beardmore Glacier and across the polar pla-
teau. Although they did reach the pole, Scott and his
men died during the return trip because of malnutrition,
exhaustion, and hypothermia aggravated by unusually
cold and stormy weather. Shackleton faced similar
problems but elected to turn back before reaching the
South Pole and thus saved his own life and those of his
companions. The respective merits of the different
styles of operation exemplified by the Antarctic journeys
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of Amundsen, Scott, and Shackleton continue to be
debated by historians of Antarctic exploration.

The exploration of Antarctica was revolutionized by
the introduction of fixed-wing aircraft, motorized sleds,
and wireless communication used by Richard Byrd in
the 1930s. The availability of these labor-saving devices
and technological improvements greatly facilitated the
exploration of the interior of the continents from the air
and by means of motorized vehicles operating from
temporary camps on land. These techniques enabled
several nations to carry out comprehensive geophysical
surveys and geographic exploration of Antarctica dur-
ing the International Geophysical Year (IGY) (1957-
1958). The success of these projects prompted 12
nations to enter into the Antarctic Treaty which contin-
ues to regulate the use of Antarctica for scientific
research while it prohibits commercial exploitation of
the natural resources of the continent and in the sur-
rounding ocean south of 60° latitude.

1.10 Appendices

1.10.1

The Antarctic Treaty has become a model for
international cooperation among nations whose
objectives elsewhere in the world may conflict with
those of other Treaty Nations. The diplomatic prece-
dents established by the Antarctic Treaty are at least
as important as the results of the on-going scientific
research in Antarctica. Among other benefits, the
Antarctic Treaty has served as a model for the “Law
of the Sea” (Joyner 1992) and for the treaty “...
Governing the Activities of States in the Exploration
and Use of Outer Space” adopted by the United
Nations in 1963 (Faure and Mensing 2007).

*The dust jacket of P.-E. Victor’s book contains a pho-
tograph by Emil Schulthess which shows “an American
geologist returning from the ascent of Mount
Glossopteris” in the Ohio Range. The person in the
photograph is Dr. William Long who later became a
Ph.D. candidate at The Ohio State University
(Appendix 2.12.1).

Exploration of Antarctica Following Byrd’s Second Expedition (Stonehouse 2002)

Expedition

Dates

Ellsworth Expeditions:

1934-1936

Lincoln Ellsworth (1880-1951) and Sir Hubert Wilkins (1888—1951) attempted several long-distance overflights

of West Antarctica and the Antarctic Peninsula.
British Graham Land Expedition:

1934-1937

Explored and mapped the area south and east of Marguerite Bay on the Antarctic Peninsula.

German Antarctic (Schwabenland) Expedition:

1938-1939

Explored the area east of the Weddell Sea in order to support a territorial claim of an area later claimed by Norway

(i.e., Dronning Maud Land).
US Antarctic Service Expedition:

1939-1941

Set up permanent bases at the Bay of Whales and on Stonington Island (68°11’S, 067°00°W) from which West
Antarctica was mapped by aerial photography combined with ground truths established by dog sled teams.

Operation Tabarin:

1943-1944

Precursor of the Falkland Island Dependencies Survey intended to strengthen British territorial claim to the

Falkland Islands and the adjacent sector of Antarctica.
US Naval Operation Highjump:

1946-1947

Naval task force that was organized to map the coastline of Antarctica and to train military personnel in

cold-weather operations.
US Naval Operation Windmill:
Continuation of Operation Highjump.
Falkland Island Dependencies Aerial Survey Expedition:

1947-1948

1955-1957

Exploration and mapping by long-range aircraft of the Antarctic Peninsula and associated islands.

Commonwealth Trans-Antarctic Expedition:

1957-1958

Traversed the Antarctic mainland by tractor train and dog sleds from the Filchner Ice Shelf to McMurdo Sound

(Section 1.5.4).
International Geophysical Year:

1957-1958

Twelve nations established more than 50 stations in Antarctica and undertook a coordinated program of research.
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1.10.2 Principal Research Stations in Antarctica (Stonehouse 2002)

Nation Station Location
Argentina Primero de Mayo (Decepcion) 62°57’S, 060°38°W
Teniente Jubany 62°14’S, 058°40°W
Petrel 63°28’S, 056°17°W
Melchior (1947) 64°20°S, 062°59°W
General San Martin 68°07’S, 067°06°W
Almirante Brown 64°53’S, 062°53°W
Esperanza 63°24’S, 057°00°'W
Teniente Camara 62°36’S, 059°54°W
General Belgrano I 77°43’S, 038°04'W
General Belgrano II 77°52°S, 034°37°W
General Belgrano III 77°54°S, 045°59°'W
Primavera 64°09’S, 060°57°W
Australia Casey (Wilkes) 66°17°S, 110°32’E
Davis 68°35’S, 077°59’E
Mawson 67°36’S, 062°52’E
Belgium Roi Baudouin (The Netherlands) 70°26’S, 024°19°E
Brazil Commandante Ferraz 62°05’S, 058°23°W
Bulgaria St. Kliment Ohridiski 62°38’S, 060°22°W
Chile Capitan Arturo Prat 62°30’S, 059°41°’'W
General Bernardo O’SHiggins 63°12’S, 058°58°W
Esperanza 63°24’S, 057°00°'W
General Ramon Caifias Montalva 63°32’S, 066°48°W
Presidente Eduardo Frei 62°11’S, 058°57°W
Presidente Gonzalez Videla 64°49°S, 062°51°W
Escudero (Teniente Rodolfo Marsh) 62°12’S, 057°00°'W
Teniente Carvajal (Adelaide) 67°46’S, 068°55°W
China Great Wall 62°13°S, 058°58°W
Zhongshan 69°22°S, 076°22°E
Ecuador Pedro Vicente Maldonado 62°27’S, 059°43°W
Finland Aboa (summer only) 73°03’S, 013°25°W
France Dumont d’Urville 66°40’S, 140°01’E
Concordia (Italy) 75°00’S, 125°00’E
Germany Georg von Neumayer 70°38’S, 008°16°W

German Democratic Republic
India
Italy

Japan

Korea
The Netherlands
New Zealand

Dallmann Laboratory
Lillie Marleen (hut)
George Forster

Maitri

Terra Nova Bay
Concordia

Syowa

Asuka

Dome Fuji

Mizuho

King Sejong

Roi Baudouin (Belgium)
Scott Base (Ross Island)

62°14’S, 058°40'W
71°12°S, 164°31’E
70°46°S, 011°50’E
70°46°S, 011°44’E
74°41°S, 164°0T’E
75°00°S, 125°00’E
69°00’S, 139°35°E
71°31°S, 024°08’E
77°30’S, 037°30’E
70°41°S, 044°54’E
62°13’S, 058°47"W
70°26°S, 024°19°E
77°30’S, 168°00’E

(continued)
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1.10.2 (continued)

Nation

Station

Location

Norway (Sweden, Finland)

Peru
Poland
Russia/USSR

Soviet Union

South Africa

Spain

Sweden

(Norway, Finland)
Ukraine (UK)

United Kingdom

USA

Uruguay

Norway

Troll

Tor

Machu Picchu

Henryk Arctowski
Mirnyy

Pionerskaya (IGY only)
Oazis (Poland)
Kosomal’skaya (IGY only)
Vostok

Sovetskaya (IGY only)
Lazarev (1959)
Novolazarevskaya (1961)
Molodezhnaya (1962)
Bellingshausen (1968)
Leningradskaya (1970)
Druzhnaya (1976)
Russkaya (1979)

Soyoz (1982)

Progress (1989)

SANAE (1960)

Borga (1969, summer)
Sarie Marais

Juan Carlos Island
Gabriele de Castilla
Wasa

Svea

Akademik Vernadsky
(Faraday, UK)

Bird Island

Halley

Rothera

Signy (summer)

Fossil Bluff (1961-63, 1969-75)
Grytviken (King Edward Point)
Horseshoe Island

Byrd (1957)

Wilkes (Australia)
Ellsworth (1957-1962)
Hallett (New Zealand)
Plateau (1965-1968)
Amundsen-Scott
McMurdo

Palmer (1965)

Siple (1969)

Eights (1961-1965)
Artigas (1984)

Teniente Puperto Elichiribehety

70°30’S, 002°32°W
72°01°S, 020°32’E
71°53’S, 005°09’E
62°05°S, 058°28'W
62°09’S, 058°27°W
66°33’S, 093°01’E
69°44°S, 095°30’E
66°16’S, 100°44’E
74°05°S, 097°29°E
78°28’S, 106°48’E
78°23°S, 087°32’E
70°00’S, 013°00’E
70°46°S, 011°50’E
67°40°S, 045°51’E
62°11°S, 058°58'W
69°30°S, 159°23’E
77°34°S, 040°13’W
74°42°S, 136°51'W
70°35°S, 068°47T°E
69°23°S, 076°23’E
70°41°S, 002°50'W
72°58°S, 003°48°W
72°03°S, 002°49°'W
62°39’S, 060°23°W
62°58’S, 060°41"W
73°03°S, 013°25'W
74°35°S, 011°13’W
65°15°S, 064°16°W

54°00’S, 038°03°W
74°35°S, 026°30'W
67°34°S, 068°07"W
60°43°S, 045°36'W
71°20°S, 068°17°W
54°17°S, 036°30°W
67°49°S, 067°18'W
80°01°S, 119°32°W
66°15°S, 110°32’E
77°43°S, 041°08'W
72°18’S, 179°16’E
79°28’S, 040°35’E
90°S

77°51°S, 166°40’E
64°46°S, 064°03°W
75°33°S, 083°33’W
75°14°S, 077°10°W
62°11°S, 058°54'W
63°24°S, 056°59'W
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1.10.3 Member Nations of the Scientific Committee on Antarctic Research (SCAR)

(Stonehouse 2002)

Dates of Joining
Nation Associate Member Full Member
Argentina March 5, 1995 Feb. 3. 1958
Australia Sept. 5, 1994 Feb. 3. 1958
Belgium July 23, 1990 Feb. 3. 1958
Brazil Sept. 12, 1988 Oct. 1, 1984
Bulgaria June 15, 1992 July 27, 1998
Canada July 1, 1988 Feb. 3. 1958
Chile June 23, 1986
China, R.R. June 15, 1992
Colombia? July 23, 1990
Ecuador March 3, 1958
Estonia May 22, 1978
Finland
France
Germany®
India Oct. 1, 1984
Italy May 19, 1987 Sept. 12, 1988
Japan Feb. 3, 1958
Korea (South) Dec. 8, 1987 July 23, 1990
The Netherlands May 20, 1987 July 23, 1990
New Zealand Feb., 3, 1958
Norway Feb. 3. 1958
Pakistan June 15, 1992
Peru April 14, 1987
Poland May 22, 1978
Russia/USSR® Feb. 3. 1958
South Africa Feb. 3. 1958
Spain Jan. 15, 1987 July 23, 1990
Sweden March 24, 1987 April 24, 1984
Switzerland June 16, 1987
Ukraine Sept. 5, 1994
UK Feb. 3. 1958
USA Feb. 3. 1958
Uruguay July 29, 1987

*Colombia withdrew from SCAR on July 3, 1995.
*The German Democratic Republic originally joined SCAR on September 9, 1981.
Germany was later unified on October 3, 1990.

“The USSR was replaced by Russia in December of 1991.

1.10.4 International Symposia of Antarctic Research Organized by SCAR (Ford 2006)

Year Country City Proceedings

1963 South Africa Cape Town Adie (1964)

1970 Norway Oslo Adie (1972)

1977 USA Madison Craddock (1982)
1982 Australia Adelaide Oliver et al. (1983)
1987 UK Cambridge Thomson et al. (1991)
1891 Japan Tokyo Yoshida et al. (1992)
1995 Italy Siena Ricci (1997)

1999 New Zealand Wellington Gamble et al. (2002)
2003 Germany Potsdam Ftterer et al. (2000)
2008 Russia St. Petersburg
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1.10.5 Gondwana Conferences and Their Proceedings Volumes

Year Country City Editor(s)
1. 1967 Argentina Mar Del Plata Anonymous (1970)
2.1970 South Africa Cape Town and Johannesburg Haughton (1970)
3. 1973 Australia Canberra Campbell (1975)
4.1977 India Calcutta Laskar and Raja Rao (1979a, b)
5. 1980 New Zealand Wellington Creswell and Vella (1981)
6. 1985 USA Columbus, OH McKenzie (1987a, b)
7.1988 Brazil Sao Paulo Ulbrich and Rocha Campos (1991)
8. 1991 Australia Hobart Findlay et al. (1993)
9. 1994 India Hyderabad Anonymous (1994)
10. 1998 South Africa Cape Town Almond and DeWitt (1999)
11. 2002 New Zealand Christchurch Storey et al. (1999) Gondwana Res., 7 (1)
12. 2005 Argentina Mendoza
13. 2008 China Dali

1.10.6 Selected Volumes of the Antarctic Research Series of the American Geophysical Union (AGU) of Washingtion,
DC (All Publications Listed Here Are Also Included in Section 1.10)

Volume Year Editor(s) Title
2 1964 Mellor, M. Antarctic snow and ice studies
4 1965 Waynick, A.T. Geomagnetism and aeronomy; studies in the ionosphere,
geomagnetism and atmospheric radio noise
6 1965 Hadley, J.B. Geology and paleontology of the Antarctic
8 1966 Tedrow, J.C.F. Antarctic soils and soil-forming processes
9 1966 Rubin, M.J. Studies in Antarctic meteorology
15 1971 Reid, J.L. Antarctic oceanology I
16 1971 Crary, A.P. Antarctic snow and ice studies II
19 1972 Hayes, D.E. Antarctic oceanology II: The Australian-New Zealand sector
21 1974 Foster, M.W. Recent Antarctic and subantarctic brachiopods
22 1974 Gunderson, E.K.E. Human adaptability to Antarctic conditions
25 1977 Businger, J. Meteorological studies at Plateau Station
29 1978 Lanzerotti, L.J. and C.G. Park Upper atmosphere research in Antarctica
33 1981 McGinnis, L.D. Dry Valley drilling project
36 1982 Turner, M.D. and J.F. Splettstoesser Geology of the central Transantarctic Mountains
42 1990 Bentley, C.R. and D.E. Hayes The Ross Ice Shelf: Glaciology and geophysics
43 1985 Jacobs, S. Oceanology of the Antarctic continental shelf
46 1986 Stump, E. Geological investigations in Northern Victoria Land
48 1990 LeMasurier, W.E. and J.W. Thomson Volcanoes of the Antarctic plate and southern ocean
50 1990 Elliot, D.H. Contributions to Antarctic research I
51 1990 Splettstoesser, J.F. and Mineral resources potential of Antarctica
G.A.M. Dreschhoff
53 1991 Elliot, D.H. Contributions to Antarctic research IT
54 1991 Hayes, D.E. Marine geological and geophysical atlas of the circum-
Antarctic to 30°S
55 1992 Stilwell, J.D. and W.J. Zinsmeister Molluscan systematics and biostratigraphy of the Lower
Tertiary La Meseta Formation
56 1992 Kennett, J.P. and D.A. Warnke The Antarctic paleoenvironement; A perspective on global
change, Part |
57 1992 Elliot, D.H. Contributions to Antarctic research III
59 1993 Green, W.J. and E.I. Friedmann Physical and biochemical processes in Antarctic lakes

(continued)
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1.10.6 (continued)

Volume Year Editor(s) Title

60 1993 Kennett, J.P. and D.A. Warnke The Antarctic paleoenvironment: A perspective on global
change, Part 11

61 1994 Bromwich, D.H. and C.R. Stearns Antarctic meteorology and climatology: Studies based on
automatic weather stations

62 1994 Weiler, C.S. and P.A. Penhale Ultraviolet radiation in Antarctica; Measurements and
biological effects

66 1995 Kyle, PR. Volcanological and environemental studies of Mt. Erebus,
Antarctica

67 1995 Elliot, D.H. and G.L. Blaisdell Contributions to Antarctic research IV

68 1995 Cooper, A.K. et al. Geology and seismic stratigraphy of the Antarctic margin,
Part 1

71 1997 Barker, P.F. and A.K. Cooper Geology and seismic stratigraphy of the Antarctic margin,
Part 2

72 1998 Priscu, J.C. Ecosystem dynamics in a polar desert: The McMurdo dry
valleys, Antarctica

74 1998 Jeffries, M.O. Antarctic sea ice: Physical processes, interactions, and
variability

75 1998 Jacobs, S. and R. Weiss Ocean, ice, and atmosphere; Interactions at the Antarctic
continental margin

76 2000 Stilwell, J.D. and R.M. Feldmann Paleobiology and paleoenvironments of Eocene rocks,
McMurdo Sound, East Antarctica

77 2001 Alley, R.B. and R.A. Bindschadler The West Antarctic ice sheet: Behavior and environment

78 2004 DiTullio, G.R. and R.B. Dunbar Biogeochemistry of the Ross Sea

79 2003 Domack, E.W., A. Deventer, A. Antarctic Peninsula climate variability: Historical and

Burnett, R. Bindschadler, P.
Convey, and M. Kirby

paleoenvironmental perspectives

1.10.7 Memoirs, Special Papers, and Maps of the Geological Society of America (GSA) Relevant to Antarctica

Number Year Authors/editors Titles

A. Special papers

336 1999 Ramos and Keppie Laurentia-Gondwana connections before Pangea

339 1999 Dressler and Sharpton Large meteorite impacts and planetary evolution II

356 2002 Koeberl and MacLeod Catastrophic events and mass extinctions: Impacts and beyond

384 2005 Kenkman et al. Large meteorite impacts II1

B. Memoirs

170 1992 Webers et al. Geology and paleontology of the Ellsworth Mountains, West
Antarctica

187 1995 Veevers and Tewari Gondwana master basin of peninsular India between Tethys and
the interior of the Gondwanaland Province of Pangea

192 1999 Crowell Pre-Mesozoic ice ages; Their bearing on understanding the
climate system

Maps and charts

MCH 093F (folded) 2005 Davis and Blankenship Geology of the Scott-Reedy glaciers area, southern

Transantarctic Mountains, Antarctica
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Chapter 2
Antarctica: The Continent

The area of Antarctica is 13.97 x 10° km* making it the
fifth largest of the seven continents (Stonehouse 2002).
It is conventionally oriented on maps as shown in
Fig. 2.1 and is subdivided into East Antarctica, West
Antarctica, the Antarctic Peninsula, and certain islands
that rise more than 500 m above sea level (i.e.,
Alexander, Bear, Berkner, Roosevelt, Ross, and
Thurston). In addition, Antarctica is surrounded by the
Ross, Ronne, Filchner, Riiser-Larsen, Fimbul, and
Amery floating ice shelves as well as by the Larsen ice
shelf located along the east coast of the Antarctic
Peninsula. Except for the northernmost tip of the
Antarctic Peninsula, the continent lies within the
Antarctic Circle at latitudes greater than 62.5° south.

The continuing exploration of Antarctica has
uncovered several natural phenomena that have not
been recognized elsewhere on the Earth. All of these
phenomena, which are mentioned here in passing,
are described in detail in the appropriate chapters of
this book:

1. The stratosphere over Antarctica is depleted in
ozone because of the release of chlorine-bearing
gases (CFCs) by humans in the mid-latitudes of the
Earth.

2. Large meltwater lakes that exist at the base of the
East Antarctic ice sheet may be linked by subglacial
streams of liquid water.

3. Subglacial evaporite deposits form as a result of
refreezing of meltwater at the base of the East
Antarctic ice sheet in response to decreases in
pressure.

4. Numerous lakes and ponds occur in the ice-free
regions of southern Victoria Land and in the Bunger
Hills of East Antarctica. Some of these ponds con-
tain highly concentrated brines that do not freeze
even at —50°C.

5. Cold and unusually salty water forms in the circum-
Antarctic oceans and then sinks to the bottom of
the ocean basins where it flows north into the
South Atlantic, South Pacific, and the South Indian
oceans.

6. Meteorite specimens that land on the East Antarctic
ice sheet are transported to the margins of the ice
sheet and may be exposed on the bare-ice fields in
the zone of ablation adjacent to the Transantarctic
Mountains, and at the Yamato and Grove mountains
of East Antarctica. In addition, several dozen rock
samples from the Moon and from Mars have been
collected in Antarctica.

The conventional orientation of the continent of
Antarctica in Fig. 2.1 causes East Antarctica to be
located west of an observer facing north anywhere
within the Transantarctic Mountains. This contradic-
tion arises because East Antarctica is positioned on the
right-hand side of a map when the continent is oriented in
the conventional manner as in Fig. 2.1. All geological
maps in this book are oriented with north at the top in
order to avoid any ambiguity about the directions of
east and west.

2.1 Topography

The rocks that form the crust of Antarctica are almost
completely hidden under a thick ice sheet that covers
97.6% of the entire land mass. The average elevation
of the surface of the ice sheet is more than 2,000 m
above sea level (a.s.l.). The highest elevations occur in
a series of ice domes that are roughly aligned along a
semi-circle in the interior of East Antarctica: Dome
Fuji (3,807 m at 77°00'S, 046°00'E), Dome Argus

G. Faure and T.M. Mensing, The Transantarctic Mountains: Rocks, Ice, Meteorites and Water, 41
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Fig. 2.1 Antarctica is conventionally oriented as shown and
is subdivided into East Antarctica, West Antarctica, and the
Antarctic Peninsula. The Transantarctic Mountains extend
from northern Victoria Land along the Ross Sea and the Ross
Ice Shelf toward the Pensacola Mountains adjacent to the

(4,030 m at 81°00'S, 077°00'E), and Dome Charlie
(3,206 m at 75°00'S, 125°00'E). The South Pole is
located on the polar plateau at an elevation of 2,835 m.
The average thickness of the Antarctic ice cap is 2,160
m and its volume has been estimated to be 30.11 x 10°
km?3, which amounts to about 90% of the ice on the
Earth (Stonehouse 2002). The greatest thickness of ice
occurs in a small area in Wilkes Land at 69°30'S,
135°00'E where the bedrock is below sea level
(National Geographic Society 1990). This site may be
a large meteorite impact crater buried by the ice
(Section 18.4.1).

The rocks of the Antarctic crust are exposed pri-
marily on the Antarctic Peninsula, in the Transantarctic

Ronne Ice Shelf. Some of the research stations mentioned in
the text are indicated on this map. A complete list of these
stations is provided in Appendix 1.11.2 (Adapted from the
Antarctic Journal of the US, volume 13, No. 4, October
1978)

Mountains of East Antarctica, in the Ellsworth
Mountains of West Antarctica, and in the extinct vol-
canoes of Marie Byrd Land. In addition, small moun-
tain ranges project through the East Antarctic ice sheet
in Queen (or Dronning) Maud Land, in Enderby Land,
in Mac. Robertson Land, and in a few places in Wilkes
Land (e.g., Gaussberg, Section 1.3.3).

The Sentinel Range of the Ellsworth Mountains in
West Antarctica (Fig. 2.1) includes the Vinson Massif
which contains the highest peak in Antarctica at
4,901 m (Stonehouse 2002). The highest peaks of
the Transantarctic reach an elevation of 4,528 m in the
Queen Alexandra Range along the north side of the
Beardmore Glacier (National Geographic Society 1990).
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Geophysical data indicate that the average thickness of
the continental crust of East Antarctica is about 40 km.
However, the crust thickens appreciably to about 55
km under the Transantarctic Mountains and under the
subglacial Gamburtsev Mountains located in East
Antarctica between 70° and 80°E longitude at about
80°S latitude (Bentley 1983; Kadmina et al. 1983).

The present elevation of the bedrock surface of
some parts of East and West Antarctica is actually
below sea level. For example, two large subglacial
basins in Wilkes Land of East Antarctica lie below sea
level. In addition, the surface of subglacial Lake Vostok
at 78°28'S and 106°48'E is below sea level by about
200-300 m. The bedrock surface of most of West
Antarctica is also below sea level partly because of the
mass of the overlying ice sheet (Drewry et al. 1983;
Bentley and Robertson 1982; Bentley et al. 1982).
Consequently, the incursion of seawater into the sub-
glacial basins could result in the break-up of the West
Antarctic ice sheet and of the ice in the Wilkes basin of
East Antarctica.

2.2 Volcanoes

Antarctica truly is the land of fire and ice because it
contains a large number of volcanoes that were active
during the Tertiary Period (LeMasurier 1990). At the
present time only Mt. Erebus on Ross Island in
Fig. 2.2a, b is still active. The summit of Mt. Erebus,

Fig.2.2 (a) Mt. Erebus on Ross Island as seen from the Erebus
Glacier tongue which projects into McMurdo Sound. A small
plume of steam and other gases was rising from the summit of
the volcano in January of 1985 (Photo by G. Faure) (b) Tent
camp on the Fang Glacier below the summit of Mt. Erebus

which rises to a height of 3,794 m a.s.l., contains a
large crater which intermittently fills with alkali-rich
(basanite and kenyte) basalt lava (Kyle 1995).

Mt. Erebus was discovered in January of 1841 by
Captain James Ross who named it after the ship he and
his crew had sailed to Antarctica (Section 1.1). The
volcano was emitting plumes of steam when it was dis-
covered and it was still active in March of 1908 when
it was climbed by William E. David and his five com-
panions of Shackleton’s Nimrod Expedition. When it
was climbed a second time in December of 1912 by
Raymond Priestley and other members of Scott’s Terra
Nova Expedition, it was still active. The activity has
continued into the modern era and actually intensified in
1982. The volcano became violent in December of 1984
when it ejected incandescent lava bombs accompanied by
thunderous explosions and by the emission of colored
steam and other gases.

The volcanoes of Antarctica occur not only in the
Transantarctic Mountains and on the islands off the
coast of Victoria Land, but also in Marie Byrd Land of
West Antarctica, on the Antarctic Peninsula and on its
off-shore islands, on the South Sandwich Islands, in
East Antarctica, and on the islands of the Southern
Oceans. All of these volcanoes were described in a
book edited by LeMasurier and Thomson (1990). The
descriptions of the volcanoes include photographs,
maps, chemical analyses of the rocks, and interpreta-
tions of these analyses. Even the Gaussberg on the
coast of East Antarctica (Section 1.3.3) is included in
this compilation of Antarctic volcanoes. The book also

where scientists who need to work on the volcano spend at least
one night in order to adjust to the high elevation (3,794 m above
sea level). A large plume of steam was rising from the summit in
the background during the 1982/83 field season (Photo courtesy
of J.M. Palais)
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contains references to the extensive literature on the
volcanoes of Antarctica.

The volcanoes of the Transantarctic Mountains occur
between Cape Hallett in northern Victoria Land and
Mount Early (87°04'S, 153°46'W), which is located
only 300 km from the South Pole. The volcanic moun-
tains and cinder cones in the Transantarctic Mountains
define the McMurdo Volcanic Province which is subdi-
vided into four regions (Kyle 1990). These volcanoes
were active in Late Tertiary time starting less than
25 million years ago and continuing to the present as in
the case of Mount Erebus. All of them have extruded
silica-undersaturated and alkali-rich lavas in marked
contrast to the Ferrar Dolerite and Kirkpatrick Basalts
of Middle Jurassic age both of which consist largely of
silica-saturated tholeiites. These two suites of volcanic
rocks are products of quite different petrogenetic pro-
cesses that nevertheless occurred at different times in
the lithospheric mantle underlying the Transantarctic
Mountains. The petrogenesis of these different suites of
volcanic rocks is the subject of Chapter 12 (Kirkpatrick
Basalt) and Chapter 13 (Ferrar Dolerite), and Chapter
16 (Cenozoic Volcanoes).

The volcanoes in the Transantarctic Mountains and
in Marie Byrd Land of West Antarctica erupted lava
flows and pyroclastic ash that was deposited on the
surface of the ice sheets. The ash was subsequently
buried by snow and was thereby incorporated into the
ice. The resulting ash layers now serve a useful pur-
pose in the study of the ice sheets because they are
unique “event horizons” whose age can be determined
by isotopic methods (e.g., Folco et al. 2007). In addi-
tion, these horizons have preserved a record of the
deformation of the ice sheets that is revealed by map-
ping their outcrop patterns on the bare-ice surfaces in
the ablation zones. The chemical composition of the
ash has been used to identify the volcanoes from which
certain ash layers were erupted, while the sulfate con-
centration and the acidity (pH) of the ice above an ash
layer provide clues to the amount of sulfuric acid that
was injected into the stratosphere (Palais 1985). The
volcanic dust and sulfuric acid in the stratosphere can
cause temporary cooling of the global climate as dem-
onstrated by the eruptions of Krakatau (Indonesia) in
1883, Mount St. Helens (Washington) in 1980, El
Chichon (Mexico) in 1982, and Mount Pinatubo
(Philippines) in 1992 (Holland and Petersen 1995;
Thompson and Mosley-Thompson 1981; Kyle et al.
1981; Self et al. 1981).

2.3 Climate

The weather of Antarctica is proverbially hostile to life
but actually varies widely depending on the season, the
latitude, the elevation, and on local factors. The aver-
age monthly temperatures at McMurdo and South Pole
stations in Fig. 2.3 display the range of seasonal tem-
perature variations at these locations in relation to their
latitude, elevation, and topographic setting:

McMurdo, 77°50'S, 24 m, coastal
South Pole, 90°S, 2,835 m, polar plateau

The highest average monthly temperature at the South
Pole is only —32.3°C which occurs in December,
whereas the highest average monthly temperature at
McMurdo Station of —3.1°C occurs in December and
January (Stonehouse 2002, p. 61). The highest average
monthly temperatures at both locations in Antarctica
are below the freezing temperature of water.

The “local conditions” that affect the weather
alluded to above include the katabatic wind that blows
from the polar plateau through the valleys of the outlet
glaciers in the Transantarctic Mountains. The wind is
generated when the layer of cold air that forms directly
above the surface of the polar plateau drains downslope
toward the coast. The speed of the wind on a gentle slope
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Fig. 2.3 The average monthly temperatures at McMurdo
Station range from —26.9°C (August) to —3.1°C (December and
January) compared to only -59.9°C (July) and -27.7°C
(December) at the South Pole Station. The low seasonal tem-
perature profile of the South Pole is partly attributable to its high
southern latitude (90°S) and the high elevation of this site (2,835
m above sea level), whereas McMurdo Station is located at
77°50'S latitude at sea level on Ross Island. Nevertheless, the
average annual temperatures at both sites are below the freezing
temperature of water (Data from Stonehouse 2002)
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is generally less than 36 km/h, but it can accelerate to
hurricane strength when it is compressed in the narrow
valleys through which ice from the plateau flows to the
coast. For example, Mawson (1915) reported that on
August 16, 1912, the katabatic wind at Cape Denison in
Adelie Land of East Antarctica reached 129 km/h.
Strong and long-lasting katabatic winds can cause
frostbite in humans and can severely limit visibility
because of the amount of snow that is transported in the
atmosphere. Windy days during the summer months on
the polar plateau and in the Transantarctic Mountains
are, in many cases, accompanied by unusually low tem-
peratures (e.g., —20°C to —30°C), clear skies, and low
surface resolution because of blowing snow.

During cloudy weather a condition known as white-
out may occur when surface definition deteriorates
because of the absence of shadows and because the
horizon disappears. These conditions are dangerous
because they can lead to accidents that result from
poor visibility and associated disorientation. Whiteout
conditions in Fig. 2.4 can also occur during dense fog
and may be caused by ground blizzards when strong
katabatic winds inject snow into the air. Travel on the
polar plateau and in the mountains is “not indicated”
under whiteout conditions.

Locations close to the coast on Ross Island and in
Victoria Land occasionally do register temperatures
above 0°C during the austral summer in December and

Fig. 2.4 During whiteout conditions in the Transantarctic
Mountains the horizon becomes invisible and surface definition
is lost. In the case shown here, the whiteout conditions resulted
from high wind associated with snowfall near the coast of northern
Victoria Land. The Scott tent, still used by geological fieldpar-
ties in the Transantarctic Mountains and on the polar plateau, is
well suited for use in cold and windy weather, especially when it
is set up in well-packed snow or névé. Mills Valley, Pain Mesa,
northern Victoria Land, December 1982 (Photo by G. Faure)

January. In spite of such rare warm summer days along
the coast, meteoric precipitation in the Transantarctic
Mountains occurs in the form of snow rather than rain.
However, the presence of morphologically preserved
beech leaves and twigs in till of the Dominion Range
less than 500 km from the South Pole indicates that
during the Pliocene Epoch a temperate climate pre-
vailed in that part of the Transantarctic Mountains
(McKelvey et al. 1991; Hill et al. 1991; Mercer 1987,
Webb and Harwood 1987). The meteorology of
Antarctica is the subject of books by Rubin (1966),
Businger (1977), Schwerdtfeger W. (1984), Bromwich
and Stearns (1994), and King and Turner (1997).

2.4 Cold-Weather Injuries

The effects of the low air temperatures in the Transantarctic
Mountains are magnified by wind which accelerates the
loss of heat from the human body. This phenomenon
is expressed quantitatively by the wind-chill scale
(Rees 1993) that converts the measured temperature into
an equivalent wind-chill temperature. For example, the
arrow in Fig. 2.5a indicates that the measured air tem-
perature of —10°C at a wind speed of 8 m/s corresponds
to a wind-chill temperature of —20°C. In addition, a wind
speed of 8 m/s in Fig. 2.5b is equivalent to a speed of
28.8 km/h. The wind-chill temperature also permits the
definition of the discomfort index in Table 2.1.
Accordingly, a wind-chill temperature of —20°C is per-
ceived as being “bitterly cold.” Such conditions are not
unusual during the austral summer on the polar plateau
and in the Transantarctic Mountains, except along the
coast.

The discomfort experienced by humans because of
the cold and windy conditions that characterize the
summer weather in the Transantarctic Mountains and
on the polar plateau is aggravated by the extremely
low humidity of the air. Humans working out-of-doors
under these conditions must protect themselves by
wearing appropriate cold-weather clothing. Their abil-
ity to cope with the stressful environmental conditions
improves when they are physically fit, well rested, well
nourished, healthy, and when they are highly moti-
vated to accomplish their mission (Gunderson 1974).

The scientists who do research in Antarctica are, in
most cases, highly motivated to accomplish their
objectives and therefore can tolerate the adverse
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Fig. 2.5 (a) Conversion of the measured air temperature in
degrees Celsius and the wind speed in meters per second into
the wind-chill temperature which includes the effect of acceler-
ated heat loss of the human body with increasing wind speed.
The arrow indicates that a measured temperature of —10°C at a

Table2.1 Discomfort scale based on the wind-chill temperature
derived in Fig. 2.5a from the measured temperature and the wind
speed (Stonehouse 2002, p. 293)

Discomfort level

Range of wind-chill temperatures (°C)

Cool +15to +10
Very cool +10t0 0
Cold 0to-10
Very cold -10to -15
Bitterly cold -15t0 =25
Freezing cold <25

working conditions. However, some individuals may
suffer emotional distress caused by loneliness, anxiety,
sleeplessness, home sickness, constant daylight, anger,
boredom, and the like. These kinds of emotional prob-
lems can also arise in individuals who are wintering
over at one of the research stations which are cut off
from the outside world for up to 6 months during the
Antarctic winter.

The injuries caused by the harsh environmental
conditions can be avoided in many cases by preventive
measures taken in the field. If left untreated, minor
bodily ailments can result in debilitating conditions

wind speed of 8 m/s corresponds to a wind-chill temperature of
—20°C (b) Wind speeds measured in meters per second are
converted into the equivalent unites of kilometers per hour by
the relations: km/h = 3,600 m/1,000 s (Data from Stonehouse
2002, p. 293)

Table 2.2 Health hazards in Antarctica

(A) Weather-related
Hypothermia

Fire (burns and loss of shelter)
Frostbite

Snow blindness

Sunburn

Dehydration

Skin rashes

(B) Topographic hazards
Crevasses

Ice cliffs

Rock falls

Rock-climbing accidents
Drownings

Skiing/sledding accidents

(C) Aircraft and surface vehicles
Plane crashes?®

Automobile accidents
Snowmobile accidents

2See Anderson (1974)

that may require medical attention. The potential
injuries and environmental hazards listed in Table 2.2
are not only weather-related but may also result from
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hazards associated with travel across mountainous
terrain and on glaciers and sea ice.

Although hypothermia, sunburn, frostbite, and
snow blindness do occur in Antarctica, these condi-
tions rarely affect experienced field scientists. The
most common weather-related health problems arise
because of dehydration which not only affects kidney
function and blood chemistry but also causes uncom-
fortable cracking and irritation of the skin. The most
dangerous weather-related hazard is fire which can
cause painful and potentially life-threatening burns
and can also result in the loss of shelter, such as a
dormitory building in McMurdo Station or a Scott tent
in the field. The fire hazard is enhanced by the low
humidity of the air and by the scarcity of liquid water
with which to douse the flames.

The field manual that is issued by the Office of Polar
Programs of the National Science Foundation to all
groups that deploy through McMurdo Station contains
the following admonition:

Anyone deploying to remote locations in Antarctica should

have a strong background in cold-weather survival or, at

the very least, [should] employ a safety-survival guide

with previous Antarctic experience. Antarctica is not a
place to learn cold-weather skills. (Anonymous 1994)

2.5 The Ozone Hole

The hazardous working conditions in Antarctica arise
not only from the harsh climate and the rugged surface
environment, but also from exposure to excessive
ultraviolet (UV) radiation caused by the destruction of
ozone in the stratosphere above the continent
(Appendices 2.11.2-2.11.5).

The seasonal loss of ozone from the stratosphere
over Antarctica was first reported by Farman et al.
(1985). Their data in Fig. 2.6 indicate that the amount
of ozone in the atmosphere above the British Antarctic
research station at Halley Bay on the east coast of the
Weddell Sea (Appendix 1.10.2) declined from about
330 Dobson Units (DU) in October of 1957 to about
220 DU in October of 1984 (Appendix 2.11.4). In sub-
sequent years, the average amount of atmospheric
ozone in October over Antarctica continued to decline
and approached 120 DU in 1989 followed by progres-
sively lower values throughout the 1990s. The seasonal
deficit in the amount of ozone over Antarctica is called
the “Ozone Hole.” The lowest amount of ozone of 90
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Fig. 2.6 Average ozone inventory in the stratosphere above the
British research station at Halley Bay in October from 1957 to
1989. During that time interval the monthly averages for October
decreased from about 320 Dobson units (DU) in the late 1950s
to about 120 DU in the late 1980s. The decline of the average
ozone inventory in October continued throughout the 1990s into
the early twenty-first century (Adapted from Graedel and
Crutzen 1993, Fig. 1.1)

DU was recorded in 1998 when the loss of ozone
extended from about 12-24 km above the surface of
the continent. In the same year, the ozone hole covered
an area of 26.2 x 10° km? which is larger than the area
of the North American continent.

Under normal circumstances, the oxygen molecules
(O,) of the air in the stratosphere, located 10-50 km
above the surface of the Earth, are broken up by ultra-
violet radiation emitted by the Sun and subsequently
recombine to form ozone (O,) (Appendix 2.11.4). The
ozone of the stratosphere absorbs ultraviolet radiation
thereby preventing it from reaching the surface of the
Earth. This protection breaks down in Antarctica dur-
ing September and October because, in the early spring,
the stratosphere above the continent contains much less
ozone than is present at other times of the year.

As the season progresses, the air in Antarctica warms
up and the ozone hole gradually closes, but reappears in
the spring of the following year. Measurements in
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Fig. 2.6 demonstrate that this phenomenon has been
occurring every spring since about 1970. It has been
attributed to the release of anthropogenic chlorine-
bearing gases such as chlorofluorohydrocarbons (CFCs)
primarily in the northern hemisphere of the Earth.

The ozone hole in Fig. 2.7 is expected to fade
away slowly and to disappear completely by the year
2068 because CFCs are no longer manufactured
and therefore the amounts that are discharged into
the atmosphere worldwide are decreasing annually
(Cook-Andersen 2006).

We now know that the annual appearance of the
ozone hole over Antarctica is caused by the circulation
and low temperature of the stratosphere during the
southern winter. The CFCs and other anthropogenic

Fig. 2.7 The ozone hole over Antarctica in September of 2005
covered an area of more than 24 million square kilometers which
is approximately equal to the area of North America. The ozone
hole has been forming in the stratosphere over Antarctica since
about 1970 as a result of the release of anthropogenic CFC gases
into the atmosphere. Computer models now predict that the size
of the ozone hole will begin to decline in 2018 and will stop
forming altogether in 2068. This is good news because the ozone
of the stratosphere absorbs ultraviolet radiation which can cause
skin cancer and eye damage in humans and is harmful to marine
organisms. The ozone content of the stratosphere over Antarctica
has declined annually by about 70% below normal during
September and October whereas the decline over the USA has
only been between 3% and 6% (Cook-Andersen 2006; Photo
courtesy of NASA)

chlorine compounds, that are released into the
atmosphere in the mid-latitudes of the Earth, are trans-
ported into the polar regions by the circulation of the
atmosphere. During the winter in Antarctica (June,
July, August, and September) the chlorine-bearing air
of the stratosphere is isolated by strong westerly winds
that form the circum-polar vortex. As a result, the tem-
perature of the stratosphere within the vortex decreases
to less than —80°C, which causes water vapor in the air
to condense to form microscopic crystals of ice. Atoms
of chlorine and other halogens are stored within the
vortex by being sorbed to the surfaces of the ice crys-
tals. When the vortex breaks down at the end of the
Antarctic winter, warmer air enters the stratosphere
and causes the ice crystals to sublime. The atoms of
chlorine and other halogens that are thereby released
accelerate the destruction of ozone in the stratosphere
above Antarctica.

The deterioration of the stratospheric ozone layer
over Antarctica permits excessive amounts of solar
ultraviolet radiation (UV) to reach the surface of the
continent (Appendix 2.11.5). The increase in the
intensity of UV radiation in Antarctica affects organ-
isms on land and in the oceans as described in a
book edited by Weiler and Penhale (1994). A sum-
mary by Graedel and Crutzen (1993) of the health
effects of UV radiation indicates that it causes skin
cancer in light-skinned individuals. Studies referred
to by them indicate that a 1% reduction in the inven-
tory of stratospheric ozone increases the effective
UV dose by 2%, which causes a 4% increase in the
incidence of the basal-cell carcinomas and about a
6% increase in the incidence of squamous-cell car-
cinomas. Therefore, unless special precautions are
taken, geologists and other people who usually work
out-of-doors in Antarctica during September and
October may be exposed to higher doses of UV radi-
ation than persons elsewhere on the Earth. The
energy spectrum of solar UV radiation is discussed
in Appendix 2.11.3.

Ozone also occurs as a contaminant in the air of
large cities such as Los Angeles, and Mexico City.
This low-altitude ozone persists for 25 days on average
and can be transported for long distances by prevailing
winds. The ozone in city smog is a byproduct of the
combustion of gasoline and diesel fuel by automobile
engines and can cause respiratory difficulties in
humans. Ozone is also produced by lightning discharge
in the air of the troposphere.
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2.6 McMurdo Station

American scientists and support personnel who are
scheduled to work in the Transantarctic Mountains or
on the polar plateau of East Antarctica, in Marie Byrd
Land in West Antarctica, and at South Pole Station
will, in most cases, depart from Christchurch, New
Zealand, and fly to McMurdo Station which is located
at the tip of the Hut Point Peninsula on Ross Island in
Fig. 2.8 (Section 1.2). This site was originally selected
in 1955 by Admiral George J. Dufek as a logistics
base for Operation Deep Freeze in preparation for
research to be carried out by American scientists dur-
ing the IGY (1957-1958). The site was chosen because
it is located in a broad basin adjacent to a deep harbor
where supply ships can unload cargo either onto a
floating ice dock or directly to the shore. These favor-
able conditions also caused Robert Scott in 1901 to
select this site for his winter-over base where he set up
his Discovery Hut in Fig. 2.9 which still contains
some of the equipment and supplies that he and his
men left behind (Section 1.4.1).

During the IGY, McMurdo Station was operated by
the US Navy in support of American civilian scientists
and technicians. At that time and for several years
thereafter, McMurdo Station consisted mainly of olive-
green canvass-covered Jamesway huts that served as
bunk houses for the enlisted men and for some of the
transient scientists prior to their deployment. Neider
(1974) wrote that in 1970/71 McMurdo Station looked
like a military supply base. Partly for that reason
female scientists were not allowed to work in Antarctica
because the facilities in McMurdo were considered to
be inadequate (Chipman 1986; Rothblum et al. 1995;
Arnesen and Bancroft 2003). McMurdo, which is now
administered by a civilian contractor, has evolved into
a substantial village that can accommodate a summer-
time population of about 1,200 scientists, technicians,
and field assistants who live in modern dormitory
buildings. Women now make up more than one third of
the population of McMudo Station. During the winter
(March—August) the population of McMurdo drops to
about 250. The support staff returns in mid-August on
several special flights from New Zealand (Operation
Winfly) in order to prepare for the arrival of scientists
starting in October.

The US Antarctic Research Program (USAP) is
administered by a representative of the National
Science Foundation (NSF Rep) who occupies a promi-
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Fig. 2.8 McMurdo Station of the USA and Sott Base of New
Zealand are both located at the southern tip of the Hut Point
Peninsula on Ross Island. Castle Rock is a mass of hyaloclastite
that rises to 413 m above sea level (a.s.l.) and is located about
6 km northeast of McMurdo Station. Cape Evans and Cape
Royds contain the huts from which Robert Scott and Ernest
Shackleton started their treks to the geographic South Pole,
respectively. The Erebus Glacier Tongue is a prominent land-
mark for scientists traveling from McMurdo Station to Cape
Evans and Cape Royds. The summit crater of Mt. Erebus is at
3,794 m as.l. (Adapted from the topographic map of Ross
Island, Antarctica (ST 57-60/6, 1970, US Geol. Survey))

nent building called “The Chalet.” The original Chalet
in Fig. 2.10a was a Jamesway hut that had been painted
red and had been dressed up by adding a wooden porch
and gable. This hut was later replaced by a handsome
wooden building in Fig. 2.10b that was built on the
same site where it provides a spectacular view of
the Royal Society Range across McMurdo Sound.
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Fig. 2.9 View of McMurdo Station from Hut Point toward the
Discovery Hut of Robert Scott (1901-1904) and Observation
Hill in the background on the right. Arrival Heights is the basalt
plateau on the left. The green building half-way up the slope of
“Obs Hill” used to house the nuclear reactor that has since been

dismantled and returned to the continental US (Conus). The sea
ice in the “harbor” of McMurdo had not yet broken up when this
picture was taken in January of 1983. Scott’s ship, the RRS
Discovery, was tied up next to the hut from 1902 to 1904 (Photo
by G. Faure)

Fig.2.10 (a) The Chalet in 1964 was a Jamesway Hut that had
been painted red and that had the distinction of having a small
porch (Photo by G. Faure). (b) Twelve years later in 1978, the

All activities related to on-going scientific research are
supervised by the NSF Rep and his or her staff who
have offices in the modern Chalet.

offices of the NSF Rep were housed in a large permanent
building that continues to be used for this purpose (Photo by
G. Faure)

“Old Antarctic Explorers” (OAEs) will recall other
landmarks of McMurdo such as Obs Hill (Fig. 2.9 and
Section 1.4.3), the Berg Field Center (BFC), the Crary
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Science and Engineering Center (Crary Lab), the Chow
Hall, the Mammoth Mountain Inn (MMI), and the
Hotel California (where you can check out anytime,
but you can never leave). They will also remember
Scott Base of New Zealand, Scott’s second hut at Cape
Evans, and Shackleton’s hut at Cape Royds where the
Adelie penguins come to incubate their eggs and to
raise their chicks. Many OAEs have guided their field
assistants to Castle Rock (Fig. 2.8) along the backbone
of the Hut-Point Peninsula and have climbed to the top
of this landmark in order to enjoy the view of Mt.
Erebus and the Royal Society Range.

Former residents of McMurdo Station will also
recall the windstorms that suddenly reduce visibility to
less than 100 ft (30.48 m), with wind speeds in excess
of 55 knots (101.9 km/h), and wind-chill temperatures
that drop below —100°F (—73.3°C). Under these condi-
tions, all personnel in McMurdo are required to remain
in-doors (Condition I) and all travel is suspended for
the duration of the storm that may last several days.
The classification of weather conditions detailed in
Table 2.3 is the responsibility of the McMurdo Weather
Office (Mac Weather). Condition I storms can occur
anywhere within the Transantarctic Mountains during
the austral spring and fall especially on major outlet
glaciers, such as the Reedy Glacier in Fig. 2.11, that
channel the katabatic winds from the polar plateau to
the Ross Ice Shelf or to the Ross Sea. Field parties that
experience such storms learn first-hand that weather
still rules in Antarctica.

A large base such as McMurdo Station requires a
large amount of water for drinking, cooking, washing

and, last but not least, for fighting fires. During the IGY
and the years that followed, liquid water was obtained by
melting snow that was scraped off the sides of the hills
that surround McMurdo Station. The snow was trucked
to the snow melter which was located adjacent to the
original Chow Hall. This procedure was tedious, ineffi-
cient, and inadequate because, after a few years, the snow
was used up and was not replaced by new snow.

In addition, the seasonal population of McMurdo
Station continued to grow which increased the demand
for water. For that reason, the US Congress in 1960
authorized the construction of a nuclear-fission reactor
in order to provide power for the desalination of sea-
water. The components arrived on December of 1961
and were installed in a building that was erected at a
site on the slope of Observation Hill above the station
(Fig. 2.9). This reactor, which was put into operation
in March of 1962, provided the power required to
operate a desalination plant that converted seawater
into fresh water (Neider 1974). However, in spite of
the technological superiority of this process, water
continued to be in short supply and had to be rationed.
Matters came to a head when the representatives of the
Antarctic Treaty Nations determined that the nuclear
reactor violated the Treaty and therefore had to be shut
down, dismantled, and all parts of it had to be removed
from Antarctica. The Office of Polar Programs (OPP)
did what was required and all radioactive waste was
shipped to California. The nuclear installation was
replaced by a desalination plant that is energized by
fuel oil. The capacity of the present facility based on
reverse osmosis is sufficient to provide an adequate

Table 2.3 Classification of weather emergencies at McMurdo Station and vicinity that are declared by the McMurdo Station

weather office (Mac Weather) (Anonymous 1994)

Weather category Description of weather conditions

Condition III

Wind speed up to 48 knots, wind chill down to —75°F, and visibility more than 1,320 ft (0.25 miles). Travel

and all other activities are permitted although severe weather conditions may occur within 12 h.

Condition IT

Wind speed between 48 and 55 knots, wind chill temperature between —75 and —100°F, and visibility

between 100 and 1,320 ft (0.25 miles). Only pedestrian travel between buildings in McMurdo is
permitted. Travel outside of McMurdo is restricted to marked trails and roads in radio-equipped vehicles.

Condition I

Wind speed in excess of 55 knots, wind chill temperatures less than —100°F, and visibility less than

100 ft. These parameters indicate extreme weather conditions. All personnel must remain inside
buildings or in the nearest available shelter.

F°-32
X

9
1 mile = 5280 ft
1ft=12in.
1in.=2.54 cm
1 knot = 1.852 m per h (Navy unit)
Wind-chill scale in Fig. 2.5

C°= 5
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Fig.2.11 Strong katabatic wind on the Reedy Glacier caused near whiteout conditions in this geological field camp in November
of 1964 (Photo by G. Faure)

supply of water for the summer residents of McMurdo
Station although shortages do occur and some of the
water must be stored in case of fire.

The irony of the water shortage in McMurdo is that
Antarctica contains 90% of the ice that exists on the
Earth and 70% of the fresh water. However, mining of
ice and snow on Ross Island for use in McMurdo
Station is prohibitively expensive and may violate the
Antarctic Treaty because of potential environmental
issues. For these reasons, the demand for fresh water in
the station continues to be met by desalination of sea-
water, although this process is also expensive and does
impact the environment in McMurdo Sound because
of the discharge of hypersaline brine by the desalina-
tion plant and of wastewater by the wastewater treat-
ment plant.

Another way to make use of the fresh water that is
stored in the glaciers of Antarctica is to tow icebergs
to other regions of the world where water is in short
supply. Each year large tabular icebergs break off
from the Ross and Ronne ice shelves. These icebergs

slowly disintegrate and melt as they are carried north
by ocean currents. However, feasibility studies have
demonstrated that icebergs cannot be towed because
most of their volume is below the surface of the water
and they tend to break apart by the stress of the tow
cables (Husseiny 1978; Schwerdtfeger P. 1979;
Holdgate 1980).

2.7 Amundsen-Scott South-Pole Station

The geographic South Pole was first reached in 1911
by Roald Amundsen and his companions and 1 month
later in January of 1912 by Robert Scott and his team
(Sections 1.4.3, 1.4.4). Nearly 17 years passed until
1929 when Admiral Richard Byrd flew over the South
Pole in a Ford tri-motor airplane. Finally, in 1956
Admiral George J. Dufek landed at the South Pole in
an LC-47 aircraft to prepare the way for the construc-
tion of an American research station to be used during
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Fig. 2.12 (a) Entrance to the geodesic dome at Amundsen-
Scott South Pole Station in December of 1982 (Photo by T.M.
Mensing). (b) The new building at South Pole Station con-
tains dorm rooms, laboratories, office space, a cafeteria, and

the IGY (1957-1958). The first leader of Pole Station
was Paul Siple who originally went to Antarctica as a
Boy Scout with Byrd’s first expedition in 1928 (Section
1.5.1).

The original building of South Pole Station was
replaced in 1975 by a large geodesic dome located
about 350 m from the actual pole. The dome in
Fig. 2.12a, which was nearly 16 m high and 50 m in
diameter, sheltered the science facilities, the galley,
living quarters, communications equipment, and other
essential services. The garage, the power plant, fuel
bladders, and medical facilities were housed in a 252-m
long tunnel covered by steel arches.

The famous geodesic dome that had sheltered the
South-Pole Station for 30 years was replaced in 2007
because it was buried by snow that drifted around it.
The new building in Fig. 2.12b is elevated on stilts in
order to avoid the problems caused by the accumula-
tion of snow. The geodesic dome will be dismantled
and its parts will be returned to the continental US
(Conus). The new station can accommodate a popula-
tion of about 200 persons working on research projects
in astronomy, upper atmosphere studies, meteorology,
geophysics, and glaciology during the austral summer
(October-February). Most of the scientists and techni-
cians return home at the end of the summer. Only a
small group of scientists and technicians stays to main-
tain the station during the winter.

Although Pole Station is more than 1,600 km south
of Ross Island, it continues to be resupplied during the

recreational facilities. It is elevated above the surface to
prevent snow drifts from accumulating (Photo by Keith
Vanderlinde, National Science Foundation, taken on January
12, 2008)

summer by ski-equipped C-130 aircraft flying out of
McMurdo Station. The winter-over crew at Pole
Station is resupplied only once in August by Winfly
when mail and other supplies are dropped by parachute
from a C-130 aircraft circling overhead in total dark-
ness. Occasionally, aircraft have landed during the
winter to evacuate persons requiring emergency medi-
cal treatment.

In addition to other science facilities, the South Pole
Station includes a seismological observatory that has
operated since 1957. This facility was greatly improved
in January of 2003 when a new observatory was placed
into service about 8 km from the main building. The
sensor of the seismograph at the new facility is located
in a borehole at a depth of 300 m below the surface
where it is not affected by vibrations caused by the
diesel-powered electric generators and other activities
at the main station. As a result, the South Pole seismo-
logical observatory is now virtually free of locally-
generated seismic noise and therefore is ideally suited
to detect earthquakes that occur elsewhere on the
Earth.

Visitors to Pole Station like to have their picture
taken beside a barber pole topped by a silver globe
surrounded by the flags of the Treaty Nations
(Fig. 2.13). This “pole” is not at the precise location
of the geographic South Pole because the East
Antarctic ice sheet is sliding on its base which means
that the true position of the South Pole must be rede-
termined annually.
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Fig.2.13 Gunter Faure (leff) and Teresa M. Mensing (right) at
Amundsen-Scott South Pole Station in December of 1982 (Photo
by G. Faure)

2.8 Fieldwork in Antarctica

A voyage to Antarctica in a wooden sailing ship used
to be a dangerous undertaking that lasted 2 years in
most cases. Even steam-powered ships exposed travel-
ers to severe wind storms, high waves, as well as to
potentially dangerous icebergs and to the pack-ice that
forms around the continent as the sea ice breaks apart
in the spring.

The early explorers also used dogsleds to travel in
Antarctica (Sections 1.3—1.5) which required skill in
the handling of dogs and caused many dogs to die of
malnutrition and exhaustion. In addition, dogs were
routinely killed during extended trips in order to feed
the remaining dogs. For example, in 1911 Roald
Amundsen and his men left their base at the Bay of
Whales (Framheim) with 55 dogs, but when they
returned 89 days later after a journey of 2,976 km
(1,860 miles), only 14 dogs remained alive (Section
1.4.4). Robert Scott and Ernest Shackleton also used
dogs on their expeditions but preferred ponies and
attempted to use primitive tractors to pull sleds
(Sections 1.4.1, 1.4.2). Even Richard Byrd took a large
number of dogs to Antarctica in addition to tractors
and fixed-wing aircraft (Sections 1.5.1, 1.5.2). After
the end of World War II, New Zealanders continued to
use dog teams in Antarctica where they maintained a
group of specially bred huskies (Fig. 2.14) at Scott
Base on Ross Island (e.g., Herbert 1962, Figs. 4 and 5).
However, the dog teams were gradually replaced by
snowmobiles, helicopters, and fixed-wing aircraft. All
sled dogs had to be removed from Antarctica prior to

Fig. 2.14 Antarctic huskies who were bred at Scott Base on
Ross Island were used by New Zealand fieldparties to travel on
the glaciers and snow fields of the Transantarctic Mountains. All
dogs were removed from Antarctica in 1994 (Photo by G. Faure,
November 1964)

April 1, 1994, in compliance with the Antarctic Treaty
(Walton and Atkinson 1996; Stonehouse 2002).

In the modern era, most American scientists fly to
Christchurch, New Zealand, on commercial airliners
and are then transported to McMurdo Station by
ski-equipped C-130 and wheeled C-141 cargo planes.
A one-way trip from Christchurch to McMurdo Station
takes 6-8 h depending on the type of aircraft, on the
amount of cargo being transported, and on weather
conditions. Most of the flight path crosses the open
water of the South Pacific Ocean and of the Ross Sea
where the water temperature is close to —-2°C.
Immersion in water at this low temperature is surviv-
able by humans for only 2 or 3 min. Even though thou-
sands of flights have crossed this dangerous stretch of
water in the 50 years since the IGY, none have had to
ditch in the ocean. However, several flights from
Christchurch to McMurdo Station each year are forced
to turn back before passing the point-of-no-return
because of adverse weather conditions in McMurdo.

During the stop-over in Christchurch the Antarctic
travelers are issued their cold-weather clothing at the
Clothing Distribution Center (CDC) located near
the airport. All Antarctic travelers need to try on the
clothing they are issued to make sure that all items fit
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Fig. 2.15 A helicopter of the New Zealand Air Force on
Shapeless Mountain of southern Victoria Land is being loaded
with the camping gear of an American fieldparty in December of
1994. This example of international cooperation is characteristic
of operations in Antarctica (Photo by G. Faure, December
1994)

comfortably. Some OAEs prefer to wear their own
clothing in Antarctica, but first-timers should use the
clothes they are issued and should learn how to wear
them correctly.

Geologists preparing to work in the Transantarctic
Mountains or on the polar plateau spend about 10 days
in McMurdo checking out camping equipment and
food at the Berg Field Center (BFC). In addition, all
persons who intend to live and work outside of the sta-
tion are required to attend a 2-day snow-craft course
taught by experienced American mountaineers
(Yankielun 2007). Although helicopter support such as
in Fig. 2.15 is available to field parties working within
about 240 km (150 miles) of McMurdo Station, groups
that work on the polar plateau, in most cases, prefer to
use snowmobiles which can be transported into the
field in the cargo holds of ski-equipped C-130 aircraft
shown in Fig. 2.16 or suspended from helicopters.
Field parties also receive a short-wave radio which
they are required to use for daily check-ins with the
field-party communications center in McMurdo or at
South Pole Station. Most groups use two-burner
Coleman stoves to heat their tents and to cook their
food. Great care and skill in the use of these and other
kinds of stoves is required to avoid burns and to pre-
vent fires.

After field parties have checked out all of the neces-
sary equipment from the BFC in McMurdo, including
snowmobiles, they are ready for an overnight “shake-
down trip” to a location of their choice on Ross Island,

Fig. 2.16 This ski-equipped C-130 aircraft, flown by pilots of
the US Navy, landed on Evans Névé in northern Victoria Land in
1982 to drop off a geological fieldparty (Photo by T.M.
Mensing)

Fig.2.17 Most geological field parties take an overnight trip to
Cape Evans or Cape Royds on Ross Island in order to practice
driving snowmobiles, setting up their Scott tents, cooking a
meal, and communicating with McMurdo Station on their short-
wave field radio (This photo was taken at Cape Royds with
Mt. Erebus in the background in 1992 by T.M. Mensing)

such as Cape Royds or Cape Evans. This trip, illus-
trated in Fig. 2.17, is the first opportunity for the mem-
bers of a group to practice their skills in loading Nansen
sleds, driving snowmobiles, setting up tents, preparing
food, sleeping in their tents, and communicating with
McMurdo Station by short-wave radio.

The large displacement of the magnetic south pole
from the geographic pole (i.e., 2,820 km in 1990) and
the steep inclination of the magnetic-field lines detract
from the utility of the magnetic compass in Antarctica.
The angle subtended by the magnetic and geographic
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poles for an observer at McMurdo Station is 130°. In
other words, the magnetic-compass needle points 130°
east of the geographic south pole. Therefore, the mag-
netic declination at this location is 130° east. In addi-
tion, the needles of magnetic compasses used in
Antarctica must be specially balanced in order to allow
them to swing freely because of the steep inclination of
the magnetic field in the vicinity of the magnetic pole.
The use of the magnetic compass for travel within the
continental area of Antarctica and in the adjacent
oceans has been superseded by the Global Positioning
System (GPS) which is based on a set of satellites the
positions of which are known precisely.

2.9 Preservation of the Environment

The large number of persons who annually pass
through the American research stations at McMurdo,
South Pole, and Palmer as well as those who live and
work outside of these stations, generate large amounts
of waste that must be collected, sorted, packaged, and
removed from the continent. The disposal of waste
generated in Antarctica was originally mandated by
the Antarctic Treaty which came into force in 1961 and
is now required by US Public Law 95-541 also known
as the Antarctic Conservation Act (ACA) of 1978. This
Act specifically protects all mammals, birds, and plants
in Antarctica, as well as designated historical sites and
other places of interest. In addition, the Protocol on
Environmental Protection of the Antarctic Treaty,
which was signed by 26 nations in 1991, has guided
the activities of the US Antarctic Program (USAP)
ever since. The rules by means of which USAP assures
compliance with the Protocol were published in 1993.
Beginning on August 15 of 1993, all American citizens
working in Antarctica are required to follow these
rules. Violators can be fined or charged in courts of law
in the state where they reside (Anonymous 1993).

The basic rule concerning waste disposal is that
anything that is shipped or flown in must eventually be
shipped out. Accordingly, the amount of material that
is brought in must be reduced to the essentials, items
that are no longer needed should be re-used if possible,
and the rest must be collected for shipment to Conus
for recycling and/or safe disposal. These guidelines are
essential for the preservation of the environment in
Antarctica because the cold and dry conditions prevent

most materials from decomposing such as organic
waste, paper, metals, wood, plastics, clothing, etc.
Certain items are banned from Antarctica altogether:

1. Polystyrene chips (called peanuts) that are used as
filler in packing boxes

2. Nonindigenous plants and animals such as house
plants, flowers, pets, tropical fish, and nonsterile
soil

3. Pesticides (except for hygienic or scientific use),
and

4. Polychlorinated biphenols (PCBs)

Certain other substances are considered to be hazard-
ous pollutants that must be handled safely in order to
prevent injury to humans. These hazardous materials
are generally labeled as being flammable, corrosive,
reactive, toxic, or radioactive. Any waste that contains
these kinds of materials is labeled “Antarctic hazard-
ous waste.” Pollutants that are required for research
purposes either at one of the stations or in the field
require a permit before they can be imported to
Antarctica. Therefore, USAP each years applies for a
comprehensive permit to import such potentially
hazardous materials.

The rules concerning the disposal of waste in
Antarctica are implemented by requiring that it be
sorted at the source into the appropriate waste streams.
USAP has defined 16 different kinds of waste and pro-
vides separate color-coded containers for each includ-
ing not only glass, paper, plastics, and metal cans, but
also batteries, cardboard, clothing, construction debris,
domestic combustibles, food-contaminated waste, haz-
ardous waste, heavy metals, light metals, wood, and
miscellaneous waste. As a result, of these efforts, the
three American research stations have become models
of environmental preservation and even remote field
camps are required to participate. Everything that is
taken into the field must eventually be removed and
they really do mean everything.

The transformation of McMurdo Station from a
temporary military supply base to its present squeaky-
clean appearance did not happen overnight and
required a change in the local culture. However, after
the problems were graphically described and con-
demned in the popular press (e.g., Lemonick 1990)
and with prodding from Greenpeace (e.g., May 1988;
Anonymous 1990), the activities of the US Antarctic
Program continue to comply with ACA and the rules
arising from it.
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2.10 Summary

Antarctica is a large continent with a highly diversified
topography and weather conditions. Sweeping gener-
alizations about its weather have little value because
the conditions on the surface of Antarctica depend
critically on the latitude, the elevation above sea level,
the distance to the nearest coast, the time of year, and
the local topography. Similarly, the topography of
Antarctica includes large and elevated continental ice
sheets, rugged mountains, magnificent valley glaciers,
ice-free valleys containing meltwater streams and lakes
filled with brine, and coastal regions where primitive
plants grow on land during the austral summer and
where an abundant fauna and flora thrive in the ocean
(Mastro and Wu 2004). In spite of the cold and dry
conditions that characterize the Transantarctic
Mountains, primitive plants such as algae, lichens, and
mosses have been found there (Williams 1995).

The low temperatures and high winds that com-
monly occur in the Transantarctic Mountains and on
the adjacent polar plateau of East Antarctica combine
to cause wind-chill conditions that can result in injury
to humans. Cold-related injuries are avoided by the
excellent polar clothing and shelters that USAP pro-
vides to groups living and working in the field. Injuries
may also result from dehydration in the extremely dry
air and from fires that cause burns and the loss of
shelter. Other sources of injuries include accidents
related to mountaineering, travel on glaciers and sea
ice, as well as plane crashes, and accidents that occur
during construction and repair of buildings, and from
accidental immersion in seawater. Work in Antarctica
is not without risk. The motto is: “Plan ahead, stay
alert, keep in touch, and never walk alone.”

Another potential source of personal injury arises
from the high flux of solar ultraviolet radiation that
reaches the surface of Antarctica in September and
October because of the destruction of ozone in the
stratosphere. The loss of ozone results from CFCs and
other chlorine-bearing anthropogenic gases that are
primarily released by people in the northern hemi-
sphere. These gases are temporarily trapped by the
south-polar vortex that develops over Antarctica
during the austral winter. When the vortex breaks
down in the spring, the chlorine atoms are released and
convert ozone (O,) back into its diatomic form (O,).
The destruction of up to 70% of the ozone in the
stratosphere over Antarctica causes the so-called ozone

hole and permits excessive UV radiation to reach the
surface. Prolonged and unprotected exposure to UV
radiation can cause skin cancer and cataracts in
humans. However, no acute cases have been reported
that are attributable to the depletion of ozone in the
stratosphere over Antarctica.

The USA maintains three research stations in
Antarctica: at McMurdo on Ross Island, at the South
Pole, and Palmer Station on Anvers Island in the
Palmer Archipelago. These stations are a major com-
ponent of the US Antarctic Program that is adminis-
tered by the Office of Polar Programs of the National
Science Foundation which is funded directly by the
Congress of the USA. McMurdo and South Pole sta-
tions have been operated continuously since the IGY
on a year-round basis, whereas Palmer Station opened
in 1965. These stations provide facilities for research
to scientists who either work at the stations or in the
field outside the stations.

The large number of people that annually pass
through McMurdo or live and work at South Pole and
Palmer stations generate large amounts of waste of
different kinds that must be removed from Antarctica
in order to avoid contamination of the continent. The
emphasis on the protection of the pristine environment
of Antarctica has greatly reduced the impact American
scientists and technicians have had on the areas where
they have worked since the IGY.

2.11 Appendices

2.11.1 Exploration of Antarctica
by Tractor Train

On November 1, 1958, a tractor train left Byrd Station
in West Antarctica for a systematic study of snow stra-
tigraphy, seismic profiling of the ice and underlying
crust of Antarctica, and for a geological reconnais-
sance of the Horlick Mountains (Schulthess 1960).
The group of six was led by Dr. Charles Bentley of the
University of Wisconsin in Madison and included
William E. Long, William Chapman, Fred Darling,
Jack Long, and Leonard LeSchack. The departure of
the tractor train was preceded in October of 1958 by
a reconnaissance flight from Byrd Station to the
Wisconsin Range of the Horlick Mountains where the
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Fig. 2.18 The tractor train of the Marie-Byrd-Land oversnow
traverse left Byrd station in West Antarctica on November 1,
1958, as part of the exploration of Antarctica during the IGY. The
tractor train consisted of three Sno-cats each of which pulled a
sled. The leading tractor, which was driven by Willam E. Long,
carried a crevasse detector that projected from the front of the

flight path turned east to the Ohio Range and contin-
ued to the Thiel Mountains where the aircraft turned
northwest to the Whitmore Mountains in West
Antarctica before returning to Byrd Station. Bill Long
who was on this plane noted that a thick sequence of
stratified rocks occurred in the Ohio Range and decided
to make a collection of the stratified rocks he had seen
in the Ohio Range.

The tractor train that left Byrd Station in Fig. 2.18
consisted of three Sno-cats each of which pulled a
sled. The leading tractor, known as the “Sally
Jeanne,” was driven by Bill Long assisted by Fred
Darling. This tractor carried a crevasse detector that
is visible in Fig. 2.18. Occasional mechanical break-
downs of the vehicles, bad weather, and difficulties
with crevasses limited the daily progress of the trac-
tors to less than 36 km. The tractor train was resup-
plied from Byrd Station by a Dakota R4D aircraft
that brought fuel for the tractors, food and mail for
the crew, and, at least once, a dentist who treated one

vehicle. The tractor train stopped at regular intervals to carry out
glaciological and geophysical research. In addition, four members
of the research team, including Bill Long, climbed Mt. Glossopteris
in the Ohio Range and collected samples of rocks and fossils
(Photo by Emil Schulthess reproduced by permission of Matthias
Kamm, administrator of the photo archive of Emil Schulthess)

of the scientists. The elevation of the polar plateau in
the path of the tractor train was in excess of 2,100 m
above sea level and the weather was cold and windy
most of the time with temperatures ranging from
—20°C to -25°C.

Eventually the tractor train arrived at Station 414 at
the foot of the Horlick Mountains and was delayed
there by lack of fuel. The resupply plane from Byrd
Station had to turn back several times because of bad
weather, problems with radio transmissions, and mech-
anical problems. While the group waited for several
days for the plane, Bill Long and three of his compan-
ions decided to climb Mt. Glossopteris which is one of
the highest mountains in that part of Antarctica at
2,867 m above sea level.

In spite of bad weather, the group consisting of Bill
Long, Fred Darling, Charles Bentley, and Jack Long
set out in the morning and disappeared into the blow-
ing snow and swirling clouds on the mountain. During
the day a fog bank obscured the tractors parked about
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Fig. 2.19 This picture taken by Emil Schulthess, a Swiss
photographer who spent some time in the field with the Byrd-
Station traverse group, captures the moment Bill Long
returned to the Sno-cats at Station 414 after he and his com-
panions had successfully climbed Mt. Glossopteris in the

2 miles from the foot of the mountain. After 12 h, Bill
Long suddenly appeared out of the fog in Fig. 2.19 car-
rying a large backpack full of rock samples and a vari-
ety of fossils including marine invertebrates and
fossilized Glossopteris leaves. The other climbers also
returned utterly exhausted but unhurt.

This episode in the exploration of Antarctica had
positive consequences for Bill Long whose study of
the samples he collected on Mt. Glossopteris earned
him a Master’s Degree in geology at The Ohio State
University (Long 1959, 1961). The results of his
work gained the support of the Office of Polar
Programs of the National Science Foundation in
Washington, D.C. which provided the logistical sup-
port for geological fieldwork in the Ohio Range in

Ohio Range. The climbers were exhausted but unhurt after
spending 12 h on the mountain shrouded in fog at this time
(Photo by Emil Schulthess. Reproduced by permission of
Matthias Kamm, administrator of the photo archive of Emil
Schulthess)

1960/61 and 1961/62. Several other scientists who
joined Bill Long contributed their expertise to the
study of all aspects of this remote mountain range,
including: G.A. Doumani, J.H. Mercer, J.M. Schopf,
S.B. Treves, R.L. Oliver, A.J. Boucot, L.L. Lackey,
M.D. Higgins, J. Ricker, and C.J. Skinner. Bill Long
earned a Ph.D. in Geology at The Ohio State
University for his dissertation on the stratigraphy and
environment of deposition of the sedimentary rocks
in the Ohio Range (Long 1965).

The geology of the Ohio Range as it is presently
understood is presented in this book in Section 7.5.1
(basement rocks) and in Section 10.5.2 (Beacon
Supergroup). In addition, Fig. 10.22 depicts the adit
of the Dirty Diamond Coal Co. from which Bill
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Long and his companions extracted an unweathered
sample of coal from a seam in the Mt. Glossopteris
Formation.

2.11.2 Structure of the Atmosphere

The structure of the atmosphere of the Earth in Fig. 2.20
is defined in terms of the variations of pressure and
temperature that occur with increasing altitude above
the surface of the Earth. The major structural units are:

Troposphere, 0—10 km
Stratosphere, 10-50 km
Mesosphere, 50-100 km
Thermosphere, >100 km
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Fig.2.20 The structure of the atmosphere of the Earth is based
on the systematic variation of temperature (in degrees Celsius)
and pressure (in atmospheres). The major subdivisions are the
troposphere (0—10 km), stratosphere (10-50 km), mesosphere
(50100 km), and thermosphere (>100 km). Ozone (O,) occurs
in the lower part of the stratosphere between 10 and 25 km above
the surface of the Earth (Adapted from Graedel and Crutzen
1993, Fig. 3.5)

2.11.3 Energy Spectrum of UV Radiation

Electromagnetic radiation emitted by the Sun is
subdivided into three types defined by their wave-
length (A):

Infrared, A > 750 nanometers (nm)
Visible light, A = 400-750 nm
Ultraviolet, A < 400 nm

Ultraviolet light (UV) in Fig. 2.21 is itself sub-
divided into:

UV-A, A =400-320 nm
UV-B, A =320-290 nm
UV-C, A <290 nm

The energy (E) of electromagnetic radiation is
inversely proportional to its wavelength according to
the equation:

E = hc/A 2.1
UV Radiation on the Earth
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Fig. 2.21 Flux (solid line) and biological sensitivity of DNA
(dashed line) of solar ultraviolet (UV) radiation on the surface of
the Earth. UV radiation is subdivided into UV-A, UV-B, and
UV-C with decreasing wavelength expressed in nanometers
(nm). The solid line represents the UV-flux that reaches the sur-
face of the Earth when the Sun is at a zenith angle of 39° and is
expressed by the number of UV photons/cm?s/nm. The biologi-
cal sensitivity is scaled in terms of factors of 10" starting at 1.0
which is the maximum sensitivity and lowest tolerance of DNA
molecules for UV radiation of different wavelengths (Adapted
from Graedel and Crutzen 1993, Fig. 13.7)
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where h = Planck’s constant = 6.62517 x 107% erg/s
and ¢ = speed of light = 2.99792 x 10® m/s

Accordingly, UV radiation is more energetic than
visible light and UV-C is the most energetic form of
UV radiation.

2.11.4 Formation and Destruction
of Ozone

The most energetic UV radiation (i.e., UV-C) causes

O, molecules in the stratosphere to dissociate:

O0,+E—>0+0 2.2)

The free oxygen atoms react with diatomic mole-
cules of O, to form ozone (O,):

0+0,+M—->0,+M 2.3)

where M is a neutral molecule such as N, or O, which

absorbs the energy released by reaction 2.3 and dis-

perses it into the environment.
The ozone molecules preferentially absorb UV-C

with a wavelength of A = 250 nm (Hartley absorption
band) and are dissociated in the process:

0,+E—>0,+0 2.4)
0,+0— 20, (2.5)

for a net reaction of:
20, - 30, (2.6)

Reactions 2.2-2.6 produce and destroy ozone and
thereby maintain its inventory in the atmosphere.
However, when certain trace constituents are introduced
into the stratosphere, such as: NO, HO, Cl, Br, etc., the
natural balance is disturbed because, in the presence of
these catalysts, ozone is destroyed more rapidly than it
is produced (Holland and Petersen 1995).

The amount of ozone in the atmosphere is expressed
in terms of the Dobson Unit (DU) which is the number
of ozone molecules that would form a layer of pure
ozone that has an area of 1.0 cm? and is 0.01 mm thick
at a pressure of 1.0 atmosphere and a temperature of
0°C. According to this definition, a column of air with

an ozone concentration of 1 DU would contain
2.69 x 10'® molecules of O, per square centimeters.
Correspondingly, an ozone concentration of 100 DU
represents a layer of ozone that is 1.0 mm thick and has
an area of 1.0 cm? at the temperature and pressure
specified above. The average amount of ozone in the
stratosphere of the equatorial region of the Earth is
about 250 DU.

The principal anthropogenic contaminants that con-
tribute to the destruction of ozone are the chlorofluoro-
carbons (CFCs) that were once widely used as
propellants in aerosol cans containing hair spray and
as coolants in refrigerators and air conditioners. These
compounds are related to methane (CH,) in which
hydrogen has been replaced by the halogens fluorine,
chlorine, and bromine. Therefore, the molecules of
CFCs have formulas such as: CFCl,, CE,Cl,, and
CF,Cl. Most of these compounds are gases at room
temperature and their solubility in water is very low.

When CFC gases are released into the atmosphere,
they gradually rise into the lower stratosphere because
they are not washed out of the troposphere by rain.
In the stratosphere the chlorine atoms are released
when the CFC molecules are broken up by energetic
UV-C radiation as indicated by the reaction:

3
2CFCl, +E+-0, +H,0 - 2C0, +2HF+6Cl (27)

The chlorine permits reactions to occur that destroy
the ozone of the stratosphere:

Cl1+0, »Cl0+0, (2.8)
O0,+E—>0+0, 2.9)
ClO+0—Cl+0, (2.10)

When reactions 2.8-2.10 are summed, they add
up to:

20, = 30, (2.11)
which is identical to Eq. 2.6. In this way, chlorine
atoms in the stratosphere act as “ozone killers” and
thereby decrease the ozone inventory of the global
stratosphere.

Although the production of CFCs has been halted

and they are no longer released into the atmosphere,
these compounds continue to be the principal source of
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chlorine in the stratosphere. Natural sources, such as:
sea spray, volcanic eruptions, and methyl chloride gas
(CH,CI) released by plants are minor sources of atmo-
spheric chlorine. Even though CFCs were outlawed,
the chlorine concentration of the stratosphere is still
five times higher than normal because of delayed
releases of anthropogenic CFCs and other volatile
halogen-bearing industrial compounds such as the
cleaning solvent methyl chloroform (Graedel and
Crutzen 1993, p. 143).

Although both the area and the depth of the ozone
hole over Antarctica have varied annually, the size of the
hole has not decreased appreciably even after the manu-
facture and release of the ozone-destroying gases were
prohibited in 1987 by the Montreal Protokol. However,
the computer models predict that the area and depth of
the ozone hole will begin to decline in 2018 and that it
will disappear by the end of the present century. If that
happens, we will have successfully reversed the effects
of this case of anthropogenic contamination of the atmo-
sphere (Morell 2007; Stonehouse 2002; Faure 1998;
Holland and Petersen 1995; Graedel and Crutzen 1993;
Stolarski 1988; Molina and Rowland 1974).

2.11.5 Effect of UV Radiation
on the Biosphere

The reduction of the ozone content of the stratosphere
of the Earth as a whole, and of the Antarctic strato-
sphere in particular, has significantly increased the
amount of UV radiation that reaches the surface of the
Earth. The ozone layer in the stratosphere shields the
Earth from the most energetic UV-C radiation (A <290
nm) by means of the ozone-destroying reaction of
equation 2.4 (i.e., the Hartley absorption band). In
addition, N,0 and 0O, also adsorb UV-C and prevent it
from reaching the surface of the Earth. The amount of
UV-B (A =290-320 nm) that passes through the atmo-
sphere in Fig. 2.21 rises with increasing wavelength
(and decreasing energy), whereas the low-energy
UV-A radiation (A = 320-400 nm) is not absorbed by
the atmosphere and therefore all of it reaches the sur-
face. Consequently, plants and animals have evolved a
tolerance for UV-A and for the low-energy part of the
UV-B spectrum. However, the decrease of the ozone
content of the stratosphere of the Earth has caused an
undesirable increase in the flux of energetic UV-B and

UV-C radiation that reaches the surface. The problem
is especially acute in Antarctica during the early spring
in October.

Biological organisms on the surface of the Earth
cannot survive prolonged exposure to UV-C (A < 290
nm) because it destroys organic molecules. The relation
between the solar flux of UV radiation and the wave-
length of that radiation in Fig. 2.21 indicates that the
flux of UV-C at the surface of the Earth is less than 10~
times the flux of UV-B at A = 320 nm. The flux of UV-B
that reaches the Earth increases by a factor of more than
107 as the wavelength increases from 290 to 320 nm. In
contrast to UV-B, the flux of UV-A is nearly indepen-
dent of the wavelength from A = 320 to 400 nm.

The biological sensitivity of DNA molecules also
depends on the wavelength of the UV radiation.
According to the data in Fig. 2.21, the sensitivity of
DNA to UV-C radiation is 1.0 (i.e., UV-C is lethal).
The sensitivity of DNA molecules to UV-B radiation
decreases with increasing wavelength from 290 to 320
nm (i.e., long-wavelength UV-B radiation is tolerated
better than short-wavelength UV-B radiation). DNA
molecules tolerate UV-A best of all because organisms
that did not adapt to this radiation did not survive on
the surface of the Earth.
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Chapter 3

Southern Victoria Land; Basement Rocks

The geological architecture of the Transantarctic
Mountains in Table 3.1 is deceptively simple because
it consists of only four suites of rocks which are sepa-
rated by unconformities and intrusive contacts. The
most pervasive and longest erosional interval is repre-
sented by the Kukri Unconformity, also called the Kukri
Peneplain. This erosional surface separates the rocks of
the underlying basement complex from the overlying
sedimentary rocks of the Beacon Supergroup of Early
Devonian to Late Triassic age and the dolerite sills of
the Ferrar Group that intruded the Beacon rocks during
the Middle Jurassic. The Beacon rocks are locally over-
lain by the sheet-like flows of the Kirkpatrick Basalt
which formed where Ferrar magmas were erupted
through fissures. The most recent episode of volcanic
activity started during the Miocene, less than about 25
million years ago, when alkali basalt lava and pyro-
clastics of the McMurdo Volcanic Group were erupted
through vents at numerous sites in the Transantarctic
Mountains from northern Victoria Land (Cape Adare)
to Mt. Early located close to the South Pole (LeMasurier
and Thomson 1990). Mt. Erebus on Ross Island is the last
of these Tertiary volcanoes to remain active at the pres-
ent time (Kyle 1995).

The basement complex which underlies the
Transantarctic Mountains along their entire length is
exposed in a broad region along the coast of Victoria
Land and along the edge of the Ross Ice Shelf all the
way to the Horlick Mountains and beyond (Grindley
1981; Laird and Bradshaw 1982). It consists of sedi-
mentary and volcanic rocks that were intensely folded,
regionally metamorphosed, and intruded by granitic
rocks of the Granite Harbor Intrusives (Table 3.1). The
metamorphism of the sedimentary and volcanic rocks
that occurred during the Ross Orogeny was sufficiently
severe to convert these rocks locally into paragneisses
and to generate the granitic magmas that intruded the

volcano-sedimentary complex between 530 and 470
million years ago (i.e., Early Cambrian to Middle
Ordovician) based on the Geologic Time Scale of the
International Union of Geological Sciences issued in
2002 (IUGS 2002).

The rocks of the basement complex formed and
were subsequently altered while Antarctica was an
integral part of the supercontinent Gondwana, which
contained all of the southern continents we know today.
The lithologic and structural diversity of the basement
rocks is compounded by their fragmentary exposure
along the Transantarctic Mountains. Therefore, we
have chosen to describe the basement rocks in each of
the five segments defined in Fig. 3.1 and we will also
use these subdivisions of the Transantarctic Mountains
to describe the rocks that overlie the basement
complex.

Rocks of Precambrian age are also exposed along
the coast of East Antarctica in Fig. 3.2 and under the ice
sheet of East Antarctica. The rocks of the subglacial
crust are known only in terms of their geophysical
properties that have been measured during surface
traverses as well as by airborne and satellite surveys.
The Precambrian rocks of the subglacial crust and of
the coastal areas of East Antarctica have not been cor-
related with the basement rocks of the Transantarctic
Mountains except in terms of their ages as measured
by radiogenic-isotope geochronometry (Faure and
Mensing 2005).

The geology of all parts of Antarctica was compiled
by Craddock (1969a) and a group of 24 collaborators
in the form of color-coded geological maps and associ-
ated text. This important work contains 18 geological
maps that include all major outcrop areas of Antarctica.
The geology of the Transantarctic Mountains is pre-
sented in six of these maps (i.e., 5, 13, 14, 15 16,
and 17). Although these maps were published more
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Table 3.1 Simplified geological architecture of the continental crust of the Transantarctic Mountains in southern Victoria Land

Rock types Geologic unit

Geologic time, Ma®

Alkali-rich volcanic rocks

Dolerite sills and basalt flows
Sandstone, shale, tillite, coal Beacon Supergroup
ANNANANANANAANANANANANANANANANNAANNNAN Kukri Unconformity
Granitic plutons and late-stage dikes
Metamorphosed and folded volcano-

sedimentary complexes Skelton groups

McMurdo Volcanic Group
Ferrar and Kirkpatrick groups

Granite Harbor Intrusives
Ross Supergroup Koettlitz and

Miocene to Holocene 25 to 0.0
Middle Jurassic 176.8 + 1.8°
Early Devonian to Late Triassic 417 to 205

B A N Y A AV AVAVAVAV

Late Cambrian to Middle Ordovician
Precambrian to Late Cambrian

*Ma = millions of years ago (mega anna)
"Heimann et al. (1994)

than 35 years ago and although they are now available
only in private collections and certain libraries, they
remain a useful resource for geologists who are inter-
ested in the geology of Antarctica.

In addition, the proceedings volumes of SCAR
Meetings and of International Gondwana Symposia
listed in Appendices 1.10.4 and 1.10.5 contain a wealth
of information about the geology of the continent, as
do the volumes of the Antarctic Research Series of the
American Geophysical Union (Appendix 1.10.6) and
the publications of the Geological Society of America
(Appendix 1.10.7). The accumulated information
about the geology of Antarctica has been summarized
and interpreted by Gunn (1963), Ford (1964),
Fairbridge (1975), Rowley (1983), Swithinbank
(1988), Tingey (1991, 1996), Gamble et al. (2002), and
others.

The Transantarctic Mountains have been mapped
by geologists from New Zealand, the United Kingdom,
USA, Australia, Germany, the USSR, and Italy. Several
of these nations have established research stations on
Ross Island and in Victoria Land. The fieldwork dur-
ing the IGY (1957/58) and in the decades that followed
was done by use of dogsleds (Herbert 1962) and snow-
mobiles, as well as by man-hauling sleds (Nichols
1963; Wade et al. 1965), and even by backpacking
(McKelvey and Webb 1962) until helicopters and
fixed-wing aircraft became available for support of
geological field parties. The results of studies by scien-
tists from New Zealand were published in ten special
issues of the New Zealand Journal of Geology and
Geophysics (Collins 1962, 1963, 1965, 1967; Bodley
1968). All of the publications arising from work done
under the aegis of the New Zealand Antarctic Research
Programmes between 1956 and 1964 were listed by
Quartermain (1963, 1965). The post-IGY review

papers of the geology of the Transantarctic Mountains
include the work of Harrington (1958), Gunn and
Warren (1962), Gunn (1963), Grindley and Warren
(1964), and Schmidt (1966).

The amount of information that has accumulated
about the geology of the Transantarctic Mountains is
very large. Even when only the basement rocks are
considered, the information in published reports is
overwhelming and is difficult to fit into a coherent tec-
tonic model, partly because the stratigraphy, structural
deformation, and metamorphic grade of the rocks vary
regionally and because the tectonic environment of the
area of deposition of the basement rocks is obscured
by the present configuration of Antarctica. Nevertheless,
several authors have proposed explanations for the tec-
tonic evolution of Antarctica in the context of the
assembly of Gondwana (e.g., Hamilton 1967; Elliot
1975; Laird 1981; Grikurov 1982; Findlay et al. 1984,
1993; Allibone etal. 1993a,b; Stump 1995; Encarnacién
and Grunow 1996; Fitterer et al. 1996).

The most successful synthesis of the data pertaining
specifically to the basement rocks of the Transantarctic
Mountains was published in a book by Stump (1995)
whose tectonic model is based on the insight that the
basement rocks were deposited along a passive margin
of Gondwana after the break-away of Laurentia from
Rodinia during the Neoproterozoic (Bell and Jefferson
1987; Moores 1991).

According to this concept, the paleo-Pacific margin
of Gondwana in Fig. 3.3 was activated when a subduc-
tion zone developed along it (Ferracioli et al. 2002).
The resulting subduction of the oceanic crust caused
compression of the sediment and volcanics that had
accumulated during the passive-margin phase and
resulted in magmatic activity that started around 600
Ma. The intrusion of syntectonic plutons into the Ross
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Fig.3.1 For the purposes of this presentation the Transantarctic
Mountains have been subdivided into five segments which are
defined in this diagram. The shaded outcrop areas expose the
basement rocks that are the subject of the following series of
chapters. North in this and other maps in this book is at the top
(Adapted from Stump et al. 2006)

Mountains ended at about 500 Ma and was followed
by post-tectonic magmatic activity until about 460 Ma.
Grunow et al. (1996) suggested that the magmatic
activity along the Transantarctic Mountains coincided
with and may be related to the Pan-African deformation

Precambrian Rocks, East Antarctica

Weddell
Sea

East
Antarctica

South
r Pole

Transantarctic
Mountains

Ross Sea

Fig. 3.2 Precambrian basement rocks are exposed along the
coast of East Antarctica and in the mountain ranges along the
edge of the ice sheet. The localities that are identified by number
include: 1.Vincennes Bay, 2. Bunger Hills (Queen Mary Coast),
3. Vestfold and Larsemann Hills 4. Prince Charles Mountains
(MacRobertson Land) 5. Enderby Land; 6. Sor Rondane
Mountains 7. New Schwabenland (Queen Maud Land), and 8.
Shackleton Range. Precambrian rocks also form the crust of
East Antarctica that is covered by the ice sheet (Adapted from
Stonehouse 2002; Craddock 1982)

event that occurred in Africa, southern India, Sri Lanka,
and those parts of South America that were joined to
Africa prior to the opening of the Atlantic Ocean.

The model of the origin and tectonic evolution of
the Ross orogen described by Stump (1995), Grunow
et al. (1996), Encarnacién and Grunow (1996), Borg
and DePaolo (1991, 1994), and Dalziel (1991) places
the Transantarctic Mountains into the context of the
assembly and subsequent dispersal of Gondwana
which began when Laurentia split from Rodinia. Many
details about the subsequent evolution of the resulting
rift margin of Gondwana are still open for discussion,
including the accretion of “suspect” terranes (Bradshaw
et al. 1985) and the deposition of marine carbonate
rocks along a coast that was presumably experiencing
compression and magmatic activity resulting from
subduction of oceanic crust under the continental mar-
gin of Gondwana (Stump 1995). These and other top-
ics related to the formation of the Transantarctic
Mountains will be discussed in subsequent chapters of
this book.
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Gondwana in Early Paleozoic
Time

South Pole

—

Fig. 3.3 The rifting of the supercontinent Rodinia during the
Neoproterozoic Era split the future East Antarctic craton and
caused Laurentia (the continental fragment that split from East
Antarctica) to drift away. The newly formed paleo-Pacific coast
of Gondwana, including East Antarctica, thereby became a pas-
sive margin along which detrital sediment was deposited by tur-
bidity currents. Subsequently, the turbidites were folded and
metamorphosed when an active subduction zone developed
along the coast of Gondwana in early Paleozoic time. The defor-
mation of the sedimentary rocks and the formation of granitic
magma formed the Ross orogen which later became the base-
ment upon which the sedimentary rocks of the Beacon
Supergroup were deposited (Adapted from Encarnacién and
Grunow 1996)

The basement rocks of southern Victoria Land
defined in Fig. 3.1 are exposed in an irregular belt
along the coast and consist primarily of the Granite
Harbor Intrusives of Cambrian age which intruded the
folded metasedimentary rocks of the Ross Supergroup
of Cambrian and Neoproterozoic age (Warren 1969).
This outcrop belt extends from the David Glacier south
to the Byrd Glacier and includes the basement rocks

Ice-Free Valleys, Southern Victoria Land

# Mackay Glacier

Beacon and Ferrar

Blue Glacier

Beacon and Ferrar

Fig. 3.4 Outcrop belt of the basement rocks along the coast of
southern Victoria Land in the area of the ice-free valleys and
adjacent to the Koettlitz Glacier. The trace of the Kukri Peneplain
divides the area where basement rocks are exposed to the east
from the area to the west where the basement rocks are overlain
by the sandstones of the Beacon Supergroup (Devonian to
Triassic) and by the sills of the Ferrar Dolerite (Middle Jurassic).
The basement rocks in this part of the Transantarctic Mountains
consistofthe quartzo-feldspathic metasediments (Neoproterozoic)
and marine carbonates (Cambrian) of the Ross Supergroup which
was intruded by the Granite Harbor Intrusives consisting of syn-
tectonic and post-tectonic granitic rocks ranging in composition
from granite to granodiorite and diorite (Adapted from the
geologic map of Craddock (1969 a) and Warren (1969))

that are exposed in the ice-free Victoria, Wright, and
Taylor valleys in Fig. 3.4. Another large exposure of
basement rocks included in Fig. 3.4 occurs between the
Ferrar and the Koettlitz glaciers. A third area of exposure
of Granite Harbor Intrusives in the Brown Hills between
the Carlyon and Darwin glaciers and in the Britannia
Range, located between the Koettlitz and Byrd glaciers
(Grindley and Laird 1969) is not shown in Fig. 3.4.
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3.1 Ice-Free Valleys

The ice-free valleys of southern Victoria Land in Fig. 3.4
were the first part of the Transantarctic Mountains to be
studied by geologists during Scott’s Discovery Expedition
(1901-1904) which included the geologist Hartley T.
Ferrar and the surveyor and navigator Albert B. Armitage.
A few years later, Shackleton’s Nimrod Expedition
(1907-1909) included the geologists T. William E.
David, Douglas Mawson, Raymond E. Priestley, and Sir
Philip L. Brocklehurst. After returning from the Nimrod
Expedition with Shackleton, Raymond Priestley joined
Scott’s Terra Nova Expedition (1910-1913) along with
Frank Debenham, Charles S. Wright, and T. Griffith
Taylor.

3.1.1 Topography

The ice-free valleys in Fig. 3.4 consist of several paral-
lel ice-carved valleys that are separated from each
other by mountain ranges. The central area of this
region is occupied by the Wright and Taylor valleys
which are separated from each other by the Asgard
Range. North of Wright Valley is a large ice-free area
which includes the Victoria, Barwick, Balham, and
McKelvey valleys which are separated from the Wright
Valley by the Olympus Range. The valley of the Ferrar
Glacier, located south of Taylor Valley, is separated
from it by the Kukri Hills.

Wright Valley in Fig. 3.5 is ice-free because only a
small amount of ice from the polar plateau is presently
entering it via the Airdevronsix Icefall which feeds the
Wright Upper Glacier. Even smaller amounts of ice are
flowing into Barwick Valley by way of the Webb
Glacier and into Victoria Valley via the Victoria Upper
Glacier in Fig. 3.6. The starvation of the outlet glaciers
that once occupied Wright Valley and the Victoria
Valleys in the past was caused by a decrease of the
thickness of the East Antarctic ice sheet combined
with the presence of subglacial bedrock obstructions
alongtheice-covered western slope of the Transantarctic
Mountains in this area (Calkin 1974; Studinger et al.
2004). In addition, Bull (1966) demonstrated that
the ice-free areas of southern Victoria Land absorb
more solar heat than neighboring areas which are still
ice covered. He concluded that the increased heat-
absorption, combined with the small amount of

annual precipitation, is currently preventing snow from
accumulating in the ice-free valleys of southern Victoria
Land. However, the “U-shaped” profiles of these val-
leys and the presence of glacial deposits within them
leaves no doubt that they were occupied by glaciers in
the past (Péwé 1960; Denton et al. 1970; Mayewski
and Goldthwait 1985). The aridity of the climate in the
ice-free (or “dry”) valleys was previously demon-
strated by the legendary Robert Nichols, Professor
of Geology, at Tufts University of Massachusetts who
introduced many of his students to the glacial geology
and geomorphology of southern Victoria Land (Nichols
1963). Taylor Valley in Fig. 3.7 actually does contain
a glacier that still flows from the polar plateau and
terminates within that valley, most of which is ice-free,
whereas the Ferrar Glacier continues to transport ice
from the polar plateau to New Harbor on McMurdo
Sound.

The rugged topography of the Transantarctic
Mountains of southern Victoria Land originated by
erosion of the landscape by glaciers that have sculpted
the mountains into horns separated by cirque basins.
For example, the summit plateau of the Olympus
Range in Fig. 3.5 contains a large number of glacial
horns including: Mt. Theseus (1,829 m), Mt. Peleus
(1,790 m), Mt. Jason, Mt. Hercules, Mt. Aeolus,
Mt. Boreas (2,180 m), Mt. Dido (2,070 m), Mt. Circe,
and Mt. Electra. All of these peaks as well as the mountain
range itself (i.e., Olympus) were named after characters
in Greek mythology (Houtzager 2003). The glacial
horns of the Asgard Range recall the names of deities in
Norse mythology who had residences in Asgard: Odin,
Thor, Baldr, the Valkyries, and Loki (spelled “Loke” on
the USGS map ST 57-60/6*). The highest peaks of the
ice-free valleys occur along the edge of the polar pla-
teau, including Mt. Feather (2,985 m), Shapeless
Mountain (2,739 m), Tabular Mountain (2,700 m), and
MLt. Bastion (2,530 m).

Certain places in the ice-free valleys have been
designated Sites of Special Scientific Interest
(SSSIs), in order to protect ongoing scientific
research or to preserve them in pristine condition for
possible future study. This action was taken by the
seventh Antarctic Treaty Consultative Meeting (ATCM
VID) in 1972 and is contained in Recommendation
VII-3 (Stonehouse 2002, p. 369). The SSSI sites in
the ice-free valleys are: Barwick Valley (Fig. 3.6),
the area between the Canada Glacier and Lake
Fryxell (Taylor Valley), and the Linnaeus Terrace
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Fig. 3.5 The western end of Wright Valley in southern Victoria
Land is framed by the Olympus Range in the north and the Asgard
Range in the south. Ice from the East Antarctic ice sheet of the
polar plateau enters the valley via the Airdevronsix icefall and
forms the Wright Upper Glacier. The Labyrinth at its base was
carved by meltwater streams flowing under pressure at the base of
a glacier that once filled the Wright Valley. Lake Vanda is peren-

(77°36’S, 161°05’E,). The Linnaeus Terrace was pro-
tected because of the presence of endolithic algae and
lichens in the Beacon Sandstone at that site (Friedmann
et al. 1988).

3.1.2 Geology

The basement rocks of the ice-free valleys of southern
Victoria Land, including the area between the Ferrar
and the Koettlitz glaciers farther south in Fig. 3.4,
exemplify the structural complexity, lithologic diver-
sity, regional metamorphism, and magmatic activity of

nially covered by ice except for a moat of open water that forms
during the summer months in December and January. In contrast
to its icy surface, Lake Vanda contains a layer of hot brine at the
bottom that is heated by sunlight which penetrates the ice and
overlying clear water (Excerpt from the Taylor Glacier, Antarctica
topographic map (ST 57-69/5; 77198-S1-TR-250; revised 1988)
published by the U.S. Geological Survey, Denvery, Colorado)

the Ross orogen. Therefore, the geology of this area
is presented in sufficient detail to serve as the type
example for the basement rocks exposed elsewhere
along the Transantarctic Mountains.

The geology of the Victoria and Wright valleys in
Fig. 3.8 was mapped by PN. Webb and B.C. McKelvey
during the austral summers of 1957 and 1958, respec-
tively (Webb and McKelvey 1959; McKelvey and
Webb 1962). Their work, together with that of
Harrington (1958), Gunn and Warren (1962), and
Grindley and Warren (1964), set the stage for the ongo-
ing study of the geology of the Transantarctic
Mountains (e.g., Findlay et al. 1984; Allibone et al.
1993a, b; Encarnacién and Grunow 1996).
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Fig.3.6 The Balham, Barwick, Victoria, and McKelvey valleys
of southern Victoria Land are ice-free because the flow of ice from
the polar plateau via the Webb Glacier and the Upper Victoria
Glacier is currently restricted. These valleys therefore expose
metamorphic and granitic igneous rocks of the basement complex
overlain unconformably by the Lower Devonian sandstones of the

McKelvey and Webb (1962) reported that large
parts of Wright Valley are underlain by tightly folded
metasedimentary rocks of the Asgard Formation which
they assigned to the Neoproterozoic-Early Cambrian
Skelton Group of the Ross orogen. Although Findlay
et al. (1984) later abolished the Asgard Formation, it
remains a valid local stratigraphic unit. The metasedi-
mentary rocks of the Asgard Formation were intruded
by the syntectonic Wright Intrusives consisting of:
Theseus Granodiorite, Loke Microgranite, Dais
Granite, and Olympus Granite-Gneiss. After the main
phase of compressive deformation (i.e., the Ross
Orogeny), the Asgard Formation and the Wright
Intrusives were invaded by the Vida Granite and dikes
of Vanda Lamprophyre and Porphyry which together
constitute the suite of Victoria Intrusives of McKelvey
and Webb (1962). In a larger context, the Wright and
Victoria intrusives are the local representatives of the
Granite Harbor Intrusives of southern Victoria Land.

Beacon Supergroup. The Vida Granite in this area is named after
Lake Vida in Victoria Valley. Meltwater lakes occur at the foot of
the Webb and Upper Victoria Glaciers. The Barwick Valley also
contains Lake Vashka (Excerpt from the Taylor Glacier, Antarctica
topographic map (ST 57-69/5; 77198-S1-TR-250; revised 1988)
published by the U.S. Geological Survey, Denver, Colorado)

More recently, Allibone et al. (1993a, b) and Cox
(1993) identified 15 major granitic plutons in southern
Victoria Land and proposed a new set of names for
them because the lithologic character of the plutons is
sufficiently diverse to resemble several of the intru-
sives previously named by McKelvey and Webb
(1962). The classification of Allibone et al. (1993a, b)
consists of three groups of intrusives:

1. Elongate, concordant plutons, which range from
monzodiorite to granodiorite, are relatively unde-
formed and contain aligned K-feldspar megacrysts,
hornblende, biotite, and mafic inclusions. These plu-
tons were emplaced between 589 and 490 million
years ago at deep levels during the metamorphism to
the upper amphibolite facies of the metasedimentary
rocks of the Asgard Formation.

The names of these concordant plutons are: Bonney,
Denton, Cavendish, and Wheeler.
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Fig.3.7 Taylor Valley in southern Victoria Land still contains
a glacier that discharges meltwater into Lake Bonney. Ice from
the East Antarctic ice sheet enters both the Taylor and Ferrar
valleys but only the Ferrar Glacier actually reaches McMurdo

2. Elongate, discordant plutons are composed of
equigranular, homogeneous biotite granodiorite and
granite, and were intruded at shallow depth in the
crust at 490 million years ago.

The names of these discordant plutons are: Hedley,
Valhalla, St. Johns, and Suess.

3. Discordant ovoid plutons that cut and are them-
selves cut by the Vanda dikes of mafic and felsic
porphyry. These plutons were emplaced at shallow
depth between 486 and 477 million years ago and
range in composition from monzonite to granite.
Some of these plutons contain K-feldspar mega-
crysts that resemble the texture of the oldest con-
cordant plutons.

Sound. The Rhone Glacier descends from the valley wall on
the right. A thick sill of the Ferrar Dolerite is exposed farther
up the valley (Photo by Rebecca Witherow reproduced by
permission)

The names of these youngest discordant plutons
are: Pearse, Nibelungen, Orestes, Brownworth,
Swinford, and Harker.

The new terminology for the magmatic rocks of the
ice-free valleys was adopted by Encarnacién and
Grunow (1996) and was evaluated by Stump (1995) in
the light of the nomenclature used in the literature that
preceded the publications of Allibone et al. (1993a, b).
These authors tried to improve the mapping of the ice-
free valleys of southern Victoria Land by examining
the contacts of individual plutons and by applying geo-
chemical criteria that were not available to the geolo-
gists who worked in the valleys during the IGY and in
the decade that followed. The new geologic map of
Allibone et al. (1993a, b) is based on interpolations
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Fig. 3.8 Geologic map of the western Wright Valley in southern Victoria Land. This area is included in Fig. 3.5 (Adapted from
McKelvey and Webb 1962)

between outcrops of plutonic basement rocks, which
are extensively covered by the sandstones of the
Beacon Supergroup and by the sills of the Ferrar doler-
ite. These interpolations between outcrops can be
tested in the future by diamond drilling at selected sites
in order to confirm the continuity of the underlying
plutons beneath the cover rocks and glacial deposits.

The Asgard Formation of Wright Valley described
by McKelvey and Webb (1962) consists of interbed-
ded marbles, hornfels, and schists that grade locally
into paragneiss and migmatite close to contacts with
plutons of the Wright Intrusives. The type locality of
this formation is the south wall of Wright Valley
between Mt. Loke and Mt. Valkyrie.

The marbles are coarse-grained white rocks that
disintegrate readily and therefore are rarely found in
talus or moraines. They are composed of twinned
grains of calcite with minor graphite and diopside. The
metamorphic rocks classified as hornfels by McKelvey
and Webb (1962) are composed of red garnet (13 mm)
and fine-grained green diopside with minor amounts of

quartz. Some specimens contain scapolite, diopside,
and sphene in contact with the marble layers. The most
common schist layers are composed of quartz and
feldspar, but the schist locally contains plagioclase,
biotite, and hornblende. The metasedimentary rocks of
the Asgard Formation contain intercalated intrusive
granitic orthogneisses (Allibone et al. 1993a) which
form the Olympus Granite-Gneiss of McKelvey and
Webb (1962). These orthogneisses are prominent along
the north wall of Wright Valley east of Bull Pass. In
this exposure, the foliation of the gneiss is aligned par-
allel with the strike of the Asgard Formation, inclu-
sions of which occur in the transition zone within the
gneiss. The relationship of the Olympus Granite-
Gneiss to the other lithologies of the basement com-
plex is uncertain although McKelvey and Webb (1962)
considered the Olympus Granite-Gneiss to be one of
the Wright Intrusives.

The development of augen gneiss by metasomatism
of quartzo-feldspathic gneiss which formed by regional
metamorphism during intense deformation of greywacke
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and sandstone was described by Smithson etal. (1971a,
b) as an explanation for the gradational relationship
between the Olympus Granite-Gneiss and the inter-
bedded metasedimentary rocks of the Asgard
Formation. Smithson et al. (1971c¢) also proposed that
amphibolite reaction rims can form by metasomatic
introduction of iron and magnesium coupled with the
loss of calcium from diopside granofels, which is a
medium- to coarse-grained granoblastic metamorphic
rock with little or no foliation or lineation (Jackson
1997). The conversion of metasedimentary rocks into
crystalline gneiss complexes is a characteristic of the
Ross orogen that forms the basement complex of the
Transantarctic Mountains (Grindley 1971, 1981).

The other members of the Wright Intrusives
described by McKelvey and Webb (1962) are distin-
guished primarily by their texture, mineral composi-
tion, and bulk chemistry. The relation of these units to
the terminology of Allibone et al. (1993a, b) is indi-
cated in Table 3.2. Until the new terminology of the
plutonic rocks in the ice-free valleys has been tested in
the field and is confirmed by drilling and/or additional
mapping, we will continue to use the traditional
nomenclature. However, we consider that the Asgard
Formation of McKelvey and Webb (1962) is largely
correlative with the amphibolite-grade metasediments
north of the Skelton Glacier and we will therefore refer
to it as the Asgard Formation (Koettlitz Group) or sim-
ply as Koettlitz Group metasediments.

Table 3.2 Relation of the terminology of Allibone et al. (1993a,
b) to the classification of the igneous and metamorphic rocks in
Victoria, Wright, and Taylor valleys by Allen and Gibson (1962),
McKelvey and Webb (1962), and Haskell et al. (1965a),
respectively

Allibone et al. (19934, b)

Bonney pluton

Previous classification

Olympus Granite-Gneiss and Dais
Granite (Wright Valley) Larsen
Granodiorite (Taylor Valley)

Olympus Granite-Gneiss (Wright
Valley)

Larsen Granodiorite (Taylor Valley)
Dais Granite (Victoria Valley)

Irizar Granite (Taylor Valley)

Vida Granite (Victoria Valley)

Denton pluton
Wheeler pluton

Catspaw pluton
St. Johns pluton

Hedley pluton Vida Granite (Ferrar Valley)

Suess pluton Larsen Granodiorite

Valhalla pluton Olympus Granite and Dais granite
(Wright Valley)

Biotite granitoid dikes Theseus Granodiorite (Wright
and Taylor Valleys)

The Dais Granite is exposed in the so-called Dais
west of Lake Vanda close to the western (inland) end
of Wright Valley. It is coarsely foliated parallel to the
strike of the Koettlitz-Group metasediments and of the
Olympus Granite-Gneiss. The Dais Granite is charac-
terized by being porphyritic with large phenocrysts of
orthoclase in a coarse matrix of oligoclase, hornblende,
biotite, and quartz. Allanite, zircon, iron oxide, and
apatite are present as accessory minerals. The Dais
Granite has the composition of an adamellite that
grades locally into alkali granite (Appendix 3.7.1).

The Loke (or Loki) Microdiorite occurs as dikes up
to 2.5 m wide that intrude the Olympus Granite-Gneiss
at Mt. Loke (Loki) and east of Mt. Theseus. The
microdiorite contains up to 25% biotite and 15% green
hornblende, as well as plagioclase, orthoclase, and
quartz (Appendix 3.6.1).

Dikes of Theseus Granodiorite intrude the metased-
imentary rocks of the Koettlitz Group and all of the
other members of the Wright Intrusives. The type
locality of the Theseus Granodiorite is on the north wall
of Wright Valley between Mt. Theseus and Bull Pass.
Similar intrusives of grey biotite granite have been
reported at Granite Harbor and in the Kukri Hills.

The post-orogenic Vida Granite of the Victoria
Intrusives intrudes Dais Granite and Olympus Granite-
Gneiss in the western Asgard and Olympus mountains.
The type locality is south of Lake Vida on the northern
slope of the Olympus Range in Victoria Valley. The
Vida Granite is a pink, hornblende-bearing, equigranu-
lar rock composed of orthoclase, oligoclase, quartz,
biotite, and green hornblende with fine-grained inter-
stitial quartz. Similar massive and unfoliated granitic
intrusives have been reported from the valley of the
Ferrar Glacier and from the coast of southern Victoria
Land at Granite Harbor and Cape Irizar (Kurasawa
et al. 1974).

All of the Wright and Victoria intrusives are cut by
thin dikes of the Vanda Lamprophyre and Porphyry.
At the type locality just east of Lake Vanda a swarm of
these dikes intrudes the Dais and Vida granites and can
be traced from there through Bull Pass into Victoria
Valley. The lamprophyre is a dark aphanitic rock con-
taining zoned plagioclase, green hornblende, chlorite,
quartz, iron oxide, and accessory sphene and apatite.
A typical porphyry dike at Bull Pass, about 6 m wide,
contains phenocrysts of pink and white feldspar, green-
ish black hornblende, biotite, and quartz in a purplish
aphanitic matrix.
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The geology of Wright Valley mapped by McKelvey
and Webb (1962) was extended by Allen and Gibson
(1962) into the Victoria Valley. They described the
Asgard Formation (Koettlitz Group) as a thick
sequence of isoclinally folded marbles which are
interbedded with layers of paragneiss, granulite, and
quartzo-feldspathic schist. The metasedimentary
rocks grade into Olympus Granite-Gneiss which
passes gradationally into Dais Granite. The Asgard
Formation (Koettlitz Group) and the Dais Granite are
cut by the Vida Granite, and all of the basement rocks
contain late-stage dikes of Vanda Lamprophyre and
Porphyry.

The geology of Taylor Valley was initially exam-
ined by McKelvey and Webb (1959), Hamilton and
Hayes (1960), and by Angino et al. (1960, 1962).
Subsequently, Haskell et al. (1965a) published a map
of the geology of Taylor Valley and described the
metasediments of the Koettlitz Group which occur in
four parallel north-trending belts, most prominent of
which is the Middle-Taylor-Valley belt which is about
150 m wide. The metasediments of the Middle belt
exposed along the south side of Taylor Valley consist
of interbedded white marble, metaquartzite, magne-
sium-rich schist, calc-silicate hornfels, and quartzo-
feldspathic schist. The mineral assemblages are
consistent with the amphibolite facies and higher
grades of regional metamorphism.

A second belt of Koettlitz-Group metasediments
forms a south-plunging syncline in the Nussbaum
Riegel which is a prominent topographic feature that
projects from the Kukri Hills northward into Taylor
Valley. According to Haskell et al. (1965a), the rocks
of this feature consist of interbedded marble, meta-
quartzite, and quartz-labradorite-biotite schist. These
rocks are correlative with the Asgard Formation
(Koettlitz Group) of Wright and Victoria valleys
(McKelvey and Webb 1962; Allen and Gibson 1962).
In addition, Haskell et al. (1965a) correlated the rocks
of Nussbaum Riegel with the basal part of the Hobbs
Formation which occurs in the area between the Ferrar
and the Koettlitz glaciers in Fig. 3.4. The structure and
regional metamorphism of the metasedimentary rocks
of Nussbaum Riegel were later described in great detail
by Williams et al. (1971).

The metasedimentary rocks of the Koettlitz Group
in Taylor Valley were intruded by several facies of the
Granite Harbor Intrusives, including the highly foli-
ated Olympus Granite-Gneiss, the Larsen Granodiorite

which resembles the Dais Granite in Wright Valley, the
Theseus Granodiorite, and the Irizar Granite. All of the
different types of the Granite Harbor Intrusives and
the metasedimentary rocks of the Koettlitz Group in
Taylor Valley are cut by thin dikes of pegmatite, aplite,
lamprophyre, porphyry, microdiorite, and ultramafic
rocks.

The Larsen Granodiorite in Taylor Valley contains
an orbicular phase located along the north side of the
Taylor Glacier about 2.6 km from its terminus (Haskell
et al. 1965a, Fig. 4). This occurrence was later investi-
gated by Palmer et al. (1967) and by Dahl and Palmer
(1981, 1983). Additional occurrences of orbicular tex-
tures were described by Allibone et al. (1993a).

A pluton of the post-tectonic Irizar Granite, exposed
on Mt. Falconer (77°34’S, 163°08’E,) near the mouth
of Taylor Valley, was studied by Ghent and Henderson
(1968). These authors provided detailed petrographic
descriptions of the various rock types exposed on Mt.
Falconer and suggested that the Falconer pluton was
originally emplaced at a depth of less than 8—10 km
below the surface of the Earth. Parts of the pluton were
exposed by erosion of the overlying rocks before
sediment of the Beacon Supergroup was deposited on
the Kukri Peneplain during the Early Devonian
between 417 and 391 million years ago (IUGS 2002).
McDougall and Ghent (1970) later reported K-Ar dates
of biotite and hornblende from the Irizar Quartz
Monzonite (adamellite) of the Mt. Falconer pluton,
from the metasedimentary rocks of the Koettlitz Group,
and from dikes that intruded the latter.

3.2 Koettlitz and Skelton Groups

The area between the Ferrar and the Skelton glaciers
in Fig. 3.9 has been difficult to map because it is
mountainous, snow-covered, and windy with occa-
sional storms that can deposit up to 1.2m of snow
(Murphy et al. 1970; Flory et al. 1971; Rees et al.
1989). In spite of the active glaciation of most of this
area, several ice-free valleys occur along the south
side of the mountain range located between the Blue
and Koettlitz glaciers (e.g., Garwood, Marshall,
Miers, and Hidden valleys) which are identified on a
map published by Bull (1962). The geology of this area
was mapped by Blank et al. (1963) following Gunn and
Warren (1962). In addition, Williams et al. (1971)
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Ice-Free Valleys, Koettlitz Glacier,
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Fig. 3.9 The mountainous area between the Koettlitz and
Blue glaciers is partially ice-free and exposes metasedimentary
and metavolcanic rocks of the Koettlitz Group (Adapted from
Bull 1962)

described the structure and metamorphism of
metasedimentary basement rocks exposed in Garwood
Valley and elsewhere in these ice-free valleys.

The multiply folded metasedimentary rocks that
dominate the basement complex of this area were orig-
inally assigned to the Skelton Group by Gunn and
Warren (1962). However, Grindley and Warren (1964)
later placed only the low-grade metasedimentary rocks
of the greenschist facies into the Skelton Group and
assigned amphibolite-grade metasediments in the
basement of southern Victoria Land to the Koettlitz
Group.

Rocks of the Skelton Group are exposed on Teall
Island, on both sides of the Skelton Glacier, and near
Mt. Cocks between the Skelton and the Koettlitz
Glaciers. Gunn and Warren (1962) divided the rocks of
the Skelton Group into the upper Teall Formation and
the underlying Anthill Formation, but Skinner (1982)
later questioned the existence of the Teall Formation
because the rocks at the type locality on Teall Island at
the mouth of the Skelton Glacier resemble calc-silicate
rocks that occur within the Anthill Formation. In place
of the Teall Formation, Skinner (1982) defined the
Cocks Formation based on metagraywacke and
metavolcanic rocks that unconformably overlie the
Anthill Formation (limestone) at Cocks Glacier
(78°41°S, 162°00’E,).

The Anthill Formation is about 3,300 m thick
(Stump 1995, p. 99) and consists of well-bedded white
to grey limestone interbedded with lesser amounts of
mudstone, siltstone, and quartzite. The limestone
appears to be unfossiliferous. The metamorphic grade
of the Anthill Formation increases from the greenschist
facies on the south side of the Skelton Glacier to the
amphibolite facies farther north between the Skelton
and the Koettlitz glaciers.

The Cocks Formation contains a porphyritic pillow
lava that was dated by Rowell et al. (1993) by means of
the samarium-neodymium (Sm-Nd) method (Appendix
3.6.6). The rock yielded a Sm-Nd model date of 700-800
Ma, which indicates that the flow was extruded during
the Neoproterozoic Era. The metamorphic grade of the
Cocks Formation also increases in a northerly direction.

The variation of metamorphic grade of the metased-
imentary basement rocks of southern Victoria Land has
caused confusion because the distinction between of
the Skelton and Koettlitz groups is based on metamor-
phic grade rather than on lithology or age of the rocks.
Although the metasedimentary rocks of the ice-free
valleys of southern Victoria Land were originally
assigned to the Skelton Group, their metamorphic grade
is more consistent with the Koettlitz Group which con-
tains rocks in the amphibolite facies. Blank et al. (1963)
defined five formations in the area between the Koettlitz
and the Blue glaciers and assigned them to the Koettlitz
Group with increasing stratigraphic age:

Hobbs Formation (youngest)
Salmon Marble

Garwood Lake Formation
Miers Marble

Marshall Formation (oldest)
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However, Mortimer (1981) and Findlay et al. (1984)
who also worked in the area did not agree with the
stratigraphic sequence proposed by Blank et al. (1963).
Mortimer (1981) concluded that the Salmon and Miers
Marble were the same layer of rock and that the
Garwood Lake and the Marshall Formation were also
the same unit. Findlay et al. (1984) who remapped
basement rocks throughout southern Victoria Land
subdivided the Koettlitz Group into the Marshall
Formation, the Salmon Marble, and the Hobbs
Formation but did not place them in stratigraphic
order.

In spite of the effort that has been made to identify
mappable rock units in the Ferrar-Blue-Koettlitz-
Skelton glaciers area, the relationship of the Skelton
and Koettlitz groups remains in doubt. The only point
of agreement among the investigators is that the rocks
in both groups were deposited in a marine environment
(Laird 1981). Moreover, both groups contain clastic
metasediments, calc-silicates, marbles, conglomerates,
volcanic rocks, and amphibolites. Therefore, the
Skelton and Koettlitz groups could be regarded as a
single complex of sedimentary and volcanic rocks of
Neoproterozoic to Cambrian age whose metamorphic
grade increases regionally from greenschist along the
Skelton Glacier in the south to amphibolite in the
Koettlitz-Blue Glacier area farther north. However,
Stump (1995) recommended caution in the interpreta-
tion of the evidence which is still fragmentary and con-
troversial (Rees et al. 1989).

3.3 Brown Hills

The basement rocks of southern Victoria Land in
Fig. 3.10 extend south along the coast of the Ross Ice
Shelf from the Skelton and Mullock glaciers to the
Byrd Glacier. This segment of the Transantarctic
Mountains contains the Conway Range, the Brown
Hills, and the Britannia Range, all of which expose
almost exclusively the granitic plutons of the Granite
Harbor Intrusives (Grindley and Laird 1969). The gra-
nitic basement rocks of the Brown Hills in Fig. 3.11,
which Encarnacién and Grunow (1996) called the
Brown Hills pluton, include the syntectonic Carlyon
Granodiorite and the Mt. Rich Granite as well as the
post-tectonic Hope Granite and dikes of leucocratic
granite, pegmatite, lamprophyre, and meladiorite that
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Fig.3.10 The basement rocks that are exposed along the coast
of the ice-free valleys of southern Victoria Land extend south
into the Conway Range, the Brown Hills, and the Britannia
Range. These rocks consist almost entirely of the Middle to Late
Cambrian Granite Harbor Intrusives, which are subdivided into
the Hope Granite, Skelton Granodiorite, Mt. Rich Granite, and
the Carlyon Granodiorite. The older metasedimentary rocks
of the Goldie Formation occur only in the form of inclusions
within the granitic rocks of the Britannia Range (Adapted from
Grindley and Laird 1969; Craddock 1969a)

cut the Carlyon and Mt. Rich plutons (Haskell et al.
1964, 1965b).

Metasedimentary rocks which are common in the
ice-free valleys and in the Koettlitz-Skelton Glacier
areas occur in the Brown Hills only as scattered inclu-
sions within the Carlyon Granodiorite in the form of
dark quartz-biotite-hornblende schist and light-colored
metaquartzite. A large raft of metasediment, about
10,000 m? in area, occurs in the valley between the
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Fig. 3.11 The basement rocks exposed in the Brown Hills of
southern Victoria Land consist almost exclusively of representa-
tives of the Granite Harbor Intrusives (red) which were subdi-
vided by Haskell et al. (1965b) into the synkinematic Carlyon
Granodiorite and the Mt. Rich Granite followed by the post
kinematic Hope Granite and a variety of dikes composed of leu-
cocratic granite, pegmatite, lamprophyre, and meladiorite.
Metasedimentary rocks consisting of quartz-biotite-hornblende
schist occur only as scattered inclusions, the largest of which has
an area of 10,000 m? and is located between the east end of
Diamond Glacier and Lake Wilson (M = Moraine) (Adapted
from Felder and Faure 1990, after Haskell et al. 1965b)

Diamond Glacier and Lake Wilson on the coast of the
Ross Ice Shelf in Fig. 3.12. The strike of the metasedi-
mentary rocks and the foliation of the Carlyon
Granodiorite are parallel and the contact between them
is gradational.

The Carlyon Granodiorite is medium to coarse
grained, foliated to gneissic, and porphyritic in
places. It grades into the Mt. Rich facies which is
less foliated but more porphyritic than the Carlyon
facies. Both intrusives are syntectonic and are com-
posed of quartz, plagioclase, K-feldspar, biotite,
hornblende, and sphene with accessory apatite, zir-
con, magnetite, and pyrite. The leucocratic dikes
have higher concentrations of plagioclase and
K-feldspar but lower concentrations of quartz and
biotite than the Carlyon and Mt. Rich plutons and
lack hornblende and sphene (Felder 1980). The aver-
age chemical analyses of the three major representa-
tives of the Granite Harbor Intrusives published by
Felder and Faure (1990) suggest that each was

Fig. 3.12 Inclusion of metasedimentary rocks in the Granite
Harbor Intrusives of the Brown Hills being investigated by
Robert Felder during the 1978/79 Antarctic field season (Photo
by G. Faure)

differentiated by fractional crystallization. However,
differences in their initial ¥Sr/*¢Sr ratios indicate
that they are not the products of magmatic differen-
tiation of a single parent magma.

A pluton composed of Hope Granite was mapped
by Haskell et al. (1965b) on the Blanks Peninsula
and the Bowling Green Plateau in Fig. 3.11. Itis a fine-
to-medium grained, equigranular, leucocratic granite
composed of quartz, microcline, orthoclase, oligo-
clase, biotite, red garnet, and accessory chlorite. It
resembles the Hope Granite described by Gunn and
Walcott (1962) at the foot of Mt. Markham (82°51°S,
161°21’E,) located along the Lowery Glacier which is
a southern tributary of the Nimrod Glacier (Section
5.2.3). The stratigraphic position of the Hope Granite
is similar to that of the Vida Granite of the Victoria-
Wright valleys and of the Irizar Granite in Taylor
Valley. However, a genetic relationship among these
post-kinematic granite plutons of southern Victoria
Land has not yet been demonstrated.
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3.4 Age Determinations

The geologic history of the basement rocks of southern
Victoria Land started with the crystallization of crustal
rocks of Gondwana which later became the source of
sediment that was deposited along the passive paleo-
Pacific margin of the continent. The sediment was sub-
sequently folded and metamorphosed during the Ross
Orogeny after the passive margin became a compres-
sive subduction zone. During this active phase of the
orogeny, the synkinematic plutons of the Granite
Harbor Intrusives formed by crystallization of magma
that originated by partial melting of accumulated sedi-
mentary and volcanic rocks and by local recrystalliza-
tion of the orogen (i.e., by granitization). After the
main phase of the orogeny had ended, the magmatic
activity continued with the intrusion of post-kinematic
plutons and of various kinds of dikes of porphyry, lam-
prophyre, pegmatites, and mafic rocks. Although the
sequence of events can be reconstructed by the inter-
pretation of evidence in the field, the timing of the
rock-forming events must be determined in the labora-
tory by radiogenic-isotope geochronometry (Faure and
Mensing 2005). Summaries of the principal methods
of dating igneous and metamorphic rocks are provided
in Appendices 3.6.2-3.6.6.

Age determinations of rocks from the Transantarctic
Mountains were included in several compilations of
isotopic dates of Antarctic rocks. These compilations
include, but are not necessarily limited to: Webb
(1962), Picciotto and Coppez (1962, 1964a, b), Angino
and Turner (1963), Ravich and Krylov (1964), Webb
and Warren (1965), Craddock (1969b), Stuiver and
Braziunas (1985), and others. Stuiver and Braziunas
(1985) listed not only radiogenic-isotope dates, but
also carbon-14 dates that record environmental pro-
cesses during the most recent past extending to about
30,000 years before the present (BP).

3.4.1 K-Ar Dates

The first age determination of an Antarctic rock was
reported by Goldich et al. (1958) who used the K-Ar
method (Appendix 3.6.2) to date biotite from a sample
of granite gneiss collected by P.N. Webb at Gneiss
Point (77°24°S, 163°44’E,) on the coast of southern

Victoria Land. Subsequently, additional K-Ar dates of
biotite from the ice-free valleys were reported by
Anginoetal. (1962), Pearnetal. (1963), and McDougall
and Ghent (1970). Although the numerical values of
the decay constants of K were changed after these
reports were published, only the date reported by
Goldich et al. (1958) is significantly altered when it is
recalculated using the revised constants of Steiger and
Jager (1977).

The K-Ar dates of biotite in the basement rocks
of Wright and Taylor valleys range from 425 to 520
million years (Ma) and have a slightly skewed but uni-
modal distribution in Fig. 3.13a. These dates record
the time when the biotite cooled through its blocking
temperature of 300 + 25°C for radiogenic “°Ar, whereas
the blocking temperature of hornblende is 550 + 25°C
based on a compilation of data from the literature by
Dallmeyer et al. (1981). Therefore, hornblende in a
cooling body of rocks starts to retain radiogenic “’Ar
before biotite does, which causes K-Ar dates of horn-
blende to be older than K-Ar dates of biotite in the
same body of rocks. The closure temperature of biotite
(370 = 20°C) reported by Berger and York (1981)
agrees fairly well with that of Dallmeyer et al. (1981),
but the closure temperature for hornblende (685 + 55°C)
of Berger and York (1981) is about 100° higher than
that of Dallmeyer et al. (1981).

Although the K-Ar dates of biotites in the Granite
Harbor Intrusives of the ice-free valleys in Fig. 3.13a
post-date the time of crystallization of these rocks and
form a “metamorphic veil” that obscures the crystalli-
zation age of the rocks, other methods of dating are
available (to be discussed below) that do record the
time of original crystallization of igneous and meta-
morphic rocks in spite of diffusion of radiogenic atoms
during slow cooling of the rocks (i.e., the U-Pb
method).

3.4.2 Rb-Sr Dates

Biotites in the granitic basement rocks of southern
Victoria Land have also been dated by the Rb-Sr
method which is based on the decay of naturally occur-
ring radioactive *Rb to stable radiogenic ®’Sr (Appendix
3.6.3). The resulting Rb-Sr dates for biotite are just as
sensitive to the loss of radiogenic ¥’Sr during slow
cooling as K-Ar dates of biotite. Therefore, Rb-Sr
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Fig.3.13 (a) Histogram of K-Ar dates of biotite in the metased-
imentary rocks (Asgard Formation, Koettlitz Group) as well as
from the Granite Harbor Intrusives and late-stage mafic and lam-
prophyre dikes in Wright and Taylor Valley of southern Victoria
Land. (Data from Goldich et al. 1958; Angino et al. 1962; Pearn
etal. 1963; McDougall and Ghent 1970). (b) Histogram of Rb-Sr
dates pf biotite in rocks of the basement complex described
above. All dates were recalculated to A = 1.42 x 107! year™' for
the decay constant of ¥Rb (Data from Deutsch and Webb 1964)

dates of biotite also record the time when plutonic igne-
ous and high-grade metamorphic rocks cooled through
the blocking temperature of Sr in biotite. In addition,
Rb-Sr dates of single specimens of rocks and minerals
(so-called “model dates”) are based on assumed values
of the initial ¥Sr/*Sr ratio as explained in Appendix
3.6.3 and by Faure and Mensing (2005). This require-
ment does not apply to the calculation of K-Ar dates
because the number of “°Ar atoms that were incorpo-
rated into biotite or hornblende at the time these miner-
als crystallized from a magma is assumed to be zero.

The Rb-Sr dates of biotite extracted from rocks of
the Asgard Formation (Koettlitz Group) and from the
granitic intrusives in the ice-free valleys reported by
Deutsch and Webb (1964) have a unimodal but skewed
distribution in Fig. 3.13b. One biotite sample from the
Koettlitz Group analyzed by those authors yielded an
anomalously low Rb-Sr date of only 334 Ma (recalcu-
lated to A = 1.42 x 107" year™! for ¥Rb). Deutsch and
Webb (1964) reported that this sample was collected
“afew hundred feet” from a dolerite dike of the Middle
Jurassic Ferrar Group and probably lost radiogenic
Sr as a result of heating during contact metamor-
phism. When this date is excluded, the Rb-Sr dates of
biotite reported by Deutsch and Webb (1964) range
from 425 to 500 million years and do not differ signifi-
cantly from the K-Ar dates of biotites in Fig. 3.13a
which were measured on a different set of samples col-
lected in Wright and Taylor valleys.

A mixture of biotite and hornblende from a post-
kinematic porphyry dike dated by Deutsch and Webb
(1964) yielded a Rb-Sr date of 467 + 15 Ma (recalcu-
lated to A = 1.42 x 107! year™!). This Middle Ordovician
date may approach the crystallization age of this rock
because the porphyry dikes in the basement of south-
ern Victoria Land are thin (less than 1 m) and therefore
cooled more rapidly than the much more voluminous
Granite Harbor Intrusives (e.g., Olympus, Dais,
Theseus, Vida, and Irizar).

Deutsch and Webb (1964) also reported an anoma-
lously old date of 922 + 80 Ma for a feldspar concen-
trate and 979 + 80 Ma for a whole-rock sample from
the same porphyry dike. These dates taken at face
value suggested that this porphyry dike had crystal-
lized about 1,000 million years ago, which implied
that the basement rocks in the ice-free valleys had



3.4 AgeDeterminations

83

formed in Precambrian time more than 1,000 million
years ago. In order to test this conclusion, Jones and
Faure (1967) dated two porphyry dikes in Wright
Valley by the Rb-Sr isochron method. The results in
Fig. 3.14 yielded a well-constrained date of 470 + 7
Ma (recalculated to A = 1.42 x 107" year™"). This date
is a reliable determination of the age of the porphyry
dikes in Wright Valley and confirms that their age is
Middle Ordovician rather than Neoproterozoic.

The whole-rock Rb-Sr dates of the granitic intru-
sives in the ice-free valleys of southern Victoria
Land in Table 3.3 range from 478 + 4 to 490 + 14
Ma (Allibone et al. 1993a; Faure et al. 1974). A
well-defined Rb-Sr isochron for leucocratic granite
dikes in the Brown Hills of 484 + 6 Ma also fits in
that range (Felder and Faure 1990). Several other
whole-rock Rb-Sr isochron dates listed in Table 3.3
have large uncertainties caused by scatter of the ini-
tial ¥Sr/%Sr ratios within individual plutons. The
dates measured by Stuckless and Erickson (1975),
Graham and Palmer (1987), and Allibone et al.
(1993a) by a combination of whole-rock samples
and constituent minerals range from 493 + 17 Ma
(Bonney pluton, Kukri Hills) to 472 + 15 Ma (horn-
blende-biotite orthogneiss, Wright Valley). Two
dates in this set are marginally younger (452 and

Vanda Porphyry Dike in Wright Valley
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Fig. 3.14 Rb-Sr isochron defined by whole-rock samples of
two Vanda Porphyry dikes (R1 and R2) and K-feldspar concen-
trates (F1 and F2). The date of 460 + 7 Ma is the crystallization
age of these dikes which were intruded into the metasedimentary
rocks of the Asgard Formation, and into the plutonic igneous
rocks of the Granite Harbor Intrusives in Wright Valley during
the Middle Ordovician Epoch after the Ross Orogeny (Plotted
from data by Jones and Faure 1967)

459 Ma, quartz monzonite, Granite Harbor) perhaps
because biotite in these rocks lost radiogenic *'Sr.

The slopes of Rb-Sr mineral isochrons are con-
trolled primarily by biotite which has much higher
87Rr/3Sr ratios than K-feldspar, hornblende, or whole-
rock samples (e.g., ¥Rb/A%Sr = 24.383 to 122.491).
Consequently, the statistical precision of such dates is
improved by inclusion of biotite on the isochron, but
the dates calculated from the slope of the isochrons
may be lowered if some of the accumulated radiogenic
87Sr was lost from biotite during slow cooling and/or
reheating of the rocks after crystallization from magma.
Therefore, Rb-Sr isochron dates based on whole-rock
samples and constituent minerals (e.g., biotite) need to
be evaluated cautiously.

Most of the granitic rocks in southern Victoria Land
that have been dated by the Rb-Sr whole-rock or
whole-rock/mineral isochron methods in Table 3.3
have elevated initial *Sr/**Sr ratios ranging from
0.70861 + 0.00010 to 0.7121 + 0.0011 compared to
values between 0.7035 and 0.7045 for basalt that origi-
nated by decompression melting in the subcrustal
mantle of the Earth (Faure 2001). Therefore, the gra-
nitic magmas that intruded the Ross orogen in south-
ern Victoria Land and elsewhere in the Transantarctic
Mountains contained excess radiogenic ¥’Sr of crustal
origin. Such magmas may form by partial melting during
orogenic deformation and metamorphism of volcano-
sedimentary complexes.

The age determinations of biotite and of whole-rock
samples of the granite intrusives of southern Victoria
Land reveal the timing of significant events in the evo-
lution of the Ross orogen in this area. However, all of
these dates post-date the deposition of the sediment
along the paleo-Pacific coast of Gondwana. Adams
and Whitla (1991) attempted to fill this gap in the his-
tory of the Ross orogen by using the whole-rock Rb-Sr
method to date samples of the Asgard Formation
(Koettlitz Group) collected in Wright and Victoria val-
leys. The time of deposition of clastic sedimentary
rocks is difficult to determine by this method because
the initial ¥’Sr/**Sr ratios of whole-rock samples depend
on their lithologic composition and provenance.
Therefore, whole-rock samples of sedimentary rocks
in many cases scatter above and below Rb-Sr iso-
chrons, which increases the uncertainty of dates
derived from them and may introduce systematic
errors. Adams and Whitla (1991) assumed that the iso-
topic composition of strontium in different lithologies
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Table 3.3 Summary of radiogenic-isotope dates of plutonic igneous and metasedimentary rocks of the basement rocks of southern

Victoria Land

Geologic unit Date, Ma (*’Sr/*Sr), References
Whole-rock Rb-Sr isochrons

Marble, Asgard Fm., Koettlitz Gp. 840 = 30 0.7081 1
Quartz-feldspar schist, Asgard Fm. ~670 0.707-0.713 1
Mica schist, Asgard Fm. >615+ 15 0.727 1
Olympus Granite Gneiss, Wright Valley 488 +43 0.7109 = 0.0007 2
Vida Granite and Vanda Porphyry 471 + 44 0.7104 + 0.0008 2
Vanda Porphyry dikes 460 £ 7 0.7119 + 0.0006 3
Harker pluton, St. Johns Range 478 £4 0.70952 + 0.00012 4
St. Johns pluton, St. Johns Range 490 + 14 0.70881 + 0.00010 4
Granite, Lion Island, Cape Archer, Gregory Island 478 £ 35 0.70870 = 0.00084 4
Carylon Granodiorite, Brown Hills 568 +9 0.7122 +0.00015 10
Mt. Rich Granite, Brown Hills 593 +238 0.7084 + 0.0014 10
Leucocratic Granite dikes, Brown Hills 484 + 6 0.7119 = 0.0006 10
Whole-rock plus mineral Rb-Sr isochrons

Vida Granite, Lake Vida 476 + 14 0.7098 = 0.0007 5
Avalanche Bay 77°01°S, 162°44’E, 452+ 6 0.70892 + 0.00005 6
Couloir Cliffs 77°01°S, 162°44’E, 459 + 4 0.70903 + 0.00056 6
Robertson Ridge 77°24’S, 162°12°E, 480 + 14 0.70879 + 0.00010 6
Hornblende-biotite orthogneiss, Wright Valley 472 £ 15 0.70861 + 0.00010 4
Bonney pluton, Kukri Hills 493 £ 17 0.70893 + 0.00008 4
Bonney pluton, Cathedral Rocks 479 £ 15 0.71016 = 0.00013 4
“Ar/*Ar plateau dates

Biotite, CarylonGranodiorite, Brown Hills 513 +6,504 5,508 +5 10
Hornblende, Carylon Granodiorite, Brown Hills 515+6,534+6 10
Biotite, Mt. Rich Granite, Brown Hills 515+5 10
“Ar/¥Ar total-gas release dates

Biotite, Carylon Granodiorite, Brown Hills 476-510 10
Biotite, Mt. Rich Granite, Brown Hills 486-519 10
Hornblende, Carlyon Granodiorite, Brown Hills 531 10
U-Pb dates of zircon

Couloir Cliffs, Granite Harbor 498 =4 7
Porphyry dike, Wright Valley 484 +7 7
Bonney pluton, Miers Ridge 505 +2 7
Granite, Cocks-Skelton Glacier 551 +4 7
Hornblende-biotite granite, Brown Hills 515+8 7
Vida Granite, zircon 447 + 34 8
Olympus Granite-Gneiss, zircon 462 £ 6 8
Olympus Granite-Gneiss, provenance 2554 + 330 8
Olympus Granite-Gneiss 610 Upper intercept 9
Quartz syenite, Skelton-Cocks Glacier 551 +4 11
Sm-Nd model date

Basalt, Cocks Fm., Skelton Glacier 809 £ 10 11

1 Adams and Whitla (1991); 2. Faure et al. (1974); 3. Jones and Faure (1967); 4. Allibone et al. (1993a); 5. Stuckless and Erickson (1975);
6. Graham and Palmer (1987) modified by Allibone et al. (1993a); 7. Encarnacién and Grunow (1996); 8. Vocke and Hanson (1981);
9. Deutsch and Grdgler (1966); 10. Felder and Faure (1980, 1990); 11. Rowell et al. (1993) recalculated by Faure and Mensing.

of the Asgard Formation was homogenized during
regional metamorphism and that the ¥’Sr/*Sr ratios of
the pelitic layers had approached the values that existed
in the limestone layers. However, the results do not
support this assumption.

The measured ¥Rb/*Sr ratios of the 37 rock sam-
ples analyzed by Adams and Whitla (1991) ranged
widely from 0.086 to 11.88 depending on the presence
of biotite, which is the principal Rb-bearing mineral in
these rocks followed by K-feldspar. In addition to



3.4 AgeDeterminations

85

quartz-biotite-feldspar schists, the analyzed rock samples
included marbles, amphibolites, and biotite-horn-
blende schists. The ¥Sr/%Sr and ¥Rb/*Sr ratios of the
samples analyzed by Adams and Whitla (1991) form
one coherent array (not shown) with the exception of
two biotite schist samples from Wright Valley that
have high 8Rb/*Sr ratios of >4.0. Adams and Whitla
(1991) grouped these data on the basis of their litho-
logic composition and calculated separate Rb-Sr iso-
chron dates for each group (A = 1.42 x 10! year™):
Mica schist, >615 + 15 Ma; Quartz-feldspar schist,
~670 Ma; Marbles, 840 + 30 Ma.

The authors concluded that the mica schists were
regionally metamorphosed prior to 615 + 15 Ma and
that the isotopic composition of strontium in the quartz-
feldspar schists was incompletely homogenized during
a preceding event at about 670 Ma. A well-defined iso-
chron of three samples of impure marble in Fig. 3.15
records the time when these rocks were deposited at
840 + 30 Ma during the Neoproterozoic Era. The initial
ratio of the marbles (0.7081) is higher than values of
this ratio for unaltered marine carbonate rocks at 840 +
30 Ma (Faure and Mensing 2005, p. 450). The chemical
analysis published by Adams and Whitla (1991) for
one of the marble samples suggest that the apparent
enrichment of the marbles in ¥Sr is probably attribut-
able to the presence of Sr-bearing impurities that were
included in the carbonate minerals at the time of depo-
sition (e.g., illite).

Impure Marble, Asgard Formation,
- ‘Wright and Victoria Valleys
0720
2
S b /
7]
5 .
07101 / =840:+30 Ma
/
“~Initial ¥’Sr/*Sr = 0.7080
0.700 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8
87Rb/%Sr

Fig. 3.15 Three whole-rock samples of marble in the Asgard
Formation (Koettlitz Group) define a straight line on the Rb-Sr
isochron diagram that yields a date of 840 + 30 Ma and an initial
87Sr/%Sr ratio of 0.7080. Date and initial ¥’Sr/*®Sr ratio calculated
by Adams and Whitla (1991) from their own measurements.

3.4.3 “°Ar/*°Ar Dates

Felder and Faure (1990) dated biotite and hornblende
in the granitic basement rocks of the Brown Hills by
the “Ar/** Ar method (Faure and Mensing 2005). This
method is superior to the conventional K-Ar method
because it is capable of reliably dating minerals even
when they have lost some of the radiogenic “°Ar that
formed by the decay of “K (Appendix 3.6.4). The
step-wise release “°Ar/*°Ar dates of three biotites in the
Carlyon Granodiorite reported by Felder and Faure
(1990) are tightly clustered between 504 + 5 and 513 +
5 Ma with a mean of 508 + 5 Ma, whereas two horn-
blendes in the Carlyon Granodiorite have partial
release dates of 515 + 6 and 534 + 6 Ma. The older of
the two hornblendes (534 + 6 Ma) has a well devel-
oped partial-release plateau in Fig. 3.16 that represents
the time when this mineral cooled through its blocking
temperature for radiogenic “’Ar. The other hornblende
fraction contained biotite which explains its lower par-
tial-release date (i.e., 515 = 6 Ma). Therefore, the
Carlyon Granodiorite cooled through the blocking
temperature of hornblende (550 + 25°C) at 534 + 6 Ma
and reached the blocking temperature of biotite (300 +
25°C) at about 508 + 5 Ma which yields a cooling rate
of 9.6°C/Ma. These age determinations suggest that
the crystallization age of the Carlyon Granodiorite and
of the Mt. Rich Granite is more than 534 + 6 Ma, which
is in satisfactory agreement with the whole-rock Rb-Sr

540
]
E -
g Hornblende
S 500 Carlyon Granodiorite
= Plateau date: 534 £ 6 Ma

460

0 20 40 60 80 100

Percent of ¥Ar released

Fig. 3.16 The “’Ar/*Ar ratios of argon released by step-wise
heating of a powdered sample of neutron-irradiated hornblende
were used to calculate a series of dates which define a plateau at
534 + 6 Ma. This date is a reliable estimate of the crystallization
age of the Carlyon Granodiorite in the Brown Hills, southern
Victoria Land (Replotted from data by Felder and Faure 1990)
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date of the Carlyon Granodiorite (568 + 34 Ma) listed
in Table 3.3.

Felder and Faure (1990) also reported total-gas
dates of biotites and hornblende from the Carlyon
Granodiorite (biotite, 501-510 Ma; hornblende, 531
Ma) and from the Mt. Rich Granite (biotite, 486-519
Ma). These dates are equivalent to conventional K-Ar
dates. Nevertheless, the total gas date of the hornblende
(531 Ma) is indistinguishable from the partial-release
plateau date (534 + 6 Ma) of the same sample.

More recently, Encarnacién and Grunow (1996)
reported a U-Pb date of 515 + 8 Ma for zircon in the
equigranular and unfoliated granite of the Cooper
Nunatak in the Brown Hills (see below). This date is
compatible with the “°Ar/*°Ar dates of biotites and
hornblende reported by Felder and Faure (1990) and
further constrains the time of intrusion and crystalliza-
tion of the granite plutons in the Brown Hills.

3.4.4 U-Pb Dates

The U,Th-Pb methods of dating igneous and metamor-
phic rocks is based on the decay of the isotopes of ura-
nium and thorium to stable isotopes of lead: 2U—Pb;
B5U—2"Pb; 22Th—?%Pb in U, Th-bearing minerals
such as zircon, sphene, apatite, or even rutile (Appendix
3.6.5). This method was used by Deutsch and Grégler
(1966) to date zircon grains extracted from a sample of
Olympus Granite-Gneiss collected at 77°25° and
162°05’E, along the south shore of Lake Vida in
Victoria Valley. The dates calculated by the authors for
three zircon size-fractions are discordant, which
implies that the zircons lost varying amounts of radio-
genic lead or gained uranium and/or thorium (Faure
and Mensing 2005). An interpretation of these data on
a concordia diagram (Appendix 3.6.5) by the authors
indicates that the zircons crystallized at about 610 Ma
(or lost all pre-existing radiogenic lead) and subse-
quently lost varying amounts of radiogenic lead right
up to the present. A later re-interpretation of the data
by Vocke and Hanson (1981) yielded an upper-inter-
cept date of 638 + 92 Ma on a U-Pb concordia diagram
and a lower-intercept date of 200 + 193 Ma which is
indistinguishable from zero.

Vocke and Hanson (1981) also dated zircons which
they extracted from samples of the Vida Granite and
the Olympus Granite-Gneiss in core 6 recovered by the

Dry Valley Drilling Project (DVDP) at Lake Vida in
Victoria Valley. An examination of the zircon grains in
the Olympus Granite-Gneiss by cathodoluminescence
revealed that these grains contain old cores with more
recent overgrowths. Therefore, the data points repre-
senting different size-fractions define a chord on the
concordia diagram in Fig. 3.17 that has an upper inter-
cept at 2554 + 330 Ma and a lower intercept at 462 + 6
Ma. The most plausible interpretation of these dates in
the context of the geology of southern Victoria Land is
that the zircon cores are detrital grains that originally
crystallized in Late Archean/Paleoproterozoic time.
Accordingly, the upper-intercept date is the time of
crystallization of the zircons in the source area from
which they were liberated by erosion (i.e., it is the age
of provenance). After deposition along the passive
paleo-Pacific margin of Gondwana, the zircon grains

U-Pb Concordia, Zircon,
Olympus Granite Gneiss
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Fig.3.17 The U-Pb concordia curve is plotted by solving Egs.
3.16 and 3.17 for the same value of t in order to obtain the
206pp#/2387 and *’Pb*/*U ratios of points that represent concor-
dant U-bearing minerals (see Faure and Mensing 2005, Table
10.3, p. 220). The discordant zircon crystals of the Olympus
Granite-Gneiss analyzed by Vocke and Hanson (1981) define
the discordia chord which intersects concordia at two points.
The coordinates of these two points yield concordant dates by
solving Eq. 3.18 or 3.19 (or both). Lower intercept, t = 462 + 6
Ma; upper intercept, t = 2555 + 330 Ma. The upper intercept
yields the original crystallization age of the provenance of the
zircon. The lower intercept is the time that has elapsed since
the abraded zircon grains acquired fresh overgrowths during the
Ross Orogeny. A more comprehensive interpretation was provided
by Vocke and Hanson (1981) and by Vocke et al. (1978)
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developed overgrowths at 462 + 6 Ma by regional
metamorphism of the sediment during the Ross
Orogeny. Although the zircons analyzed by Vocke and
Hanson (1981) have old cores, those of Deutsch and
Grogler (1966) do not, even though both originated
from the Olympus Granite-Gneiss in Victoria Valley.
A more comprehensives study of zircons in the gra-
nitic plutons of the ice-free valley could shed light on
the provenance of the zircons and on the age of the
plutons in which they now reside.

Different size fractions of the zircons extracted by
Vocke and Hanson (1981) from the Vida Granite in
DVDP6 define a chord that intersects the concordia
curve at 447 + 34 Ma and at 0 Ma. The upper intercept
is the crystallization age of zircon in the Vida Granite
and the lower intercept (0 Ma) indicates that the zir-
cons may have been losing radiogenic lead by continu-
ous diffusion as a result of chemical weathering.

Size-fractions of zircon extracted from a pluton of
unfoliated quartz diorite which intrudes the intensely
folded metasedimentary rocks of the Anthill and Cocks
formations in the Skelton Glacier-Cocks Glacier area
at 78°39’ and 161°00’E, were dated by Rowell et al.
(1993) by the U-Pb method. The data define a chord
that intersects concordia at a point that corresponds to
a well-constrained date of 551 + 4 Ma. Zircon from a
second pluton, composed of granite and located only 1
km from the quartz-diorite pluton, yielded an identical
date of 551 + 4 Ma (Encarnacién and Grunow 1996).
This date not only establishes the age of the two plu-
tons, but also sets a lower limit to the time of deposi-
tion and deformation of the metasedimentary rocks
that were intruded by these plutons.

3.4.5 Sm-Nd Dates

The most reliable way to determine the depositional
age of unfossiliferous sedimentary (or metasedimen-
tary) rocks is to date mafic volcanic rocks that may be
interbedded with them. The Asgard Formation
(Koettlitz Group) of the Wright and Victoria valleys as
well as the Cocks Formation of the Skelton Glacier
area contain interbedded basalt. The volcanic rocks in
the Asgard Formation (Koettlitz Group) of Wright and
Victoria valleys are represented by amphibolite and
hornblende schist both of which have low initial
8Sr/%Sr ratios of 0.7032 + 0.0002 and 0.70475 +
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Fig. 3.18 The ¥Sm/'*“Nd and '**Nd/'*Nd ratios of a whole-
rock sample and magnetic fractions of a pillow basalt in the
Cocks Formation, Skelton Glacier area, define a straight line that
was used to determine the initial *Nd/"*Nd ratio of this rock.
The value was used in Appendix 3.6.6 to calculate a model date
of 809 Ma based on the isotopic evolution of neodymium in
CHUR (Plotted from data by Rowell et al. 1993)

0.00025, respectively (Adams and Whitla 1991). The
Cocks Formation in the Skelton-Glacier area contains
pillow basalts which were analyzed by Rowell et al.
(1993) for dating by the Sm-Nd method (Appendix
3.6.6).

We used the *Nd/"*Nd and '*"Sm/'*Nd ratios of
one whole-rock basalt sample and three magnetic
splits reported by Rowell et al. (1993) to determine
their initial “*Nd/'*Nd ratio by means of the Sm-Nd
isochron diagram in Fig. 3.18. An unweighted least-
squares regression of the data yields a value of
0.511594 for the initial *Nd/'**Nd ratio which we
used to calculate the time in the past when the
3Nd/"Nd ratio of the chondritic uniform reservoir
(CHUR) of the Earth in Fig. 3.19 had this value. The
resulting Sm-Nd model date of 809 + 10 Ma is similar
to the date obtained by Rowell et al. (1993) who
reported t = 700 to 800 Ma.

The Sm-Nd model date calculated above is the time
when the pillow basalt in the Cocks Formation could
have been erupted and was subsequently buried by
sediment. If this conjecture is correct, then the age of
the basalt is equal to the time of deposition of the sedi-
ment of the Cocks Formation. The Sm-Nd isotope sys-
tematics of mafic volcanic rocks are sufficiently robust
to remain undisturbed by structural deformation and
regional metamorphism as exemplified by volcanic
rocks of Archean age (e.g., komatiite flows, Onverwacht
Group, South Africa dated by Hamilton et al. 1979).
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Fig.3.19 The *Nd/'*“Nd ratio of neodymium in the Chondritic
Uniform Reservoir (CHUR) which represents the mantle of the
Earth, increases as a function of time because of the alpha-decay
of naturally-occurring radioactive '*’Sm (samarium). The initial
3Nd/'**Nd ratio of CHUR at t = 4.5 x 10° years was 0.50674
and the present value of this ratio at t = 0 years is 0.512638

3.5 Geologic History of Southern
Victoria Land

The age determinations compiled in Table 3.3 can be
used to reconstruct the geologic history of the Ross
Orogen in southern Victoria Land with due regard to
several self-evident considerations:

1. The geologic processes by means of which the
rocks of the orogen originated acted slowly in the
course of tens of millions of years.

2. The geologic processes did not occur everywhere at
the same time but acted randomly in terms of time
and space.

3. The radiogenic isotope systematics of K-Ar, Rb-Sr,
and U-Pb were altered during tectonic deformation
of sedimentary rocks, during slow cooling of
granitic plutons and of high-grade metamorphic
complexes.

4. The alteration of the isotope systematics occurred
not only at high temperature and pressure at depth
in the crust, but also at low temperature and pressure
at shallow depth during the erosion of overlying
strata of the Ross Mountains which were reduced to
the Kukri Peneplain.

5. The sedimentary rocks were originally saturated
with water which was squeezed out during tectonic
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Fig. 3.20 The isotopic age determinations reviewed in this
chapter were used to reconstruct the geologic history of the
basement rocks of the Transantarctic Mountains in southern
Victoria Land

deformation and regional metamorphism. The
resulting flux of aqueous fluids toward the surface
of the Earth contributed to the loss of radiogenic
isotopes from minerals at depth in the crust.

The geologic history of the Ross Orogen in Fig. 3.20
started when the supercontinent Rodinia split into
Gondwana and Laurentia which subsequently drifted
apart. The resulting passive rift-margin of Gondwana
permitted sediment and interbedded basalt lava to
accumulate off-shore. The interval of time during
which sediment and pillow lavas accumulated in the
ocean off the passive margin of Gondwana is indicated
by the whole-rock Rb-Sr isochron date of 840 + 30 Ma
for marbles in Wright and Victoria Valleys (Adams
and Whitla 1991). Another date from that time period
is the model Sm-Nd date of pillow basalt in the Cocks
Formation of the Skelton-Glacier area (809 + 10 Ma)
based on data by Rowell et al. (1993). Consequently,
the break-up of Rodinia occurred prior to these dates.

The clastic sediment that was deposited along the
passive rift margin of Gondwana originated from the
source regions that had crystallized in Neoarchean/
Paleoproterozoic time at about 2554 + 330 Ma (Vocke
and Hanson 1981). Some time after 809 + 10 Ma, the
passive rift margin of Gondwana was transformed into
a compressive subduction zone following unspecified
changes in the pattern of convection of the mantle
beneath the paleo-Pacific Ocean. As a result, the sedi-
mentary-volcanic complex was compressed against
the Gondwana craton, dewatered, extensively folded,
and heated, which caused regional metamorphism that
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ranged from the greenschist to the amphibolite facies.
Parts of the sedimentary-volcanic complex may have
been subducted beneath the continental crust of
Gondwana, which caused uplift of the continental mar-
gin. The intensity of regional metamorphism of the
wet sediment was sufficient to cause large volumes of
granitic magma to form by partial melting which
intruded the overlying rocks while they were being
deformed.

The resulting batholiths and plutons of the Granite
Harbor Intrusives crystallized as they were being
deformed by tectonic stress. The magmatic activity
started during the latest Neoproterozoic to Early
Cambrian time as exemplified by the Carlyon grano-
diorite/Mt. Rich granite of the Brown Hills which was
dated by a whole-rock Rb-Sr isochron at 568 + 54 Ma,
by a ““Ar/*Ar plateau date of hornblende of 534 + 6
Ma, and by a total Ar-release date of 531 Ma (Felder
and Faure 1990). In addition, Encarnacién and Grunow
(1996) reported a U-Pb concordia date of zircon of 551
+ 4 Ma for a granite in the Cocks-Skelton Glacier area,
and Rowell et al. (1993) obtained an identical U-Pb
zircon date for a nearby quartz-syenite pluton. Deutsch
and Grdégler (1966) reported an even older U-Pb con-
cordia date of 638 + 92 Ma for zircon in the Olympus
Granite-Gneiss in Victoria Valley (recalculated by
Vocke and Hanson 1981).

The magmatic activity continued for several tens of
millions of years until it ended at about 460 + 7 Ma
with the intrusion of the Vanda Porphyry dikes in
Wright Valley (Jones and Faure 1967). At this time in
the geologic history of southern Victoria Land, a chain
of high mountains existed along the former rift margin
of Gondwana. The so-called Ross Mountains were
subsequently eroded to form the Kukri Peneplain on
which the sandstones and other clastic sedimentary
rocks of the Beacon Supergroup were deposited starting
at about 415 Ma in Early Devonian time.

3.6 Appendices

3.6.1 Classification of Plutonic Rocks
of Granitic Composition

Plutonic rocks of “granitic” composition are classified
on the basis of the modal abundances of quartz, alkali

60, 60
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Fig. 3.21 The classification of plutonic igneous rocks by
Streckeisen (1967, 1976) is based on the modal abundances of
quartz (Q), alkali feldspar (including albite, An < 5%) (A), and
plagioclase (An > 5%) (P). The fields have been numbered in
order to identify the rock types that correspond to them: 1.
quartz, 2. alkali granite, 3. granite, 4. granodiorite, 5a. quartz
diorite (trondhjemite), 5b. quartz diorite (tonalite), 6. alkali
syenite, 7a. quartz syenite, 7b. syenite, 8a. quartz monzonite
(adamellite), 8b. monzonite, 9a. monzodiorite, 9b. monzogabbro,
10. diorite/gabbro (Adapted from Streckeisen 1967)

feldspar including albite (An 0-5%), and plagioclase
(An > 5%). The resulting triangular Q-A-P diagram
was subdivided by Streckeisen (1967, 1976) into fields
in Fig. 3.21 and numbered consecutively from 1 to 10.
The plutonic rocks that occupy each of these fields are
identified in the caption to Fig. 3.21. Four of the prin-
cipal fields are subdivided as indicated by the letters a
and b. For example, 7a contains quartz syenites while
7b is occupied by regular syenites. Streckeisen’s clas-
sification has been widely used to classify granitic
rocks of the Granite Harbor Intrusives in the
Transantarctic Mountains.

3.6.2 K-Ar Method

Potassium has three naturally occurring isotopes:

YK =93.26%," K = 0.0117%,and K = 6.73%.

> 40

Potassium-40 is radioactive and decays by branched
decay to “°Ar and to “°Ca. The number of radiogenic
decay products that accumulate as a function of time
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is expressed by an equation derived from the Law of
Radioactivity (Faure and Mensing 2005).
©ArF 0 Car =" K (" - 1) (3.1)
where A is the decay constant of “°K and the asterisk
identifies the radiogenic isotopes of K and Ca. The
decay constant (A) of K is the sum of the decay con-
stants that govern each of the two branches of the
decay:
A: electron-capture decay of “K to form “Ar*
A, beta decay of 4K to form *Ca*and the total
decay constant of K is:

A=A +4, 3.2)

The decay of °K to “°Ar is expressed by the equation:

w0 ppe = e ‘”’K(e” -1) (3.3)
A

where A /A is the fraction of the *K atoms that decay to
“Ar*, This equation can be used to date a K-bearing
mineral, such as biotite or muscovite, by measuring
the number of “*Ar atoms that have accumulated in a
unit weight of the mineral in the time that has elapsed
since the mineral cooled sufficiently to allow the atoms
of radiogenic “°Ar to accumulate in its crystal lattice.
In addition, the number of “°K atoms that remain in the
same unit weight of the mineral can be calculated from
its measured potassium concentration.

The K-Ar method of dating arises from Eq. 3.3
which can be used to calculate the length of time in the
past during which **Ar* has accumulated:

o (P (2)
TSIy
ll (40Ar*\(i\+l
2k ) )

Equation 3.4 can now be used to illustrate the calcula-
tion of the K-Ar date of a biotite extracted from a hand
specimen of paragneiss collected at Gneiss Point along
the coast of southern Victoria Land at 77°24’S,
163°44°E,. Analyses reported by Goldich et al. (1958)
of this biotite sample yield:

(3.4)

t=

P Ar*/*K =0.0333

The ratio of the decay constants has the numerical
value:

A 5543x107"°

—=———"77=9.9540
A, 0.581x10
Substituting into Eq. 3.4 yields:
1
t=———=In[0.0333x9.540 +1]
5.543x10
(= 1nl.3176§0 _ 0.2758710 _ 500 x 10° years
5.543x10 5.543x10

This date is the amount of time that has elapsed since
the rock sample cooled sufficiently to allow radiogenic
“Ar to accumulate in the biotite. This date is less than
the time since crystallization of the mineral. Therefore,
the rock is older than 500 x 10° years by an unknown
amount of time depending on the cooling rate.

The date calculated above differs from the value of
520 million years reported by Goldich et al. (1958)
because the values of the decay constant of “°K used by
these authors have been replaced by more accurate values
in use at the present time. Nevertheless, this was the
first age determination of a rock in Antarctica based on
radioactivity. The date reported by Goldich et al. (1958)
more than 50 years ago indicated that high-grade meta-
morphism of the basement rocks of the Transantarctic
Mountains occurred during Middle Cambrian time
(IUGS 2002).

3.6.3 Rb-Sr Method

Rubidium is an alkali metal that has two naturally
occurring isotopes (¥*Rb and #Rb), one of which is
radioactive and decays to a stable isotope of strontium
(Faure and Mensing 2005):

Rb Y Sr¥+B +V+Q 3.5)

where B~ is a beta particle, V is an antineutrino, and Q
is the energy liberated by the decay of one atom of
$7Rb. The number of ¥’Sr* atoms that form by decay of
%7Rb in a closed system is expressed by means of the
Law of Radioactivity:

87§k = Rb(e’“ —1) (3.6)
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where the decay constant A = 1.42 x 107'! year~!. The
total number of ’Sr atoms in a unit weight of Rb-bearing
mineral (e.g., biotite or muscovite) is:

¥Sr=""Sr, +¥Sr* (3.7)

where ¥’Sr, is the number of atoms of this isotope that
were incorporated into the Rb-bearing mineral at the
time of its formation. Therefore,

87Sr=875ri+87 Rb(el‘—l) 3.8)
Each term of Eq. 3.8 is divided by the number of stable
and non-radiogenic St atoms of “ordinary” strontium:

sr (Ysr) (YRb)
86Sr=L86Sr)_+LgéSr)(e -

This equation can be used to date Rb-bearing minerals
by measuring their ¥Sr/*°Sr and ¥Rb/*Sr ratios and by
solving Eq. 3.9 for t based on the known value of A and
an assumed value of (*’Sr/*Sr).:

(3.9

1 (3.10)

1 { S 1 %Sr—(¥Sr 1 *°Sr), .
A

t=—1In
(YRb/*Sr)

The resulting dates may be systematically in error in
cases where the measured ¥Sr/**Sr ratio of the min-
eral has about the same magnitude as the initial
87Sr/%Sr ratio. In addition, radiogenic ¥’Sr may escape
from Rb-bearing minerals as a result of slow cooling
or by subsequent contact metamorphism or by iso-
tope exchange with Sr in brines that may permeate
the rocks. The loss of radiogenic ¥’Sr by these or other
processes lowers Rb-Sr mineral dates and causes
them to underestimate the crystallization age of the
host rock.

These problems are avoided by the whole-rock
Rb-Sr isochron method of dating because the radio-
genic ¥Sr that may diffuse out of Rb-rich minerals is
quantitatively retained in most cases within the grain
boundaries and by other minerals in a sample of the
whole rock. When Eq. 3.9 is applied to a suite of rock
samples all of which have the same age t, had the same
initial ¥’Sr/%Sr ratio at the time of formation, and nei-
ther gained nor lost radiogenic ®'Sr, their measured
87Sr/%Sr and $’Rb/*Sr ratios form points on a straight line.

This line is an isochron because all the rock or mineral
samples that plot on this line have the same age.

Another way to recognize this phenomenon is to re-
examine Eq. 3.9. If t is a constant, then e*-1 is also a
constant and the equation defines a straight line of the
form:

y =b+mx 3.11)

where y = ¥’Sr/*Sr, x = ¥Rb/*Sr, b = (*’Sr/*Sr),, and
m = e*-1 is the slope of the line.

The Rb-Sr isochron method was used by Jones and
Faure (1967) in Section 3.4.2 to date whole-rock sam-
ples and separated alkali feldspars of two Vanda por-
phyry dikes in Wright Valley. A least-squares regression
of the data points in Fig. 3.14 yields a slope (m):

m =e” —1=0.006553

t= %m (0.006553+1)

t= —0'0065371“ =460x10°y
1.42x10
Any sample of rock or mineral that does not satisfy the
preconditions stated above does not plot on the iso-
chron defined by a suite of cogenetic rocks that had the
same initial ¥’Sr/*Sr ratio when they formed. Therefore,
the goodness of fit of data points that define a Rb-Sr
isochron is indicative of how well the assumptions of
dating by this method are satisfied.

3.6.4 “°Ar/?°Ar Partial-Release Dates

In order to date a potassium-bearing mineral by the
“A1r/* Ar method the sample is first irradiated by ener-
getic neutrons in the core of a nuclear reactor (Faure
and Mensing 2005). The neutrons interact with the
nuclei of ¥K atoms and transform them into nuclei of
¥ Ar by a nuclear reaction of the form:

% K + neutron —7; Ar + proton (3.12)
The resulting concentration of ¥Ar in the irradiated
sample can be used to calculate the concentration of ¥*K
it contains. After the irradiation, the sample is heated
stepwise in a vacuum and the isotopic composition of
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the Ar that is released at each step is measured with a
gas-source mass spectrometer. The measured ratio of
the argon isotopes is related to the age of the sample by
the equation:

WArx M

YAr o J

(3.13)

where A is the total decay constant of potassium
(Appendix 3.6.2) and J is a constant that depends on
the flux and energy distribution of the neutrons used in
the irradiation. The “J-factor” is determined by irradi-
ating a flux monitor which is a mineral whose age was
determined by another radiogenic-isotope geochro-
nometer. Therefore, the measured “°Ar*/*Ar ratio of
the mineral to be dated can be used to solve Eq. 3.13
for t which yields a date in the past.

When the sample to be dated is heated stepwise at
increasing temperatures, the “°Ar/*Ar ratios of the
argon that is released can be used to calculate a series
of dates which form a spectrum when they are plotted
versus the temperature of each heating step. Experience
has shown that the “°Ar/*Ar ratios in many cases
increase with increasing temperature because the gas
that is released at low temperature has lost some of its
radiogenic “°Ar while the mineral cooled after it crys-
tallized. The argon that is released at higher tempera-
tures originates from the interiors of mineral grains
and therefore has not lost radiogenic *’Ar. Therefore,
the “Ar/*Ar dates form a flat-topped plateau that
records the time when the mineral cooled through its
blocking temperature.

The “°Ar/* Ar method of dating was used by Felder
and Faure (1990) to determine the age of hornblende
crystals from a sample of the Carlyon Granodiorite in
the Brown Hills of southern Victoria Land. The spec-
trum of dates in Fig. 3.16 has a well-developed plateau
that yields an average date of 534 + 6 Ma.

3.6.5 U-Pb Methods

The long-lived and naturally occurring isotopes of ura-
nium (**®U and #*U) and thorium (***Th) each decay to
a different stable radiogenic isotope of lead through
lengthy chains of intermediate radioactive daughters:

U >Pb, A, =1.55125x10""y ™

U >"Pb, A, =9.8485x10 "y
*Th —»**Pb, A, =4.9475x10"y""'

The growth of radiogenic isotopes of lead in minerals
that contain uranium and thorium is expressed by
equations derivable from the Law of Radioactivity
(Faure and Mensing 2005):

206 Pb (206 Pb\ 238U
204 pyp, :Lszin + 204 pp,

-1 (3.14)

2 pp (27 pp)

235
U Aot

204 - k 204 J + 204
Pb Pb)  *"Pb

(e -1 .15

208 Pb ( 208 Pb\ 232 Th
204 oy k 204 J BT
Pb Pb ; Pb

(eisf -1 (3.16)

where 2*Pb is the only non-radiogenic stable isotope
of lead. In addition, the ratio of radiogenic *Pb to
26Ph is expressed by combining Eqgs. 3.14 and 3.15
where the asterisk identifies the radiogenic origin:

“’Pb (> Pb)
(2pp) ™Pb \™pb)  By(es 1) (317)
LzostJ = 206 py, (206wa = ZSSULeM _1J

204Pb L204Pb)l

The dates calculated from these equations based on
analytical data of U-bearing minerals (e.g., zircon)
are discordant in most cases either because of con-
tinuous or episodic loss of atoms of radiogenic lead
or gain of uranium after crystallization. The oldest
and most reliable dates are obtained from the ratio of
radiogenic 2"Pb/?%Pb (Eq. 3.17) because the loss of
radiogenic lead does not alter this ratio as much as
the 2%Pb/**Pb and 2’Pb/**Pb ratios. Minerals con-
taining thorium can be dated by the Th-Pb method
(Eq. 3.16) although analytical difficulties discourage
its use.

The loss of radiogenic lead atoms formed by decay
of uranium is circumvented by an ingenious mathemat-
ical procedure that was devised by Wetherill (1963):

Equations 3.14 and 3.15 are each written in the
form:

2
06Pb*_ Mt
B8y =e -

: (3.18)
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207 pp,
T eP -1 (3.19)

These equations are used to calculate compatible sets
of 2Pb*/>8¥U and 2’Pb*/*U ratios for selected values
of t. The resulting values of these ratios are the coordi-
nates of points that define the concordia curve which is
the locus of all points whose coordinates yield concor-
dant U-Pb dates. Any point that represents a mineral
whose measured 2*Pb*/>¥U and 2’Pb*/>*U ratios do
not plot on concordia yield discordant U-Pb dates
which are not valid age determinations.

Experience has shown that the 2Pb*/>¥U and
27Pp*/5U ratios of zircons extracted from the same
body of rock define a straight-line discordia chord that
intersects the concordia curve at two points. The coor-
dinates of these points yield concordant dates because
they lie on concordia. Several alternative explanations
have been proposed to explain why zircons that yield
discordant U-Pb dates nevertheless define a straight-
line chord on the concordia diagram (Faure and
Mensing 2005). The simplest but not necessarily the
only explanation is that the discordance of U-bearing
minerals is caused either by loss of radiogenic lead or
by gain or loss of uranium. In any case, the dates cal-
culated from the coordinates of the upper intercept are
considered to be either the time of original crystalliza-
tion of the U-bearing mineral or the time when the
mineral was so severely altered that all radiogenic lead
was lost. The lower intercept, in some cases, dates an
episode of partial loss of radiogenic lead which should
be confirmed by K-Ar and Rb-Sr dates of coexisting
mica minerals (Appendices 3.6.2 and 3.6.3). If the
chord intersects concordia at the origin, then the loss
of radiogenic lead is occurring as a result of chemical
weathering at the present time. The concordia dia-
gram in Fig. 3.17 illustrates the case presented by
Vocke and Hanson (1981) for zircons they extracted
from the Olympus Granite-Gneiss in DVDP core 6
drilled at Lake Vida in Victoria Valley of southern
Victoria Land.

3.6.6 Sm-Nd Method

Samarium (Sm) and neodymium (Nd) are rare earth ele-
ments (REE) that are widely distributed in rocks composed

of silicate minerals (Faure and Mensing 2005). One of
the naturally occurring isotopes of Sm is radioactive
and decays to a stable isotope of Nd by emitting alpha
particles (nuclei of 3He):

43

12; Sm —)160 Nd +‘2l He +energy (3.20)

The halflife of #’Sm is 1.06 x 10'! years which corre-

sponds to a decay constant of A = 6.54 x 1072 year™..
The growth of radiogenic '**Nd is expressed by an

equation derived from the Law of Radioactivity:

143Nd _(143Nd\ +(147Sm
“na ¥ na) T Na

J(e’h -1) (3.21)

This equation is used for dating suites of Sm-bearing
rocks by the isochron method used also for dating
comagmatic igneous rocks by the Rb-Sr method.

The Sm-Nd method can be used to date mafic igne-
ous rocks (basalt and gabbro) which are not suitable
for dating by the Rb-Sr method. Magma of basaltic
chemical composition originates by decompression
melting in the mantle of the Earth which contains
radiogenic '“Nd that has formed by decay of 'Y’Sm.
The isotopic evolution of Nd in the mantle of the Earth
is represented by a model in Fig. 3.19 that is based on
the isotope composition of neodymium in chondrite
meteorites and which is therefore known as the
“Chondritic Uniform Reservoir” (CHUR). The present
value of the '*Nd/"*Nd ratio in CHUR is:

143 0
( Nd] =0.512638

k‘M4phi

where the superscript “0” indicates that it applies to
the present time (i.e., t = 0). The '’Smd/'*Nd ratio of
CHUR is:

CHUR

147 0
( Sm} ~0.1967

e

and the initial *Nd/'**Nd ratio of CHUR at t = 4.5 x
10° years ago is:

CHUR

(" Nd)
™ na)

The increase of the '*Nd/'*Nd ratio of CHUR as a
function of time is indicated in Fig. 3.19.

=0.506764

CHUR
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The model for the isotopic evolution of Nd in the
mantle of the Earth (i.e., CHUR) can be used to calcu-
late the time when the Nd in a crustal rock was sepa-
rated from the “chondritic reservoir.” This calculation
is made by adapting Eq. 3.21:

("N
0.512638 = \W J,v +0.1967(e™ -1) (3.22)

which can be solved for t based on the initial '*Nd/'*Nd
ratio obtained from a Sm-Nd isochron of a suite of
comagmatic igneous rocks:

1 0.512638 — (" Nd /'* Na),
t= —In +1
6.54 x10 0.1967

(3.23)

The analytical data of Rowell et al. (1993) for a whole-
rock sample and magnetic fractions of a pillow basalt
in the Cocks Formation in the Skelton Glacier area
define a Sm-Nd isochron in Fig. 3.18 which yields an
initial *Nd/'"*“Nd ratio of 0.511594. Substituting this
value into Eq. 3.23 yields:

1 0.512638 -0.511594
t= — In +1
6.54 %10 0.1967

_ In1.0053075

= saxlo® - S09x10%y

The procedure by which this date was obtained is more
transparent than the method used by Rowell et al.
(1993) who obtained dates between 700 and 800 Ma.
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Chapter 4
Northern Victoria Land

Northern Victoria Land in Fig. 4.1 extends from the
David Glacier northward to the Pennell and Oates
coasts. The width of the Transantarctic Mountains of
this area increases to more than 400 km measured at
the latitude of Cape Adare. The area is traversed by the
Lillie, Rennick, and Matusevich glaciers all of which
flow northwest and discharge ice into the South Pacific
Ocean. Also, the Tucker, Borchgrevink, Mariner,
Aviator, Campbell, and Priestley glaciers (not all of
which are identified in Fig. 4.1) flow southeast into the
Ross Sea.

The mountains east of the Rennick Glacier are
deeply dissected by narrow valleys which are occupied
by a network of glaciers that flow toward the coast.
The six highest peaks along the east coast reach eleva-
tions in excess of 3,000 m including Mt. Minto
(71°47'S, 168°45'E) which at 4,163 m is even higher
than Mt. Erebus (3,794 m) on Ross Island and Mt. Lister
(4,025 m) in the Royal Society Range of southern
Victoria Land.

The highest peak in the mountains west of the
Rennick Glacier (e.g., the Daniels Range of the USARP
Mountains) is Roberts Butte (72°39’S, 160°08'E) at
2,828 m, followed by Welcome Mountain (2,494 m)
and Mt. Southard (2,402 m). The elevation of the polar
plateau west of the Daniels Range rises gradually to
about 2,500 m.

The basement rocks of northern Victoria Land in
Table 4.1 consist of paragneisses of the Wilson Group,
the metavolcanic and metasedimentary rocks of the
Bowers Group, and the graywackes and argillites of
the Robertson Bay Group. The rocks of the Wilson
Group were intruded by plutons of Granite Harbor
Intrusives of Late Cambrian to Middle Ordovician age,
whereas the Bowers Group and the Robertson Bay
Group were intruded by the younger Admiralty
Intrusives of Devonian to Carboniferous age. These

younger intrusives are genetically related to the
rhyolites of the Gallipoli Porphyries in the Freyberg
Mountains (72°15'S, 163°45'E) located in the part of
the Wilson Terrane that lies east of the Rennick
Glacier.

The rocks of northern Victoria Land are cut by sev-
eral northwest-trending fault zones including the Leap-
Year, Lanterman, and Wilson faults in Fig. 4.2. These
fault zones define the Wilson, Bowers, and Robertson
Bay terranes. The juxtaposition of unrelated geologic
features on opposite sides of these boundary faults
suggests that they are major dislocations in the conti-
nental crust of northern Victoria Land and that they
may represent sutures between accreted terranes.

Northern Victoria Land also contains comparatively
small remnants of the Beacon Supergroup and of the
Ferrar Dolerite sills that intruded them. In addition, the
Mesa Range at the head of the Rennick Glacier is a
large dissected plateau composed of sheet-like flows of
the Kirkpatrick Basalt. The youngest igneous rocks in
northern Victoria Land are the alkali-rich basalt flows
of the McMurdo Volcanic Group of Neogene age
which crop out primarily along the coast of the Ross
Sea (Hamilton 1972).

4.1 Exploration

The history of the geological exploration of northern
Victoria Land was described by Stump (1995) who
has recorded the contributions made by geologists
from many countries including Great Britain,
New Zealand, USA, Germany, Italy, the Soviet Union,
and Australia.

The geologic mapping of northern Victoria Land
began during the International Geophysical Year (IGY)

G. Faure and T.M. Mensing, The Transantarctic Mountains: Rocks, Ice, Meteorites and Water, 99
DOI 10.1007/978-90-481-9390-5_4, © Springer Science+Business Media B.V. 2010
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Fig. 4.1 Northern Victoria Land consists of irregularly shaped
nunataks separated by narrow valleys through which glaciers
wind their way to the coast (e.g., Lillie, Tucker, Borchgrevink,
Mariner, and Aviator). The only exception is the Rennick Glacier
which occupies a wide fault basin. Several mountains along the
Ross-Sea coast have elevations in excess of 3,000 m (e.g., Mt.
Minto, 4,163 m; Mt. Sabine, 3,719 m; Mt. Supernal, 3,660 m;

in 1957/58 when a team of geologists from New Zealand
worked on the Hallett Peninsula and along the Tucker
Glacier (Harrington et al. 1964). In the decades after the
IGY, New Zealand geologists continued to map large
parts of northern Victoria Land using dog sleds for
transportation. The publications that arose from this
important activity were listed by Stump (1995, p. 12).

Mt. Murchison, 3,500 m; Mt. Herschel, 3,335 m; and Mt. Phillips,
3,036 m). The elevations of the mountains west of the Rennick
Glacier reach only 2,828 m (Roberts Butte), 2,494 m (Welcome
Mountain), 2,402 m (Mt. Southard), and 2,257 m (Mt. Weihaupt).
The polar plateau west of the Daniels Range rises to an elevation
of about 2,500 m above sealevel (Adapted from Borg et al. 1986;
Gair et al. 1969; National Geographic Society 1990)

During the summer of 1958/59 geologists of the
Soviet Union used the survey ship Ob to map the Oates
and King George V coasts of northern Victoria Land.
They also discovered and named Sputnik, Znamenskiy,
and Babushkin islands as well as several topographic
features along the Oates Coast including Ob’ Bay and
Lunik, Yermak, and Belousov points. The Russians
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Table 4.1 Stratigraphy of the rocks exposed in northern Victoria Land (Gair et al. 1969)

Geologic unit Geologic age (Ma)

Rock types

McMurdo Volcanic Group
Ferrar and Kirkpatrick Basalt
groups
Beacon Supergroup
Admiralty Intrusives in the
Robertson Bay and
Bowers terranes
Gallipoli Porphyries
AANANRNNNANAS Kukri Unconformity

Middle Jurassic 176.8 = 1.8 Ma

Devonian to Carboniferous

Devonian to Carboniferous

Granite Harbor Intrusives in
the Wilson Terrane
Intrusive contact

Late Cambrian
Leap Year Fault

Robertson Bay Group

Bowers Group Cambrian to Ordovician

Lanterman Fault

Wilson Group in the Wilson
Terrane

Neoproterozoic

Base not exposed

Miocene to Holocene 25-0.0 Ma

Early Devonian to Late Triassic 417-205 Ma

Late Cambrian to Early Ordovician

Alkali-rich volcanic rocks
Dolerite sills and basalt flows

Sandstone, shale, tillite, coal
Post-tectonic granites and granodiorites

Porphyritic rhyolite

Syn- and post-tectonic granites, granodiorites,
quartz diorites

Graywacke and argillite

Mafic volcanic tuff, argillite, sandstone,
graywacke, quartzite,
limestone,conglomerate

Biotite-garnet paragneiss, marble, biotite
schist, and migmatite

also named features on the mainland such as the Zykov
Glacier, the Mt. Belolikov and Kavrayskiy hills, and
the Lazarev Mountains at the mouth of the Matusevich
Glacier (Klimov and Soloviev 1958; Soloviev 1960).

Australian geologists (e.g., Douglas Mawson) have
had a long-standing interest in Antarctica because the
Oates Coast is located only about 2,600 km south of
Hobart, Tasmania, measured along the meridian at
148°E. Consequently, two Australian research vessels,
the Thala Dan and the Magga Dan, visited the Oates
Coast during the summers from 1959 to 1962 and
made observations that were published by McLeod
(1964) and McLeod and Gregory (1967).

During the summer of 1964/65 two American geol-
ogists, Warren Hamilton and Dwight Crowder, used
helicopters out of Hallett Station to examine rocks of a
large part of northern Victoria Land between the
Rennick Glacier and the coast of the Ross Sea
(Hamilton 1967; Crowder and Hamilton 1967; Crowder
1968). The modern era of geological research started
with the International Northern Victoria-Land Project

during the 1981/82 field season supported by US
helicopters operating from a field camp on the Evans
Néve at 72°45'S, 164°30'E in Figs. 4.3a and b (Stump
1986).

Starting in 1979/80, geologists from Germany have
made important contributions by means of the German
Northern Victoria Land Expeditions which they abbre-
viated “GANOVEX.” This name is a humorous refer-
ence to the word “Ganove” which is German slang for
a habitual criminal. The first group of German geolo-
gists in northern Victoria Land set up a small prefabri-
cated shelter in the Everett Range at the confluence of
the Lillie and Ebbe Glaciers at 71°S, 163°34’E. The
name of this shelter was Lillie Marleen after the song
made famous by Marlene Dietrich (Fig. 4.4). The next
German field season in 1981/82 had to be cancelled
because the ship, Polarstern, that was supposed to sup-
port GANOVEX II was crushed by the pack ice in
Yule Bay along the Pennell Coast. On that occasion,
Americans from McMurdo Station helped to unload
the ship before it sank and then transported the German
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crew and scientists to McMurdo by helicopter where
they boarded C-130aircraft for the flight to Christchurch
in New Zealand. In 1982/82 the Germans built
Gondwana Station in Fig. 4.5 at Gerlache Inlet in Terra
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Fig. 4.2 Northern Victoria Land consists of three terranes that
are separated from each other by the Leap Year and Lanterman
faults. Each terrane is composed of characteristic assemblages
of metasedimentary and metavolcanic rocks of Neoproterozoic
and Cambrian ages. These basement rocks were locally intruded
by plutons of the Granite Harbor Intrusives and by the younger
Admiralty Intrusives. Rocks of the Beacon Supergroup occur
only in a few places in northern Victoria Land including in the
Morozumi Range and Helliwell Hills, in the adjacent Freyberg
Mountains, and in the Lichen Hills. The Kukri Peneplain, which
is so prominent in southern Victoria Land, is only preserved in
these locations (Adapted from Stump 1995)

Nova Bay and continued to work in northern Victoria
Land (Fttterer et al. 2006).

In 1987 the GANOVEX team published a compre-
hensive geological map of northern Victoria Land
based on the accumulated results of their field work
(Tessensohn et al. 1981) and a preliminary map of the
structure of the Wilson, Bowers, and Robertson Bay
terranes (GANOVEX-ITALIANTARTIDE 1991) in
cooperation with Italian investigators.

In 1985/86 a team of Italian geologists started field
work in Terra Nova Bay on the coast of the Ross Sea
and set up Terra Nova Bay Station at Gerlache Inlet
(74°41'S, 164°07'E) located only about 10 km southwest

Fig.4.4 The geologists of GANOVEX (1979/80) set up a small
shelter called Lillie Marleen adjacent to the Lillie Glacier in
northern Victoria Land (Fig. 4.1). The shelter was completed on
January 14, 1980, and was used to refuel helicopters and as a
refuge in case the weather deteriorated (Adapted from Fig. 4 of
Kothe et al. 1981)

Fig. 4.3 (a) The camp of the International Northern Victoria-
Land project 1981/82 consisted of a series of Jamesway huts on
the on the Evans Névé at 72°45'S and 164°30°E. The geological
field work was supported by helicopters of the U.S. Navy (Photo

by G. Faure). (b) In addition to the Jamesway huts, the northern
Victoria Land camp included several Scott tents used by geolo-
gists who preferred to camp in the style to which they were
accustomed (Photo by G. Faure)
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Fig.4.5 Gondwana Station, the principal support base for scientists working with GANOVEX, is located at Gerlache Inlet of Terra
Nova Bay on the Ross-Sea coast of northern Victoria Land (Photograph © 2010 BGR)

of the German Gondwana Station. The locations of
both stations are indicated in Fig. 4.6.

American geologists returned to northern Victoria
Land in 1988/89 and 1989/90 working in the area of the
upper Tucker Glacier and along the coast of the Robertson
Bay Terrane (Wright and Dallmeyer 1991; Dallmeyer
and Wright 1992). Scientists from several other coun-
tries have continued to work in northern Victoria Land
supported by helicopters and fixed-wing aircraft.

4.2 Terra Nova Bay

The Ross Orogen of southern Victoria Land extends
across the David Glacier into the southern part of the
Wilson Terrane of northern Victoria Land. The geology
of this part of the Transantarctic Mountains in Fig. 4.6

includes a basement composed mainly of the Granite
Harbor Intrusives and of the metasedimentary rocks of
the Priestley Formation. The overlying Beacon
Sandstones, the Ferrar Dolerite and Kirkpatrick Basalt,
and McMurdo Volcanics are not shown in Fig. 4.6. The
Terra-Nova-Bay area is mountainous and includes
numerous peaks with elevations between 1,000 and
3,000 m (e.g., Mt. Levick, 2,733 m; Mt. Nansen,
2,738 m; Mt. Melbourne, 2,733 m; Mt. Baxter, 2,621 m;
Mt. Mackintosh, 2,468 m; Mt. Dickason, 2,033 m;
Mt. Abbott, 1,023 m; and Mt. Browning, 760 m). The
area is also traversed by several large outlet glaciers
that transport ice from the polar plateau to the coast of
the Ross Sea (e.g., the Aviator, Campbell, Priestley,
Reeves, Larsen, and David glaciers). Some of the
mountains and glaciers of this area were given the
names of the men of Scott’s Terra Nova Expedition
who wintered on Inexpressible Island in 1912: Victor
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Fig. 4.6 The basement rocks of southern Victoria Land extend
northward across the David Glacier into the Terra-Nova-Bay
region of the Wilson Terrane of northern Victoria Land (NVL).
The basement rocks of this region consist mainly of Granite
Harbor Intrusives and of metasedimentary rocks of
Neoproterozoic to Cambrian age. The rocks above the Kukri
Peneplain are not shown (i.e., Beacon Supergroup, Ferrar
Dolerite, and McMurdo Volcanics). This area contains several
prominent mountains including Mt. Melbourne which is an
extinct volcano of the Cenozoic McMurdo Volcanics (Adapted
from Warren 1969; Gair et al. 1969; Skinner 1983)

Campbell, Raymond Priestley, Murray Levick, Frank
Browning, Harry Dickason, and George Abbott
(Section 1.4.3).

The geology of the area between the Campbell and
the Aviator glaciers in Fig. 4.6 was mapped by Gair
(1964, 1967), Ricker (1964), and by Skinner and
Ricker (1968). Gair et al. (1969) and Warren (1969)
compiled the available information into geologic maps
of Victoria Land which includes the Terra-Nova-Bay
area. The exploration of this area was continued by
Nathan (1971a, b), Adamson (1971), Nathan and
Skinner (1972), and Skinner (1972).
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Fig. 4.7 The rocks exposed in the Deep Freeze Range between
the Campbell and Priestley Glaciers include the folded metased-
imentary rocks of the Priestley Schist which was intruded by the
composite Terra Nova batholith of the Granite Harbor Intrusives
(GHI). The metamorphic grade of the Priestley Schist increases
until it grades into the Snowy Point Gneiss (SPG) which is a
paragneiss composed of coarse and lenticular layers of quartz,
microcline, oligoclase, biotite, and muscovite (Adapted from
Skinner 1983)

Skinner (1983) published a summary of the geol-
ogy of the Deep Freeze Range between the Campbell
and Priestley glaciers in Fig. 4.7. This mountain range
is primarily composed of the Granite Harbor Intrusives
which form the Terra Nova batholith. Skinner (1983)



4.2 Terra Nova Bay

105

recognized 12 different mappable facies of this
batholith which enclose remnants of the Priestley
Schist and the Snowy Point Paragneiss. The granitic
rocks of the Deep Freeze Range are foliated and cata-
clastically deformed indicating that granitic magmas
were intruded sequentially and crystallized during the
Ross Orogeny. Skinner (1983) stated that none of the
granitic rocks of the Terra Nova batholith are post-
kinematic in contrast to the granitic basement rocks of
southern Victoria Land.

The Terra Nova batholith contains the Browning
Mafites which are inclusions of mafic plutonic rocks
consisting of foliated biotite-rich olivine- and pyroxene-
diorites, and gabbros described by Skinner (1972, 1983).
These mafic rocks occur both as rafted blocks and in the
form of dikes and small plutons that are not distinguished
in Fig. 4.7. A pluton of hypersthene-diopside-hornblende
monzogabbro in the Browning Pass area grades upward
through mafic granodiorite and granite into porphyritic
quartz-rich microcline leucogranite containing the
amphibole riebeckite. Another two-pyroxene mafic dior-
ite along the Boomerang Glacier in the Deep Freeze
Range differentiated into several pyroxenite facies
including biotite-bearing, olivine-bearing, and plagio-
clase-hornblende-olivine-bearing varieties. These rocks
are cut by pegmatite veins and were enriched in potas-
sium and silica by metasomatism causing phlogopite,
hornblende, biotite, quartz, and microcline to form.

The metasedimentary rocks of the Priestley
Formation defined by Skinner and Ricker (1968) and
shown in Fig. 4.7 are composed of pelitic, thinly bed-
ded argillites interbedded with subordinate quartzo-
feldspathic greywacke, fine-grained limestone, and
quartzite (Skinner 1983). The metamorphic grade of
the Priestley Formation in the Deep Freeze Range
increases from the north to the south such that the
metasedimentary rocks grade into the Snowy Point
Paragneiss which crops out north and south of
Browning Pass. According to Skinner (1983), this unit
consists of coarsely foliated, lenticular quartz-micro-
cline-oligoclase-biotite-muscovite  paragneiss that
contains layers rich in cordierite, garnet, and sillimanite.
The lenticular bodies are boudinaged and consist of
quartz-garnet-tourmaline pegmatite. In addition, the
Snowy Point Paragneiss contains thin layers of marble
and quartzite as well as amphibolite lenses that form
prominent ridges along Gerlache Inlet where the gneiss
is strongly migmatized and contains granite neosomes
that are oriented parallel to the foliation.

The Priestley Formation of the Deep Freeze Range
does not correlate with the metasediments of the
Robertson Bay Terrane, contrary to a proposal by
Nathan and Skinner (1972) who, at that time, had not
yet visited the type locality of the Robertson Bay
Group in Edisto Inlet (Skinner 1983). It seems more
likely that the Priestley Formation is the local repre-
sentative of the Koettlitz Group of southern Victoria
Land because it occupies the same stratigraphic posi-
tion as the Asgard Formation in the ice-free valleys of
southern Victoria Land (McKelvey and Webb 1962;
Section 3.1.2) and because both formations contain
sedimentary carbonate beds. However, this conjecture
has not been confirmed or even tested.

Isotopic age determinations of the basement rocks of
the Terra-Nova-Bay area are listed in Appendix 4.8.1
based primarily on the work of Kreuzer et al. (1981,
1987), Vetter et al. (1984), Borsi et al. (1988), Armienti
et al. (1990), and Adams (2006). The whole-rock Rb-Sr
dates reported by Armienti et al. (1990) prove that the age
of the Granite Harbor Intrusives of the Deep Freeze Range
is Middle Cambrian based on the time scale of the IUGS
(2002). All of the whole-rock samples they analyzed
define a straight line in Fig. 4.8 that yields a date of 507 +7
Ma and an initial ¥Sr/%Sr ratio of 0.71034 + 0.00022.
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Fig. 4.8 Whole-rock Rb-Sr isochron of Granite Harbor
Intrusives (GHI) of the Terra Nova batholith in the Deep Freeze
Range and from Timber Peak, Ogden Heights, and Mt. Nansen
in the Terra-Nova-Bay area of the Wilson Terrane. All of the
samples of the GHI lie close to the straight line that was fitted by
linear least-squares regression. The slope (m = 0.00722569)
yields a date of 507.0 + 7 Ma and an initial ¥’Sr/*Sr ratio of
0.71034 + 0.00022 (7). A migmatite (x) that was intruded by
the Mt. Abbott pluton in the Deep Freeze Range (Fig. 4.7) is
either much older (about 820 Ma) or has a higher initial ration
(0.72709) than the rocks that define the straight line in this dia-
gram (Data from Armienti et al. 1990)
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The age of the Granite Harbor Intrusives reported
by Armienti et al. (1990) implies that the sedimentary
rocks of the Priestley Formation were deposited prior
to about 510 Ma and that their age is probably
Neoproterozoic. This hypothesis is confirmed by
whole-rock K-Ar dates measured by Adams (2006)
of slate from outcrops of the Priestley Formation
along the Foolsmate Glacier (74°01'S, 161°55'E) of
the upper Priestley Glacier. These dates, which range
from 513 to 556 Ma (Appendix 4.8.1) are illustrated
in the form of histograms in Fig. 4.9. Although K-Ar
dates of slates are difficult to interpret quantitatively,
they are in most cases younger than the age of deposi-
tion of the original clay-rich sediment. In the simplest
case, the K-Ar clock is reset to zero when all of the
inherited and the in-situ produced radiogenic *“’Ar is
lost during burial, deformation, metamorphism, and
subsequent cooling of the metasedimentary rocks
(Faure and Mensing 2005). However, even in the sim-
plest case, varying fractions of “°Ar produced by
decay of “K following burial, metamorphism, and
cooling may escape because slates do not retain “°Ar
quantitatively. In the case at hand, the whole-rock
K-Ar dates of Adams (2006) in Fig. 4.9 support the
conclusion that the sediment of the Priestley
Formation was deposited before 560 Ma during the
Neoproterozoic Era.

The display of dates in Fig. 4.9 also demonstrates
that the whole-rock K-Ar dates of the Priestley
Schist are lower than those of the Priestley Slate
and that they overlap the K-Ar and Rb-Sr dates of
biotite of the Granite Harbor Intrusives of the Terra-
Nova-Bay area. This observation confirms the
hypothesis that the rocks of the Priestley Schist
were outgassed during the magmatic activity that
accompanied the Ross Orogeny. The Granite Harbor
Intrusives and the Priestley Schist subsequently
cooled at about the same rate until the Middle
Ordovician at about 450 Ma.

The initial ¥’Sr/*Sr ratios of the Granite Harbor
Intrusives of the Terra-Nova-Bay area listed in
Appendix 4.8.1 range from 0.7094 to 0.71049 based
primarily on the data of Armienti et al. (1990) and
Borsi et al. (1988). These values demonstrate that the
granitic magmas contained excess radiogenic ¥Sr pre-
sumably because they formed by partial melting (i.e.,
anatexis) of crustal rocks during the Ross Orogeny.
These results and conclusions are consistent with the
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Fig.4.9 The slates and schists of the Priestley Formation in the
Terra-Nova-Bay area were intruded by the Granite Harbor
Intrusives of the Terra Nova batholith in the Deep Freeze Range.
The whole-rock K-Ar dates of slightly metamorphosed slates
(490-560 Ma) indicate that these rocks were probably deposited
in Neoproterozoic time and that they lost varying proportions of
radiogenic “°Ar during the intrusion of the granitic magmas of
the Granite Harbor Intrusives in the course of the Ross Orogeny.
The K-Ar dates of biotite in the Priestley Schist record the time
in the past when they cooled to their blocking temperature fol-
lowing the Ross Orogeny. The K-Ar and Rb-Sr dates of micas in
the Granite Harbor Intrusives of the TNB area likewise indicate
that these rocks cooled slowly into the Ordovician Period after
crystallizing during the Middle Cambrian Epoch (IUGS, 2002)
(Data from Adams 2006; Kreuzer et al. 1981, 1987; Vetter et al.
1984; Nathan 1971b; Armienti et al. 1990; Borsi et al. 1988;
Faure and Gair 1970)

Rb-Sr dates and initial ¥’Sr/*°Sr ratios of the Granite
Harbor Intrusives of southern Victoria Land (Table 3.3,
Section 3.4.2 and Appendix 3.6.3).
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4.3 Wilson Terrane

The boundary between the Terra-Nova-Bay area and
the main part of the Wilson terrane is not defined
because the Ross Orogen continues from southern
Victoria Land through the Terra-Nova-Bay area into
the Wilson Terrane of northern Victoria Land without
discernible interruption. The Wilson Terrane extends
from the Terra-Nova-Bay area north to the Oates Coast
of Antarctica and is separated from the Bowers Terrane
by the Lanterman fault zone in Fig. 4.2. The Wilson
Terrane extends east across the Rennick Glacier and
includes the Lanterman and Salamander ranges which
form its “eastern province.”

The basement rocks of the Wilson Terrane are well
exposed in the Wilson Hills and in the Daniels Range
of the USARP Mountains as well as in the Emlen
Peaks, on Welcome Mountain, and at Mt. Southard
(Gair et al. 1969; Sturm and Carryer 1970; Tessensohn
et al. 1981). Even though these mountain ranges are
located adjacent to the polar plateau, Archean and
Paleoproterozoic granulites of the East Antarctic cra-
ton have not been recognized in the Wilson Terrane or
anywhere else in northern Victoria Land.

The stratigraphy of the basement rocks of the
Wilson Terrane located west of the Rennick Glacier
consists of six units identified in Table 4.2: Berg
Group, Rennick Schist, Priestley Formation, Morozumi

Phyllite, Wilson Gneisses, and the Granite Harbor
Intrusives. We have already discussed the Priestley
Formation of the Terra-Nova-Bay area and therefore
turn now to the Berg Group and the Rennick Schist.
The stratigraphic units listed in Table 4.2 consist of
variably metamorphosed and highly deformed shales,
graywackes, sandstones, and limestones that were
deposited in marine environments. Although they
have not been correlated into a coherent picture, they are
the key to understanding the complicated structure of the
Wilson Terrane.

4.3.1 Berg Group, Oates Land

The metasedimentary rocks of the Berg Group occur
in the Berg Mountains of Oates Land located west of
the Matusevich Glacier along the George V Coast at
69°11'S, 155°58’E. These rocks were first described
by Ravich et al. (1965) who visited the area from a
Russian ship during the summer of 1958/59. However,
Gair et al. (1969) did not include these outcrops on the
geologic map of northern Victoria Land because the
report of Ravich and his colleagues was not available
to them. Thirty years later, in the summer of 1988/89,
the area west of the Matusevich Glacier was visited by
geologists of GANOVEX V including David Skinner

Table 4.2 Stratigraphy of the Wilson Terrane located west of the Rennick Glacier (Gair et al. 1969; Stump 1995)

Geologic unit Age

Description

Cambro-Ordovician
Intrusive contact

Granite Harbor Intrusives

Biotite granite, granodiorite, and tonalite

Wilson Gneisses Neoproterozoic to Cambrian

Gradational contact

Biotite-garnet paragneiss, minor marble, quartz-biotite
schist, and migmatite

Rennick Schist* Neoproterozoic
Berg Group® Neoproterozoic
Priestley Formation® Neoproterozoic

Morozumi Phyllite and Spotted ~ ?
Schist

Fine-grained pelitic and psammitic schist and gneiss with
calc-silicate lenses, marble, and carbonatite

Fine-grained graywackes and phyllite, marine turbidites
containing sedimentary carbonate lenses and beds

Pelitic and thinly bedded argillites interbedded with
quartzo-feldspathic graywacke, fine-grained limestone,
and quartzite

Graywacke and pelite including carbonate at the tops of
some pelite beds

*The Priestley Formation, Rennick Schist, Morozumi Phyllite, and the Berg Group occur in different areas of the Wilson Terrane.
Although all four units appear to be of Neoproterozoic age and although their lithologic compositions are similar, they have not been

correlated with each other
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who subsequently described the sedimentary rocks of
the Berg Group illustrated by means of two measured
stratigraphic sections (Skinner 1992; Skinner et al.
1996; Schiissler 1996).

We now know that the low-grade metasediments of
this area are tightly folded and are cut by granite plu-
tons (Olesch et al. 1996). The quartzofeldspathic
graywackes, siltstones, and phyllites of the Berg Group
contain carbonate nodules, lenses, and discrete layers
of limestone. These sedimentary rocks are considered
to be turbidites with graded bedding, stacked climbing
ripples, flute casts, load casts, and laminations (Stump
1995). The phyllites of the Berg Group are composed
primarily of quartz, biotite, sericite, and chlorite which
facilitates age determinations by the K-Ar and Rb-Sr
methods (Adams 1996).

The whole-rock K-Ar dates of slates of the Berg
Group range from 478 to 492 Ma. The Berg Granite
yielded a Rb-Sr whole-rock date of 489 + 11 Ma in Fig.
4.10 with an initial ¥Sr/*Sr ratio of 0.7139 x 0.00076
(Adams 1996). The Archangel Granite, located 30 km
southeast of the Berg Mountains at about 69°28'S,
156°26'E, appears to be older as indicated by its Rb-Sr
whole rock isochron date of 573 + 10 Ma with a low
initial #Sr/%Sr ratio of 0.7032 + 11 (Adams 1996). The
Berg Granite is a typical representative of the Granite

Berg Mountains, Qates Land
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Fig. 4.10 The granitic intrusives of the Berg and Archangel
Mountains in Oates Land have whole-rock Rb-Sr dates of 489 +
11 and 573 = 10 Ma, respectively. Both plutons intruded the
folded but low-grade metasediments of the Berg Group. K-Ar
dates of biotite and muscovite in the granites and whole-rock
samples of slate range from 480 to 510 Ma which dates the time
of uplift and cooling of the igneous and metasedimentary rocks.
Two suites of slates of the Berg Group actually define whole-
rock Rb-Sr isochrons with elevated initial ¥’St/*Sr ratios of
0.7173 that are significantly higher than the initial ratios of the
granite plutons (These data from Adam (1996, 2006) are also
compiled in Appendix 4.8.2)

Harbor Intrusives in the Transantarctic Mountains.
However, the Archangel Granite has the lowest initial
$7S1/%Sr ratio among all of the granitic rocks in north-
ern Victoria Land that have been analyzed to date. The
samples of the Archangel Granite that Adams (1996)
analyzed range in composition from leucogranodior-
ites to leucogranites and were collected from an out-
crop that measured only 30 m in diameter without
xenoliths or cross-cutting dikes or sills. Therefore,
Adams (1996) concluded that the Archangel Granite is
an early representative of the Granite Harbor Intrusives
with an unusually low initial ¥’Sr/*Sr ratio. The low
initial ratio implies that the granitic magma formed by
partial melting of mantle-derived plutonic or volcanic
rocks soon after these source rocks arrived in the crust
of Antarctica.

The sedimentary rocks of the Berg Group contain acri-
tarchs (a type of microfossil) of middle Neoproterozoic
(Riphean) age (Iltchenko 1972). In addition, Skinner
(1991) proposed that the Berg Group may be corre-
lated with the metasedimentary rocks of the Priestley
Formation (Section 4.2) mainly on the basis of litho-
logic similarities including the presence of sedimen-
tary carbonate beds described by Skinner (1983).
Marble beds also occur in the type section of the
Rennick Schist in the Sequence Hills (Gair 1967).
Therefore, sedimentary carbonate beds appear to be
present in several sequences of metasedimentary rocks:
the Skelton and Koettlitz groups of southern Victoria
Land, and the Priestley Formation, Rennick Schist,
and Berg Group in northern Victoria Land. A regional
correlation among these sedimentary sequences listed
in Table 4.2 is consistent with the active-subduction
model for the origin of the Ross Orogen and therefore
should be investigated (Stump 1995).

4.3.2 Rennick Schist

The Rennick Schist is composed of pelitic and psam-
mitic metasedimentary rocks that have been intensely
deformed and regionally metamorphosed to the amphi-
bolite facies. This unit was first described by Gair
(1967) from outcrops in the Sequence Hills (73°03'S,
161°15'E) where it is interbedded with marble. The
quartz-biotite schist that makes up the bulk of the
Rennick Schist also contains layers of granitic rocks
thus forming lit-par-lit injection gneiss. In addition,
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the Granite Harbor Intrusives of the Wilson Terrane

Later workers have recognized the Rennick Schist in

contain xenoliths composed of remnants of the Rennick  nunataks and mountain ranges north of the Sequence Hills
Schist ranging from a few centimeters to hundreds of all the way to the Allegro Valley in the Daniels Range in

meters in length.

Fig. 4.11 (Plummer et al. 1983; Babcock et al. 1986;
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Fig. 4.11 The Wilson Gneisses and Rennick Schist of the
Wilson Group in the southern part of he Daniels Range
(Fig. 4.1), USARP Mountains, northern Victoria Land, were
intruded by granitic plutons of the Granite Harbor Intrusives.
This area exemplifies the complex relationships among the
metamorphic gneisses and biotite schists that characterize

the basement rocks of the western province of the Wilson
Terrane that includes the Wilson Hills and the Daniels Range
of the USARP Mountains as well as the Emlen Peaks,
Welcome Mountain, Mt. Southard and lesser nunataks far-
ther south (Adapted from Adams 1986 with information
from Gair et al. 1969)
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Roland et al. 1989; Stump 1989). Most recently, the
composition and occurrence of the Rennick Schist was
summarized by Stump (1995) who included a picture
of alarge recumbent fold of Rennick Schist on Welcome
Mountain (72°14'S, 160°12'E). He also pointed out
that the southernmost exposures of the Rennick Schist
are only about 50 km north of the northernmost out-
crops of the Priestley Formation.

4.3.3 Daniels Range and Wilson Hills

The western province of the Wilson Terrane is charac-
terized by amphibolite-facies gneisses which Klimov
and Soloviev (1958) originally assigned to the Wilson
Group based on exposures in the Wilson Hills. Grindley
and Warren (1964) later extended this term to describe
all of the gneisses in the USARP Mountains including
the Daniels Range. Sturm and Carryer (1970) subse-
quently subdivided the Wilson Group into the Wilson
Gneisses (orthogneiss and migmatite) and the Rennick
Schists as defined by Gair (1967). They also excluded
plutons of granitic rocks that intrude the Wilson
Gneisses in the USARP Mountains and classified them
as Granite Harbor Intrusives. Accordingly, the stratig-
raphy of the basement rocks of the Daniels Range and
the Wilson Hills of the USARP Mountains consists of
Rennick Schist, the Wilson Gneisses, and the Granite
Harbor Intrusives.

These three stratigraphic units are well exposed
in the Daniels Range of the USARP Mountains in
Fig.4.11, especially along the Thompson and Schroeder
spurs and in the Allegro and Largo valleys. At these
locations, the Rennick Schist grades into Wilson
Gneisses which supports the conjecture that the
gneisses formed by regional metamorphism and partial
melting of the Rennick Schist (Babcock et al. 1986;
Tessensohn et al. 1981). If this conjecture is correct,
then the Rennick Schist of the Daniels Range and in
the upper Rennick-Glacier area is a remnant of the
metasedimentary protoliths from which the different
kinds of Wilson Gneisses formed.

The first age determinations by the whole-rock
K-Ar method of gneisses and granites in the Wilson
Hills and on several small off-shore islands by Ravich
and Krylov (1964) ranged from 564 to 434 Ma. A sam-
ple of biotite from Aviation Island (also called Ostrova
Polyarnoy) at 69°16'S, 158°47'E, yielded an even

lower date of 420 Ma (Gair et al. 1969). These dates
have been set aside because their relation to recogniz-
able geologic events is uncertain. Nevertheless, the
dates reported by Ravich and Krylov (1964) were
thought to demonstrate that the Wilson Gneisses cooled
in Neoproterozoic to early Paleozoic time and that
these rocks are not an extension of the Archean craton
of East Antarctica (see also Fig. 4.31 in Appendix
4.8.6).

Babcock et al. (1986) and Tessensohn et al. (1981)
agreed that the Wilson Gneisses of the Daniels Range
consist of syntectonic granites, migmatites, and closely
related metamorphic rocks all of which formed by par-
tial melting of associated metasedimentary rocks of
the Rennick Schist. Babcock et al. (1986) subdivided
the so-called Wilson plutonic complex into xenolithic
intrusives and layered intrusives which occur in virtu-
ally every nunatak of the Daniels Range in Fig. 4.11.

The Granite Harbor Intrusives of the Daniels Range
occur as dikes, sills, and plutons having diameters that
range up to 10 km. These intrusives are composed pri-
marily of granite or leucogranite in addition to grano-
diorite and quartz monzonite all of which have
well-defined contacts with the Wilson Gneisses and
the Rennick Schist. They are generally unfoliated and
therefore post-tectonic, although evidence for the flow
of magma is preserved by the alignment of feldspar
phenocrysts and of biotite crystals. The Granite Harbor
Intrusives of the Daniels Range are aluminum-rich and
have been classified as S-type granites by Babcock
et al. (1986) and by Borg et al. (1986, 1987) following
the twofold classification of granitic rocks proposed by
Chappell and White (1974) and by McCulloch and
Chappell (1982).

The basement rocks of the Daniels Range were
dated by K-Ar, Rb-Sr, and U-Pb methods and the
resulting dates are compiled in Appendix 4.8.3 and
are visualized by means of the nested histograms in
Fig. 4.12.

Whole-rock Rb-Sr isochron dates indicate that the
Rennick Schist of the Daniels Range crystallized at
about 532 + 20 Ma (Early Cambrian; IUGS 2002) and
that the sandy (psammitic) and clay-rich (pelitic) facies
had elevated initial ¥’Sr/*Sr ratios of 0.7187 + 0.0009
and 0.7243 + 0.0009, respectively (Adams 1986).
A Rb-Sr date of a single whole-rock sample reported
by Faure and Gair (1970) was recalculated to 548 + 33
Ma based on initial ratios obtained by Adams (1986)
and using the decay constant of ¥Rb recommended by
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Fig.4.12 Whole-rock Rb-Sr dates of the Rennick Schist in the
Daniels Range of the Wilson Terrane between 530 and 550 Ma
refer to the time of isotopic homogenization of strontium during
regional metamorphism of these rocks. This event predates the
Ross orogeny during which protoliths of Rennick Schist were
converted into the Wilson Gneiss of the Daniels Range between
490 and 500 Ma. This gneiss was simultaneously intruded by
granitic magma which formed the syntectonic Granite Harbor
Intrusives. The initial ¥Sr/*Sr ratios of the Granite Harbor
Intrusives (0.7125) are lower than those of the Rennick Schist
(0.7187 and 0.7243) and of the Wilson Gneiss (0.7205). The
K-Ar dates of biotite and muscovite of all three rock units are
similar (470480 Ma) because the entire complex cooled at
about the same rate to the blocking temperature of mica minerals
for radiogenic “’Ar (Data from Adams 1986; Faure and Gair
1970; Kreuzer et al. 1981, 1987; Adams 2006; Adams et al.
1982; Adams and Hoéhndorf 1991). See also Appendix 4.8.3

Steiger and Jager (1977). This date is consistent with the
isochron dates of Adams (1986) and supports the con-
clusion that the isotopic composition of strontium in the
Rennick Schist was homogenized as a result of regional
metamorphism during the Early Cambrian Epoch.
Therefore, the Rennick sediment was presumably
deposited during the Neoproterozoic Era. A K-Ar date
of biotite reported by Kreuzer et al. (1981) suggests that
the Rennick Schist cooled slowly for about 60 million
years to 472 + 3 Ma when it reached the blocking tem-
perature of biotite for radiogenic “°Ar (300 + 25°C).

The whole-rock Rb-Sr date of the Wilson Gneisses
reported by Adams (1986) is 490 + 30 Ma and its
initial 8’Sr/%Sr ratio of 0.7205 + 0.0016 is almost as
high as that of the Rennick Schist. Therefore, the
Wilson Gneisses could have been derived by partial
melting of the Rennick Schist. The K-Ar dates of bio-
tite and muscovite of the Wilson Gneisses at the
Schroeder and Thompson Spurs of the Daniels Range
reported by Kreuzer et al. (1981) indicate that these
rocks cooled to the blocking temperature of biotite at
474 = 2.0 Ma which is in good agreement with the
cooling history of the Rennick Schist at this location.
Two U-Pb dates of monazite reported by Adams
(1986), 484 and 488 Ma, confirm and refine the whole-
rock Rb-Sr date of the Wilson Gneiss (490 = 30Ma).

The Granite Harbor Intrusives of the Daniels Range
have whole-rock Rb-Sr dates between 495 + 10 and
510 =36 Ma (Adams 1984; Vetter et al. 1983; Kreuzer
et al. 1981). The initial ¥Sr/®Sr ratios of these rocks
are lower than those of the Rennick Schist and of
the Wilson Gneisses. Consequently, the magma of the
Granite Harbor Intrusives of the Wilson Terrane did
not originate from the Rennick Schist. In addition, the
whole-rock samples of the Granite Harbor Intrusives
scatter above and below their Rb-Sr errorchrons
because the isotope composition of strontium they
contain was not homogeneous at the time of crystalli-
zation. In this respect, the Granite Harbor Intrusives of
the Wilson Terrane resemble those of the ice-free val-
leys of southern Victoria Land (Section 3.4.2).

Biotite and muscovite of the Granite Harbor
Intrusives and biotite of a tonalite dike cooled to about
300°C at about 475 + 3 Ma based on K-Ar dates mea-
sured by Kreuzer et al. (1981). In contrast to the wide
range of whole-rock K-Ar dates of gneisses in the
Wilson Hills reported by Ravich and Krylov (1964),
the K-Ar dates of the basement rocks in the Daniels
Range measured by Kreuzer et al. (1981) vary only
from 471.5 to 478.5 Ma with a mean of 474.3 + 2.4 Ma
for ten samples of biotite and muscovite.

Borg et al. (1986, 1987) made a thorough study of
the Granite Harbor Intrusives of northern Victoria
Land in order to determine the origin of these rocks
and to detect regional trends in their chemical compo-
sitions. The initial ¥Sr/%Sr ratios (at 550 Ma) of 21
samples range from 0.7066 (Lanterman Range) to
0.7190 (Lichen Hills) and collectively exceed the
87Sr/36Sr ratios of mantle-derived plutonic and volcanic
igneous rocks. These results confirm that the Granite
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Harbor Intrusives of northern Victoria Land contain
varying amounts of excess radiogenic ¥’Sr of crustal
origin (see also Section 3.4.2). The initial '*Nd/**Nd
ratios of five of the 21 specimens range from 0.510685
(Daniels Range) to 0.510830 (Aviator Glacier) and are
all lower than the '*Nd/'"*Nd ratio of the chondritic
uniform reservoir (CHUR) at the present time (Fig. 3.19,
Section 3.4.5, and Appendix 3.6.6). The deficiency of
radiogenic '*Nd in these rocks (at 550 Ma) also implies
that they contain Nd of crustal origin because the rocks
of the continental crust have lower Sm/Nd ratios and
therefore have lower **Nd/'*Nd ratios than the rocks
of the lithospheric mantle (Faure and Mensing 2005,
Chapter 17).

The initial ¥Sr/**Sr and '*Nd/'**Nd ratios of these
samples of Granite Harbor Intrusives constrain a mix-
ing hyperbola in Fig. 4.13 between mantle-derived
basalt and granitic rocks of the continental crust. The
distribution of the data points in quadrant four of the
Sr-Nd mixing diagrams confirms and refines the evi-
dence that the magmas of the Granite Harbor Intrusives
of northern Victoria Land contained Sr and Nd of
crustal origin. However, these magmas did not form
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Fig.4.13 The initial ¥Sr/*Sr and '*Nd/'**Nd ratios (at 550 Ma)
of samples of Granite Harbor Intrusives in the Wilson Terrane of
northern Victoria Land loosely define a Sr-Nd mixing hyperbola
that extends from quadrant 4 (crustal rocks) to quadrant 2 (man-
tle-derived rocks). Therefore, the magmas of these Granite
Harbor Intrusives originated primarily by partial melting of pre-
existing crustal rocks. The locations of the Granite Harbor
Intrusives are identified by number: 1. Mt. Murchison, 2. Daniels
Range, 3. Alamein Range, 4. Aviator Glacier, 5. Daniels Range
(Data from Borg et al. 1987)

from a protoliths like the Rennick Schist because of
the difference in their initial ¥Sr/*Sr ratios.

These isotopic data combined with the chemical
compositions published by Borg et al. (1986) strongly
support the conclusion that the Granite Harbor
Intrusives of northern Victoria Land are S-type gran-
itoids. This conclusion applies also to the Wright
and Vanda Intrusives of the ice-free valleys of south-
ern Victoria Land and perhaps to some of the
Cambro-Ordovician granitic plutons elsewhere in
the Transantarctic Mountains.

In the next section, the geology of the Morozumi
Range and of the Lanterman and Salamander Ranges
will be discussed separately because their tectonic set-
tings differ from that of the Daniels Range in the
western province of the Wilson Terrane.

4.3.4 MorozumiRange

The Morozumi Range in Fig. 4.14 is located within
the Rennick Graben and therefore is separated from
the Wilson-Group rocks of the USARP Mountains
(Daniels Range and Wilson Hills) by the Rennick
fault identified in Fig. 4.15. The basement rocks of
the Morozumi Range consist of low-grade metasedi-
mentary rocks including greywacke-shale that were
originally assigned to the Robertson Bay Group (Gair
et al. 1969; Sturm and Carryer 1970; Dow and Neall
1974). The northern end of the Morozumi Range is
occupied by a pluton of Granite Harbor Intrusives
called the Adamellite Massif. The metasedimentary
rocks were recrystallized and were mapped as the
Wilson Gneiss (Engel 1984). More recently, these
metasedimentary rocks have been described as the
phyllites and spotted schists of the “Morozumi
Phyllite” in Table 4.2 (Stump 1995) (see also Fig. 4.33
in Appendix 4.8.6).

Closer examination indicates that the Morozumi
Phyllites consist of alternating beds of graywacke and
pelite that range in thickness from 10 cm to 2 m. The
tops of the clay-rich shale units are calcareous. In addi-
tion, graded bedding, cross bedding, and laminations
indicate that the metasedimentary rocks were origi-
nally deposited as turbidites. The rocks are folded and
display well developed slaty cleavage. Stump (1995)
stated that similar metasedimentary rocks occur in the
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Fig. 4.14 View of the northern end of the Morozumi Range
where light-colored adamellite is in contact with black metased-
imentary rocks that were assigned to the Robertson Bay
Group by Gair et al. (1969) and by Tessensohn et al. (1981).

eastern Helliwell Hills, in the eastern Kavrayskiy Hills
at the mouth of the Rennick Glacier, and at Lonely
One Nunatak (71°12'S, 161°18'E). Apparently, the
Morozumi Phyllite is not restricted to the Morozumi
Range and its lithologic composition relates it to other
metasedimentary rocks listed in Table 4.2.

Age determinations by the whole-rock Rb-Sr
method listed in Appendix 4.8.3.10 of granites in
the Morozumi Range have yielded dates of 515 + 28
Ma (¥Sr/*Sr), = 0.7136 £ 0.0022 (Middle Cambrian)
for the Adamellite Massif at the north end of the
range and a lower date of 478 + 14 Ma (*’St/*Sr), =
0.7092 + 0.0008 for granitic rocks in the Jupiter
Amphitheater and in Unconformity Valley (Vetter
et al. 1983; Kreuzer et al. 1987). The K-Ar dates of
biotite and muscovite in the Granite Harbor
Intrusives of the Morozumi Range in Fig. 4.16

PRG— ]

The metasedimentary rocks were intruded by vein-like bodies of
granitic rock. The outcrop pattern of one such body forms the
light-colored arch in this picture (Adapted from Tessensohn
et al. 1981, Fig. 5, p. 50)

reached the blocking temperature between 460 and
490 Ma at essentially the same time as the basement
rocks of the Daniels Range in Fig. 4.11 (Kreuzer
et al. 1981, 1987). The initial ¥’Sr/%Sr ratios of the
two suites are similar to the initial ¥’Sr/%Sr ratios of
Granite Harbor Intrusives in the southern Daniels
Range and elsewhere in northern Victoria Land.
Therefore, the Granite Harbor pluton in the
Morozumi Range formed from a sedimentary proto-
liths without achieving complete homogenization of
the isotopic composition of strontium.

The Morozumi Range has preserved a record of
past fluctuations of the volume of the ice in the Rennick
Glacier in late Tertiary time (Denton et al. 1986). The
evidence presented by Mayewski (1975, 1976),
Mayewski and Attig (1978), and by Mayewski et al.
(1979) indicates that the Rennick Glacier covered all
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Fig. 4.15 The Morozumi, Lanterman, and Salamander ranges
extend from the western province of the Wilson Terrane across
the Rennick Glacier to the Bowers and Robertson Bay Terranes.
The principal lithologic units of the basement complex are iden-
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Fig. 4.16 The Granite Harbor Intrusives of the Morozumi
Range in the Wilson Terrane crystallized between 510 and 520
Ma and then reached the blocking temperature of biotite and
muscovite between 460 and 490 Ma after cooling for about 35
million years from 515 to 480 Ma (Data from Kreuzer et al.
1981, 1987)

tified by colors. Outcrop areas in white expose sandstone of the
Beacon Supergroup and of the Kirkpatrick Basalt. The major
boundary faults are indicated by heavy black lines (Adapted
from the geologic map of Gair et al. 1969)

but the highest peaks along its course during the Evans
Glaciation to which they assigned an age of 4.2 Ma
(Pliocene). During this high-stand, the glacier
deposited basal till at 71°37'S, 162°01'E in the
Morozumi Range several hundred meters above its
present level. The till contains grains of detrital feld-
spar which yielded a Rb-Sr date of 469 + 24.9 Ma
(Middle Ordovician) and an initial *’Sr/*Sr ratio of
0.71319 + 0.00074 (Faure 1986).

The comparison of the initial ¥’Sr/%Sr ratios in
Fig. 4.17 supports the conclusion that the feldspar
in the till of the Morozumi Range originated primarily
from the Granite Harbor Intrusives (GHI) and not from
the Rennick Schist (RS) and the Wilson Gneiss (WG)
which are exposed in the Daniels Range and in the
adjacent Lanterman and Salamander ranges in
Fig. 4.14.
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Fig. 4.17 A comparison of initial ¥Sr/*Sr ratios supports
the conclusion that feldspar grains in Neogene (late Tertiary)
till in the Morozumi Range originated primarily from out-
crops of Granite Harbor Intrusives (GHI) and not from the

4.3.5 Lanterman and Salamander Ranges

The Lanterman and Salamander ranges in Fig. 4.15 are
located on the east side of the Rennick Glacier about
75 km east of the Thompson Spur in the Daniels Range.
The Lanterman Range is composed of Wilson Gneisses
overlain unconformably by remnants of the Beacon
Supergroup. The Wilson Gneisses of the Lanterman
Range consist primarily of biotite schists that are per-
meated by granitic dikes that coalesce locally into bod-
ies of granite choked with rafts of biotite schist and
smaller xenoliths. The Wilson Gneisses of the
Lanterman Range also include hornblende gneisses,
amphibolites, and metaconglomerates that were
metamorphosed to the amphibolite facies like the
gneisses of the Daniels Range (Tessensohn et al. 1981).
However, Grew et al. (1984) determined that the rocks
of the Daniels Range are characterized by the transition
of andalusite to sillimanite in cordierite-muscovite-
quartz assemblages and have steep metamorphic gradi-
ents, whereas the basement gneisses of the Lanterman
and Salamander ranges contain transitions from kyan-
ite to sillimanite, staurolite occurs in pelitic as well as
mafic rocks, and ultramafic rocks composed of spinel-
olivine pyroxenite and garnet-olivine bearing pyroxen-
ite occur in this part of the Wilson Terrane (DiVincenzo
et al. 1997). The plutonic rocks of the eastern province
of the Wilson Terrane consist primarily of I-type grani-
toids rather than the S-type rocks that dominate in the
western province (Borg et al. 1987).

The K-Ar dates of the Wilson Gneisses of the
Lanterman Range in Appendix 4.8.3.12 and in Fig.
4.18 indicate that biotite, muscovite, and hornblende
reached their blocking temperature for radiogenic “°Ar

0.715 0.720

Initial #Sr/*Sr Ratios

Rennick Schist (RS) and the Wilson Gneiss (WG) of the
Daniels and Lanterman/Salamander ranges (Data from
Kreuzer et al. 1981; Vetter et al. 1983; Adams 1986; Faure
1986)

Lanterman Range, Wilson Terrane
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Figure 4.18

Fig. 4.18 Whole-rock Rb-Sr dates of Wilson Gneisses in the
Lanterman and Salamander ranges are 550 + 20 and 555 + 36
Ma, respectively. These dates indicate the time of regional meta-
morphism during which the strontium in these rocks was isoto-
pically homogenized. The K-Ar dates of biotite, muscovite, and
hornblende are cooling ages (Data from Kreuzer et al. 1981,
1987; Adams 1982; Adams and Hohndorf 1991). See also
Appendix 4.8.3.12.

between 451 and 502 Ma after crystallizing at 550 + 20
Ma when the ¥Sr/*%Sr ratio of the Wilson Gneisses was
0.7155 0.0003 (Adams and Héhndorf 1991;
Appendix 4.8.3.13).

The Salamander Range is located southeast of the
Lanterman Range and is separated from the Freyberg
Mountains by the upper Canham Glacier. The northern
part of the Salamander Range consists of Wilson
Gneisses which, in the southernmost part, is overlain
by residual outcrops of the Beacon Supergroup and of
the Kirkpatrick Basalt.

Adams and Hoéhndorf (1991) reported a Rb-Sr
whole-rock isochron date of 555 + 36 Ma (*’Sr/*Sr), =
0.7158 = 0.0004 (Appendix 4.8.3.14 and Fig. 4.18).
The dates and initial ¥Sr/%Sr ratios of the Wilson
Gneisses of the Salamander Range are within the errors
of the Rb-Sr dates and initial ¥’Sr/%Sr ratios of the
Wilson Gneisses in the Lanterman Range. Moreover,

+
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the initial ¥Sr/*Sr ratios of both suites of Wilson
Gneisses are higher than the initial 8’Sr/%Sr ratios of
Granite Harbor Intrusives in northern and southern
Victoria Land.

The Salamander Granite that occurs at Mount
Tukotok (72°17'S, 164°43’E) in the southern end of
the Salamander Range was originally assigned to the
Admiralty Intrusives by Gair et al. (1969). This assign-
ment seemed to be confirmed when Laird et al. (1974)
reported a K-Ar date of 337 + 7 Ma for biotite that was
measured by Richard L. Armstrong of Yale University.
Stump (1995) later obtained a Rb-Sr whole-rock date
of 319 £ 5 Ma. However, the genetic affiliation of the
Salamander Granite remains in doubt because the
Rb-Sr isochron date is actually younger than the cool-
ing ages of Admiralty Intrusives in the Bowers and
Robertson Bay terranes. In addition, Borg et al. (1986)
showed that the chemical composition and petrogra-
phy of the Salamander Granite differ from those of the
Admiralty Intrusives.

4.4 Bowers Terrane

The Bowers Terrane is a narrow fault-bounded block
of the continental crust of northern Victoria Land that
is located between the Wilson Terrane on the west and
the Robertson Bay Terrane on the east as shown in
Figs. 4.2 and 4.19. It extends for about 350 km from
the Rennick Bay on the Oates Coast southeast to the
Lady Newness Bay south of the mouth of the Mariner
Glacier on the Borchgrevink Coast. Although it wid-
ens to 50 km at its southern end, its greatest width
adjacent to the Salamander Range is only about 30 km.
The Bowers Terrane is traversed by several small gla-
ciers that are tributaries of the Rennick Glacier (i.e.,
the Carryer and Sledgers glaciers) and by the Black
Glacier which joins the Lillie Glacier in the Robertson
Bay Terrane.

The topography of the Bowers Terrane is mountain-
ous with steep slopes and the glaciers are heavily cre-
vassed. The principal mountain ranges listed
sequentially from the Oates Coast to the head of the
Mariner Glacier include the Frolov Ridge and the
Explorers Range of the Bowers Mountains, as well as
the eastern part of the Lanterman Range, the Leitch
Massif, and the King Range (Gair et al. 1969;

Peaks
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Fig. 4.19 The Bowers Terrane occupies the central area of
northern Victoria Land flanked by the Wilson Terrane in the west
and the Robertson Bay Terrane in the east. The major rock types
of this segment of the Transantarctic Mountains are identified by
capital letters in alphabetical order: A = Admiralty Intrusives, B
= Beacon Supergroup, BT = Bowers Terrane, G = Granite Harbor
Intrusives, P = Gallipoli Porphyries, R = Robertson Bay Group,
W = Wilson Group. The Kirkpatrick Basalt has been omitted
from this map for the sake of clarity and the Ferrar Dolerite sills
are included with the Beacon Supergroup. The Lanterman and
Salamander ranges constitute the eastern province of the Wilson
Terrane (Adapted from Gair et al. 1969)

Tessensohn et al. 1981; Wodzicki and Robert 1986;
Stump 1995).

The Bowers Terrane consists of volcanic and sedi-
mentary rocks of Cambrian to Ordovician age which
together constitute the Bowers Supergroup (Wodzicki
and Robert 1986). After 2 decades of fieldwork by
geologists from New Zealand, Germany, and the USA,
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Table 4.3 Stratigraphy of the Bowers Supergroup in the
Bowers Terrane of northern Victoria Land (Laird et al. 1982;
Wodzicki and Robert 1986; Stump 1995)

Group Formation Age

Leap Year Camp Ridge/ Ordovician to late Late
3000+, m Reilly Carryer Cambrian

Mariner Eureka Edlin/ Late to Middle
2000+, m Spurs Cambrian

Sledgers Glasgow/Molar Early Cambrian to
3500+, m Neoproterozoic

370+, m Husky Neoproterozoic?

Conglomerate

the Bowers Supergroup has been subdivided into three
groups identified in Table 4.3.

The rocks of the Bowers Supergroup are structur-
ally deformed but only slightly metamorphosed (preh-
nite-pumpellyite or lowermost greenschist facies) and
their ages are indicated by fossils such as acritarchs,
trace fossils, as well as trilobites, brachiopods, and
mollusks (Laird et al. 1972, 1974; Dow and Neall
1974; Shergold et al. 1976; Andrews and Laird 1976;
Cooper et al. 1976, 1982).

The rocks of the Bowers Supergroup are locally
overlain by erosional remnants of the Beacon
Supergroup (Permian to Triassic) which includes sills
of the Ferrar Dolerite (Middle Jurassic). In addition,
erosional remnants of the Kirkpatrick Basalt plateau
(Middle Jurassic) are present adjacent to the Lanterman
Range and in the Leitch Massif (Gair et al. 1969).

4.4.1 Sledgers Group

The most widely distributed rocks of the Bowers
Terrane belong to the Sledgers Group which occurs
intermittently from the Explorers Range in the north to
the Mariner Glacier in the south. The Sledgers Group
consists of interbedded volcanic and sedimentary rocks
composed of sandstones and mudstones. Laird et al.
(1982) placed these rocks into two separate formations
and by doing so raised the former Sledgers Formation
to the status of a group consisting of the Glasgow
Formation (volcanics) and the Molar Formation
(sediments). An alternative procedure, preferred by
Tessensohn et al. (1981), would have been to consider
the volcanic and sedimentary rocks to be lithologic
facies of the Sledgers Formation. The approach taken
by Laird et al. (1982) has caused uncertainty in the

stratigraphic position of the Molar Formation relative
to the Glasgow Volcanics. For example, in the western
Molar Massif (71°38'S, 163°45'E) sedimentary rocks
of the Molar Formation underlie the volcanics of the
Glasgow Formation, whereas in the upper Carryer
Glacier (Fig. 4.19), 800 m of Molar sediments interfin-
ger with Glasgow Volcanics (Wodzicki and Robert
1986). In addition, in the area around Mt. Soza
(71°10'S, 162°34'E) the Glasgow Formation is sand-
wiched between 1,000 m of Molar sediment below and
450 m above (Stump 1995). Evidently, parts of the
Molar Formation, as presently defined, are both older,
equivalent in age, and younger than the Glasgow
Volcanics. Although such stratigraphic complications
are not specifically excluded by the definition of “for-
mations” (Jackson 1997), the two lithologies could
have been accommodated as facies of a convention-
ally defined Sledgers Formation.

The Glasgow Formation consists primarily of vol-
canic breccia which reaches a thickness of 2,500 m at
the type locality on Mt. Glasgow (71°08'S, 162°55'E).
The composition of the volcanic rocks ranges from
basalt to andesite but does include rhyolites. The vol-
canic breccias grade into debris flows and tuffaceous
sediment of the Molar Formation. The presence of pil-
low basalt and marine fossils indicates that the erup-
tions occurred primarily in a subaqueous and marine
environment. The volcanic rocks were altered by sea-
water to form spilites and keratophyres composed of
quartz, albite, chlorite, epidote, actinolite, and varying
amounts of calcite and leucoxene (Stump 1995).

The Sledgers Group was intruded by a layered gab-
bro located at the southern end of Spatulate Ridge
(73°28'S, 167°13'E) in Lady Newness Bay. This body
was first mentioned by Gibson et al. (1984) and was
later described by GANOVEX (1987). It consists of
cumulate layers composed of clinopyroxene, calcic
plagioclase, orthopyroxene, and accessory olivine. Th