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ABSTRACT 

Models of the evolution of the modem Transantaictic Mountains, the uplifted flank 

of the West Antarctic rift system, require constraints on the timing, magnitude, and spatial 

pattern of surface uplift, rock uplift, denudation, and faulting. This study presents a model 

of Cenozoic landscape development for the Shackleton Glacier area (85°S, 176°W) by 

integrating structural geologic, geomorphologic, and apatite fission-track 

thermochronologic (AFTT) methods. Cenozoic denudation (up to 5-6 km) began -50 Ma 

near the Ross Ice Shelf coast and migrated inland by escarpment retreat, as evidenced in the 

AFTT and geomorphologic record. Dissected planation surfaces are scattered at elevations 

from 500 m to almost 4000 m above sea level and represent episodes of relative tectonic 

quiescence between periods of uplift. The fault structure of the range front is consistent 

with an interpretation of dextrally transtensional kinematics, which apparently 

accommodates a smaller transcurrent component than the greater West Antarctic rift system. 
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1 INTRODUCTION 

1.1 The landscape of interest: the Transantarctic Mountains 

Antarctica has had a long history in human consciousness. Indeed, between the 

time of antiquity and its documented "discovery" in 1820 A.D., it inhabited fanciful and 

mythic geographies as part of Terra australis incognita (Simpson-Housley, 1992). 

Cartographic spaces that were not experienced by early geographers were often tilled with 

places based on faith in religion and mistaken logic. Dante, for instance, sited in the 

southern hemisphere Mt. Purgatory, an edifice of cosmic size and religious meaning 

(Alighieri, 1950). Much like Purgatory, explorers found the southern seas and the 

Antarctic coast to be generally inhospitable. Captain James Cook permed a pessimistic 

entry into his journal on 6 February 1775; 

It would have been rashness in me to have risked aU which had been done 

in the Voyage, in finding out and exploaring a Coast which when done 

would have answered no end whatever, or been of the least use either to 

Navigation or Geography or indeed any other Science (Beaglehole, 1961, 

p. 638). 

The southern continent was eventually substantiated by explorers in the 1800s, 

though much reduced in size. Although cartographicaUy incomparable to Dante's Terra 

australis, Antarctica (Fig. 1.1) was found, indeed, to be mountainous. Its coastal and 

inland ranges of mountains were sources of both hope and despair for early explorers 

(Simpson-Housley, 1992). In their roles as beacons and barriers to exploration, the 

Transantarctic Mountains contributed to some men being court-martialed (Simpson-
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Figure 1.1. Map of Antarctica. The location of the study area is shown. 
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Housley, 1992) and probably to others' deaths and their establishment as nationalistic icons 

(e.g., Katz and Kirby, 1991). 

Geography would not prove to be a lasting deterrent. Following a hiatus in 

Antarctic exploration in the middle 19th century, it was in part a belief that knowledge of 

the southern continent's physiography and geology was of global importance that renewed 

scientific interest in the southern continent (Simpson-Housley, 1992). It was a coincident 

improvement in technology that has made such exploration feasible. It has been this period 

of exploration, which extends to the present, that has brought Antarctica out of the realm of 

fantasy and into modernity. Antarctic science continues to be viewed and valued as 

globally important (e.g., Hempel, 1994). The physiography and geology of the 

Transantarctic Moimtains (TAM) are important foci of such investigation. 

The TAM (Fig. 1.1) are the geographic spine of Antarctica. A range nearly 3600 

km in length with peaks over 4000 m in elevation (Fig. 1.2), it crosses the continent from 

the Atiantic to the Pacific Ocean. Unlike other mountain ranges of similar dimensions, the 

modem TAM are not orogenic (i.e., formed by horizontal compressive faulting and 

folding). Rather, its structural geologic architecture reveals an extensional kinematic 

history in normal faults, horsts, graben, and tilt blocks—its signature as the uplifted flank 

of the West Antarctic rift system. Its dimensions make it the largest extensional mountain 

range in the world. These mountains continue to be studied for they tell a story about 

Antarctica's tectonic and geologic history, about the general evolution of rift-flank 

mountains, and about Antarctic glaciation. 

Description of the TAM as a rift-flank uplift, both structurally and topographically, 

agrees with current concepts that associate crustal extension with uplift and subsidence. 

However, the Transantarctic Mountains are anomalous. Firstly, their size dwarfs other 

known rift flanks (e.g., the Wasatch Mts., the Rio Grande rift, the East African rift, and 

those along the Red Sea) (e.g.. Stem and ten Brink, 1989). Secondly, most of the uplift of 



DIGITAL ELEVATION MODEL SHADED RELIEF IMAGE 

Figure 1.2. A digital elevation model (DEM) and shaded relief image of the TAM. 
Major glaciers in the central part of the range are marked. The location of the Dry 
VaUeys is also shown. Dark values in the DEM indicate higher elevations; 
black=~4000 m above sea level, white=~0 m. The horizontal resolution is ~10 
km2. Illumination in the shaded relief figure is from the upper right hand comer. 
Note that the East Antarctic Ice Sheet is generally high in elevation. In the 
hinterland of the TAM, the ice sheet is often referred to as the Polar Plateau. 
Compared to the TAM, however, it is very low in relief. These images were 
obtained from the U.S. Geological Survey (http://terraweb.wr.usgs.gov/TRS 
projects/Antarctica/images/). 



17 

the Transantarctic Mountains is thought to lag behind the majority of extension in the 

adjacent West Antarctic rift system by a considerable period (-30 m.y.) (Fitzgerald and 

Stump, 1997). 

Fission-track studies show that most denudation' (4-8 km) since the Early 

Cretaceous, and by inference most rock uplift (5-10 km), began at 45-55 Ma (Gleadow and 

Fitzgerald, 1987; Fitzgerald and Gleadow, 1988; Fitzgerald, 1992; Fitzgerald, 1994; 

Fitzgerald and Stump, 1997). A signiHcant result of studies about the timing of TAM uplift 

has been ±e association of uplift with plate tectonics. Stump and Fitzgerald (1992) and 

Fitzgerald and Stump (1997), for instance, associate Early Cretaceous to early Cenozoic 

episodes of large-scale uplift and erosion with the relatively near-field events of extension 

within the West Antarctic rift system and the relatively far-field displacements and 

adjustments of plates in the southern hemisphere. 

Fission-track analyses bear upon the tectonics within the Transantarctic Mountains 

as well. The TAM are believed to be laterally segmented as such analyses reveal different 

denudation histories across segment boundaries. These boimdaries are probably sites of 

transfer or accommodation zones underlying major modem range-bisecting glaciers (e.g.. 

' A number of terms wiU be used throughout this thesis to describe the position or 
movement of Earth's surface or cmst with respect to different reference frames. This 
position or movement is discussed in terms of elevation. In this thesis, elevation has the 
specific meaning of altitude, the height of an object above a specific datimi, in this case sea 
level. Nowhere in this thesis does "elevation" refer to its other connotation: the act or 
condition of an object's altitude being increased. 

Denudation (syn. exhumation, sensu England and Molnar [1991]) is the lowering 
of the landsurface with respect to a specific datum within ±e underlying rock colunm by 
erosion (mechanical denudation), dissolution (chemical denudation), and/or low-angle 
faulting (tectonic denudation) (Summerfield, 1991a). In fission-track smdies, denudation 
is a point estimate, contrasting with fluvial geomorphologic methods that average the 
lowering of the landsurface over an entire drainage basin. 

Rock uplift (syn. crustal uplift, sensu Summerfield [1991a]) refers to the raising of 
a rock colunm with respect to a fixed datum such as the geoid, essentially sea level. 

Surface uplift, on the other hand, is the difference between denudation and rock 
uplift. It refers to the raising of the landsurface with respect to the geoid (Summerfield, 
1991a). In contrast to England and Molnar's (1991) definition, which requests the 
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Fitzgerald, 1992). Such range segments may, consequendy, have different uplift histories. 

In addition, fission-track studies have demonstrated that the largely granitic range front of 

the TAM in southern Victoria Land has an architecture composed of numerous basinward 

dipping normal faults, which is characteristic of rift flanks. 

Whereas the Transantarctic Mountains have been modeled by some workers as a 

typical rift-flank uplift, in which uplift is controlled by thermal and mechanical mechanisms 

(e.g., the Vening Meinesz effect) (e.g.. Stem and ten Brink, 1989; ten Brink and Stem, 

1992; van der Beek et al., 1994, 1995), others view it geomorphologically much like a 

passive continental margin in which the effects of erosion, such as isostasy and flexure, 

play an important role (e.g., Sugden, 1996; Kerr et al., 1997). The difference between the 

two interpretations is in perspective and in focus of interest The former see immature 

elements in the landscape that are the result of recent rifting and uplift whereas the latter 

sees mature elements that signify a protracted history of rifting, uplift, and erosion. 

Quantitative models of the topography, for instance, reflect a rift-flank geometry (e.g.. 

Stem and ten Brink, 1989; van der Beek et al., 1994) yet accounts of denudation (e.g., 

Gleadow and Fitzgerald, 1987; Sugden et al, 1995) are similar to more mature passive 

margins (e.g.. Brown et al., 1990), where several kilometers of rock were stripped off the 

top of the "new" rift escarpment by earlier erosion. 

On a somewhat different note, the TAM are a repository of Cenozoic glacial records 

that, in part, reveal the waxing and waning of climate and eustasy. The first glaciers, 

which later expanded to form the East Antarctic Ice Sheet, are thought to have nucleated in 

high elevation mountains, such as the TAM, during the middle Cenozoic (e.g., Drewry, 

1975). More recently, Behrendt and Cooper (1991) hypothesized that TAM surface uplift 

problematic task of estimating the past mean regional surface elevation, the definition used 
here simply refers to the uplift of any point of land. 
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might have effected some climate change and was thus a possible causative factor in the 

expansion of the East Antarctic Ice Sheet 

1.2 Purpose and objectives 

The essential objective of this smdy is to determine the tectonic and geomorphologic 

nature and chronology of landscape development in a single area of the Transantarctic 

Mountains. In doing so, it will be possible to judge if that structural segment of the TAM 

has had a tectonic history that is distinct from the rest of the range. It will be possible to 

test hypotheses that call for 1-3 km of surface uplift since the Pliocene (Webb et al., 1986; 

Behrendt and Cooper, 1991). By developing a history and by describing a geometry of the 

mountain range, it will be possible to form hypotheses about the TAM's relationships with 

coincident tectonic and glacial events. The results of this study will, similarly, distinguish 

between the TAM's development as both passive margin-like and rift flank-like and in so 

doing place tentative constraints on the timing of the range's modem topographic 

expression as an uplifted rift-flank. The scope of this thesis is outlined as follows: 

I. Timing of tectonics and denudation: 

A. How does the timing of denudation (implying tectonic uplift) compare 

with other areas of the TAM and events in the West Antarctic rift system? 

B. Can the timing of uplift and faulting be better constrained for the 

Cenozoic than simply younger than -50 Ma? 

C. How well does the spatial and temporal pattern of denudation compare 

with existing theories of landscape evolution? 
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D. What do landforms reflect about the timing and magnitude of mountain 

uplift? 

n. Structure of the range front: 

A. How similar is the structural geologic architecture of the range 

front to other areas of the TAM and to rift-flanks in general? 

B. How similar is the study area kinematically to other segments of the 

TAM and to the West Antarctic rift system? 

1.3 Study area 

The site of this study is in the central Transantarctic Mountains, just to the east of 

the Shackleton Glacier (85°S, 179°W) (Figs. 1.1, 1.2, and 1.3). The northernmost 

landmark in the study area is Cape Surprise, at the edge of the Ross Ice Shelf. As seen in a 

regional digital elevation model (Fig. 1.2), the area extends to the south across a relatively 

low relief area where the mountains are <2000 m above sea level and then to the area's 

highest peaks (-4000 m), about 40 km landward of the coast. Further inland, the peaks 

become gradually lower (e.g., the Grosvenor Mountains, <3000 m above sea level and 

-150 km landward of the coast) and progressively enveloped by the thick East Antarctic Ice 

Sheet, which forms the Polar Plateau. 

Discovered by the New Zealand Geological Survey Antarctic Expedition of 1963-

1964, Cape Surprise is the only location in the TAM where members of the Beacon 

Supergroup and sills of Ferrar Dolerite are found at the coast and near sea level. Indeed, 

the closest exposure of rocks similar to those at the cape is in the range's steep frontal 

escarpment, the north face of the Prince Olav Mountains, 2500 m higher in elevation and 

35 km to the south. This "surprise" for its discoverers led to the cape's name (Alberts, 
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Figure 1.3. Oblique aerial photographs of the Transantarctic Mountains front. 
The view is towards the sou& and extends from the Shackleton Glacier, at right 
(a), to the Lillie Range, at left (b). Other places that figure in this study are 
labelled. The distance between the Lillie Range and the Shackleton Glacier is -50 
km. The surface of the Ross Ice Shelf is -200 m above sea level. Mt. Wade's 
summit is 4084 m a.s.1.. (U.S. Navy photographs, TMA 938: 75 and 85). 
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1995) and its establishment as an important locality in the study of the architecture and 

uplift history of the Transantarctic Mountains as a whole. Despite this fact, the fault 

structure of the Cape Surprise area has only been described by Barrett (1965) and La Prade 

(1969). 

Thus Cape Surprise presents prime opportunities to fimher describe the fault 

structure of the coastal margin of the TAM A nearly complete late Paleozoic to Jurassic 

stratigraphic section is, additionally, spread out between the coast and the Grosvenor 

Movmtains. This permits estimations of denudation since the Jurassic for certain locations 

where parts of the stratigraphic section remain. However, the terrain that separates the 

Ross coast from the Prince Olav Mountains and that defines the marginal zone of the West 

Antarctic rift system is almost entirely granitic. A conventional analysis of the missing 

strata caimot be applied in order to rigorously estimate the amount of denudation in this 

zone. Similarly, no faults have been found in this broad basement expanse by usual 

mapping techniques. Faulted offsets in rather uniform and markerless granite are 

effectively invisible and glacial cover hides the rest. A combination of techniques both new 

and old was used in this smdy in an attempt to skirt these limiting factors. 

1.4 Methods 

The geomorphic landscape represents a "ratio of the intensity of the endogenetic to 

that of the exogenetic displacement of material" (Penck, 1953, p. 11). Endogenetic— 

tectonic—deformation leaves a visible trace in the crustal structure. For instance, vertically 

offset strata that coincide with a steep escarpment indicate the likelihood that the landform is 

a fault scarp, that is, tectonic in origin. In contrast, exogenetic processes, the typically 

geomorphologic interests of weathering and erosion, vigilantly degrade the tectonic signal. 
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Reflecting Penck's simple formula, there is an increasing awareness that surface 

studies provide important and sometimes unique constraints on subsurface processes and 

vice versa (e.g., Keller and Pinter, 1996; Hinze et al., 1994; Summerfield, 1996). The 

shape and surface expression of the modem mountain landscape will be explained as the 

present chapter in a long history of changing geomorphic and tectonic processes that have 

been punctuated by ups and downs and advances and retreats of topography. Despite these 

changes, inert structural fabrics created in the distant past, such as lithologies and faults, 

continue to be reflected in the way they control erosion. 

This study is a combination of three methods. The first method is structural 

geology. Field measurements and observations, including fault locations, attitudes, and 

slip characteristics, are the basis for estimating the amount of fault throw between the 

Prince Olav Mountains and Cape Surprise (for comparison with fission-track data), for 

stratigraphic constraints on the age of faulting, for characterizing topographic escarpments 

as tectonic or erosional, and for kinematic characterization. 

The second method is geomorphology. Certain landforms provide insights on the 

activity of erosional downcutting, base level fall, and hence surface uplift. The unique 

structural constraints available at Cape Surprise make it an especially important locale for 

addressing the tectonics of the TAM from a geomorphological standpoint. Sufficiently old 

and dated landforms can reveal fault offsets or fault-block tilt, thus providing additional 

constraints on the timing and location of tectonism. 

The third method is apatite fission-track thermochronology (AFTT). Using this 

technique, it is possible to date periods of relatively rapid or slow cooling of Earth's upper 

cnisL From this information it is possible to infer the timing and amounts of parameters 

such as denudation and rock uplift. In addition, AFTT can provide evidence about the 

locations and timing of faulting. Like the geomorphology, AFTT results are comparable to 

the mapped structural geology. 
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Consideration of and speculation about how and why the TAM have developed 

have been processes of drawing associations. Possible uplift events in the TAM are 

associated in time with far-field plate tectonic events, for instance. Or the topography and 

gravity anomaly data are associated to theoretical rift-flank geometries via numerical 

models. Or its landforms are associated with those that form in certain tectonic regimes and 

under other climates. This study is necessarily similar. It will synthesize the results of 

observation and analysis into a model of landscape developmenL The apparent success of 

this model can be judged by its associations with the geologic record elsewhere in 

Antarctica and the world. 

Despite their distinctness, each of these studies bears upon both of the others. As a 

result, this thesis is formatted in a way that each method is presented and interpreted 

separately. The facets of structural geology, geomorphology, and apatite fission-track 

thermochronology are separated into three chapters. In these chapters, observations and 

analytical results are presented and described. Each chapter concludes with a section in 

which these observations and results are interpreted. Such interpretations are, in essence, 

hypotheses. Finally, these hypotheses are integrated into larger models, more elaborate 

and more meaningful geologically. The nature of this geoscientific investigation is apparent 

by explicitiy admitting and treating its results hypothetically (Englehardt and Zimmermann, 

1988; Frodeman, 1995; Baker, 1996). The limitations of this work are, hopefully, more 

apparent; the origins of its results more trackable; its hypotheses more testable; its 

hj^otheses less ends than works in progress. 
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1.5 Thesis 

It will be argued that Cenozoic uplift and denudation has been episodic. Forty-five 

to seventy-five percent of the Cenozoic denudation, 40-100% of post-Paleozoic normal 

faulting, and up to 3 km of surface uplift has probably occurred between -30 Ma and -15 

Ma. Periods of uplift have been interspersed by periods of relative tectonic stability. These 

interludes are marked by relief planation, more specifically pediplanation and structural 

planation, whereas periods of uplift are reflected in relief production (valley incision and 

tall escarpments). Planation, a mark of erosion by running water, indicates the significant 

effect of a large climate change on a landscape that is presendy glacial, frigid, and 

experiencing litde denudation. 

The accumulation of episodic middle and late Cenozoic rift-flank uplift events has 

developed a high relief mountain range quite close (-40 km) to the coast out of a probably 

low relief, much degraded rift-flank range with a topographic axis set considerably (-150 

km) farther inland. There is an interesting coincidence between significant surface uplift in 

the study area (most of it probably since the middle Oligocene), widespread volcanism 

around the margins of ±e West Antarctic rift system (begiiming in the middle Oligocene), 

and a large increase in the size of the East Antarctic Ice Sheet (during the middle to late 

Oligocene). The timing of this rather recent uplift can also be associated with a period of 

extension and major subsidence in the Ross Sea. Yet, the less transtensUe kinematics of 

faulting in the Cape Surprise area suggest that strain onland may be significandy partitioned 

from the rest of the rift system. Uplift is, therefore, not simply an effect of plate tectonics 

(e.g., lithospheric extension) alone. A more local mechanism (e.g., thermal expansion, 

flexure and isostatic response to denudation, and/or lithospheric underplating) must play a 

substantial role. 
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2 GEOLOGIC SETTING 

2.1 Antarctica 

The Antarctic continent can be broadly divided into two main geologic regions: East 

Antarctica and West Antarctica (Fig. 2.1). East Antarctica is a cratonic remnant of 

Gondwana, which began to disassemble -180 Ma. West Antarctica, in contrast, 

constitutes a subglacial archipelago of several microcontinental blocks (Dalziel and Elliot, 

1982). Antarctica has been in its present geographic position since 80-90 Ma (Lawver et 

al., 1992). 

Dividing East and West Antarctica are the Transantarctic Mountains, the 

physiographic spine of the continent. Although the mountains lie within East Antarctica, 

geologically speaking, they represent the uplifted flank of the asymmetric West Antarctic 

rift system (Fig. 2.2). This zone of attenuated crust underlies the Ross Embayment (i.e., 

the Ross Sea and Ice Shelf), southern West Antarctica, and the Weddell Embayment (e.g., 

Wilson, 1995a). Although extremely little seismic activity in the rift system has been 

documented (Behrendt et al., 1991), the area continues to be volcanically active (e.g.. 

Mount Erebus on Ross Island). 

2.2 Transantarctic Mountains 

The geology of the Transantarctic Mountains can be organized broadly into the 

following components: (1) a Precambrian and Paleozoic metamorphic and plutonic 

basement; (2) a nonconformably overlying Devonian to Jurassic sedimentary cover 

sequence; (3) Jurassic tholeiitic sills and flows; (4) late Cenozoic felsic to mafic volcanic 
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and plutonic rocks, and (5) Cenozoic glacial deposits. These units record the diverse 

geologic history of a currently intracontinental margin that has experienced convergent, 

transcurrent, divergent, and occasionally quiescent tectonic settings. Such a recurrent 

history of geologic activity on precursive orogenic foundations is not unconunon in Earth's 

record (Windley, 1995). 

The basement is a complex of largely accreted, metamorphosed, and/or intruded 

units. Many of the oldest units, including 1.8-2.1 Ga metasedimentary rocks in the 

Beardmore Glacier area (Gunner and Faure, 1972) that derive from ~2.8 Ga cratonic 

protoliths (Gunner and Mattinson, 1975), were deformed during the Beardmore orogeny, 

sometime between 521 Ma (Goodge et al., 1993) and 630 Ma (Adams et al., 1982). This 

event took place along the length of the modem mountain range. This event involved the 

accretion of various exotic terranes (Borg et al., 1990) but it was accompanied by little 

magmatism and has, consequently, been attributed to a predominantly left-lateral strike-slip 

plate margin (Encamaci6n and Grunow, 1997). 

This continental margin became more convergent, initiating subduction and, 

consequently, the Ross orogeny during the early Paleozoic. Signs of this event also span 

the Transantarctic Mountains (Stump, 1995). As a result of plate convergence, numerous 

marine and terrestrial terranes were accreted, metamorphosed, and deformed (Stump, 

1995). Included are the Wilson, Bowers, and Robertson Bay terranes, which compose 

much of northern Victoria Land (Laird, 1991). Deformation ceased at about 500 Ma 

(Encamaci6n and Grunow, 1997). The signature of this event is, however, the 

voluminous calc-aDcaline Granite Harbour Intrusive Suite (485-530 Ma; Encamaci6n and 

Grunow, 1997). This body consists of an outer (coastward) belt of S-type granitoids 

(Pitcher, 1982) juxtaposed against an inner, I-type belt, suggesting that the subduction 

zone had a southwestward polarity (present-day coordinates) (Borg, 1983). 
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Following the Ross orogeny, from the Ordovician to the Early Devonian, 

conglomerates and sandstones were deposited in the Byrd Glacier and Beardmore Glacier 

regions (the Douglas Conglomerate), the Pensacola Mountains (Neptune Group), and the 

Shackleton Range (Blaiklock Group). These units were folded during the Late Silurian to 

Early Devonian Shackleton event (Laird, 1991). 

Prior to the Permian, a similar tectonic disturbance—the Borchgrevink event— 

deformed rocks in northern Victoria Land (Laird, 1991). Unlike the Shackleton event, the 

Borchgrevink event involved magmatism, such as ±e granite and granodiorite Admiralty 

Intrusives (360-390 Ma; Borg et al., 1986) and Late Carboniferous volcanism (Laird, 

1991). 

Both the Shackleton and the Borchgrevink events were succeeded by tectonic 

quiescence, erosion, and planation. The result, the time-transgressive Kukri Erosion 

Surface, which is actually an unconformity, extends from northern Victoria Land to the 

Horlick Mts. (Barrett, 1991). This unconformity has remarkably low primary relief and 

thus serves as an important marker of post-Paleozoic deformation. 

Denudation of basement rocks and the formation of the Kukri Erosion Surface 

ceased throughout most of the Transantarctic Mountains by the Devonian and the area 

developed into a foreland basin. Paleogeographic reconstructions place this intracratonic 

basin south (present-day coordinates) of a magmatic arc (Barrett, 1991). The sedimentary 

units, up to 2.5 km thick, that were deposited in the basin constitute the Beacon 

Supergroup. It comprises tillites, shales, sandstones, conglomerates, and coals, 

representing diverse facies glacial, lacustrine, marine, aeolian, and fluvial. 

The age of the Beacon Supergroup ranges from Devonian to Jurassic. In some 

locations, however, its earliest appearance was not until the Late Carboniferous (e.g., the 

Shackleton Glacier area and northern Victoria Land). In fact. Beacon strata are absent in 



31 

most of the Carboniferous due to a major unconformity—the Maya Erosion Surface—and 

reappear in the Late Carboniferous as tillites. 

The youngest Beacon members, including thin layers of felsic tuff from the adjacent 

magmatic arc, briefly overlap with the succeeding tectonostratigraphic units—tholeiitic 

intrusions and extrusions from northern Victoria Land to the Atlantic coast of Dronning 

Maud Land that mark the resumption of tectonic activity in the Transantarctic Mountains. 

This magmatic regime has been associated with back-arc rifting (Elliot, 1986; Wilson, 

1993), possibly coupled with mantie upwelling (Elliot et al., 1985) and the initial 

separation of Gondwana (Kyle et al., 1981; Pankhurst et al., 1987). These tholeiites crop 

out in much of the Transantarctic Mountains as hypabyssal sills and dikes (the Ferrar 

Dolerite) and flood basalts (the Kirkpatrick Basalt) of the Ferrar Supergroup. Ferrar 

magmatism as a whole appears to have occurred at 176.6±1.8 Ma for a period of ~1 m.y. 

(Fleming et al., 1997). 

The Ferrar Dolerite occurs mainly as sills intmded between Beacon strata and along 

near-horizontal exfoliation joints in the uppermost basement. These sills are typically 

individually 150-200 m thick with a total thickness of -1000 m (Tingey, 1991). The 

thickness of the Kirkpatrick Basalt is not well known. Its maximum estimated thickness is 

-520 m to 610 m in the Beardmore Glacier—Shackleton Glacier region (Barrett et al., 1986; 

La Prade, 1969). Many prominent scarps and peaks in the modem mountain range are 

formed in this thick sequence of Beacon strata and Ferrar tholeiites. 

Volcanic and lesser plutonic activity (the alkaline McMurdo Volcanic Group and 

Meander intrusives) resumed along the Ross Embayment sector of the present-day 

Transantarctic Mountains in the late Cenozoic (LeMasurier and Thomson, 1990). This 

magmatism, active since -30 Ma, has been associated with extension in the West Antarctic 

rift system. Many small volcanoes occur in glacial valleys, presumably along "leaky" 

transfer faults or accommodation zones (Cole and Kyle, 1974; Wilson, 1995a). 
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The late Cenozoic geologic record also evidences numerous glacial events. 

Antarctic glaciation commenced about 36 Ma, based on the marine 5"0 record, and has 

since been marked by numerous episodes of growth and decay (e.g., Sugden et al., 1991). 

The oldest physical evidence for Antarctic glaciation, also Oligocene, is found in the 

CIROS-1 core from the McMurdo Sound, southern Victoria Land (Barrett et al., 1989). 

The oldest known terrestrial deposits are those of the Sirius Group, which typically 

occurs as a semi-Iithified mud-rich till. The Sirius Group, composed of semi-Iithified 

diamictons, lodgement till, stratified and massive members, and basal and ice-marginal tills 

that overly pre-Tertiary rocks, represents the protracted history of the Cenozoic era's 

thickest East Antarctic ice sheet as it overrode the Transantarctic Mountains (Clapperton and 

Sugden, 1990; Webb and Harwood, 1991). Sirius units were deposited at present-day 

elevations that range from 400 m to 4115 m above sea level (Denton et al., 1991). 

Exposures of the Sirius Group range in thickness. The maximum known thickness is 185 

m in parts of the Dominion Range, near the Beardmore Glacier (Webb and Harwood, 

1991). It is widely agreed that the Sirius Group was deposited by a wet-based glacier(s) 

that created erosional features that include roches moutonndes, striae (Prentice et aL, 1986), 

and potholes (Sugden et al., 1991), deposited water-laid dunes of sand, pebbles, and 

cobbles sub-glacially (Denton et al., 1984; Malin, 1985), and left behind striated basal till 

(Prentice et aL, 1986). 

The age of the Sirius Group is, however, controversial. Although its age has been 

the source of much debate, specifically concerning whether it is Pliocene or older (e.g., 

Denton et al., 1984; Clapperton and Sugden, 1990; Webb and Harwood, 1991; Wilson, 

1995c; Sugden, 1996), recent smdies suggest the Sirius Group is at least Miocene in age. 

Cosmogenic exposure ages, for instance, are >6.5 Ma (Bruno et al., 1997) whereas 

radiometric dates suggest that it is >15 Ma (Marchant et al., 1996). The East Antarctic Ice 
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Sheet has most likely been a stable feature since the middle Miocene (Marchant et al., 1996) 

and more recent glacier fluctuations have been relatively minor. 

2.3 Study area 

Save for the absence of Cenozoic magmatic rocks, the geology of the study area is 

rather typical of the Transantarctic Mountains (Fig. 2.3). Basement is exposed most 

extensively in the low, ragged piedmont that separates the broad, high peaks of the Prince 

Olav Mountains from the coast of the Ross Ice Shelf (Fig. 1.3). This basement includes 

the late E'recambrian to Middle Cambrian Greenlee Formation, Duncan Formation, Henson 

Marble, Fairweather Formation, and Taylor Formation of the metamorphic Ross 

Supergroup, which includes metamorphosed ashflow and ashfall tuffs, metamorphosed 

mafic and felsic flows, quartzites, schists, and marbles (McGregor, 1965b; Wade and 

Cathey, 1986). Dominant, however, are granites, granodiorites, diorites, and gabbros of 

the (Jueen Maud Batholith (Borg, 1983), part of the Granite Harbour Intrusive Suite. 

These units were deformed and intruded during the Ross orogeny (Stump, 1995). 

Evidence of deformation includes metamorphic foliation and mylonites, folding, faulting 

(e.g., the reverse Spillway Fault), and boudinage (McGregor, 1965b; Stump, 1981; 

Stump, 1995). 

The basement is overlain by a Paleozoic and Mesozoic Beacon and Ferrar section 

that measures at least 2550 m to 3300 m in stratigraphic thickness (Fig. 2.4). These are 

minimum values as complete sections of some individual units are not exposed. The 

Beacon Supergroup crops out at the north and south ends of the study area, -35 km apart 

In the Prince Olav Mountains, Beacon strata lie atop the Kukri Erosion Surface (-2620 m 

above sea level at Mt. Munson). Here they dip gently (<5°) to the south-southwest and 
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Figvire 2.3 (facing page). Geological map of the Shackleton Glacier region. 
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become more subhorizontal to the south, where they disappear underneath the ice cap (Fig. 

2.5). These strata have been down-faulted at Cape Surprise, where they crop out at 

elevations over -200 m above sea level (Barrett, 1965). In this area, stratigraphic dips 

range from 30°N to 35°S (Barrett, 1965; La Prade, 1969). 

The Beacon units present in the study area include the Late Carboniferous Pagoda 

unite (M. Miller and J. Isbell, personal communications, 1995) and the Permian 

Mackellar, Fairchild, and Buckley Formations (Barrett, 1965; P. Barrett, personal 

communication, 1996). The first occurrence of Beacon strata in the Late Carboniferous 

contrasts with the Beardmore and Scott Glacier areas, west and east of the study area, 

respectively, where its earliest exposures are Devonian. In both of these latter areas, 

however, the period between the Late Devonian and the Late Carboniferous is erased by the 

disconformable Maya Erosion Surface (Barrett, 1991). 

The Pagoda HUite is poorly sorted sandy shale and shaley sandstone supporting 

scattered pebble- to boulder-sized clasts (Barrett, 1991). This unit overlies the Kukri 

Erosion Surface at ML Munson and Mt. Wade. However, at Cape Surprise it only exists 

as fragments within a fault breccia separating granitoid basement from the Fairchild 

Formation (J. Isbell, personal communication, 1996). Its apparent thickness is quite 

variable: from 3 m at ML Wade to 61 m at ML Butters (Barrett, 1965; La Prade, 1969). 

Overlying the Pagoda Tillite is the Mackellar Formation ("unit A" of Barrett, 1965), 

which is composed of well-stratified carbonaceous shale and small-scale crossbedded, fine

grained sandstone (Barrett, 1991). The stratigraphic thickness of this unit is 100 m at Mt. 

Wade (Barrett, 1965) to 137 m at Cape Surprise (La Prade, 1969). 

The Fairchild Formation ("unitB") is a 180 m (at Cape Surprise) to 250 m (at ML 

Wade) thick sequence of sandstone and lesser interbedded shale that was deposited in a 

braided stream environment (BarretL 1965, 1991). La Prade's (1969) Mt. Butters 

Formation is approximately the same as "unit B," the name that preceded it, and the 
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The location of this cross-section is shown in Figure 2.3. 
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Fairchild Formation that is the currently accepted name and which correlates to units in the 

Beardmore Glacier area (Barrett, 1991). 

The Buckley Formation ("unit C" and 'T)") is a 250 m (at Mt. Wade; Barrett 

[1965]) to 460 m-thick (at Cape Surprise and ML Butters; Barrett [1965] and La Prade 

[1969]) unit of siltstone, shale, and coal measures intercalated with 0.1 to 0.5 m-thick 

lenses of channel-form sandstone (Barrett, 1991). This unit bears fossilized Glossopteris 

leaves, stems, and twigs (Barrett, 1991) and a number of small vertebrates (W. Hammer, 

personal communication, 1995). 

South of the study area, the Buckley Formation is overlain by the >560 m-thick 

Triassic Mt. Kenyon Formation (La Prade, 1969). This unit consists of cross-bedded 

sandstone and interbedded shale. It is the uppermost Beacon member exposed in the 

region. Although the Mt. Kenyon Formation's full stratigraphic section is not exposed, it 

correlates with the Fremouw and Falla Formations in the Beardmore Glacier region (La 

Prade, 1969), which have a collective stratigraphic thickness of -1300 m (Barrett, 1991). 

All of the aforementioned units are intruded by sills and dikes of Ferrar Dolerite. 

The total thickness of the Ferrar Dolerite in the Shackleton Glacier area is -1220 m (La 

Prade, 1969). Two sills (-90 m and -180 m thick; Barrett, 1965) intrude the Beacon strata 

at Cape Surprise and one sill (-90 m thick) intrudes the granitic basement at least 760 m 

below the Kukri Erosion Surface at Garden Spur (Miller et al., 1996). It is presumed that 

the latter is parallel to the Kukri Erosion Surface, given its similarity to other documented 

basement sills in southern Victoria Land (e.g., Hamilton et al., 1965). 

Flows of the Kirkpatrick Basalt are not present in the immediate study area. Their 

closest exposures are in the Grosvenor Mountains, -120 km southwest of Mt. Wade 

(McGregor, 1965b; Elliot et al., 1985). The thickness of this unit at this location is not 

known with certainty. It has been estimated, however, to be anywhere from 425 m 

(Barrett et al., 1986) to 610 m (La Prade, 1969) thick. The regional dip of these flows is 
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not accurately known but it is likely to be parallel to the attitude of the underlying Beacon 

strata. 

There exists a gap in the geologic record from the Jurassic until the late Cenozoic. 

Unlike in other parts of the Transantarctic Mountains, the Cenozoic record here lacks signs 

of volcanism and is, instead, entirely glacial. The oldest deposits are of the scattered Sirius 

Group, which is common atop Roberts Massif and Bennett Plateau. Its only known 

occurrence close to the coast is nearby Mt. Roth (Mayewski and Goldthwait, 1985). 

Episodes of glacial expansion in the Transantarctic Mountains since ~ 11 Ma have 

been attributed largely to sea level fall and grounding of the Ross Ice Shelf rather than 

entirely to climatic fluctuations (Denton et al., 1979; Denton et al., 1986; Denton et al., 

1991). The most thorough study of glacial geology near the Ross coast and the study area 

documented lateral moraines along the lower Liv Glacier at elevations as high as 800 m 

(McGregor, 1965b). Today, glacial processes—the most widely apparent actual geologic 

process occurring in the area—continue to shift and redistribute unconsolidated material. 

In the study area proper, ±e most obvious of these landforms are the Quaternary lateral 

moraines on the northern flank of Cape Surprise and in the western cirque of Garden Spur. 

2.4 Structural geologic architecture of the Transantarctic Mountains 

The Ross orogeny imparted a fabric of faults, folds, and foliation and a gargantuan 

plutonic complex that is exposed throughout the modem Transantarctic Mountains. The 

coincidence of this older edifice with a mountain range -100 m.y. younger permits 

speculation about large interrelationships between recent tectonics and pre-existing 

structures. However, the purpose of this section is to introduce the major structures that 

have evolved with, and contributed to, the elevation of the present-day mountains. 
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The Transantarctic Mountains' architecture is dominated by (1) the gently (<10°) 

hinterlandward-dipping Kukri Erosion Surface and Beacon and Ferrar Supergroups; (2) a 

narrow zone of steeply dipping normal faults—the Transantarctic Mountains Front (Barrett, 

1979)—^that lie coastward of, and trend subparallel or oblique to, the main range divide; 

and (3) transverse structures, some which may cross the entire width of the range (e.g., 

Fitzgerald, 1992). 

Some of the earliest geologists to explore the Transantarctic Mountains observed the 

near horizontal Beacon and Ferrar units composing its highest and most prominent peaks. 

It was first speculated that the mountain range was simply a large horst—the "Great 

Antarctic Horst"—elevated along range-bounding normal faults on the Ross coast and the 

ice cap (Priesdey and David, 1912; Gould, 1935). In fact, however, these units dip gendy 

inland (mostly <10°, decreasing inland) and no major faults occur inland of the range divide 

(Robinson, 1964; McGregor, 1965a). Following this evidence, succeeding models of 

range architecture variously attributed the TAM to an anticline, monocline, or tilt block(s) 

(summarized well in Table of 1 of Fitzgerald [1992]). 

Determination of the exact structure of the coastal range front has been complicated 

by the fact that most outcrops here are of basement. Gunn and Warren (1962) inferred 

fault locations on geomorphic grounds. OUver (1964) similarly postulated that the 

Transantarctic Moimtains' prominent, high-relief coastal margin, which he termed the 

"transAntarctic escarpment", is fault-related. The first substantial geologic evidence for a 

major range-bounding fault, however, was discovered at Cape Surprise (Barrett, 1965). 

Although the real fault at this location, named the "North Boundary Fault" by La Prade 

(1969), is mostly overlain by ice and scree and there are no juxtaposed strata, the offset 

was hypothesized to occur across a single fault with 3.1 to 5.2 km of stratigraphic throw 

(Barrett, 1965; La Prade, 1969), lending to the interpretation that the TAM are a single, 

large tilt block (Fig. 2.6) fault bound on its coastal margin only (McGregor, 1965b). 
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More recent studies along the TAM have revealed that this margin is a host of 

numerous faults, forming a dominant architecture of tilt blocks with subsidiary horsts and 

graben (e.g., Guim and Warren, 1962; Katz, 1982; Gleadow and Fitzgerald, 1987; 

Fitzgerald and Gleadow, 1990; Fitzgerald, 1992; Fitzgerald, 1994; Fitzgerald and Stump, 

1997; Wilson, 1995a). This zone of faults represents the Transantarctic Mountain Front 

(Fig. 2.6), the southwestem edge and the on-land expression of the West Antarctic rift 

system. Although it is narrow (e.g., <20 km in southern Victoria Land, Fitzgerald [1992]) 

in relation to the entire rift system (-1000 km), the current model of the Transantarctic 

Mountains Front closely resembles well mapped extensional terranes and rift margins such 

as in the Basin and Range region of North America and the East African rift system 

(Tessensohn and Womer, 1991). 

The Transantarctic Mountains Front is bounded by the coast on one side and the 

axis of maximum rock uplift, the local structural high as a result of rifting, on the other. In 

southern Victoria Land, this inland boundary has been relatively well documented (e.g., 

Gleadow and Fitzgerald, 1987; Fitzgerald, 1992) and lies -20 km coastward of ±e range's 

topographic divide. The majority of major normal faults dip steeply (>50°) and towards 

coast (Wilson, 1995a). These onland faults, however, only accommodate a small amount 

(best constrained at Cape Surprise to be 3-5 km) of the total inferred displacement between 

the uplifted Transantarctic Mountains and the subsided cmst of the Ross Embayment (15-

20 km) (Barrett, 1965; Tessensohn and Womer, 1991). Potential off-shore faults with 

apparent vertical offsets of 500-5000 m have been imaged by seismic and gravity surveys 

(e.g., Robinson, 1964; ten Brink et al., 1993). 

The TAM Front may account for the majority, but not all of the rift-related faulting 

in the mountain range. Other normal faults lie inland of Mt. Wade (La Prade, 1969), for 

instance, but these faults accommodate much less vertical offset and are apparently spaced 

farther apart than their TAM Front counterparts. In addition, normal faults that offset the 



STRUCTXJRAL MODELS OF THE TAM FRONT 

single on-land fault model: 

multiple fault model: 
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Figure 2.6. Structural models of the TAM Front. The hypothesis that the TAM 
are a tilt-block bounded by a single on-land normal fault along the Ross 
Embajonent followed the discovery of Beacon strata along the coast at Cape 
Si^rise (Barrett, 1965; McGregor, 1965b). Fission-track studies in southern 
Victoria Land and the Beardmore Glacier area, however, suggest that the TAM 
Front is a zone of multiple, down-to-the-basin normal faults (e.g., Gleadow and 
Fitzgerald, 1987; Fitzgerald, 1994). The axis of maximum rock uplift, however, 
does not correspond with the modem topographic culmination; the former 
happens to be a number of kilometers coastward of the latter. This illustration is 
not drawn to scale. 
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Sinus Group at inland localities near the Reedy Glacier and Beardmore Glacier (Mercer, 

1968; 1972; Elliot et al., 1974) have been cited as signs of neotectonism (Webb et al., 

1986). Recent field work suggests that some of these normal faults in the Sirius Group 

may, however, be slump-related (D. Harwood, 1995, personal communication). 

The best constraints on the age of the Transantarctic Mountains Front indicate 

significant faulting since 55-60 Ma, based on offset fission-track profiles (Gleadow and 

Fitzgerald, 1987). There is, however, indirect evidence that faulting could be much older. 

Wilson (1993) documents evidence for extensional faulting synchronous with, and 

possibly prior to, Jurassic Ferrar magmatism in southern Victoria Land and the Beardmore 

Glacier area. Furthermore, the denudation history of the TAM has been expanded to 

include episodes during the Late Cretaceous and Early Cretaceous (Stiunp and Fitzgerald, 

1992; Fitzgerald and Stump, 1997) in addition to the Cenozoic (Gleadow and Fitzgerald, 

1987; Fitzgerald, 1992). These data, though not bearing directly upon faults in the modem 

Transantarctic Mountains Front, may reflect periods of uplift and are in close accord with 

the presumed history of Cretaceous and Cenozoic extension in the Ross Embayment 

(Cooper et al., 1991b). 

Recent work has illuminated the kinematic history of the mountain range as more 

faults have been mapped. Rather than being parallel to the gross trend of the range and 

revealing pure extension, as initially envisioned, the Transantarctic Mountains Front shows 

evidence that rifting was dextrally transtensional. This has been inferred from the oblique 

orientation of faults with respect to the mountain range's trend (northern Victoria Land: 

Lanzafame and Villari [1991]; southern Victoria Land: Wilson [1995a]; Scott Glacier area: 

Fitzgerald and Stump [1997]), the oblique rake of slickenlines (southern Victoria Land: 

Wilson [1995a]), and the offset in the axis of maximum rock uplift (southern Victoria 

Land: Fitzgerald [1992]). As Fitzgerald and Stump (1997) point out, these findings are in 

general agreement with Cenozoic relative plate vectors in the South Pacific (Sutherland, 
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1995). The major implication of this transtensional kinematic history is that this Cretaceous 

and Cenozoic rift margin is a zone of inherited crustal weakness (e.g., Wilson, 1995a). 

While the range-subparallel faults that compose the Transantarctic Mountains Front 

are currently incorporated into successful tectonic models, the transverse structures that run 

normal to, and cross, the mountain range remain largely enigmatic. Because they underlie 

large outlet glaciers (e.g., Beardmore, Byrd, Shackleton, Ferrar, and other glaciers in 

Figure 1.2) they are not directly observable (Fitzgerald, 1992). However, their effects are 

visible on opposing sides of these major glaciers as different amounts of rock uplift and 

contrasting degrees of block tilting. Fitzgerald (1992) and Wilson (1995b) speculate that 

they are transfer faults or acconunodation zones. Wilson (1995b), for instance, suggests 

that they are morphologically similar to accommodation zones in the East African rift 

system. In any case, their fabric almost certainly predates Jurassic through Cenozoic 

extension because transverse structures will not form by pure or oblique extension alone 

(Davison, 1994). Grindley (1981) proposes, for instance, that the present-day Byrd 

Glacier is the site of a Permian transform fault, which was connected to a subduction zone 

north of the present Ross Embayment. 

2.5 Elistory and style of uplift of the Transantarctic Mountains 

Early explanations of the formation of the Transantarctic Mountains called upon 

such mechanisms as isostatic responses to ice loading, erosion, and Uthologic underplating, 

as well as lithospheric phase changes. The various hypotheses are reviewed in detail by 

Tingey (1985) and Fitzgerald (1992). Recent models link uplift to extension within the 

West Antarctic rift system (e.g., Fitzgerald et al., 1986; Stem and ten Brink, 1989). That 
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the mountains represent an upwarped rift margin is not debated. The specific tectonic 

models, mechanisms, and timing of uplift, however, are (Table 2.1). 

Fitzgerald et al. (1986) proposed that the Transantarctic Mountains are the upper 

plate margin of an asymmetric rift (Fig. 2.7a) (Wernicke, 1985; Lister et al., 1986). Uplift 

of the rift flank was presumed to be contemporaneous with major extension in the West 

Antarctic rift system (Fitzgerald et al., 1986). Uplift accompanied basin subsidence and 

magmatic underplating of the lithosphere. This model is no longer used to explain most of 

the TAM's uplift as the magnitude and timing of extension has been shown not to be 

proportional or coeval (e.g., Fitzgerald and Stump, 1997) but it has been adapted as a 

model for Cretaceous extension in the Ross Embayment and possibly minor uplift in 

discrete parts of the TAM (Fitzgerald and Baldwin, 1997). 

Alternatively, Stem and ten Brink (1989) considered the mountain range a 

flexurally uplifted footwall of a half-graben basin (Fig. 2.7c). In this case, the suspected 

mechanisms of uplift are flexural isostatic responses, primarily to lateral heating and 

thermal expansion. Isostatic uplift is, to a lesser degree, they argue, due to a mechanical 

end-load (the Vening Meinesz effect [Vening Meinesz, 1950]) and denudational unloading. 

According to Stem and ten Brink's (1989) model, loading of the East Antarctic Ice Sheet 

probably contributed to only -100 m of isostatic uplift. Overall uplift is thought to be 

accommodated by a large basinward-dipping normal fault that penetrates the elastic 

lithosphere. 

More recendy, van der Beek et al. (1994) have attributed most TAM uplift to 

mechanical, rather than thermal, effects above a landward-dipping detachment fault (Fig. 

2.7b). The lack of a major graben offshore of the central Transantarctic Mountains, like the 

Terror Rift in the Victoria Land Basin, suggests to ten Brink et al. (1993) that a single 

model of uplift does not necessarily apply to the entire range. This conclusion is likely 
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_Table2X_U£^_an^denud^o^i^Ae^^M^mod^ed^m_R^er^dj^l99^ 
AgeTMaJ^^^^gnitude 

(km) 

-115-145 >4.2 
initiated —125 -2 
initiated -115 <2 
initiated -115 >1 

Denudation 
Early Cretaceous 

Ellsworth Mts. AFTT (Fitzgerald and Stump. 1991) 
n. Victoria Land " (Fitzgerald and Gleadow, 1988) 
Beardmore Gl. " (Rtzgerald, 1994) 
Scott Gl. " (Fitzgerald and Stump, 1997) 

initiated -85 <1.5 Scott Gl. 
Late Cretaceous 

" (Fitzgerald and Stump. 1997) 

Jurassic to -36 -3 

21-31 small 

Cenozoic 
southern Victoria Offshore stratigraphy. First appearance of granite 
Land detritus (Barrett et al., 1989). 
southern Victoria Offshore stratigraphy. Low rates of sedimentation 
Land (Harwood, 1986). 

-177±2 

since -55 

since -50 
since -50 
since -50 

5-6 
7-10 
5-6 

range-wide 

Rock Uplift 
Jurassic 

tholeiitic basaltic magmatism (Ferrar Supergroup) and 
paleo-topographic relief of -500 m (Elliot. 1992) 

Cenozoic 
s. Victoria Land 

n. Victoria Land 
Beardmore Gl. 
Scott Gl. 

AFTT, assumes mean landsurface elevation was -500 m 
a.s.l. prior to uplift (Gleadow and Fitzgerald, 1987; 
Fitzgerald, 1992) 
" (Fitzgerald and Gleadow, 1988) 
" (Fitzgerald, 1994) 
" (Fitzgerald and Stump, 1997) 

since 3.0 / 8.0 none / 1.6 

3-5 

since 2.6 

since -3 

0.4-0.6 

<0.3 

1.3-3 

since -1.6 1.5 

Surface Uplift 
late Cenozoic 

s. Victoria Land 

s. Victoria Land 

s. Victoria Land 

Nimrod Gl. 

Nimrod Gl. 

Cosmogenic isotopes. Alternative models that fit 
cosmogenic isotope concentrations. (Brook et al.. 
1995). 
Paleontology. Deep-water foramifera unconformably 
overlain by shallow-water foramifera (Wrenn and Webb, 
1982). 
Geocbronology. Subaerial cinder cones near sea-level 
(Wilch et al., 1993). 
Paleontology. Age of Sirius Group established from 
reworked diatoms. Paleoelevation established from 
paleoflora (Webb et al., 1986; McKelvey et al.. 1991). 
Geomorphoiogy. Assumes highland planation surfaces 
are of Pleistocene glacial origin and formed near sea 
level (Grindley. 1967). 
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RIFTS AND RIFT MARGINS 

brittle 
upper crust 

ductile 
lower crust 

Figure 2.7. Three models of rift margins and rift-related major faults. Model (a) is that 
of lithospheric simple shear (Wernicke [1985]), in which rifting is asymmetric. All 
crustal extension is accommodated by a large lithosphere-penetrating fault and shear 
zone. Margin uplift is primarily in the upper plate/hanging wall. Model (b) is an 
example of a rift that is controlled by a straightforward Ustric detachment fault (e.g., 
Kuznir et al., 1991). Extension in the upper zone of the crust is accommodated by 
brittle faulting whereas extension in the lower zone is primarily ductile pure shear. The 
locus of lower cmstal stretching may be offset from that in the upper crust. Uplift is 
primarily in the hanging wall. Model (c) is that of a flexural cantilever (Kuznir et al., 
1991). Uplift and subsidence are isostatic responses to the release of an end load 
(Vening Meinesz, 1950) across the upper cmstal normal fault in addition to lower 
crustal thinning. Because no detachment fault is involved, the locus of lower crustal 
stretching is located beneath that in the upper cmst. Unlike the other two models, uplift 
is restricted to the foot wall. Thermal expansion will cause uplift in all three cases but 
such uplift is recoverable (i.e., it subsides when the area cools). Erosion and 
sedimentation are two additional mechanisms of uplift and subsidence, which are non-
recoverable. Erosion of an exposed rift flank produces a negative load and therefore 
induces isostatic, and with it flexural, uplift. Sedimentation produces a positive load 
and thus isostatic and flexural subsidence. 
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given the great length of the TAM and the potentially different uplift histories (Fitzgerald, 

1992) and kinematics between range segments. 

These hypotheses do not, however, specifically explain some of the recent 

observations concerning the structural geometry of the Transantarctic Mountain front, the 

timing of extension in the Ross Embayment, or the episodic timing of range uplift. Wilson 

(1995a) points out, for instance, that current models of rifting elsewhere in the world call 

for rift-parallel normal faults and rift-orthogonal strike-slip transfer faults (e.g., Gibbs, 

1984) or accommodation zones (Faulds et al., 1990), or arcuate rift-parallel normal faults 

and oblique-slip or strike-slip transfer faults (e.g., Rosendahl, 1987). The isostatic 

component of rift-flank uplifts, Wilson (1995a) argues, should diminish in a transtensional 

setting. These models do not conform to the transtensional Cenozoic strucmres that appear 

to have accommodated most of the uplift in the Transantarctic Mountains. 

Recent studies have revealed that extension in the Ross Embayment and uplift in the 

Transantarctic Mountains are neither continuous nor synchronous. Most extension in the 

Ross Embayment took place in the Cretaceous, between 85 and 105 Ma (Lawver and 

Gahagan, 1994; 1995). Cenozoic extension is confined to the Victoria Land Basin and 

most of it has probably occurred since the Early Oligocene (Cooper et al., 1991b). 

Rock uplift in the Transantarctic Mountains, on the other hand, occurred in the 

Early and Late Cretaceous, but the majority has occurred in the Cenozoic (Fitzgerald and 

Stimip, 1997). A small, indeterminate amount of uplift during the Jurassic cannot be ruled 

out (Elliot, 1992). Patterns of uplift that are inferred from AFTT, while complex in space 

and time, have been linked to plate tectonic events: notably the separation of Antarctica and 

Australia (Early Cretaceous), translation of the Ellsworth microplate against East Antarctica 

(Early Cretaceous), extension in the adjacent Ross Embayment (Early and Late 

Cretaceous), and major southern-hemispheric reorganization of plates (Eocene) (Stump and 

Fitzgerald, 1992; Fitzgerald and Stump, 1997). 



50 

Paleontological, stratigraphic, geomorphologic, and geophysical investigations 

have further illustrated the complexity, episodicity, and controversy surrounding Cenozoic 

uplift of the Transantarctic Mountains (Table 2.1). Much recent debate has focused on the 

hypothesis of Webb et al. (1986), supported by Behrendt and Cooper (1991), which posits 

1-3 km of surface uplift since the late Pliocene. On the other hand, geomorphologic, 

geochronologic, and cosmogenic isotopic studies contend that only a litde surface uplift 

(-300 m) has occurred in that time (Wilch et al., 1993; Ivy-Ochs et al., 1995; Brook et al., 

1995; Marchant et al., 1996). Whereas the former hypothesis demands rates of surface 

uplift (-300-1900 m/m.y.) that are rare, and only documented in collisional orogens 

(Goudie, 1995), the latter hypothesis is not so radical given the extensional nature of the 

Transantarctic Mountains. Furthermore, the latter hypothesis is in better agreement with 

average rates of rock uplift since 55-60 Ma (100±5 m/m.y.) (Gleadow and Fitzgerald, 

1987). 
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3 STRUCTURAL GEOLOGY 

3.1 Introduction 

When this project began. Cape Surprise had not been visited since 1969. The work 

of my field party's predecessors (Barrett, 1965; La Prade, 1969) described a structure of 

the Transantarctic Mountains based on the location's unique geologic setting (see previous 

chapter). Cape Surprise thus became the type locality for a model that calls for a master, 

onland normal fault constituting the Transantarctic Mountains Front Since that time, it has 

been observed in other regions that the structural architecture of the mountain range is 

complex. Firsdy, it comprises numerous normal faults that strike subparallel to the range 

trend, not just one (e.g., Fitzgerald, 1992). Secondly, a combination of oblique-slip faults 

and dip-slip faults that strike at a low angle to the range's trend suggests that the axis of 

large scale extension was not normal to the rift trend but that the Transantarctic Mountains 

Front is kinematically dextrally transtensional (e.g., Wilson, 1995a). 

Because Cape Surprise is a host of unique geologic relations, it was a prime locality 

to revisit in light of the recent structural geologic observations. This field work consisted 

of basic geologic mapping in the vicinity of Cape Surprise, often revisiting Barrett's (1965) 

localities and points further south (Fig. 3.1) that had not been mapped previously (e.g.. 

Garden Spur, spot-height 950, etc.). In addition, a number of fault surfaces were found 

and their slip directions described in order to characterize the kinematics of the range front. 

Cape Surprise is "not straightforward then or since" (P. Barrett, personal communication, 

1996). This is largely due to the extensive glacial cover and extreme frost-shattering that 

make structural and stratigraphic identification and correlation difficult. Our visit, 

however, offered some new observations and different interpretations. The results suggest 

that the fault and fracture structure of the Transantarctic Mountains Front in the Shackleton 
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Figure 3.1. Geological map of the Cape Surprise area. 



53 

Glacier area is, indeed, complex, that it predates Cenozoic tectonism, and that it arguably 

reflects a small component of dextral transtension. 

3.2 Faults 

Mapping 

Traverses and observations of a ntmiber of the study area's ridges and nunataks 

discovered numerous previously undocumented faults (Fig 3.1). These are described in 

the following paragraplis from the northenmiost localities at the tip of Cape Surprise 

southwards to Mt. Munson. 

The spur of Cape Surprise that juts north from "Facet Peak" (informal name, 84° 

31.2'S, 174° 26.8'W) (Fig. 3.2) is perhaps the best example of the intermediate scale of 

intense fracturing that occurs in this area. The Ferrar Dolerite sill that caps Facet Peak 

appears to cross a number of horsts and graben as it extends to the northern end of the 

cape. Sandstone in a graben on this ridge reflects the smaller scale, pervasive fracturing of 

a crush zone (Fig. 3.3). This sandstone graben is bounded to its north by a slighdy reverse 

fault (326, 84 N). Oppositely dipping strata at the north and south ends of the graben 

define a gentle syncline, which might be a drag fold. 

The most "surprising" discovery of the entire field season might have been that of 

the fault separating the Fairchild Formation from the Queen Maud Batholith just south of 

Facet Peak. It is especially interesting because Barrett (1965) mapped it as an 

unconformable sedimentary contact—the Kukri Erosion Surface—and thus this location 

figures prominently in his classic estimate of fault throw (Fig. 3.4). Slickenlines are 

present on the fault plane in the granitoid foot wall (Fig. 3.5). Adjacent to this, in the 
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Figure 3.2 (facing page). Tlie ridge from Cape Surprise to the south of Facet Peak. The Queen 
Maud Batholith is in fault contact with Beacon strata to the south of Facet Peak, however the 
exact fault trace is obscured by scree. The series of horsts and graben north of Facet Peak are 
visible in the dark Ferrar Dolerite and the light sandstone of the Beacon Supergroup. 
(Photographs by P. Fitzgerald). 
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Cape Surprise 
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Figure 3.3. Fault breccia in the Buckley Formation. This fault is 
the reverse fault bounding the north side of the second small 
graben just to the south of the northernmost point of Cape 
Surprise (see Figure 3.2). A camera lens cap, for scale, is near 
the center of the top of the photograph. 
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Figure 3.4. Photographs showing the contact between the Queen 
Maud Batholith (left) and the Fairchild Formation (right) on the 
southern flank of Facet Peak, (a) Barrett (1965) interpreted this 
contact as a sedimentary unconformity, (b) Miller et al. (1996) 
interpreted it as a normal fault (photo by S.L. Baldwin). 



Figure 3.5. Striated fault surface between the Queen Maud Batholith 
and the Fairchild Formation. The slickenlines (above camera lens 
cap), which rake steeply towards the east, are in the granitic footwall 
of a north-northeast dipping fault on the southern flank of Facet Peak. 
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Fairchild Formation hanging wall, is a -20 m-wide crush zone of poorly calcite-cemented 

fault breccia. The remarkable, angular juxtaposition of the well-exposed foot wall fault 

surface (305, 60 NE) to bedding in the hanging wall (340, 40 NE) provides further 

evidence that this is not a simple sedimentary contact (Barrett, 1965). As small fragments 

of Pagoda Tlllite were foimd within the fault breccia (J. Isbell, personal communication, 

1995), the locality is probably located near the base of the Fairchild Formation. The exact 

amount of offset on this fault remains not well constrained. 

Southeast of Facet Peak, there are a number of small, NNE- to NE-striking 

faults/alteration zones within the Fairchild and Buckley Formations. The second of these 

faults from the east has a horizontal separation of ~I10 m. A component of dextral strike-

slip displacement is substantiated by slightly drag-folded strata beside this fault This fault 

also separates strata with slightly different dips (-18° N to its west versus -26°N to its 

east), thus revealing slight rotational slip. The southernmost fault juxtaposes oppositely 

dipping beds and therefore has a small degree of rotational slip as well. 

The fault ±at juxtaposes the Queen Maud Batholith against Beacon strata on the 

southwestern side of Facet Peak passes through the col between Facet Peak and spot-height 

950. Its exact location is obscured by scree. As it continues east, this fault must bend to 

the north or terminate in order to bypass the spur of granite that projects northeast of spot-

height 950. 

South of this fault, at least one sill of Ferrar Dolerite intrudes the Queen Maud 

Batholith. The sill below spot-height 700 is -80 m thick and its contact with granitoid 

strikes -135° and dips -25° SW (Fig. 3.6). The sill below, and to the east of, spot-height 

950 is roughly the same thickness. Its attitude was not measured although a gentle (-5°) 

component of dip towards the south is apparent on the north side of spot-height 950, where 

it has been down-faulted -180 m (Fig. 3.7). This sUl crops out on the northern and 

western flanks of this peak. The dolerite crops out on a nunatak and a spur between spot-



Figure 3.6. Dolerite sills intruding the Queen Maud Batholith 
on Garden Spur. Both sill exposures, seen as the dark patches 
on the ridge in the foreground and below spot-height 700 in 
the background, dip south. (Photograph by P. Fitzgerald.) 



Figure 3.7. Photograph of spot-height 950. At the north end of the long, 
gentle slope from the peak. Beacon strata (black) are brought into contact 
with the Queen Maud Batholith (light gray) along a normal fault. Slightly 
south-dipping Ferrar Dolerite sills (dark gray) are exposed below spot-height 
950 just above the ridge line that projects east of the peak and under the 
gentle slope north of the peak. This sill is down-dropped towards the north 
across a fiault just north of spot-height 950. Alteration zones, which are 
suspect fault zones, form the darl^ght, steeply dipping bands in the 
foreground, northward pointing spur. The peak's vertical relief is -550 m. 
(Photograph by P. Fitzgerald.) 
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heights 700 and 950 (Fig. 3.6). These were not visited, however they are of about the 

same thickness, they also appear to dip to the south, and therefore they conceivably 

represent the same sill. 

These four basement sill exposures are currently at different elevations and show 

slightly different apparent dips. As basement sills in southern Victoria Land tend to be 

subparallel to the Kukri Erosion Surface (e.g., Hamilton et al., 1965; Gleadow and 

Fitzgerald, 1987), it is assimied that this sill might also be and hence it was originally 

subhorizontal and continuous. The differences in elevations and dips of the basement sill 

exposures in the study area probably reflect offset across somewhat north-south trending 

faults. 

No dolerite sills were found between the latitudes of spot-height 950 and Mt. 

Mimson. Thus there are no signs of major faulting in this otherwise homogeneous tract of 

granitoid. Nevertheless, a fault of unknown displacement was found just to the south of 

spot-height 700. This fault overlies a linear, snow-filled gully and juxtaposes granitoid 

with large microcline phenocrysts (>1 cm diameter) on its north against its rather 

equigranular equivalent. Potential faults might occupy red alteration zones seen on Olds 

Peak and on Mt. Munson. 

Because Feirar Dolerite is absent between Garden Spur and Mt. Munson, one 

might conclude that this portion of the Transantarctic Mountains Front is stratigraphically 

lower than Garden Spur. However, there is no major basement sill at all on Mt. Munson, 

as seen near Cape Surprise and as described elsewhere in the mountain range. However, 

small dikes (estimated to be <5 m thick) were observed in the basement on Mt. Munson 

from helicopter. These dikes are located in the proximity of the Kukri Erosion Surface. It 

is, therefore, likely that the major basement sill near the coast pinches out before reaching 

Mt. Munson. 
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South of the latitude of spot-height 950, it is difficult to detect faults until one 

reaches the summit of Mt. Munson, where Beacon strata and the Kukri Erosion Surface 

reappear. On the south side of Mt. Munson there is a small, approximately north-dipping 

normal fault with -20 m of offset. Sighting from Mt. Mimson along the Kukri Erosion 

Surface towards Mt. Wade, however, it is apparent that no large dip-slip fault exists 

between the two mountains. 

Fault slip 

A total of twenty-six fault plane attitudes and slip directions were measured. This is 

not a sufficiendy large data set to be statistically rigorous, yet it does provide a sense of the 

area's kinematics. These faults range from the ostensively large, such as that on the 

southwestern flank of Facet Peak, to the small that are little more than shear fractures. The 

faults occur raosdy within granitoid, so the sense of slip is typically determined from 

slickenlines (e.g., Davis and Rejmolds, 1996) and the amount of slip is unknown. This 

method of determining the slip sense is not fool-proof, as the directionality of slickenlines 

is not always apparent Nevertheless, they suggest that most of these faults are normal, 

with slip typically slighdy to less often significandy dextrally oblique. A small number of 

slickenlines indicate a reverse sense of slip. This is not unexpected in an overall normal 

fault system in which some small, internal rigid blocks accommodate strain with reverse 

slip (Suppe et al., 1997). 

Stereonets of fault planes and lineation poles from the Cape Surprise area, OUiver 

Peak, and Sage Nunataks are presented in Figure 3.8. Two sets are immediately apparent. 

One set strikes 285°-350° and dips predominandy 5°-85° NE. A second set strikes 030°-

050° and has generally steeper dips from 60° NW-75° SB. Slip directions on both sets vary 
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Figure 3.8. Stereonets of fault planes and slickenlines from the 
Cape Surprise, Olliver Peak, Sage Nunataks, and Olds Peak areas. 
The stereonet at left is a plot of the poles of fault planes. These 
poles are contoured (shades of gray) by the Kamb method (Kamb, 
1959). At right, the faults (great circles) and their slip lines 
(points) are shown. These data were plotted using the program 
Stereonet by AUmendinger (1993). 
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Figure 3.9. Stereonet of faults with known slip directions from the 
Cape Surprise, Olliver Peak, and Sage Nunataks areas. The fault 
planes are plotted as great circles and the slip lines are plotted as 
points on these circles. A kinematic solution was derived using the 
computer program Fault Kinematics by AUmendinger et al. (1993). 
Extension, or S,, axis poles are contoured by the Kamb method. 
The level of significance for the Kamb contours is 3<y. 
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considerably, from low oblique to high oblique, from dextral to sinistral. Combining the 

slip vectors from only those faults with known slip directions (11 out of 26), a tentative 

fault kinematic solution was derived, which reveals a mean maximum extension direction 

(Si) that trends -032® (Figure 3.9). Since the slip magnitudes of most of these faults are 

unknown, the demonstrably large faults are probably the most teUing indicators of large-

scale strain. The largest fault, that which separates granitoid from the Fairchild Formation 

near Facet Peak, strikes 125°, dips 60° NE, and has steep slickenlines that rake 69° E. The 

trend of these striae (-072°) is notably different than the general slip trend for small faults. 

For instance, this major fault, with dextral normal slip, contrasts with many of the smaller 

faults in the same set, some of which are even sinistrally oblique. 

3.3 Joints 

Joints, or fractures with no apparent shear, are structures that make small 

accommodations to lithospheric stresses, tj^ically by Mode I failure (e.g.. Pollard and 

Aydin, 1988), opening parallel to the least principal stress. In an attempt to place 

constraints on the strain history of the Transantarctic Mountains Front, the strikes and dips 

of sixty-nine joints were measured at Cape Surprise and Garden Spur. These 

measurements were taken from two lithologic domains, the Queen Maud Batholith and sills 

of Ferrar Dolerite. These domains reflect slighdy different strains, yet they also share a 

common joint set that records a real response to tectonism or uplift and unroofing. 

The joint planes are displayed in Figure 3.10. Interpretation of these data are 

hampered by both the low sample number, which results in large standard errors, as seen 

in the stereonets. However, pervasive joint sets in the Queen Maud Batholith on Mt. 

Munson (Fig. 3.11) strike 270°-290° and dip, in order of decreasing dominance, 60°-80°N, 



66 
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Figure 3.10. Stereonets of joints in the Cape Surprise and Garden Spur areas. 
Poles to planes are shown for joints in the Queen Maud Batholith and Ferrar 
Dolerite. Contours were produced by the ICamb method (Kamb, 1959). 

Figure 3.11. Joint sets on Mt. Munson. The view is towards the 
west, from about the 1800 m elevation on the northem flank of 
Mt. Munson. 
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subhorizontal, -65°S, and 30°N. Although the dip of the dominant set differs, the sighted 

joints on ML Munson compare favorably to the measured joints near the coast. 

Comparison of the granite and dolerite domains reveals a common joint set (280°-290°, 35°-

40° NE). Such a coincidental set is, therefore, probably Jurassic or younger in age. 

3.4 Alteration zones 

Rare yellowish-orange to red lineaments, which mark zones of hydrothermal 

mineral alteration, occur within the study area. They were observed near Cape Surprise, 

spot-height 950, Pyramid Peak, Olds Peak, Mt. Munson, and Olliver Peak, most often in 

the Queen Maud Batholith but also in Beacon strata. In some cases they are found in 

association with, and parallel to, faults, as evidenced by the presence of slickensides, fault 

breccia, gouge, offset strata, and drag folds. Alteration zones also occupy joints and stand 

out in mylonites. They range in width from <1 cm to -40 m. The larger zones are 

traceable up to 50 m in length. Their display in rose diagrams (Fig. 3.12) reveals two 

principal sets (280-290° and 040-050°). 

3.5 Hypotheses 

Nature of the major, range-fronting escarpment 

The highest peaks in the Shackleton Glacier area of the Transantarctic Mountains 

are found in the Prince Olav Mountains. This imposing range, which includes Mount 

Wade and trends roughly parallel to the entire range, is bounded on its north side by a 
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Figure 3.12. Rose diagram showing the trends of hydrothermal 
alteration zones. Measured alteration zones are from the Cape 
Surprise, Olliver Peak, Olds Peak, and Mt. Munson areas. 
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steep, embayed escarpment up to 2600 m tail. The lower -800 m of the scarp cuts the 

Queen Maud Batholith whereas the upper remainder exposes Beacon Supergroup and 

Ferrar Dolerite units. Early workers in the TAM considered similar major escarpments to 

have formed by erosion (e.g., Priestiey and David, 1912; Gould, 1935). However, more 

recent workers have attributed a number of coast-facing escarpments in the TAM Front to 

normal faulting (e.g., Guim and Warren, 1962; Fitzgerald, 1994). Behrendt and Cooper 

(1991) suggest that the prominent main escarpment of the Transantarctic Mountains 

indicates a substantial magnitude of recent uplift, implying that the scarp is largely tectonic 

in nature. A major question concerning the morphotectonics of the study area is, thus, 

whether the "Prince Olav escarpment" is a fault scarp, a fault-line scarp, or completely 

erosional. 

The exposure of a thick sequence of Beacon strata in the Prince Olav escarpment, 

nearly 1000 m above the scarp's base, and the presence of stratigraphically lower basement 

rocks adjacent to its base immediately shows that the 3000 m-high scarp carmot be 

attributed entirely to vertical fault displacement Given this evidence, there could be no 

more than about 1000 m of fault throw on this scarp. 

However, suiictural geologic observations show this estimate, itself, to be too 

generous. The scarp divides Mt. Wade from Mt. Munson. Because the Kukri Erosion 

Surface is exposed on both mountains, it is fairly simple to determine how much fault 

throw occurs over the 2-3 km wide valley separating them. Sighting from the 

unconformity on Mt. Munson to it on Mt. Wade, ±ere is no visible offset. One north-

dipping normal fault (-20 m of dip offset) was observed on the southern flank of Mt. 

Munson. However, this and any other faults between Mt. Munson and Mt. Wade 

apparently contribute to litde net throw down to the north. Fitzgerald et al. (1996) made a 

like observation at a locality -40 km to the east. Based on sighting the Kukri Erosion 
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Surface on ML Daniel and the E'rince Olav Mountains, they concluded that there is no 

significant dip-slip fault in the 15 km valley that separates the two points. 

The range front is, therefore, not a fault scarp. It could be a fault-line scarp, 

however this is unlikely due to the gready embayed nature of the range front and the variety 

and number of lithologies exposed on the scarp. Fault-line scarps typically lie along fault 

traces, yet they are simply the result of contrasting erosion of the different lithologies 

brought into contact by the fault. It is most likely that the present-day escarpment is 

dominandy erosional in nature. Faults may indirectiy influence the Prince Olav 

escarpment's orientation and location because they produce weak, linear zones in the rock, 

but they do not direcdy control its origin. The present scarp is simply the erosional 

remnant of an rift-flank margin that was uplifted along the TAM Front. 

Fault geometry of the Cape Surprise area 

Given the presented data, it is evident that the architecture of the Transantarctic 

Mountains Front near Cape Surprise includes more faults, albeit many that are smaller, than 

first acknowledged by Barrett (1965) and La Prade (1969) (Fig. 3.13). As demonstrated 

earlier in this chapter, the pattem of faults in the study area is dominated by two sets: one 

±at is subparallel to the range's trend and one that is nearly orthogonal to it. The former 

set primarily comprises slightly oblique slip normal faults. The latter set, on the other 

hand, appears more kinematically variable. Some of its faults show a degree of rotational 

slip. Though such slip is small on the faults observed southeast of Facet Peak, it agrees 

with the larger magnitude of rotation across Barrett's (1965) Fault Y. For most, however, 

only their separation is constrained and these range from reverse to normal and left-lateral 

to right-lateral. 
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Previous structural models of the Cape Surprise vicinity 

Barrett (1965) 35 
Cape Surpnse 

La Prade (1969) 

Fenar Dolcritc (Jurassic) 

Uy Beacon Supergroup (Permian) 

• Queen Maud BathoUth (Cambrian-
Ordovician) 

ion 

N 

I 

fault (bar and ball on downdropped block) 
sedimentaiy or igneous contact 

^ bedding 

Figure 3.13. Geological maps of the Cape Surprise vicinity by Barrett 
(1965) and La Prade (1969). Bedding on La Prade's map is the 
same as that on Barrett's, so it is not repeated here. 
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In a transect from spot-height 480 to spot-height 950, structural elevation increases 

towards the southeast (Fig. 3.1). This displacement is accommodated by faults such as the 

roughly north-south scissor fault west of Facet Peak. The southern extremity of this fault 

clearly displays both west-side down and left-lateral senses of separation. This and similar 

transverse structures provide hard linkages that accommodate slip on the WNW striking set 

of ostensibly normal faults. These transverse structures thus share certain characteristics 

with transfer faults in other regions: (1) vertical and horizontal separation, (2) some strike-

slip, even in a sense opposite of separation, and (3) variable, even opposite, dips across the 

faults (Fig. 3.14) (Gibbs, 1984; Davison, 1994). For most of those faults, only their 

separation is apparent. Even where a strike-slip component is demonstrable, such as 

southeast of Facet Peak, whether these transfer faults accommodate different rates of 

extension or offsets in footwall ramps cannot be directly ascertained. As these faults trend 

obliquely to the inferred orientation of the southeast-striking normal faults, they most likely 

slip obliquely. Such a scenario has been observed on transfer faults in transtensional 

settings such as the East African rift system (Scott et al., 1992). 

Although no significant faults were found between Garden Spur and the summit of 

Mt. Munson—found were only a few slickenlines on Olds Peak and suspicious alterations 

zones on Olds Peak and Mt. Munson—their presence can be inferred. This is 

demonstrated below by a calculation of how much fault offset is probably accommodated 

between Cape Surprise and Garden Spur, where Barrett (1965) suspected 3.1-5.2 km of 

stratigraphic throw. This has implications for how much faulting is accommodated south 

of Garden Spur—where Barrett hypothesized no faults. This inference, in addition to 

newly mapped, or reinterpreted, faults, reveals that the Transantarctic Mountains Front is a 

wide fault zone with a complex network of linkages, which is typical of rifts. 

The discovery of a Ferrar Dolerite sill intruding the Queen Maud Batholith requires 

that the fault offset between Cape Surprise and Garden Spur be re-evaluated. Whereas the 
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Figure 3.14. Examples of transfer faults. Map (a) of transfer faults (T) 
stepping the normal faulted margin of the South Vildng Graben, North Sea 
(from Gibbs, 1984). Transfer faults may accomodate different rates or 
axes of extension in the two fault blocl^ that they separate. They may 
also divide oppositely dipping fault-block domains, as seen in the lower 
block diagram (b) (from Davison, 1994). 
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sills are widespread within the Beacon Supergroup, in southern Victoria Land, where 

Antarctic geology is best mapped, there is only one such sill within the basement and it 

occurs not far beneath the Kukri Erosion Surface. At Garden Spur, the basement sill must 

be at least 760 m below the Kukri Erosion Surface as there is this much stratigraphic relief 

in granite above the sill here. An upper limit is based upon the assumption that the 

basement sill is no more than -1200 m below the Kukri Erosion Surface, as it is in 

southem Victoria Land (Hamilton et al., 1965). Revised estimates of stratigraphic throw 

are thus; 2.4-3.1 km between Cape Surprise and spot-height 700 and 1.4-1.8 km between 

Cape Surprise and spot-height 950 (Fig. 3.15). These estimates suggest that 1.3-3.8 km 

of throw is accommodated by normal faulting between Garden Spur and ML Wade. 

Constraints on the age of the modern fracture system 

The faults in the vicinity of Cape Surprise are probably relatively old features. The 

transfer faults were active, at least as scissor faults, prior to some of the most recent normal 

faulting at Cape Surprise (e.g., on the fault on the southwest flank of Facet Peak). This is 

evidenced by the north-dipping strata in the hanging wall of a north-dipping nomaal fault 

Judging by the dip of the dolerite sill on spot-height 950, the basement footwall of this fault 

dips gently to the south. The expected hanging-wall rotation due to this normal fault would 

cause the hanging-wall bedding to dip towards the south. In the alternative case of drag 

folds, the dip directions of bedding and the fault could be the same. This is not a likely 

explanation, however, because drag folds tend to be relatively small in scale whereas this 

"drag fold" would have a limb that extends at least 4 km. The most plausible explanation 

is, therefore, that the north-dipping beds were largely tilted into such an anomalous 

orientation before a more recent episode of tectonism that produced the present normal 
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Figure 3.15. Cross-sections through the Cape Surprise area. In (a), 
section X-X' crosses through the western end of the Cape Surprise area 
and Garden Spiur, showing the inferred stratigraphic throw across the main 
normal fault that downdrops Beacon strata to the north. The hatchured 
pattern represents the estimated error in the inferred elevation of the Kukri 
Erosion Surface. In (b), section Y-Y' crosses through the eastern end of 
the Cape Surprise area, showing the inferred stratigraphic throw across the 
main normal fault that brings Beacon strata into contact with the Queen 
Maud Batholith. The right-lateral separation of the Fairchild Formation 
between Facet Peak (i) and the cross-section (ii) is 700-1050 m. 
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fault This most recent faulting did probably tilt this north-dipping block a litde towards the 

south. Such movement is evidenced in the currentiy north-dipping reverse fault that 

boimds the sandstone graben near the northern tip of Cape Surprise. 

This model agrees with an interpretation of hydrothermal alteration zones in the 

study area. The two distinct trends of alteration zones (280-290° and 040-050°) are similar 

to the major fault sets (285-350° and 030-050°). In a few cases, small amoimts of 

separation or slip on the altered fractures and fracture zones are actually demonstrable. It is 

a reasonable inference, therefore, that the present faults existed at least as fractures prior to 

the episode of alteration. This alteration episode has not been accurately dated in the study 

area. More detailed studies of similar hydrothermally altered fracture zones have been 

made elsewhere in the TAM. Comparison with these allows a rough estimation of their 

age. 

Similar hydrothermal alteration of fracture zones in southern Victoria Land is 

believed to have attended Ferrar magmatism (Craw and Findlay, 1984; Wilson, 1993). 

Because the Ferrar Dolerite siUs are close by and are the only visible magmatic bodies in the 

region that are younger than the Queen Maud Batholith, which is cut by these zones, they 

are the most likely heat source for hydrothermal activity. More recent '^Ar/^'Ar 

geochronology on alteration within the Jurassic Ferrar Supergroup, itself, points to an early 

Cretaceous age (Fleming et al., 1992a, 1992b, 1996). Either way, the Shackleton Glacier 

area alteration zones probably highlight fractures that are Jurassic or older in age. This 

does not necessarily constrain the age of all fractures in these sets. It does not, for 

instance, reflect anything about the age of non-altered fractures. It will be demonstrated 

later in this thesis ±at most normal faulting in the area is Cenozoic in age. The early 

Cretaceous or older fractures/faults were most likely reactivated by, or provided a template 

for, Cenozoic faulting. 
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Kinematics of the Cape Surprise area 

The development of the plate tectonics paradigm coincided with an increasing 

appreciation for the importance of simple shear in strike-slip fault systems (e.g., Wilson, 

1965). Previously, interpretations invoking pure shear dominated, with the belief that 

strike-slip faults only occurred in conjugate pairs (Sylvester, 1984). The importance of 

simple shear can be extended to extensional systems as well. In cases of pure shear, 

normal fault dip directions and the overall maximum extensional strain will be 

perpendicular to the rift trend. In a simple shear couple, the directions of relative 

displacement (e.g., between two points on either side of the rift) and maximum extensional 

strain will occur at an angle to the rift trend (Withjack and Jamison, 1986). This non-

coaxial deformation, often described as transtensile (Harland, 1971) in large-scale oblique-

divergent systems, is being increasingly recognized in rift settings (Scott et al., 1992; 

WUson, 1995a). 

The scale of observation is critical. Oblique divergence can occur on the scale of 

single faults (e.g., as a slip direction on a normal fault that is at an angle to the dip 

direction) or on the scale of mountain ranges (e.g., as principal strains that are oblique to 

the range trend). Small-scale transtensional settings can occur within large-scale 

transpressive regimes, such as at small releasing bends (e.g., Sylvester, 1988). Such 

obliquities typically require critical pre-existing weaknesses in the crust, such as fractures 

(e.g., old faults) or relatively weak basement foundations (e.g., former orogens), at an 

angle to the principal strains. The angle between the maximum extensional strain and the 

"rift" trend, <() (Krantz, 1995), is thus rather arbitrary and scale dependent. However, if 

patterns of transtensional deformation are sufficiendy pervasive, especially on large 

structures, they probably reflect oblique divergence at a scale meaningful to plate tectonics. 
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With respect to the orientation of the coastline (280°-290°), the strike of the 

dominant normal fault set (300°-320°) is oblique, suggesting a dextrally oblique extension 

direction (<j)=60°-80°) (Fig. 3.16). It is important to consider the different scales of 

structures and morphostructures being measured. Faults, many themselves small shear 

fractures with traceable lengths on the order of meters, are much shorter than geomorphic 

lineaments such as the coast Whether these lineaments define large faults or general en 

echelon trends of smaller faults is not known. 

In addition to this arrangement, a great number of faults, themselves, record 

oblique slip. Dimensions of most of the measured faults are not known. Many may be 

simple shear fractures. The largest fault, with a throw of as much as 1.8 km, however, has 

slickenlines that trend -072° (<{)=~60°) (Fig. 3.16). The apparent overaU maximum 

extensional strain, derived from ostensibly smaller, less significant faults, is, however, less 

oblique ((j)=~80°). It is interesting that this result predicts a slight sinistral oblique 

component to the strain field at the scale of many small faults. 

This doubly oblique relationship—that of individual faults with respect to general 

fault trends and that of slickenlines with respect to individual faults—^may reflect the initial 

incongruity between the trend of the Ross orogen and initial Mesozoic principal stresses, 

followed by a slightly rotated stress field during the Cenozoic. This highlights the 

difference between oblique divergence with respect to larger scale, basement structures, 

such as weak, old orogens and that with respect to smaller scale, pre-existing fracture sets. 

In characterizing the transtensile deformation of the Transantarctic Mountains Front, 

it is therefore important to demonstrate that the most recent slip recorded on these faults, 

probably associated with Cenozoic mountain building, is indeed oblique to the general axis 

of the rift flank (the mountain range). The pattern of faults and fractures, obliquely striking 

or en echelon with respect to the mountain range, does not necessarily constrain the nature 

of the early Cenozoic strain field if the fractures originated in the early or middle Mesozoic. 
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(a) CAPE SURPRISE AREA TRANSTENSION 
mean trend of fault slip 

trend of slip 
on the 
principal fault 
near Facet Peak 

fault dip lines (circle=25%. n=23) 

coastline (circle=60%. n= 5) 
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Figure 3.16. Transtensional rift setting, (a) A rose diagram comparing the 
orientation of the coast, fault dip lines, and slip trends on Cape Surprise area faults. 
The oblique angle between the extension axis, which can be approximated by the 
mean extension axis calculated from fault slip data, the slip on the largest known 
area fault, or the dip orientation of the faults, and the general orientation of the rift 
hinge, here approximated as the coastline, indicates &at this structural domain is 
dextrally transtensional. The kinematics and structural geometry of the study area 
compare well with the those characteristics in a general transtensional rift setting 
(b), in which extension is oblique to the rift trend (from Angelier, 1994). 
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Because transtensile deformation appears so pervasive in the study area, it probably reflects 

the real kinematics of the Transantarctic Mountains Front 

Pre-existing fractures in the Transantarctic Mountains Front could have been re

activated as faults. This has been documented in the East Afncan rift system, for example 

(Etheridge, 1986). Such older fractvues include those highlighted as Jurassic or Cretaceous 

alteration zones and the Cambro-Ordovician Spillway fault. The latter structure, at the 

mouth of the Liv Glacier (Fig.2.3), is a suspect reverse fault that was active during the 

Ross orogeny (Stump, 1995). Its strike (-140°) is similar to that of Cenozoic faults. Even 

without pre-existing fractures, it is likely that faults trending obliquely to the TAM could 

have formed. Withjack and Jamison (1986), for instance, demonstrate with physical 

analog models that en echelon fracture sets can form in transtensile settings in the absence 

of pre-existing fractures. Wilson (1995a) suggests that the Ross orogen itself was a 

suitable weakness, indicated by the spatial coincidence between the Ross orogen and the 

modem Transantarctic Mountains. 

The degree of transtension in the study area ((l)=60°-80°) is apparentiy small in 

relation to that described by other workers elsewhere along the Transantarctic Mountains. 

Wilson (1995a) illustrates an angle of <|)=30°-45° between the direction of principal 

extension and the range trend in southern Victoria Land. Fitzgerald and Stump (1997), 

meanwhile, present a -45° angle between the dip direction of faults and the range trend in 

the Scott Glacier area, perhaps implying (t)=45°. Wilson (1995a) notes that a transtensional 

setting does not promote maximimi isostatic rebound, most likely because of a non-

continuous border fault system. However, hard linkages, such as transfer faults, are 

present in study area. A pertinent question regarding the uplift of the Transantarctic 

Mountains is whether less transtension in the study area, supplemented by the faults' linked 

nature, is reflected in the slightly greater elevations in the Prince Olav Mountains (up to 
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4084 m) than in the other regions (Granite Harbour area, southern Victoria Land, <4000 m; 

Scott Glacier area, <3500 m), a possible result of greater rock uplift. 
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4 GEOMORPHOLOGY 

4.1 Introduction 

The changing surface of Earth is the basic focus of geomorphology: the how, the 

why, and the when of this surface's shapes. This surface is the point and counterpoint 

between endogenic and exogenic processes; the stage for interplay between the lithosphere, 

the hydrosphere, the biosphere, and the atmosphere. Of growing interest is the active role 

of the lithosphere. Despite a long, intermittent history that reflects an interest in the effects 

of tectonics (e.g., Penck, 1953; Cotton, 1958; King, 1962; Tricart, 1974; Oilier, 1981), 

amazingly, only recendy have many geomorphologists come to appreciate the plate tectonic 

paradigm or, for that matter, apply it to their field of study (Baker and Twidale, 1991). 

Recent progress in the study of landscape development (Summerfield, 1981; 1996) 

reflects an integration with plate tectonic theory. Landscape development studies, which 

mark the return of geomorphological focus to large-scale landforms and landscapes that 

were once the domain of overly deterministic, albeit conceptually useful, models of 

landscape evolution, also acknowledge the importance of non-tectonic mechanisms such as 

flexure and isostasy in uplift (e.g., Summerfield, 1991a). This renewed interest is boosted 

by recent advancements in our understanding of plate tectonics, smaller-scale surface 

processes, and geochronometric and geophysical methods (Sugden et al., 1997). As a 

broad example of this new collaboration, prescient models of large-scale landscape 

evolution (e.g.. King, 1955) have been revisited in new light and the result has been the 

vigorous modeling of continental passive margin and rift-margin landscape development 

(e.g., OUier, 1978, 1985a, 1985b; Summerfield, 1985; Partridge and Maud, 1987; Stem 

and ten Brink, 1989; Gilchrist and Summerfield, 1990, 1994; Lister et al., 1991; Stiiwe, 

1991; ten Brink and Stem, 1992; Kooi and Beaumont, 1994; Gilchrist et al., 1994; van der 



83 

Beek et al., 1994, 1995). The currently accepted sequence of landscape changes that 

follow rifting can be summarized as follows: (1) passive or active rift-associated rock uplift 

and/or base level of erosion fall; (2) denudation, initiated by (1) and in a style that is 

typically characterized by the retreat of escarpments away from the rift axis or passive 

margin coast; (3) flexural uplift due to isostatic rebound due to denudational unloading 

(Summerfield, 1991a). 

Past geomorphological studies in the Shackleton Glacier area predated these 

conceptual and technical developments. In addition, previous studies were largely confined 

to the portion of the moimtain range located towards the polar ice sheet (La Prade, 1969; 

Campbell and Claridge, 1987). Cenozoic glacial deposits have been described, but not 

intensively studied, along the Ross Ice Shelf coast (McGregor, 1965b; Mayewski and 

Goldthwait, 1985). Little, overall, has been noted about the landforms of that area. La 

Prade (1969) briefly noted the glacial landforms near Cape Surprise such as moraines, 

cirques, cols, aretes, and horns. Fxirther south along the Shackleton Glacier he described 

these landforms in addition to truncated spurs, hanging valleys, U-shaped valleys, valley-

waU benches, planated summits, rock glaciers, and patterned ground. Certainly, no pre-

glacial history of the landscape's long evolution has been devised. 

This chapter will not succeed either at thoroughly describing the Shackleton Glacier 

area landscape. It does concentrate, nonetheless, on a number of landforms that are 

especially useful in reconstmcting a long-term history of landscape development and 

tectonic activity. It is argued that heretofore undescribed planation surfaces define relict, 

incised pediments or pediplains, at least near the coast. These erosion surfaces are sharply 

truncated by escarpments and valleys, with up to 3000 m of relief, that reflect large base 

level falls and changes in erosional regimes. In this regard they are used to infer the 

relative timing and the localization of rather recent faulting and uplift. It is ftirther 

hypothesized that glacierized drainages also reveal a basement fracture pattern, most likely 



84 

designating rift-related normal and transfer faults. The drainage pattern, itself, may be the 

most recent reflection of the kinematic history of these fractures: asymmetric drainage 

networks, for instance, are arguably the result of small amounts of dip-slip on roughly 

north-south striking, east-dipping normal faults or fault zones during the drainages' 

infancies. In all, this geomorphological study places landscape development—the interplay 

of tectonics, climate, and denudation—in recent terms relative to the records of structural 

geology and thermochronology described elsewhere in this thesis. 

4.2 Highland versus lowland physiography 

"Grim, rugged, gloomy, and grand," was how Sir Ernest Shackleton described the 

mountains of the Antarctic (Railing, 1983, p. 158). Less metaphorically, in the study area 

the glaciated range rises from the Ross Ice Shelf coast (elevation ~2(X) m above sea level) to 

a maximum height (>4000 m a.s.l.) about 30 km to the south. Beyond this topographic 

axis, the mountains gradually disappear under the polar ice cap (the "Polar Plateau"). A 

small number of large valley glaciers, such as the Shackleton and Liv Glaciers, typically 

>10 km wide, cross cut the range and drain the ice cap (Fig. 1.3). 

The study area's landscape can be broadly divided into two subsets: highlands that 

include the Prince Olav Mountains and the region towards the Polar Plateau (up to 4084 m 

a.s.l.) and lowlands that lie to the north and along the coast (<100 m to -2500 m a.s.l.). 

The lowlands, topographically imposing in their own right yet dwarfed by the Prince Olav 

Mountains, define a broad, gentiy rising range front or a piedmont. 

This basic physiographic division was noticed by Gould (1935, p.974) nearby in 

the area of Mt. Fridtjof Nanssn, who remarked at the contrast between "low-lying ragged 

peaks" and "great tabular flat-topped mountains." LaPrade (1969, p. 18-19) attributed this 
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distinction to different styles of glaciation—^"alpine" in the lowlands and "continental" in 

the highlands. Indeed, the prevalence of aretes, horns, cirques, U-shaped valleys, and 

moraines in the lowlands are reminiscent of alpine-type glaciation. However, many of the 

ridges and nunataks there are capped by subde planation surfaces, as well. Conversely, the 

highlands, too, have alpine-like cirques and hanging valleys. One of the key differences 

between the areas, and a large factor in the contrasting prevailing landforras, is lithology: 

the lowlands comprise mostly granitoid and metamorphic basement whereas the highlands 

are dominantiy subhorizontal-lying sedimentary, hypabyssal, and volcanic cover. On these 

grounds, the highlands' and lowlands' landforms do not necessarily reflect vastly different 

process regimes. 

4.3 Lineaments 

The smdy area's landscape is pervaded by similarly oriented geomorphic elements. 

In order to describe this observation, trends of 116 nearly horizontal, linear segments of the 

terrain >5 km long, such as glacier-valley wall junctions and prominent ridge lines, were 

measured (Fig. 4.1). A rose diagram of these lineaments (Fig. 4.2a) reveals a number of 

dominant sets on the Transantarctic Mountains piedmont between the Shackleton Glacier 

and the Liv Glacier: (1) 0°-010°, surrounded by a cluster from 350°-040°, and (2) 3(X)°-

330°. 

It is helpful to divide the lineaments by geographic location. In Figure 4.2b, the 

lineaments are separated into two populations—one constituting all elements north of, and 

including, a conspicuous NW-trending system deflned by the upper Gough Glacier and an 

unnamed glacier south of Watt Ridge (informally referred to here as the Gough Glacier-

Watt Ridge lineament system) and the other constituting all elements south of this lineament 



Figure 4.1 (facing page). Map showing the geomorphic lineaments measured in the 
lowlands and on the Prince Olav escarpment. (Base maps: U.S. Geological Survey, 
1:250,000 scale, "Shackleton Glacier" and "Liv Glacier"). 
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GEOMORPHIC LINEAMENTS 

(a) Ail lineaments between 
Shackleton and Liv Glaciers 

Ns 116 
Equal Area 
ardes 16% 

(b) North of, and including, Gough 
Glacier-Watt Ridge lineament 
system 

N« 70 
Equal Area 
Circles 15% 

South of Gough Glacier-Watt 
Ridge lineament system 

Ns 46 
Equal Area 
Circles 30% 

Figure 4.2. Rose diagrams of geomorphic lineaments between the Prince Olav 
escarpment and the Ross Ice Shelf. Lineaments included are those 5 km or 
greater in length. 
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system. It is evident that there are very few lineaments other than the 0°-010° set in the 

southern subarea. In the northern subarea, all sets are present. Members of the 3(X)°-330° 

set rotate clockwise as one progresses from the western to eastern ends of the study area. 

4.4 Asymmetric drainage 

The pattern of drainage near the coast between the Shackleton Glacier and the Liv 

Glacier is dominated by north flowing and WNW-to-NNW flowing valley glaciers (Fig. 

4.3). In this area, the northwest flowing glaciers tend to be tributaries of the north flowing 

set. Complementarily, and more strikingly, this pattern consists of north-trending ridges 

and WNW-to-NNW trending spurs. This glacierized network is visibly asymmetric. That 

is, the drainage basin is effectively divided into two halves by its trunk, or main, stream 

(glacier). However, the sizes of these two halves are unequal. The drainage pattem along 

the Prince Olav escarpment is also asymmetric, except dissimilar to the coastal case: north 

flowing tributaries verge into WNW flowing trunk glaciers. The general demarcation of 

the two separate domains of drainage asymmetry neady coincides with the distinct domains 

of geomorphic lineaments described earlier. 

In order to statistically assess this visible asymmetry, these qualitative observations 

can be compared with the Transverse Topographic Symmetry factor (T), a quantitative 

description of the cross-basin geometry defined by Cox (1994); 

T = Da/Dd 



Figure 4.3 (facing page). Map and analytical results of asymmetric drainage. The magnitude of 
the analytical data is presented graphically as the distance from the center of the circle, where T=0 
at the center and T=1 at the edge. The azimuth is measured clockwise from the top of the circle. 
Squares mark the mean value of each dataset. The data are contoured by the Kamb method 
(Kamb, 1959). The contour interval is 2a. Drainages along the coast (1-7) have a mean T=0.2 
that trends 293° (n=77, P=4.2xl0 '^). Drainages along the north side of the Prince Olav Mountains 
have a mean T=0.3 that trends 51° (n=24, P=4.2xlO'°). Drainages are numbered as follows: (1) 
Massam Glacier, (2) lower Barrett Glacier, (3) unnamed glacier in the Gabbro Hills, (4) lower 
Gough Glacier, (5) Le Couteur Glacier, (6) Morris Glacier, (7) unnamed glacier northeast of Mt. 
Daniel, (8) upper Barrett Glacier, (9) unnamed glacier south of Watt Ridge, (10) Holzrichter 
Glacier, (11) upper Gough Glacier. 



Coastal (1-7) 

flank of Prince 
Olav Mts. (8-11) 

10 
1:600,600 
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where Da is the distance from the mid-line of the basin to the mid-line of the trunk stream 

and Dd is the distance from the basin mid-line to the basin divide. The measured cross-

section of the basin is synmietric if T=0. Its asymmetry is a maximum if T=1 (i.e., the 

trunk stream flows directiy along one of the basin's divides). In contrast to other methods 

of quantifying drainage symmetry, such as the Asymmetry Factor (Hare and Gardner, 

1985), which is integrated over the entire basin area, T can identify numerous degrees and 

polarities of asymmetry within a single drainage basin. This is achieved by measuring the 

azimuth of the direction from the basin mid-line to the trunk glacier mid-line for each cross 

section. 

Analyses were conducted on eleven basins in the lowlands between the Shackleton 

and Liv Glaciers using U.S.G.S. 1:250,000 topographic maps (Fig. 4.3). Of these 

basins, T was measured for glaciers that are analogous to 2nd and 3rd order streams 

(Strahler, 1952). T was measured perpendicular to the trunk glacier at intervals of 2 km 

from the mouth of the basin. Not surprisingly, the numerical results agree with the 

qualitative observations noted above. Between the coast and the Gough Glacier-Watt 

Ridge lineament system, the mean value of T is 0.2 with the dominant tributaries flowing 

towards the northwest (mean azimuth=293°). South of the Gough Glacier-Watt Ridge 

lineament system, drainage basin asymmetry changes abrupdy (mean azimuth=51°) and the 

mean T=0.3. 

A significant, preferred asymmetry in a basin reveals that external forces have 

dominated over internal, e.g., fluvial, forces, which tend to create random asymmetry, in 

shaping a drainage basin's shape (Cox, 1994). External influences include lithology and 

structure, active tectonics, and climate. To test whether the measured samples of T ate 

statistically significant, Curray's (1956) method of analyzing two-dimensional vector data 
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was used to determine the probability (p) that a combination of random vectors will 

produce a mean T that is greater in magnimde: 

p = e(-L^)(10-) 

where e = base of the natural logarithm, L = mean magnitude of T in percent, and n = 

number of basin segments measured. For the data shown in Figure 4.3, of coastal and 

inland drainage basins, p = 4.2x10"''* and 4.2x10"'°, respectively. Thus both mean T 

values are significant at the 99% confidence level (i.e., probability, p, is <1%). 

4.5 Planation surfaces 

Lowland planation surfaces 

Planated ridges and peaks characterize a number of the lowland foothills between 

Shackleton Glacier and Liv Glacier (Fig. 4.4). These surfaces of erosion were observed at 

the closest range near Cape Surprise, so it is to ±ese that all others will be compared in this 

section. Nevertheless, as apparent in the photographs, while generally not closely spaced 

over the landscape they do share a number of characteristics. The surfaces at Cape 

Surprise (Fig. 4.5) are not horizontal: slopes range from less than 5° (north flank of spot-

height 950) to nearly 15° (Facet Peak). Most are, however, remarkably planar. Because of 

their unmistakable low-relief form, these surfaces are referred to in this paper as "planation 

surfaces" (Oilier, 1981). As such, they are a non-committal description of form and are not 

meant to imply a specific origin. 
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Figure 4.4. Oblique aerial photographs showing locations of lowland planation 
surfaces and similar low relief surfaces. Photos show the area between the 
Shackleton Glacier, at right (a), and the Lillie Range, at left (^). Marked surfaces 
include: (i) Mt. Justman, just off picture; (ii) spot-height 720; (iii) low relief complex 
between the base of Mt. Munson and spot-height 950; (iv) Facet Peak; (v) spot-height 
480; (vi) three on Garden Spur; (vii) Nilsen Peak; (viii) bench on Mt. Franke; (ix) 
Mt. Hall; (x) Lillie Range; (xi) Bravo Hills; (xii) Mt. Skinner; (xiii) Mt. Dodge. 
(U.S. Navy photographs, TMA 938: 75 and 85). 



Figure 4.5. Planation surfaces of Cape Surprise (left) and Garden Spur (right). They are located beneath the 
arrows. Although these discrete surfaces appear very planar, they are not horizontal. Collectively, they seem 
to define a low-relief valley that preceded Ae current, glacierized one. The photo is taken looking southeast. 
Spot-height 480 is at the head of the glacierized cirque on the left Spot-height 950 is just out of the picture 
in the left background. Garden Spur is on the right, with planation surfaces both on the top of spot-height 
700 and in its foreground. Snow-capped Mt. Wade is in the distance. 
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On larger, less dissected expanses these planation surfaces are very low reUef, 

slightiy rolling, surfaces that are in some places snow- or ice-covered. The only such 

surface in the Cape Surprise area occurs between spot-height 950 and Mt. Munson. Its 

internal relief is generally less than 200 m, although it surrounds isolated knobs such as 

Olds Peak (-300 m higher). These planated surfaces and shallow valleys are abutted and 

sharply truncated by precipitous slopes below, which indicate separate erosional events. 

The later geomorphic event(s) created the area's cirques, present valleys, and moraines. 

The lowland planated surfaces are sometimes the highest landforms in their 

immediate vicinity (e.g., on spot-heights 480 and 700, Facet Peak, the ridge south of 

Olliver Peak, a nunatak south of Polaris Peak, the Bravo Hills, Mt. Skinner (Fig. 4.6). 

Other surfaces, in contrast, are lower than adjacent peaks (e.g., west flank of spot-height 

700, the complex between Cape Surprise and Mt. Munson, those in the Lillie Range, those 

on the Waldron Spurs, that on the Mt. Justman massif, and bedrock terraces along the west 

side of the Shackleton Glacier). All lowland planation surfaces fall witWn the elevation 

range of 500-1000 m a.s.L, with the exception of that on Mt. Hall (Table 4.1). The 

majority lie between 600 m and 800 m. These elevations tend to diminish towards the 

Ross Ice Shelf coast. 

The lowland planation surfaces occur in a range of areal sizes. Discrete planation 

surfaces are typically <30,000 m", however the svuface on Mt. Skiimer is much larger at 

-30,000,000 m^. The undulating surface on the Longhom Spurs between Mt. Munson 

and spot-height 950 is larger yet. Nevertheless, the current dissected state of the planation 

surfaces implies there once was a much larger former expanse. 

The structure of the underlying bedrock does not appear to be a control in lowland 

planation. At Cape Surprise, for instance, the only surface that parallels sedimentary 

bedding is that at spot-height 480. Most surfaces near Cape Surprise are, instead, at 



Figure 4.6. Lowland planation surfaces on ML Skinner and in the Lillie 
Range. ML Skinner is in the foreground and the Lillie Range is behind 
iL The two major surfaces are marked with arrows. (Photograph by P. 
Fitzgerald.) 
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Table 4.1. Elevations of lowland planation and low-relief surfaces. 
location elevation (m) 

Cape Surprise area: 
spot-height 480 
spot-hei^t 700 
north fla^ of spot-height 950 
western Garden Spur 
eastern Garden Spur 
unnamed peak south of Cape Surprise 
between unnamed peak and spot-height 950 
between spot-height 950 and Olds Peak 
south of Olds Pe^ 

-480 
-700 
600-950 
-600 
600-800 
600-800 
600-800 
800-1200 
1000-1360 

Other surfaces between the Shackleton and Liv Glaciers: 
Nilsen Peak 
unnamed peak on Waldron Spurs, south of Nilsen Peak 
spot-height 720, south of OUiver Peak 
spot-height 770, west of ML Roth 
nunatak south of Polaris Peak 
Bravo Hills 
Mount Skinner 
south slope of Mount Hall 
bench at base of Mt. Franke 

-780 
-800 
-720 
-770 
800-1000 
-780 
800-1060 
2000-2400 
-600 

Nimrod Glacier area G-aird, 1963); 
Cape Laird 
Cape WtUiam Henry May 

>300 
>300 

Source: USGS 1:250,000 Antarctic series, "Shackleton," except where noted. 
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significant angles to structures such as dolerite sills, faults, and joint sets. For example, 

the gently north-dipping dolerite sill under spot-height 950 may have influenced ±e 

surface's formation to some degree, although the surface cuts across both dolerite and 

granitoid and is, therefore, clearly not parallel to the sill; the surface on Facet Peak dips 

southeast whereas the underljdng dolerite sill dips north; both surfaces on spot-height 700 

are developed in the same, apparently isotropic granitoid yet their slight slopes display 

different attitudes. 

Planation surfaces in the Cape Surprise area are currently in a variety of 

conditions—some are bare of any cover whereas others are mantied by snow or mostiy in 

situ regolith. In general, where seen, planation surfaces are dominated not by erratics but 

rather the local products of weathering. Glacial till was not observed and has not yet been 

documented on the area's lowland planation surfaces. Both mechanical and chemical 

weathering processes have produced the present forms and both are probably still active 

(La Prade, 1969). Frost-shatter, granular disintegration, salt weathering, fatigue through 

repeated heating and cooling with hydration, sericitization, cavernous weathering (tafoni), 

and solution are some of the processes ±at are attributed to forming angular talus, grus, 

exfoliation, clay, deep spheroidal cavities, and small pits (La Prade, 1969; Campbell and 

Claridge, 1987). The products of weathering and periglaciation at Cape Surprise are most 

striking on the planation surfaces and other high slopes (Fig. 4.7 and Fig. 4.8). 

Frost-shatter of fine-grained sandstone on spot-height 480 has created a puzzle-

piece-fit, in situ regolith of undetermined thickness or soil development (Fig. 4.9). 

Polygonal ground is widespread atop this erosion surface. Small, downward offsets (< 8 

cm) of downhill polygons (~5 m diameter) at their margins can be attributed to solifluction 

(Fig. 4.10). The offset polygon edges might be partly resultant from uplift of the soil 

above an ice wedge. The systematic downhill offset of the polygon margins suggest, 

however, that mass wastage played an important, if slow, role. 



Figxire 4.7. Gargoylesque cavernous weathering 
(t^oni) in granite on Mt. Franke. Graeme Dingle 
(-1.8 m tall) is for scale. 



Fig. 4.8. Blade-like landforms up to ~1 m tall that have formed by 
weathering along structural wealmesses in a foliated granitoid. The 
photo was taken at the 800 m elevation of Mt. Franke, on the west side 
of the Shackleton Glacier, looking south. 



Figure 4.9. Frost-shattered sandstone pavement (Buckley Formation) 
mantling the planation surface on spot-height 480. 



Figxire 4.10. Close-up view of ice-wedge polygons 
on spot-height 480, Cape Surprise. The downhill 
polygon is offset from its uphill neighbor, visible in 
the small scarp at the polygon boimdary (at Graeme 
Dingle's boot). This offset is probably a result of 
solifluction. Such a periglacial process is not 
necessarily active today, given the current polar 
climate. 
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Polygons were also observed atop the granitoid planation surfaces south of Cape 

Surprise and south of Olliver Peak. Some of these stand out visibly because of the 

accumulation of snow in their rims, a result of their centers being higher than their rims 

(Fig. 4.11). This landform suggests that polygons are not active, but that the ice wedges 

below their rims have degraded by ablation. 

The in situ origin of regolith is apparendy common at Cape Surprise. The saddle 

between Facet Peak and spot-height 950 is completely mantled by such regolith in some 

places. A number of sedimentary contacts and fault offsets in the shale and sandstone 

strata are well defined and traceable in this regolith. The planation surface on the northern 

flank of spot-height 950 (Fig. 4.12) is similarly manded in regolith that is not far removed 

from its underlying protolith. A large portion of this surface is a desert pavement of 

intensely pitted and ventifacted dolerite boulders and gravel. A ferrous, red-stained 

coating, with greatest accumulations (up to 0.5 mm) in pits, is apparendy rock varnish. 

Varnish is non-existent outside of pits on some ventifacts, probably as a result of wind 

abrasion. Pits range in size and shape from several millimeters deep and wide, incipient 

indentations to 1-2 cm deep and 1-2 cm wide, labyrinthine channels. Previous work of 

others has attributed their formation to dissolution (e.g., Campbell and Claridge, 1987). 

Many pieces of the desert pavement, itself deflated by wind, are faceted and polished by the 

abrasion of fine particles entrained in the wind. 

In stark contrast, the planation surface on Garden Spur, northwest of spot-height 

700, is remarkably devoid of any loose material save for a few granitoid boulders that 

match the underlying bedrock. The most prominent features on this surface are 

cavemously weathered hollows. These form on both boulders and bedrock. They are 

similar in appearance and orientation (on horizontal surfaces) to water-sculpted potholes 

(G. Dingle, field observation, 1995), which have been documented in the Dry Valleys area 

of Antarctica (Sugden et al., 1991). A more probable interpretation is, instead, that the 



Figure 4.11. Polygonal ground on the planation surface on spot-height 
720, south of Olliver Pe^. The Olds Peak massif is on the left in the 
distance. 



Figure 4.12. Planation surfaces between Facet Peak and spot-height 950. 
Facet Peak is in the distance. Note that the dolerite sill on Facet Peak dips 
towards the left (west), opposite of the sense of the right dipping planation 
surface. The surfaces in the foreground expose dolerite and sandstone, 
which is heavily weathered, ventifacted, and varnished. 
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hollows are tafoni, which are common elsewhere in the area (Fig. 4.7). Measured hollows 

atop the Garden Spur surface were up to 30 cm deep and similar in width. More advanced 

forms were interconnected by gaps in their sidewalls. 

Highland planation surfaces 

Planation surfaces are common in the highlands of the Transantarctic Mountains 

and form flat-topped summits and benches (Fig. 4.13 and Fig. 4.14). They range from 

1800 to 4000 m in elevation. Like the Beacon and Ferrar lithologies that they bevel, they 

tend to dip gentiy south. Such characteristics distinguish the highland planation surfaces 

spatially from their lowland counterparts. Similar landforms were noticed by early 

explorers to the McMurdo Sound and Dry Valleys region (e.g., David and Priestiey, 1909; 

Taylor, 1913) and the central Transantarctic Mountains (e.g., Gould, 1931, 1935). More 

recent Antarctic researchers have also taken an interest in these (e.g., Grindley, 1967; 

Sugden et al., 1995). 

Some highland planation surfaces have already been described in the Shackleton 

Glacier area. La Prade (1969) remarked at the "broad summits" and "benches" of the 

highlands along the Shackleton Glacier. Example "broad summits" are found atop the 

Prince Olav Mountains, the Cumulus Hills, and Mt. Butters. Of the benches, which are 

planation surfaces bounded above and below by escarpments. La Prade (1969) 

distinguished two levels: the Bennett Platform (2000-2200 m) and a higher series that steps 

up towards the Polar Plateau (Fig. 4.13). A number of benches also bevel the north and 

south flanks of the Prince Olav Mountains (Fig. 4.14 and Fig. 4.15). 

Both levels. La Prade (1969) contended, are structurally controlled. This control is 

apparent at the Bennett Platform, where the planation surface rests upon a resistant sill of 
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I Figure 4.13. Aerial photograph of the physiographic lowlands and highlands. The 
f Cumulus Hills are visible just above the cloud-capped summit of Mt. Wade on the 

I left. Olds Peak is in the central foreground. Mt Butters is the closest prominent 
plateau on the west (right) side of the Shackleton Glacier. Bennett Platform is the 
large tableland to its south. (Photograph by U.S. Navy, TMA 1132; 064) 

I 

I 
I 



Figure 4.14. Aerial photograph of the Prince Olav escarpment east of Mt. 
Wade. Highland planation surfaces are well developed. (Photograph by 
the U.S. Navy, TMA 1006: 248.) 



110 

Figure 4.15. Photograph of Mt. Wade. Like its coastward-facing side, the 
inland flank of Mt. Wade is stepped with highland planation surfaces. The 
view is towards the east; the Shackleton Glacier is in the foreground and the 
Ross Ice Shelf is in the background to the left. (Photograph by the U.S. Navy, 
TMA 1004:022.) 
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dolerite. There is, however, evidence that the structural control that La Prade suggested is 

not absolute. The gentle slopes of the planation surfaces do not perfectly parallel resistant 

strata. Cross-sections taken that show both the topography and underlying lithology (Fig. 

4.16a) reveal this, as does a photograph of Mt. Butters (Fig. 4.16b). On both Mt. Butters 

(2440 m) and the Cumulus Hills (2970 m), the planation surfaces presently dip less steeply 

south to southwest than do the underlying Beacon strata. On the Cumulus Hills, the dips of 

the strata and the erosion surface differ by 2-6°. On ML Butters, this angle is 9-10°. These 

are conservative estimates based on a comparison of La Prade's (1969) structural data and a 

cross section made from a 1:250,000 scale U.S.G.S. topographic map ("Liv Glacier, 

Antarctica"). 

4.6 Escarpments 

Within the Shackleton Glacier area, escarpments can be grouped into three general 

classes based on location. These are (1) escarpments in the highlands, which either link 

separate planation surfaces or are the walls of glacial valleys; (2) escarpments that separate 

the highlands from the coastal lowlands; and (3) escarpments that lie below the lowland 

planation surfaces, most often as glacial valley slopes but also as the quasi-linear ice shelf 

coast. 

Highland escarpments primarily face and dip north (Fig. 4.13). A number of 

ostensibly younger escarpments, which cut stratigraphically younger units, form in all 

aspects (Fig. 4.15). They range up to 1400 m tall. The Beacon and Ferrar Supergroups 

are the lithologies that they cut Many of these cliffs are noticeably glacially embayed, 

especially those that do not link planation surfaces but drop directiy into glacierized valleys. 
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(a) 
Ross Ice Shelf Mt Butters Polar Plateau 

bedding 

Pn'nce Olav Mts. 
Cumulus Hills 

Sx vertical exaggeration 

Figure 4.16. Relationship between highland planation surfaces and underlying 
strata, (a) There is a slight angle (<10°) between planation surfaces on Mt. 
Butters and the Cumulus Hills and their underlying structures, such as bedding 
and sills. This suggests that highland planation surfaces may not be entirely 
structurally controlled, but rather be graded to a local base level. Such an angle 
between erosion surfaces and bedding, however, is neither always readily 
apparent, as on Mt. Butters (b), nor necessarily significant. The surface atop Mt. 
Butters lies on a resistant sill of Ferrar Dolerite. This suggests that such planation 
siu^aces may be structural plains. The cross sections were derived from data by 
La Prade (1969) and U.S.G.S. 1:250,000 topographic maps. Their locations are 
shown in Figure 2.3. 
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Of the escarpments that separate the highlands from the lowlands, the only one in 

the study area is that which forms the steep northern flank of the Prince Olav Mountains 

(Fig. 4.14). For this reason it will be referred to as the Prince Olav escarpment. This 

surface of immense relief (up to ~3(XX) m) faces north. In contrast to the highland 

escarpments, it cuts the Queen Maud Batholith, Ferrar sills, and Beacon strata. In many 

places it, like the highland escarpments, is glacierized. It is likely that Prince Olav 

escarpment is glacially modified to some degree. 

The next lowest escarpments of note are those that truncate and are subjacent to the 

lowland planation surfaces. These include the nearly linear, though much embayed, Ross 

Ice Shelf coast. The steep coastline of the Transantarctic Moimtains throughout the Ross 

sector has been referred to as the "transAntarctic escarpment" by Oliver (1964). The 

orientation of the coastline is an interpolation of the numerous capes. These promontories 

line up between 280° and 290° near the Shackleton Glacier and farther east, towards and 

across the Liv Glacier, between 290° and 310°. The coastline is, generally, subparallel to 

the geomorphic lineaments described in section 4.3. Up to -500 m in elevation—given the 

local ice shelf elevation is -200 m, the relief of the scarp is at least 300 m. This suite of 

lowland escarpments also includes glacier valley walls (e.g., the slope along the west side 

of the Barrett Glacier). These slopes have up to -600 m of relief. 
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4.7 Hypotheses 

Origin of planation surfaces 

Introduction 

Previous work by Antarctic geoscientists in the mountain range have made mention 

of other planation surfaces—similar to those at Cape Surprise and the Shackleton Glacier 

region at least in form if not in origin (e.g., David and Priestley, 1909; Taylor, 1913; 

Gould, 1931, 1935; Swithenbank, 1959; BuUetal., 1962; Laird, 1963; Trail, 1964; King, 

1964; Stephenson, 1966; Grindley, 1967; La Prade, 1969; Wellman and Tingey, 1981; 

Sugden et al., 1991; PocknaU et al., 1994; Sugden et al., 1995; LeMasurier and Landis, 

1996; van der Wateren et al., 1996). Several different hypotheses for the origin of 

Antarctic planation surfaces similar to those near the Shackleton Glacier exist. None have 

been unequivocally accepted, to the author's knowledge. Glacial, periglacial, coastal 

marine, slope, and fluvial origins have been suggested by Antarctic geoscientists and their 

formative or modificative contributions are here discussed. However, of these multiple 

working hj^potheses, fluvial and slope processes are favored. Determining their origin(s) 

bears upon their usefulness as indicators of surface elevation and base level change. 

Planation surfaces that were fluvially-formed and base-level controlled and are now 

stranded above a more recent base-level controlled surface, for instance, indicate a base 

level fall and probably surface uplift. On the other hand, planation surfaces that are not 

formed with respect to a specific regional base level, such as sea level, do not reveal as 

simple a story about uplift. 

Attached to the problem of the physical process(es) of origin is that of the age of 

origin. Constraints upon their age(s) will contribute to reconstructing the history of the 



115 

area's landscape evolution. Based on morphoclimatic theory (e.g., Biidel, 1982), the 

pianation surfaces similarly reflect significant Cenozoic climate change. If present 

geomorphic form is at all diagnostic of origin (i.e., morphogenetic), then a landscape's 

pieces and palimpsests are a reflection of its history. 

Age 

No radiometric ages exist for any pianation surface in the Transantarctic Mountains. 

Their relative ages, however, can be determined in the study area. Adopting the 

geomorphologic rationale ±at (1) pianation surfaces are older than the escarpments or 

valleys that are subjacent to and dissect them and that (2) pianation surfaces at lower 

elevations are younger than those at higher elevations, unless separated by a fault scarp, a 

relative chronology can be devised. In this regard, the highland pianation surfaces are the 

oldest features in the landscape. Next, these surfaces were incised and truncated by valleys 

and escarpments and the lowland pianation surfaces formed. Finally, the lowland surfaces 

were themselves dissected and tmncated (Fig. 4.17). 

Additionally, the ages of all highland and lowland pianation surfaces in the study 

area are only constrained as being older than the Sirius Group. The highland surfaces 

(e.g., Bennett Platform and Roberts Massif) are unconformably capped with a Sirius 

veneer (Mayewski and Goldthwait, 1985). In the lowlands, Sirius Group deposits have 

not been documented atop pianation surfaces. However, a deposit of the Sirius Group is 

exposed on the side slope of the Mt. Justman massif, a few meters below a pianation 

surface (Mayewski and Goldthwait, 1985; E. Stump, personal communication, 1996). 

This geologic relation establishes a firm relative chronology. Given the Law of 

Superposition, the highland and lowland pianation surfaces and the valleys that incise them 
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#1 

apparent 
Tr  ̂ base leve 

pre-Sirius landsur^ce/ 
base level 

#3 ^ 

^PP'o^ate former 
^'-"£5"r|^«/5ase ££se level(?) 

#4 Sinus drift (probably >15 Ma) 

I I 

Lowlands Highlands 

Figure 4.17. Schematic diagram illustrating a geomorphologic relative 
chronology. Of the landforms shown, (1) highland planation surfaces formed 
first, followed by (2) valley incision, further highland planation along valley 
walls and escarpments, and lowland planation, (3) lowland valley incision, 
formation of the transAntarctic escarpment along the Ross coast, and (4) 
deposition of Sirius Group drift. 



117 

are older than the Sirius Group (Fig. 4.17). This relative chronology has already been 

pointed out for the highland planation surfaces and valleys in the upper Shackleton Glacier 

region by Mayewski and Goldthwait (1985). 

The Sirius Group, itself, is not firmly dated isotopically and what dates do exist are 

for areas -1000 km away from the study area. Nevertheless, in situ cosmogenic ^°Be and 

26A1 concentrations provide surface exposure ages of Sirius Group tills of >4.8 Ma (Ivy-

Ochs et al., 1995) and >3 Ma (Brook et al., 1995). Cosmogenic ^He and ^iNe exposure 

ages of surficial boulders suggest that it is >6.2 m.y. old (Bruno et al., 1997). These 

cosmogenic isotopic exposure ages, all from southern Victoria Land, are minima because 

they are infinite ages in which the sample is saturated with respect to the cosmogenic 

nuclide. 

Adapting a different method, Marchant et al. (1996) argue that the age of the Sirius 

Group is >15 Ma. This constraint is based on ''^Ar/^^Ar ages of negibly weathered ashfalls 

and undisturbed ash avalanches on slopes up to 28° in the Dry Valleys. The lack of 

evidence of fluid water and mass wastage suggests that modem-like hyperarid, polar 

conditions have persisted ever since -15 Ma, the age of the ash. The Sirius Group, on the 

other hand, was deposited by a wet-based or "warm" glacier in a climate that was relatively 

temperate. This is evidenced by erosional features that include roches moutonnees, striae 

(Grindley, 1967; Prentice et al., 1986), and potholes (Sugden et al., 1991). Sub-glacial 

Sirius deposits include water-laid dunes of sand, pebbles, and striated cobbles (Denton et 

al., 1984; Malin, 1985; Prentice et al., 1986). Sirius Group deposits along the upper 

Shackleton Glacier include lodgement till and stratified, water-laid members (Mayewski 

and Goldthwait, 1985). Faunal (e.g., insect) and in situ floral (e.g., Nothofagus roots) 

remains as weU as preserved paleosols in the Sirius Group suggest an environment similar 

to that of modem Chile, with a mean summer temperature of 5°-12°C existed following the 



118 

unit's deposition (A. Ashworth, personal communications, 1995, 1997; Mercer, 1986; and 

G. Retallack, personal communication, 1995, respectively). Thus it is evident that the 

Shackleton Glacier planation surfaces date from a time when Antarctica's climate was 

significandy warmer than that of today. 

Glacial origin 

The origin of high flat-topped peaks of the Transantarctic Mountains has been 

attributed to glaciation since the earliest workers in the region. These rounded and 

"planated" ridges and peaks—Taylor's (1913) nunakoller in the McMurdo Sound region— 

were believed to have been covered and smoothed by the "ice-flood." This agrees with 

early observations that Antarctica was once covered by glaciers much larger than those of 

the present day (David and Priestley, 1909; Gould, 1939; Pdw€, 1960; Bull et al., 1962). 

Gould (1939, p. 738) summarized the knowledge of his day, which still holds in ours: 

It is the testimony of all Antarctic investigators, based on infomiation 

collected from all sides of the continent, that all the present glacial 

features, from the inland ice itself to the shelf ice masses about it, must 

be considered a shrunken remnant of a former, more intensive, more 

extensive period of glaciation. 

Indeed, there is evidence that the glaciers that deposited the Sirius Group overrode all but 

the highest peaks in the Transantarctic Mountains (Denton et al., 1984). Evidence for more 

recent glaciation, such as during the Pleistocene, is limited, however, to valleys and their 

walls (e.g., Denton et al., 1991). 
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Following Gould and others. Laird (1963) proposed that the subhorizontal 

planation surfaces at Cape Laird and Cape William Henry May, near the Ross Ice Shelf and 

northwest of the Nimrod Glacier, were also planated by glaciers. The gende granitoid 

summits in the vicinity of those capes "appear to be planed off (p. 468). These surfaces 

are similar to those near Cape Surprise in form, elevation, size, and proximity to the ice 

shelf. Laird hypothesized that they are Cenozoic glacial features that formed horizontally 

and were later tilted by faulting into their present orientation (dipping 10°-15° towards the 

coast). A single, presently horizontal surface in the area, he believed, was developed after 

this faulting. Subsequent weathering and erosion on these surfaces, however, have 

removed all indications of glacial overriding and origin (Laird, 1963). 

Not long afterward, Grindley (1967) invoked a glacial origin for highland planation 

surfaces in the metamorphic Miller Range, also near the Nimrod Glacier. As in the 

Shackleton Glacier area, these form bedrock plateaus and terraces. These "First," 

"Second," and "Third Glacial Surfaces" show clear evidence for glaciation in roches 

moutonees, striae, and moraines (Grindley, 1967). The latter are similar to "benches" in 

the Dry Valleys of southern Victoria Land (Bull et al., 1962), and "berms" in southeastern 

Alaska (Miller, 1977) that are believed to be of glacial origin. However, such observadons 

do not constitute proof of Grindley's hypothesis. 

Lastly, La Prade (1969) also invoked glaciation as the cause of the Bennett Platform 

and the broad, lower benches in the upper Shackleton Glacier region. This interpretation 

was largely influenced by the interpretations of such landforms by his predecessors. All of 

these geomorphologic explanations are doubtlessly colored by a certain conviction in 

actualism as well. 

Sirius Group deposits occur in both the highlands and lowlands of the Shackleton 

Glacier area. These semi-lithified tillites mantle and rim the Bennett Platform and also crop 

out near Cape Surprise on the Mt. Justman massif just below the elevation of a local 
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planation surface (Mayewski and Goldthwait, 1985; E. Stump, personal communication, 

1996). The Sirius Group's presence on the walls of valleys that truncate and, therefore, 

postdate the lowland planation surfaces indicates that the Queen Maud Glaciation, which 

locally deposited Sirius drift, did not plane the lowland surfaces (Fig. 4.17). The 

deposition of the Sirius Group on highland valley walls, below planation surfaces, also 

indicates that the surfaces predate the Queen Maud Glaciation (Mayewski and Goldthwait, 

1985). Because terrestrial evidence for earlier glaciations does not exist, existing 

geological relationships neither support nor preclude a glacial origin of any planation 

surfaces in the area. 

The glacial origin hypothesis appears less favorable in light of geomorphologic 

theories regarding relief planation, however. Glaciers are not known to independentiy 

plane surfaces (e.g., Pdcsi and Szildrd, 1970). By areal scouring, on the other hand, they 

are believed to remodel or modify low relief land surfaces (Sugden and John, 1976; 

Hambrey, 1994). This process, evident in the Baltic and Laurientian shields, which were 

covered by Pleistocene continental glaciers, typically exhumes the ground of its regolith, 

exposing and accentuating bedrock structures such as fractures, folds, and dikes 

(Hambrey, 1994). Such modified surfaces are characteristically rounded; sharp comers do 

indeed occur, however often on the lee sides of plucked landforms such as roches 

moutonees. The overall efficacy of glaciers in denudation is currently a contentious topic 

(e.g., Surrunerfield and Kirkbride, 1992; Molnar and England, 1992), but it is well 

demonstrated that continental glaciers, especially, are often limited to uncovering a 

landscape of its soil and regolith. Numerous pre-Pleistocene landforms in Canada, 

Scodand, and Scandinavia were little modified by warm-based and sporadically cold-based 

Pleistocene glaciation and denudation was generally only a few tens of meters at most 

(Sugden, 1968; Gravenor, 1975; Sugden, 1976; Hall and Sugden, 1987; Klemm and 

Borgstrom, 1994; Sellier, 1995; Lindmar-Bergstrom, 1997). 
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Lowland planadon surfaces are generally sharply truncated (Fig. 4.5) and are not 

overprinted with glacial landforms. Thus there is no evidence that they have been glacially 

modified since valley formation, for instance by the glaciers that deposited the Sirius 

Group. Highland planation surfaces occur in some places as planation surface-escarpment-

planation surface sets, also with sharp angles in between (Fig. 4.13). If these escarpments 

date from the time of planation and have not been very active recently, there is little 

evidence, except for striae and roches moutonnees to suggest that these were formed or 

significandy modified by glaciation. 

Coastal marine origin 

Marine coastal processes have been proposed recently as responsible for large 

planation surfaces in Marie Byrd Land and northern Victoria Land (LeMasurier and Landis, 

1996; van der Wateren et al., 1996). There is no sedimentary or fossil evidence that these 

surfaces have ever been submarine. Furthermore, the lowland planation and low-relief 

siu^aces exhibit greater internal relief (up to -200 m) than the suspect marine erosion 

surfaces of LeMasurier and Landis (1996). Planation surfaces in the Cape Surprise, in 

fact, appear like dissected slopes of low-amplitude valleys (Fig. 4.5). 

Periglacial origin 

Despite being surrounded by glaciers, lowland and highland planation surfaces 

currendy have greater periglacial than glacial affinities, as evidenced by widespread 
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periglacial landforms and weathering products. It has been suggested that cryoplanation, 

an assemblage of periglacial processes that include frost-shatter, cryoturbation, solifluction, 

and deflation that can form terraces and flat-topped summits (Czudek and Demek, 1971; 

Demek, 1969; Czudek, 1995), may have beveled some surfaces in Antarctica (Sekyra, 

1969). In the Shackleton Glacier area, evidence of periglacial processes is widespread 

(e.g., ice-wedge polygons, solifluction, deflation, frost-shatter, tafoni). The 

geomorphological evidence, however, suggests that the low relief erosion surfaces did not 

form by cryoplanation. The typically small size of cryoplanated summits (<400 m in 

diameter; Demek [1969]), for instance, does not compare favorably to the large breadths of 

Mt. Skiimer or highland planation surfaces (>5000 m). On the other hand, this does not 

discount the possibility that the processes of cryoplanation are parasitic upon, and have 

modified only slightly, preexisting planation surfaces. 

Fluvial origin 

Viewing just the complex of lowland planation and low-relief surfaces between 

Cape Surprise and the base of Mt. Munson, the surfaces appear to dip gendy towards the 

coast as a system. The landward termination of this erosion surface at the Prince Olav 

escarpment has an elevation of -1200 m a.s.l.; their termination at the coast is at -480 m 

a.s.l.. This trend is even more apparent when one views the lowlands as a whole (Fig. 

4.18a). The form of this broad coincidence of scattered planation and low relief planation 

surfaces, which dip away from a large escarpment, appears remarkably similar to the 

typical pediment (Fig. 4.18). The role of running water in the genesis of this type of 

landform implies an evolution of ancient Antarctic landforms that is quite different to that 
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(b) 

Figure 4.18. The TAM front as a pedimenL (a) A profile view of the TAM front Note 
the accordance of lowland peaks and the overall similarity of this connected surface to a 
pediment (b). The photo was taken over the Liv Glacier, looking west. ML Wade is the 
prominent peak on the Prince Olav escarpment at left. (U.S. Navy photograph, TMA 
343: 095.) (b) The profile view of a pediment, a low-relief landsurface that slopes 
gently away from a mountain core. The distant pediment shown is that on the southern 
side of the Tortolita Mountains, north of Tucson, Arizona. 
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which has been long believed (e.g., Campbell and Claridge, 1988) and has only recendy 

been questioned (Denton et al., 1993; Sugden et al., 1995). 

Pediments are low-relief, beveled bedrock surfaces of transportation that dip away 

from a steep mountain front (TAvidale, 1968). These surfaces often have a graded 

appearance and are thought to reflect a current or former base level of erosion. It is widely 

believed that pediments form by the parallel slope retreat of an escarpment. That is, this 

escarpment does not become substantially gender with time. Rather, this cliff migrates 

away from the mountain front due to weathering and mass wasting. Once this regolith is 

removed, what is left in front of the scarp is an expansive and expanding surface of low 

relief. This surface is gradually modified by sheetwash and/or laterally migrating streams 

(Hadley, 1967). That the mountain front can be sculpted into such a low relief pediment 

implies that the mountain front is tectonically quiescent, that is, not actively uplifting along 

range-bounding faults (Bull and McFadden, 1977). In part for that reason, escarpment 

retreat is widely held to be an important process of denudation along passive and mature rift 

margins (e.g.. King, 1962; Summerfield, 1991a). 

Although they were first described by late 19th century geologists in the American 

southwest (Gilbert, 1877; McGee, 1897; Bryan, 1922) and have, consequently, long been 

classified as definitive landforms of semi-arid and arid morphoclimatic regions, they aie 

believed to form under nearly all—except polar—climatic regimes (Summerfield, 1991a). 

Maxon and Anderson (1935) took the concept of pedimentation and extended it to more 

widespread, coalescent planation on the mountain-range scale. The term "pediplain" was 

coined for such large and long coalesced pediments (Howard, 1942). Lester King's model 

of landscape evolution held that all planation surfaces form by pediplanation, the 

degradationofallreliefby parallel escarpment retreat (King, 1947; 1953; 1962). Ignoring 

the term's recendy imbued, deterministic connotations, the complex of lowland planation 

surfaces near Cape Surprise appear very similar to a gready dissected pediplain. 
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Although more difficult to support at the moment, it is quite possible that the 

highland planation surfaces are pediments or pediplains as well. No field work was done 

on these landforms for this study and many surfaces are obscured by snow and ice. 

However, seen at a distance they are morphologically similar to pediments. Unlike 

pediments, most highland planation surfaces dip towards the south, into suprajacent 

escarpments (Fig. 4.14). It they are indeed pediments, then they have been tilted towards 

the south. This is not preposterous, as we know the underlying Beacon strata have been 

tilted up to 10° towards the south in the highlands during the Cenozoic. 

It is possible and perhaps more parsimonious that the highland planation surfaces 

are just structural plains (Oilier, 1981). In this case, they could have formed in their 

present position, dipping towards the south. The planation would have probably involved 

groundwater sapping and undercutting below resistant strata (caprocks) and could have 

occurred much as planation among the mesas and buttes of cuestaform landscapes such as 

the Colorado Plateau (Denton et al., 1993). 

Nevertheless, we know that lowland planation surfaces bevel granite and dolerite 

regardless of the orientation of structural weakness. Strong evidence for pedimentation 

does exist in the study area. In the lowlands, some planation surfaces are truncated against 

suprajacent scarps. The slopes of putative pediments and the lowland planation surfaces 

are both low (typically 2°-10° for the former [Summerfield, 1991a] and 1°-15° for the 

latter). 

In the highlands the evidence is more equivocal, primarily because its landforms 

have not been closely studied and few observations are groundtruthed. But even at a 

distance, observations are noteworthy. For instance, there is a 2°-10° angle between 

bedding and planation siirfaces on the Cumulus Hills and ML Butters. If the error in these 

measurements is not significant, it implies that in the highlands, too, there may be a base-
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level control on erosion rather than a strict structural control (e.g., Wilson, 1968; Oilier, 

1981). 

Sugden et aL (1995) drew a similar hypothesis about landscape evolution in the Dry 

Valleys based on observations of three principal levels of planation. They proposed that a 

sudden increase in Cenozoic denudation (to a rate of -100 m/m.y.) that commenced about 

55 Ma and removed approximately 4 km of rock (Gleadow and Fitzgerald, 1987) 

"concluded" with pediplanation, forming the flat-topped buttes, steep escarpments, and 

rectilinear slopes that are present today. These surfaces atop Beacon strata were then tilted 

away from the coast and possibly offset by normal faulting. 

To bolster their claim, Sugden et al. (1995) and Denton et al. (1993) remarked at 

the striking similarity between Dry Valley landforms and buttes and pediments in much 

warmer, arid environments, such as Monument Valley, Arizona (Fig. 4.19). The 

conclusion of this comparison is that the origin of the latter under running water may imply 

a similar origin of the former. 

Origin of the lowland drainage pattern 

Erosion tends to exploit the weakest parts of the landscape, specifically low 

strength lithologies and zones of deformation. Because most of the study area is within a 

granitoid terrane, the lithology itself, which is largely macroscopicaUy isotropic, presents 

no template for erosion. Deformation zones, hosts to ductile mylonites or brittle fractures 

(e.g., faults, joints, and alteration zones), appear, on the other hand, to play a large role 

underlying the configuration of the landscape (e.g., Twidale, 1971; Tricart, 1974; 

Summerfield, 1991a). Such linear structures, manifested as morphostructures, are readily 

apparent as systematically oriented valleys and ridges and are among the most striking 



Figure 4.19. A comparison of the landscapes of the Dry Valleys (a), 
southern Victoria Land, and Monument V^ey (b), Colorado Plateau, 
Arizona/Utah. Landforms in the glaciated Antarctic desert appear very 
similar to the typical buttes, mesas, and pediments in the platform desert 
of the Colorado Plateau. By inferring morphogenetic similarity, the 
plateaus and pediments of the Dry V^eys probably originated under 
environmental conditions much warmer and wetter than those of the 
modem day. (From Denton et al., 1993). 
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elements of the landscape's structural geomorphology. The 116 measured geomorphic 

lineaments (Fig. 4.2) reveal two preferred orientations: (1) 0°-010°, with a cluster from 

350°-040°, and (2) 300°-330°. These orientations probably correspond to fracture and fault 

sets. Such non-random distributions of landform orientations and their long linear lengths 

typically spell a structural geologic influence. North of the Gough Glacier-Watt Ridge 

lineament system, the dominant lineaments trend 300°-310° and 030°-050°. Fault sets (Fig. 

3.8), meanwhile, trend 285°-350° and 030°-050°. A functional relationship between these 

morphostructures and brittle structures is inferred from this spatial coincidence. 

The coastline, approximated as a series of linear segments, also reveals a gross 

northwest trend; -283° from the Shackleton Glacier to Cape Surprise, -282° from Cape 

Surprise to Sage Nunataks, 296° from Sage Nunataks to Cape Irwin, and 306° from Cape 

Irwin to the Duncan Mountains. Whereas the piedmont lineaments arguably mark 

structures of many different magnitudes, the coastline is likely a degraded fault scarp that 

marks the general trend of the rift hinge line, which divides uplifted crust from subsided 

crust. Geophysical constraints are not available for the study area to locate precisely ±e 

location of the main offshore faults. Elsewhere in the mountain range, major offshore 

faults lie ~3 km from the coast (ten Brink et al., 1993). This suggests that similar offshore 

faults near the study area may be laterally offset from the actual coastal escarpment 

By analogy, one can infer that the landward progression of lineaments, especially 

the northwest-trending set, marks normal faults as well. One may, therefore, conclude that 

the southern terminus of this set at the Gough Glacier-Watt Ridge lineament system, 

reflects the southern margin of the Transantarctic Mountains Front This hypothesis will be 

tested later in this thesis with structural constraints from apatite fission-track 

thermochronology. 

Viewed from afar as parts of a dissected whole, the planation surfaces in the Cape 

Surprise area appear to be relict slopes of a former undulating landscape of gende ridges 
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and shallow valleys that is currently much deeper and glacierized (Fig. 4.5). The 

orientations of the planation surfaces at Cape Surprise, if indeed original, suggest a shallow 

valley existed where the valley glacier north of Garden Spur cxurendy sits. If this 

interpretation is valid, then given the southwestward dip of the surface atop spot-height 

700, it appears that Garden Spur has been an enduring feature, as has been the Cape 

Surprise area as a whole. 

This brings us to another interesting feature in the piedmont drainage pattern; 

asymmetry. Drainage basin asymmetry as a geomorphologic index has not been applied 

before to glaciated terrains before, however, and thus there are no direct analogs for 

comparison. However, this asymmetry appears to be at least as old as the lowland 

planation surfaces (pediplain) as an apparent low-relief valley in the planation surfaces 

south of Cape Surprise correlates with the modem valley. In this regard, the asymmetry 

may actually be inherited from a fluvial drainage network and thus it may not directly reflect 

any influence of external forces such as tectonics or climate since these valleys became 

glaciated. 

Three working hypotheses about the origin of drainage asymmetry in the study area 

(Fig. 4.3) are presented and discussed: (1) the form is the reflection of the long-term 

prevailing wind direction; (2) the form is a reflection of underlying structural orientations 

but not their kinematics; (3) the form is a reflection of the underlying structural pattern and 

their kinematics (i.e., the tilting of drainage is a dynamic response to tectonic tilting). 

The first hypothesis is the least likely. The idea that the erosion pattern is a function 

of the climate derives from the observation that current prevailing coastal wind directions 

parallel the coast and are easterly. This creates west-pointing streamlines and depressions 

in the snow and ice on the lee sides of outcrops, e.g., on the west side of Sage Nunataks. 

Small-scale climatic processes have been invoked to explain valley asymmetry (e.g., 

Wilson, 1968). Wind directions, for instance, may influence the locations of small 
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nivation hollows and, therefore, cirques. This does not seem a tenable explanation, 

however, for larger scale basins in which the asymmetry is marked by several kilometer-

long glacial valleys. Instead, and more tenably, the wind direction is controlled by the 

orientation of large-scale topography. This explains why the wind parallels the range front, 

as many normal faults approximately do. 

The second idea, that the drainage pattern follows the underlying structural grain 

but does not reflect tectonic activity, is a conservative interpretation of the lineament data 

presented earlier. It implies that deformation predated drainage formation. The drainage 

pattern, as a result, only mimics the in situ orientation of structures, such as faults, and not 

their kinematics. That these structurally controlled networks are asjonmetric, however, 

requires some gently dipping lithologic anisotropy for the drainage to follow, e.g., bedding 

or joints (Wilson, 1968). There is no bedding to speak of, and the granite joints do not dip 

significantly to the west. Antecedent streams, however, surely eroded through Beacon 

sedimentary strata and, therefore, the drainage pattern in granite could be an inherited 

feature. Yet the planation surfaces at Cape Surprise do not in all places parallel bedding, 

suggesting that lithological anisotropies were a negligible influence anyway. 

On the other hand, glaciers south of the Gough Glacier-Watt Ridge lineament 

system flow away from the Prince Olav escarpment in a direction that reasonably matches 

the regional coastward gradient. Their valleys may be uninfluenced by the northwest 

striking fault set that pervades the area to the north. These drainages may not be 

sufficiently mature and may be too steep to have begun to reflect orthogonal structures. 

Alternatively, the strong northwest structural grain may be absent, itself, in this area. In 

either case, rather than flowing north the entire way to the Ross Ice Shelf, the glaciers that 

flow off of the Prince Olav scarp are captured by the Gough Glacier-Watt Ridge lineament 

system and thereafter re-directed northwest. This simple intersection of a large structurally 
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controlled valley and streams controlled by a strong gradient and underlying structure can 

explain this drainage asymmetry. 

The final hypothesis, meanwhile, provides the most satisfactory explanation for the 

drainage asymmetries north of the Gough Glacier-Watt Ridge lineament system. 

Asymmetric drainage pattems in the Cape Surprise area are the result of west side-down 

fault-block tilting along north-to-northeast striking, east dipping normal faults (Fig. 4.20). 

Such drainage pattems are common indicators of this style of deformation in non-polar 

settings, although they are not direct evidence for it (e.g., Spoljaric, 1974; Tricart, 1974; 

Oilier, 1978; Hare and Gardner, 1985; Cox, 1994; Keller and Pinter, 1996). 

A number of independent lines of evidence support this hypothesis. (1) The acute, 

westward opening angle between the strike of Beacon bedding in the Cape Surprise area 

and the inferred strike of the North Boundary fault (Fig. 3.13) could be produced by 

westward tilting if they were originally parallel (e.g., bedding [340, 40 NE] and granitoid-

against-Fairchild Fm. fault southwest of Facet Peak [305, 60 NE]). (2) This block tUting 

was most likely accommodated by north-to-northeast striking, east dipping normal faults 

(or en echelon fault zones) that underlie major lineaments such as the Massam, Barrett, 

Gough, Le Couteur, and Morris Glaciers. Such a set of small, NE-striking normal and 

scissor faults was found in the area (Fig. 3.8). 

In contrast to transverse morphostructures that cross the entire breadth of the 

Transantarctic Mountains, such as the Shackleton and Liv Glaciers, the coastal asymmetric 

drainage pattern is less distinct farther inland. This could be the result of less block tilting 

inland. Indeed, no vertical offsets were observed in the Kukri Erosion Surface along the 

Prince Olav escarpment. A complementary explanation may be that erosion was less 

vigorous landward and hence drainage pattems are underdeveloped. 

A similar class of coastal transverse faults that show small vertical separation has 

been described in southern Victoria Land (e.g., Fitzgerald, 1992). As argued in chapter 3, 



STRUCTURAL INTERPRETATION OF 
STREAM PATTERNS 

flow direction of main streams 

^ ̂ — flow direction of tributary streams 

Figure 4.20. Schematic model illustrating the effect of 
block-tilting, associated with normal faulting, on stream 
patterns. (Very slightly modified from Spoljaric [1974].) 
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these may be transfer faults that accommodate lateral irregularities in extension. Similar to 

transfer faults in the East African rift system that show signs of oblique slip (Scott et al., 

1992) these, too, may accommodate a small component of extension, thus contributing to 

the overall kinematic state of transtension observed in the Transantarctic Mountains Front 

The presence of asymmetric drainage may indicate that activity on the north-to-

northeast set of faults in the Shackleton Glacier area is especially recent Following the 

commonly accepted theory of the origin of alpine glacial drainage patterns (e.g., Kirkbride 

and Matthews, 1997), the modem, glacierized drainage most likely inherited a formerly 

fluvial network. Given the evidence that the Cape Surprise area planation surfaces derive 

from a valley system of low relief that appears coincident with the modem drainage pattern, 

this asymmetric pattern could very well be at least -15 m.y. old. Most activity in the 

Transantarctic Mountains Front is, in fact, known to be Cenozoic in age (e.g., Gleadow 

and Fitzgerald, 1987). However, as Jurassic or early Cretaceous alteration zones with 

similar orientations exist in the study area, this structural fabric does not have a Cenozoic 

origin. 

Constraints on the age of faulting 

The lowland planation surfaces can be used to place constraints on the tectonic 

history of the Transantarctic Mountains Front in the study area. Previous workers have 

argued that similar low relief planation surfaces are suitable tectonic markers (Grindley, 

1967; Sugden et al., 1995). The planation surfaces that lie between Cape Surprise and 

Mount Munson provide such a datum for assessing the area's neotectonic history. It is 

proposed that they reflect little significant tectonism within the Transantarctic Mountains 

Front for the period during and following their formation (>15 Ma). In contrast, there is 
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evidence for up to 480 m of vertical displacement on an off-shore fault since the same 

period of planation. 

Firstly, the planation surfaces appear to define a rather low-relief paleotopography. 

As argued in the preceding section, they appear to be the dissected remnants of a pediplain. 

Although escarpments will form and may vigorously retreat during active tectonism and 

base level fall (Young, 1985), the conditions for the formation of a pediplain, like those of 

a pediment, include relative tectonic quiescence. 

Secondly, the lack of conspicuous fault scarps in the complex of planation surfaces 

between Cape Surprise and Mount Munson does not reveal any tectonism since this phase 

of pediplanation. There are, for instance, no vertical offsets between unconnected surfaces 

or scarps that can be unequivocally attributed to faulting rather than paleotopography. The 

differences in their elevations sometimes even contradict the actual senses of offset across 

faults that lie between them. The surface on the northem flank of spot-height 950 is slightly 

lower in elevation than that atop Facet Peak, for example. Stratigraphic constraints show 

that the Facet Peak block is, in fact, downdropped with respect to the spot-height 950 

block. Anomalously high points along this complex, such as Olds Peak, are ringed by the 

dominant erosion surface and are, therefore, most likely relict inselbergs and not tectonic 

horsts. 

Thirdly, the varying attitudes along the planation surface complex probably reflect 

paleo-valley slopes rather than fault-block tilting. This contrasts with Laird's (1963) 

interpretation of gently sloping lowland planation surfaces near the Nimrod Glacier. The 

various dips in the Cape Surprise area do not appear to be tectonic in origin because they 

are not systematically in concert with underlying stratigraphic dips. Regrettably, the 

variable dips of the erosion surfaces preclude them from being sensitive to small fault 

offsets. Detailed surveys of this surface complex might be able to discriminate small 

neotectonic fault offsets. Nevertheless, the surfaces provide no evidence for significant 
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faulting. Their close elevations suggest two possibilities. Either most of the vertical 

displacement on normal faults in the TAM Front occurred prior to the surfaces' formation 

or the surfaces formed early and much of the cumulative offset along the Queen Maud 

Mountains front was accommodated by normal faults inland of the base of Mt. Munson or 

outboard of the coast. 

The geomorphology that has been presented provides no clues that show normal 

faults inland of the base of ML Munson have been active since lowland pediplanation. This 

is not the case at the coasL The best evidence for tectonic uplift at the coast occurs in the 

observation that the planation surfaces at Cape Surprise are stranded at elevations greater 

than 480 m, atop the glaciated, north-facing scarp that defines the transAntarctic 

escarpmenL Similarly elevated and stranded planation surfaces occur elsewhere along the 

coast between the Shackleton and Liv Glaciers: on Nilsen Peak, ML Justman, Bravo Hills, 

and the Lillie Range. Similar coastal planation surfaces have also been documented near 

the Nimrod Glacier (Laird, 1963) (Table 4.1). If the planation siufaces (pediplain) were 

graded to sea level, their current elevated and incised condition is most likely the result of 

their uplift with respect to sea level—that is, they record a base level fall. Possible 

explanations for the origin of the transAntarctic escarpment in the Shackleton Glacier area 

include that it is (1) a normal fault scarp(s), (2) a retreated fault scarp, or (3) a marine 

terrace riser. 

All three possible scenarios require a relative drop in base level, either by a change 

in the absolute elevation of the coast (tectonic surface uplift) or a change in the absolute 

elevation of the sea (eustasy). Some surface uplift is implicit in the first two scenarios. At 

Cape Surprise the relief of the transAntarctic scarp is at least ~280 m—the height of rock 

exposed above the Ross Ice Shelf. As Cenozoic sea-levels have been no greater than 2(X) 

m above that of today (Haq et al., 1987), eustasy alone caimot account for sufficient base-

level change to create the entire scarp. The non-eustatic base level drop (i.e., tectonic 
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surface uplift) was at least -280 m and possibly as much as -480 m. Glaciers, which aie 

not limited to a base-level of erosion like streams, might have eroded this escarpment. 

Cirques along the coastline certainly attest to some glacial modification of the scarp. It 

cannot be demonstrated that the origin of the scarp, however, is glacial. Such evidence 

also conspires against the third scenario. Marine terraces are associated with actively 

uplifting coasts. Coastal erosion could have incised the lowland pediplain and formed a 

marine terrace if sea-level rise accompanied surface uplift of the coast (Bull, 1985). There 

is no evidence to suggest, however, that marine erosion created an escarpment nearly 500 

m high. 

There is strong evidence, however, for faulting offshore elsewhere along the Ross 

coast- Drillhole data offshore of southern Victoria Land in the McMurdo Sound constrains 

the presence of a large normal fault or fault zone 2-10 km from the coastline (Barrett et al., 

1989). Geophysical investigations along the Ross Ice Shelf coast similarly suggest the 

presence of a subglacial off-shore fault (Robinson, 1964; ten Brink et al., 1993). A 

seismic reflection survey near the Nimrod Glacier, for instance, found a -500 m-tall 

escarpment 2-3 km out from the coastline (ten Brink et al., 1993). The elevation of the top 

of the scarp is 250-470 m below sea level (U. ten Brink, personal communication, 1997). 

Ten Brink et al. (1993) surmised that this scarp marks a principal fault dividing the 

Transantarctic Mountains from the Ross Embayment. It is likely that a similar fault or fault 

zone occurs offshore of Cape Surprise (e.g., McGregor, 1965b). Whatever uplift of the 

lowland planation surfaces has occurred is younger than the surfaces. Considering the 

highly embayed form of the coastline, substantial retreat of any fault scarp is very likely. 
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5 APATITE FISSION-TRACK THERMOCHRONOLOGY 

5.1 Introduction 

The limitations of the preceding two chapters, on structural geology and 

geomorphology, are evident In the former case, the constraints on the age of deformation 

are loose—faulting is known to be younger than the Jurassic—and the presence of faults is 

only addressed for a small portion of the TAM Front. In the latter case, the only signs of 

landscape evolution are not weU dated. For instance, the oldest landforms on the 

piedmont, planation surfaces, are older than the Sirius Group deposits above them, which 

are very likely >15 Ma. Highland planation surfaces, such as Bennett Platform, are 

similarly loosely dated. Although it indicates low rates of recent denudation, the 

geomorphology sheds littie light on the amount or style of earlier denudation. 

An alternative means of detecting gross structural displacements and large-scale 

denudation episodes is provided by low temperature thermochronologic methods, 

specifically apatite fission-track thermochronology (AFTT). By documenting the position 

of rocks relative to a thermal frame of reference, AFTT can be used to identify changes in 

the structure of the geotherm, which is assumed to be pinned and roughly parallel to 

Earth's surface. The benefit to structural geologic studies is that this technique can 

constrain geometries of deformation in apparently datum-less terranes, such as the locations 

of normal faults in a granitic batholith. For inquiries related to landscape evolution, AFTT 

provides a point-estimate of the timing and the magnitude of long-term denudation. This 

complements, and in ways is an improvement over, other methods of investigating long-

term denudation, such as sedimentary basin analysis (e.g.. Brown et al., 1990). 
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5.2 Background of method 

Thermochronology is a method of deteraiining the thermal history of rocks. It 

specifically determines isotopically the date that a sample cooled below a certain 

temperature, thus placing that sample within a thermal frame of reference. Various 

techniques permit one to use thermochronology to estimate rock movement with respect to 

a thermal frame of reference. Such techniques include, for instance, the dating of multiple 

minerals from a single sample that have different closure temperatures or the dating of the 

same mineral by the same method in widely spaced samples collected over a near-vertical 

profile. It is the latter technique that allows methods of low-temperature thermochronology 

to reasonably track the motion of rock with respect to the geotherm (Fig. 5.1). One such 

method is apatite fission-track thermochronology (AFTT). 

Fission tracks are the product of the continuous spontaneous fission of and are 

retained in electrically-insulative minerals at temperatures less than the relevant closure 

temperature for that mineral. The tracks are linear physical defects in the crystal lattice that 

form as fragments of the split nucleus tear through the adjacent lattice, releasing -200 MeV 

of energy and positively charging the adjacent atoms. The resulting Coulomb repulsion 

keeps the track open. When a mineral sample is properly polished and chemically etched, 

its fission tracks are readily visible under an optical microscope at magnifications greater 

than 250x (Fig. 5.2) (Reischer et al., 1975). 

Unlike crystallographic defects (e.g., Davis and Reynolds, 1996), which are 

common in minerals such as apatite, fission tracks are only stable over a relatively limited 

temperature range. In apatite, fission tracks armeal "geologically" instantaneously above 

~110±10®C and are practically, although not entirely, stable below ~60°C (Green et al., 

1985). Apatite composition influences the annealing temperature very slightly. Fission 
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Apatite fission-track age (Ma) 

Figure 5.1. Graph showing the tendency of apparent apatite fission-track ages to 
increase with elevation in undeformed rock outcrops. This relationship, which 
marks the downward movement of the geotherm with respect to the rock column, 
is shown in this graph of data from the Alps (modified after Wagner et al., 1977). 



Figure 5.2. Fission tracks in apatite. A schematic diagram (a) of an apatite 
crystal that has been polished in order to expose an internal surface and 
etched in order to reveal fission tracks. Two of the tracks are confined; the 
rest intersect the polished surface. (From Brown et al., 1994.) A 
photomicrograph of an actual apatite crystal (b) that has been mounted in 
epoxy, polished, and etched. Confined fission tracks are on average -14 |i.m 
long. TTie long axis of the grain, which is the crystallographic c-axis, is 
-0.23 mm (-230 (xm) in lengUi. 
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tracks in fluorapatite are less resistant to annealing than tracks in chlorapatite (e.g., 

Gleadow et al., 1983). As a result, the former's closure temperature (~110°C) is less than 

that of the latter (~120°C). As fluorapatite is more common worldwide and in the TAM, 

subsequent references will be to apatite of such a composition, although the actual 

composition of the apatites analyzed in this study remains undetermined. 

A fission-track age is proportional to the ratio of the density of fission tracks (the 

daughter product of spontaneous fission decay) to the concentration of (the remaining 

parent matter). The former is measured by coimting the spontaneous tracks in polished and 

chemically etched apatite under a standard optical microscope. The latter value is estimated 

by counting tracks recorded in an external detector (typically muscovite). The external 

detector was placed against the polished grain of apatite in which the fission of was 

induced by thermal neutron irradiation. The absolute concentration of in the unknown 

sample, which is proportional to the concentration of "^®U, is determined by comparing the 

areal density of induced tracks for the unknown sample to that for a standard glass of 

known uranium concentration (dosimeter). Thus a ratio of daughter product to parent can 

be calculated. This ratio is combined v/ith the decay rate of by fission and a personal 

calibration factor, zeta, to determine the apparent fission-track age (e.g., Hurford and 

Green, 1982). The age equation is as follows: 

T=l/Vln[l+^C(p^Pi)pJ 

where T = apparent fission-track age, = total decay constant of (1.55125 x 10"'° 

yr"^), ^ = personal calibration factor, p^ = spontaneous track density, P; = induced ttack 

density, = induced track density in an external detector against a dosimeter. 

The interpretation of the apparent fission-track age is highly dependent on the 

cooling rate. For rapidly cooled samples, this age represents the time since the sample 
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cooled below die closure temperature of ~110°C (Green et al., 1989). Knowledge of how 

quickly a sample cooled is imperative in interpreting a fission-track age. For slowly cooled 

samples, for instance, this age alone is geologically meaningless. 

Between cmstal temperatures of ~110°C and ~60°C is the apatite partial annealing 

zone (PAZ). The rate of annealing within the PAZ drops almost exponentially (Green et 

al., 1986). When a sample resides within the PAZ for a sufficientiy long period of time, 

the presence of the zone can be potentially detected. The primary effect of partial annealing 

is a shortening of fission tracks, from an original length of ~16±1 ^un (Gleadow et al., 

1986). Corresponding to the diminishment of track lengths, which results in the absolute 

disappearance of some tracks, is a decrease in apparent track density and, hence, a decrease 

in apparent age. In short, a sample that is kept slightiy cooler than its annealing 

temperature (i.e., 110°C) for a sufficiently long time will no longer record the date at which 

it cooled below that temperature. 

The kinetics of annealing have largely been determined by experiment (Green et al., 

1986). However, the most elegant examples of partial aimealing, depicting both a gradual 

decrease in both confined track length and apparent age, can be seen in driU cores from 

natural settings such as the Otway Basin in Australia (fig. 5.3) (Gleadow and Duddy, 

1981; Gleadow et al., 1983). The PAZ is identifiable in an undeformed rock column as a 

smooth relationship between apparent age and depth, in which ages increase to a maximum 

at the top of the PAZ and decrease to zero at the base of the PAZ. All samples at 

temperatures >110±10°C are within the total annealing zone and thus show apparent ages 

of zero. The mean track length similarly decreases from the top of the PAZ to the bottom. 

Because fission tracks are produced continuously, long (young) tracks coexist with 

progressively shorter (older) tracks. As a result, samples with low mean track lengths also 

tend to have large length standard deviations. 
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Figure 5.3. The decrease in fission-track age 
down a drill hole. Samples from a drill hole in 
the Otway Basin of Australia show a variation in 
age with temperature, and therefore depth. 
Apparent ages are zero at temperatures greater 
than ~ 120°C. These detrital sample ages are 
expressed as a fraction of the track density 
before (pg) and after (p) annealing, or as a 
fraction of their original age (120 Ma). (From 
Gleadow and Duddy, 1981.) 
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A partial annealing zone is preserved by relatively rapid cooling, usually inferred to 

be a result of rapid denudation (Fig. 5.4). Like an actual PAZ, an undeformed exhumed 

PAZ is identifiable on a graph of elevation versus age ideally as a low slope bounded above 

and below by steep slopes. The latter represent rapidly cooled samples. Negatively 

skewed, sometimes multi-modal, track length histograms, low mean lengths Gess than 

-14.0 |xm), and high standard deviations (greater than -2.0 ^m) characterize an exhumed 

PAZ (Fig. 5.5). The mean lengths and standard deviations of the model exhumed PAZ are 

constrained less precisely in real samples. Fitzgerald (1987), for instance, identified 

exhumed PAZ samples with mean lengths of 12.9-13.4 and length standard deviations 

of 2.0-2.2 p.m, and rapidly cooled samples with mean lengths of 13.6-14.0 nm and length 

standard deviations of 1.6-2.0 jim. 

The inflection in the elevation vs. age graph (Fig. 5.4), or the "break in slope" 

between the exhumed PAZ and rapidly cooled samples, unambiguously represents the 

timing that rapid cooling began (Gleadow and Fitzgerald, 1987). This cooling is 

interpreted as the movement of rock with respect to a thermal frame of reference. This 

mobile frame of reference, the geotherm, can respond to a number of changes. A sample 

can cool, for example, if a nearby magmatic body cools (e.g.. Brown and Summerfield, 

1997), the atmosphere cools (O'Sullivan, 1996), or denudation (i.e., uplift of rock relative 

to Earth's surface) (e.g., Summerfield, 1991a) occurs. The latter effect, the result of 

unroofing by erosion or low-angle faulting, dominates the record of long-term rapid 

cooling, especially if shallow-level magmatic activity is absent. As denudation occurs and 

the geotherm is depressed with respect to a rock column, progressively deeper rock 

samples cool below the annealing temperature of apatite. The effect is that samples at 

higher modem elevations have older fission-track ages. 

Many studies in tectonics, however, seek to address the vertical displacement of the 

land surface (surface uplift) or rock (rock uplift) with respect to a fixed frame of reference 



145 

EXHUMED PAZ 

Present-day mean lendsurfac* 
Pre-exliumatian lamisurface 

Exhumed 

ri«.« g 

n 

S.-

9 1019 20 
Track Langtti (um) 

(a) 

0 ti t • ti 

Apparent apatite F-T age 
(b) 

t + ti 

(c) 

Figure 5.4. Diagrammatic model of an exhumed partial annealing zone (PAZ), (a) A 
PAZ is formed in a rock column in which the geothermal gradient is stable or nearly 
so and identify a specific level with respect to the geotherm. The time span t 
represents the length of this stable period. A shallower slope between 
temperature/depth and age is produced during slower cooling rates and longer periods 
of geotherm stability (e.g.. Brown et al., 1994). Samples below the PAZ, in the total 
annealing zone (TA^, ^ have apparent ages of zero, (b) The PAZ is exhumed and 
preserved by relatively rapid denudation. Model ages and confined track length 
distributions for the exhumed PAZ enclosed in the box are shown in (c). This 
example represents a total time span of 200 m.y. and total denudation of 4 km over 20 
m.y. since time tj. The modeled PAZ represents a period of thermotectonic stability. 
As the base of the PAZ represents a specific level in the geotherm, its depth in the 
lithosphere can be estimated by assuming a certain geothermal gra^ent. When the 
elevations of the exhumed PAZ, the mean current landsurface and the mean former 
landsurface are known and the paleogeothermal gradient is estimated, parameters (a) 
such as surface uplift, rock uplift, and denudation can be calculated. (From Fitzger^d 
et al., 1995). 
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Figure 5.5. Three modeled confined track length distributions that each 
characterize a different thermal history. Rapid crustal cooling through the PAZ 
(a) is characterized by a sample with a unimodal CTLD and a mean length >14 

Samples that spend significant time within the PAZ G> and c) reveal a 
shortening of tracks in negatively skewed CTLDs and mean lengths <14 p.m. 
Bimodal CTLDs indicate that a significant amount of time has been spent at 
temperatures too cold for partial annealing whereas a unimodal CTLD of an 
exhumed PAZ sample ideally suggests that the reate of cooling, or denudation, 
has been relatively constant. (From Brown et al., 1994.) 
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such as the geoid (e.g., England and Molnar, 1990). Thermochronology and 

paleoclimatology do not directly measure these parameters. By inference, however, the 

denudational history derived from AFTT can be used to place constraints on the timing of 

rock uplift. This is possible because increased rates of denudation typically follow tectonic 

uplift and the augmentation of topographic relief More simply, increased erosion is a 

consequence of a base level fall—a result of drainage capture, for instance (e.g., 

Summerfield, 1997). Climate change is generally believed to play a subsidiary role in 

affecting rates of denudation (e.g., Summerfield and Hulton, 1994). Nonetheless, the 

erosion-suppressing effects of a polar regime are evident in the Transantarctic Mountains 

despite their high local relief. Studies of long-term surface lowering reveal incredibly slow 

rates of denudation (4.9-26 cm/m.y.; e.g., Marchant et al. [1993], Ivy-Ochs et al. [1995], 

Brook et al. [1995]). Whereas the cause of long-term, shallow-level crustal cooling is 

most often attributable to denudation, it is clear that the exact cause of denudation, given the 

many external factors, must be considered carefully. 

However, the interpretations of the amount and rate of denudation are less 

straightforward. Both calculations require estimates of the geothermal gradient, which in 

many cases is only loosely constrained or, more often, especially in ancient settings, 

assumed. The global average is ~20°Cykm although it ranges from as low as ~5°C/km near 

oceanic trenches to as high as ~50°C/km for volcanically active areas (Raymond, 1995). 

Furthermore, sufficiently rapid denudation can compress the geotherm, making it variable 

over both time and space (e.g., Stuwe et al., 1994; Brown and Summerfield, 1997). In 

addition, higher rates of denudation and greater topographic relief trends to increase the 

relief of isotherms, such as that for 110°C (Stuwe et al., 1994). Because an exhumed PAZ 

is a record of slow crustal cooling, suggesting slow denudation and thus a relaxed 

geotherm, its base is the best datum with which to accurately estimate the depth of 

unroofing. 
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Calculated rates of denudation are also subject to inaccuracy. This can be a result of 

using an unrealistic geothermal gradient, especially if compression of the geotherm has 

occurred since denudation began. It can also result from the misidentification of an 

exhumed PAZ. It can result from the range of error in the ages themselves or from a 

regression over a small elevation range. Some inaccuracy also results when many small 

inevitable changes in rate are integrated over the measurement interval. 

Apatite fission-track thermochronology can be used also to detect faults, and 

impose constraints on their magnitude of their vertical displacement (e.g., Gleadow and 

Fitzgerald, 1987; Fitzgerald and Gleadow, 1990; Fitzgerald, 1992; Fitzgerald et al, 1995; 

Foster and Gleadow, 1996; Kelley and Chapin, 1996; Fitzgerald and Stump, 1997). The 

unique relation between fission-track ages, confined track-length distributions (CTLDs), 

and elevation in an undeformed rock column has been used to identify a "fission-track 

stratigraphy" (e.g., Gleadow, 1990; Brown, 1991; Brown et al., 1994), the "strata" of 

which are conunonly represented by isochrons and relate to a depth below a mean 

landsurface. Because of the larger change in age compared to elevation in slowly cooled 

terranes, fission-track stratigraphy is most precise for exhumed PAZs (Fitzgerald and 

Gleadow, 1990). Because they imply slow cooling, low rates of denudation, and, 

consequently, probably low drainage basin-scale topographic relief (Anhert, 1970; 

Summerfield, 1991b; Summerfield and Hulton, 1994), PAZs also form the most nearly 

horizontal fission-track strata. Isochrons, thus, provide a marker that is deformable and 

detectable. Vertical offsets in adjacent apparent ages, for instance, would imply folding or 

dip-slip faulting. 
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5.3 Sampling strategy and laboratory technique 

Fifty-four granitoid samples were collected from the Queen Maud Batholith in both 

isolated localities and in "vertical" profiles along a transect from the Ross Ice Shelf coast 

(Cape Surprise) to the E^rince Olav Mountains (Mount Wade) (Fig. 5.6). The transect, 

which is about 50 km long, is oriented at a high angle to the strike of range-bounding 

normal faults. As a consequence, the pattem of fission track ages along this transect is 

most likely to detect vertical deformation. Vertical profiles, on the other hand, were 

sampled over routes as closely parallel as possible to known or suspected faults. The 

elevation between samples is -100 m. Sample elevations were estimated in the field with 

two altimeters. Ideally, these profiles do not cross faults so that the vertical changes in 

apparent age and confined track length distribution reveal the most information and the least 

noise about the thermal and denudation history of that area. In this manner, the vertical 

profiles, which generally were no steeper than about 45°, approximate undeformed vertical 

columns of rock, such as from a drill hole. Large vertical profiles are therefore useful in 

identifying exhumed PAZs, the initiation of rapid denudation, and in estimating apparent 

rates and magnitudes of denudation. Five vertical profiles, ranging from -525 to -1485 m 

in height, were collected for this study. 

Samples were prepared for apatite fission-track analysis at the Department of 

Geosciences, The University of Arizona, and irradiated at the Oregon State University 

Triga reactor following the method outlined in Fitzgerald (1987). The samples were 

analyzed at The University of Arizona Fission Track Laboratory using a Nikon Optiphot-2 

transmitted and reflected light petrographic microscope outfitted with a drawing tube, a 

digitizing tablet, and a computer-controlled Kinetek stage that operates with FT Stage 

software by Dumitru (1993). 



Figure 5.6 (facing page). Map showing AFTT sample locations. 
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Apparent ages for individual crystals were determined by the external detector 

method (Gleadow, 1981), using a personal zeta calibration factor (Hurford and Green, 

1983) of 367 ± 12. Sample ages are reported as pooled ages when the combined crystal 

ages plausibly represent a single population by passing the Chi-square test (i.e., P(x")^5%) 

(Green, 1981; Galbraith, 1981). When this test fails, the central age—a modal estimate 

±at is weighted to account for different precisions of single crystal ages—is reported 

(Galbraith and Laslett, 1993). Horizontal confined track lengths, which are crucial in 

interpreting themial histories, were measured for each sample according to the method of 

Laslett et al. (1982). 

A number of assumptions have been made in order to interpret the fission-track 

data. For instance, the apatite composition is considered similar to that of other apatites 

from the Granite Harbour Intrusive Suite. The assumption of a uniform apatite 

composition throughout a 2600 km-long plutonic complex, such as the Granite Harbour 

Intrusive Suite, is potentially incorrecL A related caveat is ±e assumption of a single 

apatite composition in the smdied samples. O'Sullivan and Parrish (1995) have illustrated 

that this is a real concern, even in samples of plutonic origin. The incorrect assumption of 

apatite composition will have a small effect on estimates of the amount of denudation (a 

maximum error of -0.4-0.5 km for a geothermal gradient of 20-25 °C/km). It will not, 

however, affect estimates of the initial timing of rapid denudation. To date no such large 

scale variations in the composition of apatite have been documented for the Granite 

Harbour Intrusives Suite, of which the Queen Maud Batholith is a part (e.g., Redfield, 

1994). Apatites in the region are a fair match to the putative fluorapatite standards from Mt. 

Dromedary, Australia, and Durango, Mexico (Seiber, 1986; Fitzgerald, 1987). Apatite 

composition, thus, is not a critical concern in the interpretation of the following data. 

Another fallible assumption is that of the paleogeothermal gradient A range of 20-

25°C/km has been calculated by Fitzgerald (1992). This is similar to the typical geothermal 
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gradient for the stable continental crust (Chapman, 1986). There is, however, no 

independent evidence to suggest that this geotherm was unifomi along the Transantarctic 

Mountains. 

5.4 Analytical results 

General results 

The results of the fission-track analyses are presented in Table 5.1. Sample ages 

are also displayed in Figure 5.7 and Figure 5.8. 

Vertical profiles 

Spot-height 950 

Samples were collected in this vertical profile (Fig. 5.9) over 550 m of relief. The 

profile includes a single dolerite sill and trends approximately parallel to the strike of major 

local normal faults (Fig. 5.6). A minor fault lies to the immediate west of the profile; no 

faults were noticed cutting the line of the sampling profile itself. The fission-track ages in 

this profile range from 42 Ma to 62 Ma. Confined track length distributions (CTLDs) have 

means of 13.5-14.3 ^.m and standard deviations of 1.8-2.4 ^mi. There is a general positive 

relationship between elevation and age. The top sample's age is significantly older and its 

CTLD has a significantiy more annealed signamre than the rest. The profile is dominated 

by two distinct sets of samples separated by a break in slope at -50 Ma (Fig. 5.10). 
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Sample 
number 

Location Elev. 

(m) 

Number 
of 

grains 
standard 

Track density 
(xlO' cm ') 

Inumber counted] 
fossil induced 

lU] 

(ppm) 

Chi-square 
probability 

(%) 

Age 

(Ma) 

Relative 
error 

(%) 

Track lengths 
(Mm) 

mean standai 
Ino. ] deviatic 

Cape Surprise vicinity 
SG-6 south flank of 370 20 1.665 0.704 3.355 25 21.1 6414 9.67 13.0±0.2 2.3 

Facet Peak [5757] 1591] 12815] 1101] 
SG-18 spm between Facet 595 21 1.829 2.17 10.40 71 4.8 70±3 9.24 12.9K).2 2.4 

Peak and s.h. 950 [57571 11230] 15885] 1105] 
SG-19 M 340 20 1.851 0.930 4.400 30 8.1 71±4 12.88 13.410,2 2.2 

15757] 1631) 12987] 1107) 
SG-20 spur northeast of 230 20 1.873 0.437 3.354 22 12.4 45±3 5.69 13,310.2 2.1 

spot-height 950 [5757] [440] [3380) 1100] 
SG-21 It 405 20 1.895 0.433 2.806 19 3.5 54±3 14.76 13.910.2 1.8 

15757) [478] [3100] 1100) 

Spot-height 950 vertical profile 
SG-50 summit 950 22 1.643 0.667 3.296 25 2.2 62±4 14.23 13.510.2 2.3 

(5271] [601] [2969] 1101] 
SG-51 eastern spur 855 20 1.662 0.304 1.981 15 1.6 45±4 26.85 14.210.2 1.7 eastern spur 

[5271] 1275] 11790] 1103] 
SG-52 41 730 3 1.671 0.468 2.789 21 74.9 51±11 0.00 n/a n/a 

[5271] 124] 1143] In/a] 
SG-53 4t 630 20 1.690 0.634 4.138 31 11.4 47±3 15.18 13.810.2 1.8 

15271] 1394] 12573] 1100] 
SG-54 " 495 23 1.709 0.372 2.755 20 70.5 42i2 0.58 14.110.2 1.6 

15271] 1408] [3022] 1100) 
SG-55 base 400 20 1.728 0.920 6.323 46 0.2 47±3 21.31 14.310,1 1.3 

152711 1517] 13554] [101] 

Spot-height 700 (Garden Spur) vertical profile 
SG-8 summit 700 20 1.687 1.03 5.311 39 24.9 60±3 3.08 14.210.2 1.9 

15757] 1878] 14522] 1100] 
SG-10 northwestern spur 605 20 1.719 0.859 4.385 32 45.5 62±4 2.07 13.410.3 2.7 northwestern spur 

15757] 1525] 12681] 1100] 
SG-ll M 495 20 1.741 0.627 3.867 28 0.6 52±3 18.81 13.110.2 2.1 

15757] 1580] 13576] [101] 
SG-12 •• 355 20 1.763 0,579 3.786 27 26.4 49±3 11.77 13.210.2 2.3 

15757] 1423] 12767] 1102] 
SG-13 t* 265 20 1.785 1.07 6.644 47 34.5 52±3 0.32 13.510.2 2.1 

15757] 1577] 13596] 1101] 
SG-14 185 20 1.807 0.680 4.507 31 70.0 50±3 5.96 13.410.3 2.5 

15757] 1454] 13010] 1100] 
SG-2 base 140 20 1.643 0.598 3.380 26 13.3 53±3 9,90 14,2±0.2 1.7 

15757] 1607] 13431] [103] 
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Figure 5.7 (facing page). Map showing AFTT sample apparent ages (Ma). The 
dashed lines show the location of the composite cross section in Figure 5.8. 
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Figure 5.8. Composite cross-section of the sampling transect with selected samples 
and their fission-track ages marked. Its location is shown in Figure 5.7. The North 
Boundary fault at Cape Surprise and a small normal fault on the south side of Mt. 
Munson (stratigraphic throw on the order of 10 m) are shown. 
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Figure 5.9. Photograph of spot-height 950 with sample locations marked. 
View is toward the southwest, from the Barrett Glacier. (Photograph by 
P. Fitzgerald.) 
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Figure 5.10. Graph of sample elevation versus age for the spot-height 950 
vertical profile, with CTLD data for each sample shown. Age error bars 
represent the 2a level. A simple geologic section for the sampling profile is 
shown at right. The dashed line represents a regression line through the data; the 
lower segment was calculated using the least-squares method (computer program 
"Regression 3" by P. Fitzgerald) and the upper segment was estimated by eye. 
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Spot-height 700 

The spot-height 700 sampling profile (Fig. 5.11) was collected over a 550 m range 

of elevation. The samples lie entirely above a basement Ferrar dolerite sill, which is 

probably the same sill as that near the peak of spot-height 950. The route along which 

samples were collected trends obliquely to the strike of local normal faults for the first three 

samples (Fig. 5.6). A number of small slickensides with small surface areas but unknown 

displacements were, in fact, observed. Despite the apparent limitations of this route, it 

provided the maximum elevation difference, a safe descent, the maximum exposure of 

rock, and, unlike the peak's more northwesterly spur, no linear, snow-filled gullies that 

potentially mark fault traces. The fission-track ages in this profile range from 49 Ma to 62 

Ma. CTLDs have means of 13.1-14.2 jmi and standard deviations from 1.7-2.7 nm. The 

samples generally lie along a positive slope on the elevation-vs.-age graph (Fig. 5.12). 

Pyramid Peak 

As on spot-height 700, the vertical profile on Pyramid Peak (informal name, 84° 

34.3'S, 174° 47.9'W) trends subparallel to local normal faults (Fig. 5.6). However, no 

faults were observed in the field. No Ferrar sills or dikes crop out on Pyramid Peak (Fig. 

5.11). This is the study's smallest vertical profile, covering only 525 m in elevation. The 

fission-track ages in this profile range from 36 Ma to 43 Ma. CTLDs have means of 12.9-

14.3 pm and standard deviations of 1.3-2.0 |im. All samples lie along a steep slope on the 

elevation-vs.-age graph (Fig. 5.13). 



Figure 5.11. Aerial photograph of spot-height 700 and Pyramid Peak, with 
sample locations shown. ^.S. Navy photograph, TMA 1211: 140.) 
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Figure 5.12. GrapJi of sample elevation versus age for the spot-height 700 
(Garden Spur) vertical profile, with CTLD data for each sample shown. Age 
error bars represent the 2a level. A simple geologic section for the sampling 
profile is shown at right. The dashed line represents a regression line throu^ the 
data that was calculated by the least-squares method. 
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Figure 5.13. Graph of sample elevation versus age for the Pyramid Peak vertical 
profile, with CTLD data for each sample shown. Age error bars represent the 2a 
level. A simple geologic section for the sampling profile is shown at right. The 
dashed line represents a regression line through the data that was calculated by 
the least-squares method. 
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Olds Peak 

Olds Peak (Fig. 5.14) is predominandy granitoid. A marble (Taylor Formation) 

roof pendant crops out at the peak and no Ferrar Dolerite is present. The 1485 m vertical 

profile trends to the east, subparallel to the local structure (Fig. 5.6). It crosses a few 

significant gullies, which are likely structurally controlled, as well as a large alteration 

zone. The fission-track ages in this profile range from 40 Ma to 51 Ma. CTLDs have 

means of 12.9-14.1 ^un and standard deviations of 1.5-3.4 ^.m. The elevation-vs.-age 

graph is steep and the track length distributions are complex (Fig. 5.15). 

Mount Munson 

Mt. Mimson is capped by the Beacon Supergroup and the Kukri Erosion Surface. 

It is the only vertical sampling profile in the study area where a known geologic datum was 

placed within a fission-track frame of reference. The sampling profile on Mt. Munson 

(Fig. 5.16) is the largest in the study (1485 m). It runs approximately north-south, nearly 

perpendicular to the local structure (Fig. 5.6). The fission-track ages in this profile range 

from 29 Ma to 70 Ma. CTLDs have means of 12.6-14.2 iim and standard deviations of 

1.3-3.9 nm. The elevation-vs.-age graph (Fig. 5.17) does not reflect a single, simple 

break in slope. 
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Figure 5.14. Aerial photograph of Olds Peak, showing 
the location of each sample. (U.S. Navy photograph, 
TMA 1132:068.) 
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Figure 5.15. Graph of sample elevation versus age for the Olds Peak vertical 
profile, with CTLD data for each sample shown. Age errcff bars represent the 2a 
level. A simple geologic section for tJie sampling profile is shown at right. The 
dashed line represents a regression line through the data that was calculated by the 
least-squares method. 



169 

Figure 5.16. Aerial photograph of ML Munson, with sample locations 
marked. (U.S. Navy photograph, TMA 2192: 0094.) 
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Figure 5.17. Graph of sample elevation versus age for the Mt. Munson vertical 
profile, with CTLD data for each sample shown. Age error bars represent the 2a 
level. A simple geologic section for the sampling profile is shown at right. 
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5.5 Hypotheses 

Identification of exhumed partial annealing zones 

Exhumed PAZs have been identified elsewhere in the Transantarctic Mountains by 

using the theory that the base of the zone corresponds with a break in the slope on an 

elevation-vs.-age graph and a change in confined track length distributions (e.g., Gleadow 

and Fitzgerald, 1987; Fitzgerald, 1992; Fitzgerald, 1994; Fitzgerald and Stump, 1997). 

This model, which combines two phenomena of partial annealing, does not necessarily 

apply well to the study area. This is a result of normal faulting, which disrupts the 

elevation-age relationships in vertical profiles, and possibly larger errors in Cl'LD and/or 

age measurements. Mean track lengths <14.0 and standard deviations >2.0 are model 

values for exhumed apatite PAZs (e.g., Fitzgerald et al., 1995) although what values are 

actually considered partially annealed do not always strictly abide by this artificial division 

(e.g., Fitzgerald, 1987; Kelley and Pazzaglia, 1997). 

The spot-height 950 profile is dominated by two distinct groups of samples 

separated by a visual break in slope at -50 Ma (Fig. 5.10). The first group consists of the 

upper-most sample (62±4 Ma), which is significantiy older than the rest and has a track-

length distribution that is characteristic of an exhumed PAZ (i.e., shorter mean track 

lengths and a larger standard deviations). Excepting SG-52, which data are relatively poor, 

the lower four samples together show a steep increase in age with elevation, are younger 

than 47±3, and have track-length distributions suggestive of rapid cooling (i.e., longer 

mean track lengths and smaller standard deviations). The model-like shape of this 

elevation-vs.-age graph satisfactorily reflects an undeformed rock coltunn. The base of the 

exhumed PAZ most likely corresponds to an age between -47 Ma and -62 Ma, in other 
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words 54±8 Ma. Because the regression line through the rapidly cooled samples, this age 

is probably closer to -50 Ma. 

The deformed nature of the rock column in the spot-height 700 profile is apparent in 

the samples' complicated elevation-vs.-age graph (Fig. 5.12). Excepting the top and 

bottom samples, all analyses reveal track length distributions characteristic of an exhumed 

PAZ. The peak sample may lie at the top of the fossil PAZ; this interpretation is not in 

accord with other samples of similar age below this sample and on spot-height 950 so it 

may reflect the range of error inherent in the analysis. Identification of a break in slope on 

this vertical profile, separating fossil PAZ samples above from rapidly cooled samples 

below, is made difficult by the fact that apparently partially annealed samples lie along a 

steep slope of elevation vs. age (Fig. 5.12). This can be explained as the result of north-

dipping normal faults. Although only the lowest of the bottom three samples has a 

characteristically non-PAZ CTLD, all three length histograms show distinct 14-15 (xm 

peaks and thus the samples probably lie close to the break in slope. An exhumed PAZ is 

not evident in this vertical profile. It may lie at an age >50 Ma. 

At Pyramid Peak, all samples lie along a steep slope on the elevation-vs.-age graph 

(Fig. 5.13). Except for the peak sample, all confined track length distributions have low 

standard deviations and relatively long mean track lengths. These samples appear to have 

cooled rapidly. In contrast, the peak sample shows track length characteristics of a fossil 

PAZ. Although there is no break in slope in Figure 5.13, the CTLDs alone suggest the 

probable presence of the base of an exhumed PAZ, which corresponds to an age of -42 

Ma. The presence of an exhiuned PAZ is not, however, well defined. 

The elevation-vs.-age graph at Mt. Olds is steep and the track length distributions 

are complex (Fig. 5.15). These data are not easily interpreted. Its samples appear rapidly 

cooled, with a few exceptions. These exceptions, however, are not significantly older than 
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the rest and therefore do not define an exhumed PAZ outright The base of the fossil PAZ 

is not revealed in this profile. It may lie at an age >50 Ma. 

The elevation-vs.-age graph of Mt. Munson's vertical profile (Fig. 5.17) does not 

reflect a single, model-like break in slope. The older ages of samples near the bottom of 

the profile lie along a negative slope. This is in clear conflict with the general trend of 

fission-track ages that increase with elevation and therefore most likely reflects down-

faulting towards the north. One large east-west alteration zone was mapped between 

samples SG-35 and SG-36. This appears on the elevation-vs.-age graph to, indeed, be a 

major, anomalous inflection. In spite of its sampling transect being faulted, the profile is 

straightforward simply in light of its confined track length distributions. All samples older 

than ~38 Ma are noticeably partially annealed whereas all those younger cooled rapidly. 

Due to faulting, ages do not necessarily increase with altitude. The lowest samples, for 

instance, have both ages greater than -38 Ma and CTLDs indicative of partial annealing. 

Samples older than SG-138 (39 Ma, mean length=12.6 p.m, standard deviation=2.1 pm) 

represent the exhumed PAZ whereas samples younger than SG-133 (37 Ma, mean 

length=14.2 p.m, standard deviation=1.6 ^mi) were cooled relatively rapidly. This places 

the base of the exhumed PAZ at 38±1 Ma. 

Timing of the onset of ''rapid" denudation 

The commencement of relatively rapid denudation coincides with the base of an 

exhumed partial annealing zone (e.g., Gleadow and Fitzgerald, 1987; Brown et al., 1994). 

Exhumed PAZ samples experienced negligible rates of cooling for a considerable period of 

time before exhumation and preservation. Samples below the exhumed PAZ resided within 
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the total annealing zone prior to exhumation and passed through the PAZ rapidly enough 

that their tracks were not shortened significandy. 

The initiation of rapid denudation is poorly constrained at best General constraints 

can, however, be placed using the two vertical profiles at either end of the sampling 

transect. Spot-height 950, near the coast, appears to have an undeformed vertical profile, a 

noticeable break in slope, and model-like, corresponding CTLDs. Denudation apparentiy 

began 50-60 Ma; judging by the inflection in slope in Fig. 5.10, denudation began closer to 

-50 Ma. At ML Munson, farther inland, there is a possible break in slope between 37 Ma 

and 47 Ma; the division between exhumed PAZ samples and non-exhumed PAZ samples 

based on CTLDs seen in Fig. 5.18 suggests that the base of the exhumed PAZ is closer to 

-38 Ma. 

This delay between the onset of denudation at the coast and far inland has not been 

documented before by a Uiermochronologic study. It is possible that this study's 

interpretation is in error, as the exhumed PAZ is apparentiy defined in only two areas. The 

hypothesis that rapid denudation did not begin synchronously within this single study area, 

but sparmed a period of -12 m.y., initiating later further inland, is the focus of a later 

section where it is shown to be more substantial. 

Nevertheless, results are consistent with an interpretation that rapid denudation in 

the study area began at -50 Ma. This is similar to estimates elsewhere in the TAM 

(Gleadow and Fitzgerald, 1987; Fitzgerald, 1992; Fitzgerald, 1994; Fitzgerald and Stump, 

1997), where the largest episode of denudation in the history of the moimtain range began 

between 45 Ma and 55 Ma. 
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Gross pattern and amount of denudation 

The oldest ages (-70 Ma), indicating the least denudation, occur at both ends of the 

transect This conclusion would be suspected simply given the presence of Beacon strata at 

either end. Conversely, the youngest fission-track ages (as young as -30 Ma) occur in the 

areas of greatest un-roofing, not surprisingly within the granitic piedmont 

The best constraints on the amount of denudation within the granitic piedmont are at 

spot-height 950, where the base of an exhumed PAZ is present at -900 m above sea level, 

or -700 m above the Barrett Glacier. Exhumation of the PAZ indicated 4.4-5.5 km of 

denudation. A total value of -5 to -6 km of denudation at this location accounts for erosion 

below the exhumed PAZ. Denudation is considerably less south of the Prince Olav 

Mountains, where Beacon and Ferrar Supergroups are present Less than 2.4 km of rock 

has been eroded from above these mountains since at least -38 Ma. 

Rate of "rapid" denudation 

Rates of long-term denudation have been extracted from apatite fission-track 

thermochronology using two methods. One method is to coUect samples in near-vertical 

profiles from outcrops that are as nearly undeformed as possible. The apparent rate of 

denudation is thus the rate of change in elevation versus change in age of non-partiaUy 

annealed samples over significantly large vertical intervals. The period of time over which 

the estimate is averaged is largely a function the height of the vertical profile. This method, 

although constrained to discrete windows of time, potentially allows a more rich and 

complex long-term denudation history to be inferred. 
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Regression equations that account for analytical error in the fission-track ages were 

approximated for the vertical profiles by a least-squares method using the computer 

program "Mean Regression 3" by P. Fitzgerald. These were estimated for every vertical 

profile except ML Munson (Figs. 5.10, 5.12, 5.13, 5.15). The results are variable and it 

is difficult to assess a reasonable rate of denudation. The apparent rates are as follows: 

294±863 m/m.y. (spot-height 950), 62±23 m/m.y. (spot-height 700), 77±26 m/m.y. 

(Pyramid Peak), and 226±143 m/m.y. (Olds Peak). For each of these profiles, except 

spot-height 950, for which the top sample was ignored, all samples were included in the 

regression. The mean of these estimates is 165±264 m/m.y. and covers the period from 

-40 to -50 Ma. 

An alternative method is to date a single sample, to determine that it was cooled 

rapidly (a precondition for knowing its annealing temperature), to estimate its depth of 

annealing using a reasonable geothermal gradient, and to divide that vertical distance (i.e., 

depth) by its age. This method effectively integrates the denudation rate over a long period 

of time and may overlook significant short-term variability as a consequence. At the coast, 

such an integrated rate is between 88 and 110 m/m.y.. Assuming that the lowland 

planation surfaces date indeed from -15 Ma, this rate is closer to 126-160 m/m.y.. 

Given the errors associated with thermochronologic ages and the fact that the 

geotherm effectively diffuses the signal of landsurface change, which may be very episodic 

over short time scales, it is important to note that rates of denudation so derived are long-

term estimates. However, temporal and spatial changes in the geotherm can be a result of 

denudation, itself. This effect must be accounted for. 

The rate of crustal cooling, apparent in the progressive increase in fission-track age 

with elevation for non-exhumed PAZ samples, is a balance between denudation at Earth's 

surface (advection of the geotherm) and relaxation (diffusion) of the geotherm to a state of 

equilibrium dictated internally by crustal heat production and externally by the mean surface 
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temperature and regional topography. Such a balance is likely for denudation rates <300 

m/m.y. in which the geothermal gradient is relatively stable (Brown and Summerfield, 

1997). For long-term denudation rates >300 m/m.y., isotherms become compressed 

towards the land surface. That is, the geothermal gradient locally increases. As a result, 

for not truly vertical profiles the slope of an elevation-vs.-age plot <300 m/m.y. reflects a 

"true" rate of denudation (Stiiwe et al., 1994). Similarly, rates of denudation that are 

integrated from a single sample are unaffected at such relatively low rates of denudation. 

On the other hand, sufficientiy rapid rates of denudation will lead to overestimates of the 

true rate for all but truly vertical profiles. It is evidently not necessary to account for this 

effect in the study area. 

The calculated rates of denudation, although reflecting a wide range of error, do 

surround previously published Cenozoic estimates for the Transantarctic Mountains. 

Modeled and integrated rates of denudation in southern Victoria Land, the Beardmore 

Glacier area, and the Scott Glacier area range from 100-140 m/m.y. (mean: 130 m/m.y.) 

for the period of about 55-30 Ma (after Fitzgerald, 1992; Fitzgerald, 1994; Fitzgerald and 

Stump, 1997). 

Non-areally synchronous or uniform crustal cooling and denudation 

A major assumption of fission-track smdies of long-term denudation is that the 

unroofing occurs areally uniformly, essentially in a style of gradual down-wearing. 

Punctuated denudation over geologic time is primarily detected as episodes of rapid, 

resolvably uni-dimensional (vertical) crustal cooling interrupted by PAZs. From a geologic 

standpoint, however, denudation along rift flanks and passive margins probably most often 

proceeds by backwearing (e.g.. King, 1962; Gilchrist and Summerfield, 1994). From the 
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standpoint of a rock at depth, exhumation brought about by the retreat of an escarpment 

above it should appear distinctly non-gradual and non-uniform over sufficientiy short 

periods of time. 

The exhumed partial annealing zone and the break in slope are often implied to be 

areally synchronous phenomena (e.g.. Brown et al. [1994] and references therein). This 

means that long-term erosion effectively commences at once over large-scale areas and that 

any deviations from this are not resolvable with the fission-track method. 

However, fission-track data from the study area suggest otherwise. Here, the base 

of the exhumed PAZ is likely diachronous in nature. At the coast (spot-height 950) it 

occurs at -50 Ma and -25 km inland (Mt Munson) at -38 Ma. The implication is that 

rapid cooling does not occur uniformly. In the study area the cooling front began at the 

coast and migrated inland at an average rate of -2.1 km/m.y.. 

In fact, the entire population of fission-track data can be interpreted as showing the 

effect of laterally progressive cooling. Figure 5.18 shows graphically the relationship 

between fission-track age and distance inland with the data grouped by mean length. Most 

regression lines of the mean length groups show that for a given mean length, age 

decreases inland. The mean regression slope yields a rate of inland migration of similarly 

partially armealed samples of 5.4+3.5 km/m.y. (Fig. 5.19) (see appendix F for details 

about this estimation). The same relationship is evident when the data are grouped by 

standard deviation (Fig. 5.18). For a given standard deviation, ages decrease inland. The 

mean rate of inland migration, or more metaphorically "AFTT retreat," is 6.2±3.6 

km/m.y.. 

An alternative method reveals a similar "fission-track retreat." In die hypothetical 

case where cooling occurs areally uniformly and samples are collected below the middle of 

the exhumed PAZ, there is a high negative correlation between fission-track age and mean 

track length and a positive relationship between age and length standard deviation. Any 
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Figure 5.18 (facing page). Graphs of apparent fission-track age versus distance 
inland, grouped by common mean lengths and standard deviations. A general, 
though significant, trend stands out in the data: for any given age, fission-tracks 
farther from the Ross coast are more partially annealed. This is manifested as a 
progressive decrease in age with distance inland for a given degree of annealing 
(i.e., a common mean length or standard deviation) and a general pattern of an 
increased degree of annealing with distance inland for any given apparent period 
in time. Thus, at any given time in history, samples further inland were (1) 
buried deeper or (2) being unroofed less quickly. Deviant trendlines are 
influenced by the oldest and furthest inland four samples. Because of their age 
and insular nature, these samples may reflect a more complex thermal history 
than that interpreted in the rest. 
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HISTOGRAMS OF RATES OF FISSION-TRACK "RETREAT" 
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Figure 5.19. Histograms of the rates of apparent fission-track "retreat" away from the 
coast. Groups of common mean length and standard deviation (Fig. 5.18, 5.20, 5.21) 
have their individual retreat rates and group statistics tabulated in Appendix F. These 
are illustrated in the above histograms. The mean rate for each set is indicated as well. 
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scatter in the data represents analytical or operator error. Generally strong 14-15 fim peaks 

on track length histograms, long mean lengths (>13 |xm), and small standard deviations 

(<2.5 fim), even within the exhumed PAZ, indicate that most study samples probably 

indeed derive from the lower half of the exhumed PAZ or below (Fig. 5.4). The data from 

the study area, however, show considerable scatter when plotted in this manner (Fig. 5.20a 

and Fig. 5.21a). This scatter could be the result of analytical error, operator error, or 

areally diachronous cooling. To test whether this scatter is due to analytical or operator 

error, and therefore probably spatially random, the age versus mean length (or standard 

deviation) relationship was normalized (to their regression equation for a least-squares fit) 

and plotted versus distance. Perfectly areally uniform cooling would plot on this graph 

around y=l, the only scatter around this value being the error of the analysis. However, a 

remarkably consistent trend is revealed: for a given age, mean track lengths tend to be 

shorter (or standard deviations larger) farther inland (Fig. 5.20 and Fig. 5.21). The mean 

apparent rate of retreat inland of the age vs. mean length ordinate is 1.1±1.6 km/m.y. (Fig. 

5.19). For the age vs. standard deviation ordinate, this rate is 7.0±3.6 km/m.y.. 

These patterns are revealed by using a sampling strategy that includes both vertical 

profiles and horizontal transects and an analysis strategy that includes measuring all 

samples for both age and CTLD. This technique succeeds by dating the break in slope and 

by tracking spatial changes in the relationship between age and track length distribution. 

The analysis of rather large populations of data therefore averages out some of the errors 

that are found in individual samples and that have large effects on small sample sizes, such 

as individual vertical profiles. Whereas the correlation of the entire population is less than 

statistically significant in the above analyses, by separating the data into groups based on 

their mean length or standard deviation the trend is shown to be truly consistent. The 

aforementioned estimates of "Ah 11 retreat," although not all within error of one another at 

the la level, concur reasonably well given that they do not account for the error in the 
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FISSION-TRACK "RETREAT": 
AGE NORMALIZED WITH RESPECT TO MEAN LENGTH 
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Figure 5.20. Graphs showing the normalization of apparent fission-track ages 
with respect to mean length. Assuming the relationship between mean length and 
fission-track age is approximately linear for areally synchronously cooled 
samples, a regression line (a) is fit using the least-squares method. Applying the 
regression equation to the y-axis and graphing it versus the distance inland from 
the Ross coast (b), any geographic pattern in the scatter can be discriminated. 
Data points that fall on the regression line fall along y=l; scatter about the 
regression line plots above or below y=l. It appears that much of the scatter 
between age and standard deviation is a function of the samples' distance from the 
coast. TWs pattern appears even when the sample population is grouped by 
standard deviation (c). On the whole, landward samples are more partially 
annealed at a given time. 
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FISSION-TRACK "RETREAT": 
AGE NORMALIZED WITH RESPECT TO STANDARD DEVIATION 
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Figure 5.21. Graphs showing the normalization of apparent fission-track ages 
with respect to standard deviation. Assuming the relationship between standard 
deviation and fission-track age is approximately linear for areally synchronously 
cooled samples, a regression line (a) is fit using the least-squares method. 
Applying the regression equation to the y-axis and graphing it versus the distance 
inland from the Ross coast (b), any geographic pattern in the scatter can be 
discriminated. Whereas a graph of age vs. distance inland (Fig. 5.18) alone does 
not discriminate how partially annealed each sample is, unless samples with 
common annealing characteristics are highlighted, this graph does. Data points 
that fall on the regression line fall along y=l; scatter about the regression line 
plots above or below y=l. It appears that much of the scatter between age and 
standard deviation is a function of the samples' distance from the coast. This 
pattern appears even when the sample population is grouped by standard 
deviation (c). On the whole, landward samples are more partially annealed at a 
given time. 
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individual age and length data. An overall mean rate of fission-track retreat is 4±3 

km/m.y.. 

A suggested reason that these trends are apparent in and below the exhumed PAZ, 

which otherwise does not reflect the timing of denudation, is that inland samples of a given 

age have partially annealed for a longer period of time. For temperatures greater than 

~80°C, annealing models predict that apparent ages decrease faster than track lengths 

shorten for a given sample (Fig. 5.22) (Fitzgerald, 1992, following Laslett et al., 1987; 

Green et al., 1989). This conclusion agrees with empirical observations in natural and 

empirical settings (Gleadow et al., 1983). As a consequence, it is reasonable to conclude 

that samples with relatively young ages for a given mean track length, for example, have 

been in the PAZ longer. Assuming that the now-fossilized PAZ was initially formed rather 

simultaneously and cooled at a uniform rate, it is reasonable to conclude that inland samples 

were been exhumed from the PAZ more recendy. 

A number of geological hypotheses can be proposed to explain this fission-track 

retreat: (1) normal faulting with cooling that occurs laterally from fault scarps; (2) rapid 

rock uplift that is initially focused at the coast and migrates inland, accompanied by 

otherwise uniform erosion; (3) different times of denudation onset either side of a drainage 

divide; or (4) quasi-synchronous rock uplift with non-uniform erosion that is manifested as 

slope or escarpment retreat away from the coast (Fig. 5.23). Combinations of these are 

possible. 

The first hypothesis invokes diffusive cooling of the body of rock adjacent to a 

steep fault scarp. The steeper and taller the fault scarp, the greater the local topographic 

relief and thus the greater the permrbation to the underlying geotherm (Stiiwe et al., 1994). 

Such lateral cooling of the adjacent rock will only occur over a distance that is in proportion 

to the fault's throw and its effect diminishes exponentially (Turcotte and Schubert, 1982). 

A large number of faults are, thus, required to cool the samples farthest inland. These 
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Figure 5.22. Comparison of the variation in the modeled apparent age 
and the modeled mean of confined track length distributions with 
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1992.) 



187 

(a) Areally synchronous crustal cooling 
landsuriace 

• .' «ir 
• soma •50 

•p TAZ •0 
— — paleo 110°C rsoltienn 

— current 110°C isottiorm 

(b) Areally diachronous crustal cooling 
(1) fault scarp 

•20 

O
 

. •
 

t t+20 Ma 

(3) drainage divide and capture 

(2) diachronous rock uplift 
and uniform downwearing 

~20 ' 

mirntmt 

4 

•0 •0 

zx 
•ia 1^ 1 

r • • 
t+20 

(4) backwearing 

Figure 5.23. Conceptual models for areally s3mchronous and diachronous crustal 
cooling (i.e., fission-track "retreat"). Areally synchronous crustal cooling (a) 
approximates uniform downwearing. Areally ^achronous crustal cooling (b) may 
be explained by a number of models. (1) Lateral cooling of the crust by later^ 
thermal diffusion away firom a fault scarp. (2) Lateral cooling by sequential rock 
uplift episodes, each followed by approximately uniform downwearing. (3) Lateral 
cooling due to denudation first on ^e rift-side of a drainage divide. The base level 
of the interior basin on the opposite side of the divide is eventually lowered as the 
interior drainage system is captured by the exterior system (e.g., Gilchrist et al., 
1994). (4) Lateral cooling due to backwearing (i.e., slope or escarpment retreat). 
All denudation models assume a fall in the base level of erosion due to surface 
uplift. In cases (a) and (b-3 and b-4), this base level fall occurs at the left side of the 
model, a consequence of, for instance, a rift-flank uplift. 
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faults will cause simultaneous lateral cooling and no large-scale fission-track migration if 

they are active concurrently. A trend is only possible if the faults are active neither 

synchronously nor randomly, but sequentially landward—a sequence that is opposite of 

basinward normal fault growth seen in physical analog models (McClay and Ellis, 1987). 

To achieve deep-level cooling, such sequential faulting must be repetitive and cyclical. 

In the absence of erosion or very large, steep fault scarps, this method of lateral 

cooling is unlikely to cool samples to a depth of 3.3 to 4.0 km, where samples at the base 

of the partial aimealing zone reside. On the other land, in the absence of numerous faults 

spaced along the transect, such cooling will not penetrate very far inland. Given the 

relatively small size of potential Cenozoic fault scarps (see following section), the first 

hypothesis cannot account entirely for the observed fission-track "retreat." 

The second hypothesis is somewhat similar in that it requires that rock uplift, and 

with it balanced or nearly balanced erosion, commences at the coast and progresses inland. 

If an off-shore fault were activated first, then at that location uplift would be focused. The 

crustal cooling trend requires that faulting, and hence rock uplift, migrate inland. This 

hj^othesis is tenable under the observations that (1) the axis of maximum rock uplift is 30-

35 km inland of the coast and near the present range divide; that (2) the TAM Front extends 

this far inland; and that (3) the base-of-the-PAZ model for faulting permits, but does not 

show, some inland faulting may have followed faulting at the coast. This hypothesis is 

deemed untenable because rift flanks, elevated plateaus, and many normal faulted 

mountains (e.g., the Basin and Range, western U.S.A.) tend not to erode uniformly, by 

downwearing, but non-uniformly, by backwearing. 

The third hypothesis can account for different denudation because the opposite 

sides of a drainage divide may not be controlled by the same (fallen) base level until they 

are connected (Brown et al., 1994). However, the continuous pattern of data in Figures 
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18, 20, and 21 indicate that the crustal cooling front migrated laterally in one direction, 

rather than in two, as predicted by the drainage divide model. 

The fourth hypothesis suggests that quasi-synchronous rock uplift and diachronous 

denudation occurred. Quite simply, at any given time, the coluiim of rock above a given 

horizon was thicker inland. Backwearing, or slope (or escarpment) retreat, could produce 

the desired effect of diachronous cooling by progressively unroofing the crust farther 

inland. The rate of denudation over a point on Earth (approximated by a single fission-

track sample) by backwearing depends on the slope, height, and rate of retreat of the slope. 

Rather low rates of apparent vertical denudation are in accord with rapid rates of lateral 

denudation if the slopes, most likely escarpments, are sufficiendy small, or gentle, and 

numerous. Similarly, numerous retreating escarpments, active over the time span recorded 

in fission-track thermochronology, could make erosion continuous both inland and near the 

coast, while maintaining a greater total depth of erosion near the coast 

It is important to note that these trends are not unique to the Shackleton Glacier 

area. A review of fission-track data by Fitzgerald (1987) from southern Victoria Land 

reveals similar retreat of the base of the exhumed PAZ. The rate of its landward retreat at 

the Kukri Hills is, for example, -2.2 km/m.y.. Southern Victoria Land is the only region 

in the Transantarctic Mountains where passive margin-type landscape evolution and 

escarpment retreat has been suggested previously, principally on the observation of 

widespread planation surfaces (Sugden et al., 1995). 

Fault structure of the Transantarctic Mountains Front 

The fault structure elicited from fission-track data requires the recognition of a 

fission-track "stratigraphy," ideally one that originated nearly horizontally (Fig. 5.24). 
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FISSION-TRACK *' STRATIGRAPHY* *: MODELS 

(a) Isochron method (for areally synchronously cooled crust) 

modem glacier 

(b) Base-of-PA2 method (for areally diachronously cooled crust) 

modem glacier 

Figure 5.24. Conceptual models of fission-track "stratigraphy." Two models are 
shown: (a) that for crust that has cooled areally sjmchronously and (b) that for crust 
that has cooled diachronously. In both models, a block of crust and its fission-track 
stratigraphy are shown in undeformed, deformed, and modem, eroded states. 
Fission-track ages correspond to a depth in the crust. For rapidly cooled samples, 
this depth corresponds to the -llCC isotherm. For a geothermal gradient of 20-
25°C, this is about 4.4-5.5 km below the mean landsurface. Dip-slip on faults is 
recorded as an offset in fission-track ages. If two geographic locations are eroded at 
the same pace and at the same time over long time scales, crustal cooling and 
diffusion of the geotherm will be areally uniform and synchronous. An isochron in 
this case represents a common depth in the cmst below a mean landsurface. In this 
case model (a) is appropriate. If, however, denudation commences at one location 
before it does at another, common depths in the crust (e.g., the base of the PAZ) will 
experience movement of the geotherm at different times and therefore have different 
fission-track ages. In such a case model (b) is appropriate. 
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There are two methods of identifying "strata": (1) choose an isochron, ideally from the 

exhumed PAZ (e.g., Fitzgerald and Gleadow, 1990) or (2) choose the base of the exhumed 

PAZ itself. Both methods usually require extrapolation from calculated rates of apparent 

cooling because the fission-track stratum is in many places eroded (Fig. 5.25). 

The first method assumes that cooling was areally synchronous, that samples with 

common ages were at common depths at a common time. Isochronous samples are best 

used from the exhumed PAZ, as the error in elevation vs. age is significantly less than for 

rapidly cooled samples. The first method, however, may incur large significant errors due 

to inappropriate assumptions about the location of the exhumed partial annealing zone and 

the depth of the chosen isochron if cooling was areally diachronous. As argued in the 

preceding section, this appears to have occurred in the study area. Take the following 

example: the elevation of the 60 Ma isochron is extrapolated from a 30 Ma sample. By 

assuming the base of the exhumed PAZ is at 50 Ma and using apparent denudation rates of 

100 m/m.y. and 5 m/m.y. for sub-PAZ and PAZ samples, respectively, the extrapolated 

elevation of the isochron above the sample is 2010 m. If, on the other hand, the base of the 

fossil PAZ is actually at 40 Ma, then the extrapolated elevation difference is only 1020 m. 

The second method has not been previously utilized but it may be more realistic for areas 

that include diachronously cooled crust. This is because the base of the fossil PAZ, which 

by definition marks the level of a stable ~110°C paleoisotherm, is more direcdy a function 

of depth than is age per se. 

Cross-sections were drawn of the range front structure by inferring the locations of, 

and offsets across, faults from each of the aforementioned models (Fig. 5.26). As the 

apparent density of faults is a function of the horizontal spacing of samples and thus varies 

substantially along the transect, in places the marked faults may more correctly mark zones 

of multiple faults. The nature of the faults—all normal—is inferred from the region's 

extensional, rift-flank style of Mesozoic and Cenozoic tectonism. The dips of fault blocks 
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Figure 5.25. Map of calculated elevations above sea level (m) of the base of the 
e^^umed PAZ for each sample. See appendix F for tabulated values, the values' 
errors, and calculation information. 
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Figure 5.26 (facing page). Transantarctic Mountains Front structure inferred 
from fission-track stratigraphy. The location of the composite cross section is 
shown in Figure 5.7. TTie results of two methods are shown: (a) that in which 
"strata" are isochrons and (b) that in which "strata" mark the base of the exhumed 
PAZ. The strata are marked by diamonds and error bars for each sample and 
marked by "error boxes" where suspected. Significant vertical offsets of these 
boxes most likely indicate the presence of a fault(s) somewhere between the 
samples. The shown error is ±la, which is the analytical error in the fission-track 
age calculation. Given that many of the elevations for non-exhumed PAZ 
samples are extrapolated using a mean denudation rate from the vertical profiles 
(165 ±265m/m.y.), there is an additional ±265 m error in most samples (i.e., those 
that already have large error bars). The age error associated with exhumed PAZ 
sample elevations is noticeably less. As there were very few ostensibly unfaulted 
exhumed PAZs in the analyzed vertical profiles, the extrapolation factor (i.e., an 
apparent denudation rate of -10 m/m.y.) used with such samples is open to 
question. 

The results differ most noticeably on the north Hank of Mt. Mimson. 
Both techniques predict a horst, however that in (a) has much greater, probably 
unreasonable, structural relief. It is for this reason that (b) is probably a more 
favorable method for determining fission-track stratigraphy and, therefore, for 
predicting structural geometries. Dips have been attributed to the fault blocks in 
the above interpretations. However, the only places where real dip is known are 
at Mt. Munson and Cape Surprise, where Beacon strata crop out. The dip is 
probably fairly well constrained at spot-heights 950 and 700, where the basement 
sill of Ferrar Dolerite is exposed and probably subparallel to the Kukri Erosion 
Surface. The spot-height 950 area samples are in the cross-section behind spot-
height 700 and Pyramid Peak, so its inferred fault block is dashed. 
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are geologically constrained only at the Cape Surprise area and at Mt. Munson where 

Beacon and Ferrar units occur. The dips of the faults are only constrained at Cape 

Surprise. The architecture predicted by the second method (i.e., the base of the exhumed 

PAZ), appears to be more reasonable because it predicts less extreme changes in structural 

elevation at ML Munson. 

Constraints on the age of faulting 

Well-established fission-track strata (e.g., Fitzgerald, 1992), like lithologic strata, 

can be used to document the amount of offset across normal faults that has occurred since 

the fission-track strata formed. Faulting post-dates fission-track ages if it offsets similar 

aged samples. As only rapidly cooled samples accurately record a true date, only offsets of 

such samples accurately record when faulting occurred. The model of a diachronously 

exhumed PAZ variably constrains the amount of faulting since 38-50 Ma, depending on the 

distance from the coast. Miller et al. (1996) calculate that the stratigraphic throw between 

spot-height 700 and Mt. Wade is between 1.3 and 3.8 km. Estimates of vertical offset, 

which is practically the same as stratigraphic throw in areas of such low dips, based on 

fission-track stratigraphy fall within this range (3.3-3.8 km based on the synchronous PAZ 

model; 2.7-3.9 km based on the diachronous PAZ model). These calculations, on one 

hand, do not preclude some faulting from having preceded -50 Ma. They do, however, 

strongly suggest that the majority of activity in the TAM Front occurred since that time. 
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6 INTEGRATION OF HYPOTHESES AND DISCUSSION 

6.1 Fault structure of the Transantarctic Mountains Front 

A number of observations or interpretations of structural geologic, 

geomorphologic, and apatite fission-track thermochronologic data pertain to the fault 

structure of the range front in the study area. A brief review of these will begin this 

section. 

Using structural geologic methods, it was determined that (1) the Cape Surprise 

area hosts two major fault sets (285°-350° and 030°-050°). (2) These sets appear to include 

range-bounding normal faults and sub-perpendicular transfer faults, respectively. (3) 

Contrary to the conclusions of Barrett (1965) and La Prade (1969), there is probably only 

1.4-3.1 km of stratigraphic throw across faults between Cape Surprise and Garden Spur. 

Subtracting this value from the overall stratigraphic throw that occurs between Cape 

Surprise and Mt. Wade (3.1-5.2 km; Barrett, 1965), there is, therefore, 0-3.8 km of throw 

between Garden Spur and Mt. Wade. (4) There is negligible dip-slip faulting between Mt. 

Munson and Mt. Wade. (5) Overall, the kinematic analysis of Cape Surprise area faults 

reveals that strain across the range front is slightly dextrally transtensile (Si=~030°, <1)=60°-

80°). 

The tectonic landform record reveals that (1) two dominant lineament sets pervade 

the Transantarctic Mountains Front (0°-010° and 300°-330°). (2) Asymmetric drainage 

patterns near the Ross coast can be explained as a result of westward block tilting along 

approximately northeast-striking, southeast-dipping normal faults. (3) It is likely that at 

least some of the elevation of the -500 m high escarpment along the coastline is attributable 

to normal faulting. (4) No fault scarps within, or vertical offsets between, the lowland 

planation surfaces were noticed, however. 
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Finally, AFIT data extend our tectonic record both spatially and temporally. (1) 

Contrary to the geomorphologic data, which resolves more recent tectonism, AFTT reveals 

that the area between Cape Surprise and ML Munson is, in facL probably a wide zone of 

dip-slip faults. (2) Vertical displacements between AFTT sample localities (horizontally 

spaced <1 to -10 km) are up to -700 m. This value likely integrates the slip of a number of 

faults. (3) The total vertical displacement by faulting between the simimit of ML Munson 

and Garden Spur since -50 Ma (i.e., that which is detected by AFTT) is 1.4-2.2 km. (4) 

The structurally highest zone of the TAM Front passes through ML Mimson 2-4 km north 

of its simimiL At ML Munson, this structural culmination, which may be a small horst, is 

located 7-11 km coastward of the topographic culmination (ML Wade). 

Combining these data, a more complete picture of the range front's structural 

geologic architecture can be displayed (Fig. 6.1). In a few cases, these data are directly 

comparable. An older AFTT age for a given elevation on spot-height 700 than on spot-

height 950, for example, suggests that the former is structurally down-dropped across a 

transfer fault with respect to the latter; this agrees with the vertical offset seen in the local 

dolerite sill. Similarly, the decreasing elevation of AFTT "strata" towards the Ross coast 

agrees with stratigraphic evidence for down-dropped fault blocks toward the coast. 

The integrated data set also allows earlier hypotheses to be tested. It was suggested 

earlier that the drainage asymmetry near the coast reflects westward block tilting. This was 

probably accommodated by approximately north-northeast-striking and east-southeast-

dipping normal faults. Structural data (Fig. 3.8) reveals an actual fault set that shares this 

approximate orientation. Such faulting could explain why the basement is exposed farther 

to the south on the west side of the Shackleton Glacier than on the east (Fig. 2.3). 

Furthermore, litde vertical fault displacement is seen between the base of ML Munson, 

Olds Peak, and Pyramid Peak in light of AFTT data. Major geomorphic lineaments, such 

as that running south of Watt Ridge, and AFTT "strata" between Olds Peak and spot-height 
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Figure 6.1 (facing page). Map of the inferred structures within and bounding 
the Mt. Munson-Cape Surprise transect. 
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950, however, suggest the potential locations of faults (Fig. 6.1) and imply that the axis of 

uplift may step to the northwest along a series of "transfer" faults that accommodate down-

to-the-east normal offsets. 

It was also suggested that the drainage pattern between the Gough Glacier-Watt 

Ridge lineament system and the Prince Olav escarpment reflects either (1) a lack of 

northwest trending faults or (2) the immaturity of the valleys. Based on AFTT and 

structural geologic evidence, the Transantarctic Mountains Front faults extend as far south 

as the peak of Mt. Mimson, well south of the Gough Glacier-Watt Elidge lineament system. 

Therefore, the lineament system does not mark the landward margin of the Transantarctic 

Mountains Front. Instead, the drainage pattern between the lineament system and the 

Prince Olav escarpment most likely reflects (1) its immaturity, (2) its ignorance of 

underlying northwest-trending lithologic structures, and (3) the direction of the 

escarpment's steep gradient. Despite the presence of the TAM Front quite near it and 

undoubted structural influence on its orientation, the Prince Olav escarpment is not a fault 

scarp. Its current location is 10-20 km landward of the inland margin of the Transantarctic 

Mountains Front 

The asymmetric drainage and the inferred north-northeast striking normal faults 

imply that a substantive component of extension has taken place in a plane parallel to the 

mountain range's U*end. That is, the axis of maximimi extension (Si) is not perpendicular 

to the range's trend and thus the kinematics of the TAM Front do not characterize what 

Angelier (1994) terms transverse extension. The Cenozoic kinematics of the study area, in 

fact, generally agrees with an interpretation of dextral transtension (Fig. 6.2). Such 

kinematics have been calculated elsewhere within the Transantarctic Mountains and the 

Ross Embayment. Wilson (1995a), for example, has provided a solid argument for dextral 

transtension in southern Victoria Land. Based on paleomagnetic calculations, DiVenere et 

al. (1994) predict the post-Middle Cretaceous (post ~100 Ma) extension direction within the 
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mean trend of fault slip 

trend of slip 
on the 
principal fault 
on the southwestern 
side of Facet Peak 

fault dip lines (circle=25%. n=23) 

coastline (circle=60%. n= 5) 

piedmont geomorphic lineaments (circle=20%. n=116) 

Figure 6.2. Rose diagram of fault dip lines and geomorphic lineaments (e.g., 
valleys, ridges, coastline) compared to fault slip directions. It is presumed that 
the large scale geomorphic trends represent larger scale structural trends (e.g., 
rift hinge) to which the measured faults are secondary. Thus, the non-right 
angle between the coastline and piedmont lineaments suggests that the 
principal axis of extension was not or^ogonal to the rift trend. The kinematics 
of the TAM Front, principally Cape Surprise where the fault data were 
collected, suggests that extension was dextraUy oblique. 
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West Antarctic rift system was oriented at an azimuth of 080®-090° (at the 180° meridian). 

Based on a relative motion between the Pacific and Antarctic Plates of 115°-160° (at the 

180° meridian), Sutherland (1995) predicts almost entirely transcurrent motion in the (Jueen 

Maud Mountains from the Eocene to the Miocene (-45-20 Ma). Comparison of the long-

term and more recent inferred kinematic settings suggests there may have been a clockwise 

rotation of the extension axis since the Middle Cretaceous. Similarly, Wilson (1995a) 

documents two distinct phases of "Cenozoic" transtension in southern Victoria Land. The 

extension axis of the first phase was oriented at 130°. The second phase was oriented at 

145°. 

Nevertheless, the fault kinematics in the Cape Surprise area are far from strike-slip, 

as Sutherland (1995) predicts. Although the AFTT data suggest that most faulting in the 

study area occurred since -50 Ma, the fault kinematic solution (Si=~032°) more closely 

matches the longer-term model of relative plate motion by DiVenere et al. (1994). 

However, neither Sutherland's (1995) nor DiVenere et al.'s (1994) models seem to predict 

correctly the kinematics of the central Transantarctic Mountains. This problem can be 

concepmally resolved if there has been strain partitioning between the Ross Embayment 

and the Transantarctic Mountains. In this hypothetical scenario, a greater transcurrent 

component of transtension is accommodated within the Ross Embayment whereas a greater 

component of extension is taken up within the mountains. An apparently more transverse 

extensional component in the mountains may simply reflect the dominance of vertical 

isostatic stress (see Stem and ten Brink, 1989) over horizontal tectonic stress in the local 

area Alternatively, the majority of faults that were measured record relatively recent slip, 

probably early to middle Cenozoic in age. It is conceivable that such Cenozoic extension in 

the West Antarctic rift system as a whole was dominantly extensional although small in 

relation to Cretaceous transtension. Cenozoic fault slip in southern Victoria Land (Wilson, 

1995a) is strongly transtensional, however. This may imply that the central Transantarctic 



Mountains are kinematically distinct from both the greater rift system including southern 

Victoria Land. Nevertheless, because the kinematic data set from Cape Surprise is small 

and isolated, more such data should be collected in order to better test these hypotheses. 

6.2 Timing of fault activity 

Evidence presented in earlier chapters reveals that fractures that currentiy host 

normal faults were in existence prior to -50 Ma. The total vertical displacement across 

faults before and after -50 Ma can be calculated in the Cape Surprise area, where there is 

both stratigraphic and fission-track control. The vertical separation between Jurassic Ferrar 

sills on spot-heights 950 and 700 compared to that of the -50 Ma fission-track isochrons 

implies some fault movement before 50 Ma. Total vertical separation today (-875 m higher 

on spot-height 950) minus post-50 Ma offset (-725±70m higher on spot-height 950) 

equals ~150±70 m offset, the offset between the Jurassic and 50 Ma. The structural 

geology alone provides evidence of at least two separate episodes of deformation, or at 

least one that was evidently protracted. North-dipping strata in the footwall of a north-

dipping normal fault at Facet Peak, Cape Surprise, were arguably not rotated into this 

position by this fault but rather by earlier faulting or folding. Alteration zones occupy 

fracture sets shared by faults and probably indicate limited faulting at least as early as the 

Early Cretaceous. 

Geomorphologic evidence, meanwhile, constrains the amount of piedmont faulting 

since lowland pediplanation, which is probably no younger than 15 Ma. No faults from 

the northwest striking set observably offset vertically the lowland planation surfaces. The 

lowland pediplain does not cross the entire Transantarctic Mountains at the longitude of Mt. 

Munson, and consequently provides no constraints on the history of faulting between the 
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base of that mountain and its peak. The pediplain does, however, extend south of Mt. 

Daniels, which approximately marks the southern limit of the Transantarctic Mountains 

Front in its area (Fitzgerald et al., 1996), and no fault scarps stand out. Significant fault 

activity in the Transantarctic Mountains, therefore, appears to be recently limited to the 

coastline, or at least not far offshore, and to transverse faults, which strike northeast. The 

latter faults, probably transfer faults during earlier deformation episodes, do not appear to 

have accommodated much extension on inland northwest trending faults during this most 

recent tectonism. 

6.3 History and style of denudation 

The tempo and style of denudation in the Shackleton Glacier area has varied widely 

since the Cretaceous. Between the Jurassic extrusion of the Kirkpatrick Basalt and the 

early Cenozoic there was probably litde erosion. At Mt. Munson, for example, the Kukri 

Erosion Surface was probably originally overlain by a column of Beacon and Ferrar rock 

2.5-3.3 km thick. The presence of an exhumed PAZ on Mt. Munson, however, suggests 

that 3.7-4.8 km of erosion has taken place. Clearly, these estimates are in conflict, 

suggesting that the actual Beacon and Ferrar thickness in the study area is larger than 

currently estimated, or the presumed Cenozoic geothermal gradient of 20-25°C/km may be 

too low. Combining a closure temperature of 110°C with a stratigraphic thickness of 3.2-

4.0 km above the base of the exhumed PAZ on Mt. Munson, the calculated geothermal 

gradient at -38 Ma appears to have been closer to 28-34°C/km. Regardless, there is littie 

evidence for any Cretaceous denudation. After -50 Ma (and at least 10 m.y. later further 

inland), the tempo of denudation became significant 
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Evidence lias been presented suggesting that the major landforms in the area formed 

by processes that are inactive today. Specifically, relief planation by non-glacial processes 

dominated during most of the early Cenozoic, if not earlier. This was followed by valley 

incision and further planation in the highlands coeval with formation of the Prince Olav 

escarpment and planation in the lowlands. This phase was followed by further valley 

incision, now including the lowlands, by streams and wet-based glaciers. Finally, the 

Miocene witnessed the climate become polar. Since that change, erosion has effectively 

been at a standstill. The planation surfaces, being the most antique members of the 

landscape, begin the rest of this discussion. 

The lowland and highland planation surfaces predate widespread Antarctic 

glaciation. In fact, they suggest a much warmer and wetter clime. Lowland planation 

surfaces appear as a dissected pediplain. The highland surfaces are more difficult to 

interpret; they appear much like pediments/pediplains or structural plains. Either way, a 

model involving fluvial and slope processes is preferred to explain both the rates of early 

Cenozoic denudation and its relict landforms. Supporting this hypothesis, fission-track 

estimates of local apparent denudation rates (100-200 m/m.y.) are more than twice that of 

the most generous estimated rates of regional denudation by large continental glaciers 

(Summerfield, 1991a). 

Evidence for escarpment retreat was introduced in earlier chapters and is reviewed 

here. Structural geologic mapping reveals, for instance, that the Prince Olav escarpment is 

not a fault scarp but has receded 10-20 km from the inland margin of the TAM Front. 

Geomorphologic observations reveal the widespread presence of incised planation surfaces 

that "step up" towards the Polar Plateau on a series of erosional escarpments. The 

dissected lowland "pediplain" slopes gendy away from the Prince Olav escarpment and is 

not structurally influenced. Finally, apatite fission-track thermochronology suggests that 
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rapid cooling of Earth's crust, due to denudation, may have begun later near the Prince 

Olav escarpment than near the coast. 

The interpretation of ancient escarpment retreat from the fission-track data appears 

reasonable when the data are compared to independent estimates of escarpment retreat For 

instance, the apparent rate of AFTT "retread' (2-7 km/m.y.) compares favorably with long-

term (1-7 km/m.y.) and short-term (0.(X)7-4 km/m.y.) estimations of escarpment retreat 

rates in consolidated rock (Cole and Mayer, 1982; Ballantyne and Kirkbride, 1987; 

Schmidt, 1988; Schmidt, 1989; Gilchrist and Summerfield, 1990; Steckler and Omar, 

1994; Gallagher et al., 1995; Weissel and Seidl, 1997). 

Collectively, these most likely indicate that erosion progressed by a style of 

backwearing, rather than uniform downwearing. That is, it progressed laterally away from 

the coast by escarpment retreat, very much like a model of pediplanation. This process 

requires a warmer and wetter envirorunent than that of Antarctica today, which is polar and 

hyper-arid. These conditions were met at least during the Oligocene when there were 

stands of southern beech (Nothofagus) in southem Victoria Land (e.g., Barrett et al., 

1989). Despite being one of the more enigmatic landforms (Summerfield, 1991a), current 

theories of pedimentation hold that such planation surfaces and escarpments form under 

non-polar, arid to humid climatic conditions. In such settings, running water can flow, 

soils might develop, and planation surfaces can become exhumed from their soil cover 

and/or graded to a local base-level of erosion (Tuan, 1959; Hadley, 1967; Oberlander, 

1974; Summerfield, 1991a). 

From the fission-track record, backwearing was probably active at least as long ago 

as the Cretaceous. The fission-track pattern appears consistent from a fission-track age of 

-70 Ma to -30 Ma, which may imply that backwearing was the dominant mode of 

denudation throughout the entire period. However, samples on Mt. Munson and Mt. Wade 

with apparent ages of -70 Ma do not fit well into the pattem of fission-track "retreat." An 
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explanation for this may be that they predate widespread escarpment retreat Because these 

samples are partially annealed, they actually reflect ages that are too young. Also, the 

exhumed PAZ implies that denudation rates were rather low. However, the rate of 

denudation does not, itself, bear upon the activity of escarpment retreat. These old, inland 

samples may simply reflect a period when both downwearing and backwearing were 

operating at very low rates. 

Following a period of escarpment retreat and planation, valleys incised these low-

relief landforms and downwearing became an important mode of denudation (Fig. 4.15). 

These valleys, themselves, are stepped with terrace-like planation surfaces. Thus these 

valleys were most likely initiated by fluid streams and then were modified by glaciers. The 

Transantarctic Mountains hosted a number of small, warm-based glaciers as long ago as the 

early Oligocene (Barrett et al., 1989). The extent of glaciation probably exceeded that of 

today during the Late Oligocene (Hambrey and Barrett, 1993). In the Middle Miocene, 

climatic conditions approached those of today, a stable East Antarctic ice sheet was 

established, and since then geomorphic change has been minimal (Shackleton and Kennett, 

1975; Kennett and Hodell, 1993; Marchant et al., 1996). Even under modem Antarctic 

glaciers, which are frozen-based, erosion is probably extremely limited (Summerfield, 

1991a). 

There is clear geologic evidence, in the form of surficial Sirius Group deposits, that 

the lowland and highland planation surfaces, and the valleys that incise them, probably date 

to at least 15 Ma. The highland planation surfaces are truncated by, and therefore predate, 

subjacent non-tectonic escarpments that rise above and next to lowland planation surfaces 

(Fig. 6.3). Therefore, the highland surfaces are older landforms than the lowland surfaces 

and they predate the Sirius Group considerably. Neither highland nor lowland planation 

were, consequently, effects of Quaternary glaciation, as suggested by Grindley (1967) and 

La Prade (1969). 
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Figure 6.3. Schematic cross section illustrating the geomorphologic and 
AFTT relative chronology of the Shackleton Glacier area. Numbers 
correspond to the order described below. First, an old landsurface is inferred 
to have been at an elevation of 4.4-5.5 km above the base of the exhumed PAZ 
on Mt. Munson at -38 Ma (or -50 Ma near the Ross coast). Second, this 
landsurface was eroded away in the lower Shackleton Glacier region. The 
oldest existing landsurfaces are the tops of the highland plateaus. As surfaces 
of relief planation, their formation most likely reflects a stable base level of 
erosion and relative tectonic quiescence. Third, these planation surfaces were 
incised by deep valleys and truncated by the Prince Olav escarpment (-3 km 
tall) during a significant base level fall. The lowland pediplain formed fourth, 
again during a period of base level stability, followed, fifth, by valley incision 
and truncation along the coast (the transAntarctic escarpment, >500 m tall). 
Sixth, Sirius Group drift was deposited on these valley walls. The diagram is 
not drawn to scale. 



Because of the inferred antiquity of these planation surfaces, the recent tempo of 

denudation has been evidendy minimal. This is implied, too, by these landforms' very 

nature as low-relief, isolated, and in some instances unglacierized features. There are no 

significantly energetic agents of erosion acting upon these landforms today. Otherwise, 

one would expect them to be more degraded. Similarly, present rates of escarpment retreat 

appear relatively low. The Prince Olav escarpment, for instance, has retreated only 10-20 

km from the inland margin of the TAM Front If faulting landward of Cape Surprise is no 

more recent than 15 Ma, as argued earlier, then the mean rate of scarp retreat since then is 

no greater than 0.7-1.3 km/m.y. Much of this retreat may predate the onset of frigid 

climatic conditions and thus the actual rate of retreat since 15 Ma could be much lower. 

Extremely low rates of erosion elsewhere in the Transantarctic Mountains corroborate this 

story. Long-term rates of surface lowering have been calculated from the accvunulation of 

cosmogenic isotopes over several million years (4.9-11.2 cm/m.y.) (Ivy-Ochs et al., 1995; 

Brook et al., 1995) and from the incision of dated volcanic deposits (18-26 cm/m.y.) 

(Marchant et al., 1993). Over very short times scales (a few years) and in very small areas 

(a few square cm or m), rates of surface lowering may be 2-4 orders of magnitude greater 

(Malin, 1985; Spate et al., 1995). Nevertheless, such low rates of denudation are 

characteristic of polar regimes (Goudie, 1995). 
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6.4 Evolution of the modern Transantarctic Mountains: constraints on the 

spatial and chronological patterns of landscape development 

Towards an integrative view of the Transantarctic Mountains 

It is interesting to note that two of the major recent families of models describing the 

uplift history of the Transantarctic Mountains portray the range in very different ways. One 

family's focus is on the denudation history and the association of this record with regional 

tectonic events. The other group's concern is with determining the mechanisms of rift-

flank uplift using the modem topography as one constraint. Models based largely on 

fission-track thermochronology, for instance, portray a long history of erosion in the 

mountain range, often associating this erosion with uplift (e.g., Gleadow and Fitzgerald, 

1987; Fitzgerald and Gleadow, 1988; Fitzgerald, 1992; Fitzgerald, 1994; Schafer and 

Olesch, 1996; Fitzgerald and Stump, 1997). Since the extrusion of basalt flows in the 

Jurassic, erosion has removed considerable rock from above the range's highest peaks 

(e.g., 1.1-1.8 km above the Prince Olav Mountains) as well as much rock from many 

kilometers inland. These models do not account for the development of topography per se. 

Rather, they presume increases in rates of denudation reflect increases in topographic relief 

and presume this is a result of surface uplift. 

In contrast, timeless nimierical and finite-element models, which reflect the role of 

flexure in the crust as a response to rift-flank faulting, thermal expansion, and isostasy, 

only account for the Transantarctic Mountains' present state because they are based on the 

modem topography (Stem and ten Brink, 1989; ten Brink and Stem, 1992; Bott and Stem, 

1992; van der Beek et al., 1994). Such models have explicitly "assumed that no erosion 

has taken place landward of the present-day elevation maximum" (van der Beek et al., 

1994, p. 426). Similarly, the only denudation included in such models is that which 
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follows uplift (e.g.. Stem and ten Brink, 1989). Whereas these quantitative models appear 

to explain the rift-flank geometry of the modem mountains, they disregard a long history of 

landscape evolution and therein the possibility of flexural isostatic uplift due to previous 

denudation. Realistic models of mountain development must combine the two and delimit 

the history of this modem, apparent surface uplift from an older history of uplift that is 

inferred form a denudation chronology. 

Gilchrist and Summerfield (1994) define a "rift-flank uplift" as a marginal upwarp 

"where this elevated zone is immediately adjacent to the rift" These uplifts develop 

principally from thermal and mechanical mechanisms. In contrast, the high elevations of 

mature passive margins, where the topographic culmination is typically >100 km inland of 

the rift hinge and the age of which are often >60 m.y., are no longer directiy rift-related but 

are more a flexural response to denudation (Gilchrist and Summerfield, 1994). These are, 

in reality, simply end-member examples. As reflected in the literature on the Transantarctic 

Mountains, rarely do the twain meet As reflected in nature, however, there may be 

considerable overlap in these definitions—episodically uplifted margins are likely to host 

relatively early signals of denudation, and therefore maturity, overprinted by relatively 

recent and little-degraded signals of rift-flank uplift. Furthermore, marginal upwarps might 

not simply evolve from narrow rift-flank uplifts into wide zones of denudation and subtle 

uplift, such as passive margins, but in some cases vice versa. By combining 

geomorphologic insights with thermochronologic constraints, it is possible to construct a 

model of landscape development that both distinguishes and links these two phases of 

landscape history that appear in the Shackleton Glacier area. 
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Spatial constraints 

The apparently relict lowland pediplain, the Prince Olav escarpment, and the 

apparent fission-track "retreaf are all strong evidence that landward escarpment retreat has 

taken place away from and near the Ross coast. Similar geomorphologic evidence in the 

highlands begs the hjrpothesis escarpment retreat was once the principal mode of 

denudation there, too. It has not been decisively shown that these highland surfaces are 

relict pediplains (and thus that they originally dipped north) and, therefore, that their 

associated escarpments progressively marched south towards regionally higher ground. 

However, evidence for once higher topography south of the modem Transantarctic 

Mountains' axis does exist in the stratigraphic and subglacial record. 

Aforementioned thermochronologic data can be used to reconstruct a column of 

rock 1.3-2.4 km thick that existed above the Prince Olav Mountains at -38 Ma. This 

assumes a geothermal gradient of 20°-25°C/km and a fission-track closure temperature of 

1I0°C. This calculation compares favorably with the stratigraphic estimate of 1.1-1.8 km 

of Jurassic and older overburden (Barrett, 1965; La Prade, 1969). If we accept that the 

Beacon and Ferrar units were originally uniformly thick and sub-horizontal (e.g., Gleadow 

and Fitzgerald, 1987), today's wedge of "missing" strata suggests that denudation 

extended at least 150 km inland of the current coastline to where outcrops of Jurassic 

Kirkpatrick Basalt occur today in the Grosvenor Mountains (Fig. 2.5). As stratigraphically 

higher rocks are progressively preserved and exposed inland, at some point in history the 

far inland residuum of stratigraphically highest Kirkpatrick Basalt was also likely the 

topographically highest feamre in that landscape. 

The subglacial topography coincides with this hypothesis. Long, linear 

depressions, some of which are continuous with modem outlet glaciers, extend -120 km 

inland from the coast (Fig. 6.4) (Drewry, 1972a, 1972b). These submerged valleys reach 
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Figure 6.4. Map of the Polar Plateau's subglacial topography. Note that south of the 
Grosvenor Mountains, subglacial valleys trend towards the south, indicating that an 
old drainage divide, which existed prior to continental glaciation, ran through the 
inland bas^t range. (Slightly modified after Drewry [1972a]). 
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a broad, subglacial topographic divide in the Shackleton Glacier area that passes on the 

south side of the Grosvenor Mountains. This appears to represent a former drainage 

divide. Mirroring the valleys to the north of the divide ate linear depressions that extend 

south for more than 100 km. Drewry (1975) believes these subglacial valleys are products 

of southward valley glacial flow off of the Transantarctic Mountains. Also in an apparent 

mirror-image of the Transantarctic Mountains, south-facing, subglacial escarpments >300 

m tall also occur south of the subglacial divide (Drewry, 1972a). This former drainage and 

topographic divide may be a relict of the topographic culmination, the range axis, of a 

paleo-Transantarctic Mountains. This is in contrast with Drewry's (1975) model which 

placed the topographic culmination at this period where it is in the modem mountain range. 

In his model, glaciers flowed south off of the highest Transantarctic Mountains, and then 

turned around, like on a switch-backed ramp, and flowed north to the Ross coast. It is 

simpler to explain these north-trending valleys as (1) antecedent to surface uplift of the 

modem Prince Olav Mountains, (2) originating as fluvial valleys, and (3) formed in the 

presence of just a single, primary drainage divide. 

It is suggested that formation of the highland planation surfaces were already 

formed by the time the modem (i.e., post-50 Ma) rift-flank uplift commenced, dominating 

the landscape and overwhelming the structural record. The deep valleys that are seen in the 

subglacial record, that incise highland planation surfaces, and that dissect the axis of the 

modem Transantarctic Mountains (e.g., the Shackleton and Liv Glaciers) were accentuated 

or initiated as this rift-flank uplift took place. If the highland planation surfaces are true 

pediments and pediplains, then they were also tilted southwards during uplift, no more than 

10°. 

The height of the Prince Olav escarpment above the lowland planation surfaces (up 

to 3000 m) may directly reflect the amount of surface uplift in the Prince Olav Mountains 

that succeeded planation in the highlands. It may, therefore, similarly reflect the amount of 
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faulting in the Transantarctic Mountains Front since that time. This presumes that the 

lowest major highland planation surface in that mountain range, which projects from the 

Cumulus Hills to the top of the escarpment (-4000 m), was graded to sea-level, as we 

presume the lowland pediplain (presently ~1(XX) m a.s.l. at the base of the escarpment) had 

been. A caveat is that the planation surface could have formed at a base level higher and 

other than sea level. This problem in determining the paleoelevations of planadon surfaces 

is long-standing in the history of geomorphology. 

King's (1953) model of landscape evolution proposed that pediplanation lowered a 

tectonically uplifted landscape to its base level of erosion. Pediplains in elevated passive 

margins were presumed to have originally been graded to sea level. Multiple pediplains 

and escarpments that step up and away from the coast were interpreted to reflect cyclical 

uplift. King's hypothesis about cyclical uplift has not been confirmed (Partridge and 

Maud, 1987; Gilchrist and Summerfield, 1994). Gilchrist et al. (1994) argue that the 

evidence for each plain originally having a base level at sea level is equivocal. No 

sedimentary units that were deposited near sea level have been found on the elevated 

pediplains. Contrary to King's idea, the elevation differences between pediplains, such as 

those along the southem African coast, might not reflect episodic uplift but rather different 

local base levels that are largely structurally influenced (Gilchrist et al., 1994; Gilchrist, 

1995). True structural plains are, for this reason, best avoided when trying to determine 

paleoelevations (Oilier, 1981). 

Furthermore, Gilchrist and Summerfield (1994) contend that uplift has not been 

episodic in southem Africa, but that most uplift coincided with or closely followed rifting. 

Minor surface uplift since then has been a relatively continuous flexural isostatic response 

to erosional unloading near the coast. Recent minor denudation can be attributed to 

drainage capture and climate change (Gilchrist, 1995). 
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Contrary to what has been concluded about the southern African margin, 

denudation in the Transantarctic Mountains has been markedly episodic, rock uplift has, by 

inference, been punctuated, and most of this uplift followed most of the rifting in the West 

Antarctic rift system by -30 m.y. (Fitzgerald and Stump, 1997). Contrary to areas such as 

the Colorado Plateau and the Rockies where early Cenozoic planation could have occurred 

at an elevation far above sea level (Gregory and Chase, 1994), the Transantarctic 

Mountains are adjacent to the sea and it is less likely that a steep gradient between sea level 

and a much higher, highland base level could have been maintained long enough for 

extensive planation to occur. In any case, the erosional regime appears to have changed 

between the time of the formation of highland plateau-tops, such as the Cumulus Hills and 

Ml. Butters, and subjacent, deep valleys, large escarpments, and narrow terrace-like 

highland surfaces (e.g.. Fig. 4.15 and Fig. 4.16). Even if the highland planation surfaces 

are structurally controlled, the incision of their larger members, which project to the top of 

the Prince Olav Mountains, suggest a large base level drop. How large a base level drop 

occurred, however, is not well constrained. 

If the highland planation surfaces were graded to sea level then the height of the 

Prince Olav escarpment reflects the amount of surface uplift of the Prince Olav Mountains 

and vertical fault displacement in the Transantarctic Mountains Front since the time of 

highland pediplanation is -3000 m. Barrett (1965) calculated 3.1-5.2 km of total fault 

throw across the Transantarctic Mountains Front. From fission-track work in this study, 

an estimated 1.4-5.3 km of vertical displacement followed 50 Ma. The latter estimates may 

be considered close and, therefore, suggestive of minimal fault activity within the 

Transantarctic Mountains Front in this area prior to -50 Ma. Compared to the former 

estimate, they have a large range of error. Zero to 2.2 km of fault throw preceded highland 

planation and therefore the majority of faulting followed. 
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If, on the other hand, the highland planation surfaces were not graded to sea level, 

the estimates of post-planation surface uplift and fault throw are overestimates. 

Nevertheless, highland planation preceded lowland planation. The latter followed all 

faulting, except possibly a litde (<500 m) near the coast. The Shackleton Glacier has long 

been a northward flowing drainage (Drewry, 1975). If this drainage was antecedent to the 

uplift of the modem Transantarctic Moimtains' axis (e.g., the Prince Olav Mountains), the 

area south of the drainage system would not have been part of a drainage system separate 

of that along the coast (cf. Gilchrist [1995] and the case of southern Africa and the Orange 

River). The Shackleton Glacier was, therefore, not captured after the uplift of the Prince 

Olav Mountains and capture cannot be invoked as a reason for the base level fall in the 

highlands. Downcutting of the Shackleton Glacier valley is, after all, the effect of a base-

level fall itself. Base level fall and downcutting are evident in the dissected highland 

planation surfaces. Some of this downcutting is probably glacial. However, such erosion 

would not account for planation surfaces on the flanks of Mt. Wade (Fig. 4.14 and Fig. 

4.15) nor would downcutting account for the lowland planation surfaces or the benches 

along the lower Shackleton Glacier. The most likely explanation for such a large base level 

fall is surface uplift of the Transantarctic Mountains and faulting across the Transantarctic 

Mountains Front 

Chronological constraints 

As argued earlier, the highland planation surfaces are most likely reUct pediplains or 

less likely stmctural plains. However, these two possible origins differ in that the former 

implies that the surfaces originally sloped towards the coast, opposite of their current 
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position. The latter implies that they formed in their cnrrent position, dipping towards 

higher escarpments. The former implies deformation and tilting, probably due to uplift of 

the mountains, whereas the latter does not Regardless of their exact origin, however, they 

have been incised by deep valleys and truncated by the 3000 m-tall Prince Olav escarpment. 

This indicates a change in erosional regimes, from one dominated by a stable base level to 

one reflecting a much lower base level (Fig. 6.3). 

Therefore, highland planation in all likelihood predate a significant episode of 

uplift. Regrettably, the existing constraint on the age of highland planation surfaces are 

poor. A mantle of Sirius Group deposits shows that the erosion surfaces predate 15 Ma. 

The thick wedge of missing strata indicates that the surfaces are younger than Jurassic. 

Finally, an Sugden et al. (1995) remark that similar highland surfaces in southern Victoria 

Land must postdate the beginning of Cenozoic denudation at ~55 Ma (Gleadow and 

Fitzgerald, 1987). Using AFTT, however, it is possible to better estimate an apparent age 

of the highland planation surfaces. Because this calculation is based upon some 

assumptions that have not been established independently for this study area (e.g., apatite 

composition, geothermal gradient, and mean annual surface temperature), and because the 

rates of denudation that are derived for the area include some uncertainty, I stress that it is a 

tentative, first-order estimate. 

The exercise begins by identifying a rapidly cooled AFTT sample of known 

elevation below a planation surface of known elevation (Fig. 6.5). Because the sample 

cooled rapidly, it approximates the date (x Ma) that the sample cooled below ~110°C. By 

applying a reasonable geothermal gradient, it is possible to determine roughly where the 

land surface was at x Ma, prior to being eroded away. The difference in the elevation of 

this paleo-land surface and that of the modem planation surface, divided by an appropriate 

denudation rate for that period of history, produces an apparent age of the planation 

surface. Because of the low-relief nature of the original pediplains and the low rates of 
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Figure 6.5. Cross section illustrating the amount of denudation that had to 
occur after -38 Ma for the planation surfaces to form atop the Cvunulus Hills 
and the Prince Olav Mountains. Dividing the amount of denudation by a 
reasonable denudation rate, one can then calculate the age of the landsurface. 
This cross section extends from the Ross Ice Shelf near the Gabbro Hills to 
the Cumulus Hills. 
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denudation involved, the planation surfaces are likely to have laid rather close in elevation 

to the mean land surface and no significant "topography" is expected in the paleogeotherm 

(Stiiwe et al., 1994; Brown and Summerfield, 1997). This calculation is depicted 

schematically in Figure 6.5. The resulting estimate of the age of the lowest major highland 

planation surface is 19-30 Ma. 

This calculation is based upon a number of potentially fallible data: (1) the 

geothermal gradient (20-25°C/km), (2) the apatite closure temperature (~110°C), (3) the 

denudation rate (125-160m/m.y.), (4) the elevation and slope of the 38 Ma isochron below 

Mt. Wade, and (5) the reasonable elevation and slope of the lowest highland planation 

surface on or over the Cumulus Hills and the Prince Olav Mountains. In the study area, a 

rapidly cooled fission-track sample does not occur direcdy below a highland planation 

siu^iace. So for purposes of this exercise, a planation surface on the Cumulus HUls, south 

of the IMnce Olav Mountains, was projected north. 

Conditions 1 and 2 have been discussed in chapter 5 and they are shown to be 

applicable elsewhere in the Transantarctic Mountains. Condition 1 (a paleogeotherraal 

gradient of 20-25°C/km) might be in error for this region, however. Depending on the 

accuracy of the measured stratigraphic thickness (Barrett, 1965; La Prade, 1969), this 

gradient could be closer to 28-34°C/km. Following such revised geo±ermal gradients, the 

38 Ma landsurface was only 0.1-0.9 km above the Prince Olav Mountains and Cumulus 

Hills planation surfaces and these surfaces ages are 31-37 m.y. old. As no Kirkpartrick 

Basalt—the top >0.6 km of the stratigraphic column—^is found on the Cumulus Hills or the 

Prince Olav Mountains, an age as old as 37 Ma is imlikely. An approximate age of -30 Ma 

is favored because it is the closest match to local stratigraphic constraints and the range of 

the paloegeothermal gradient inferred for the TAM, here and elsewhere. 

Condition 3 is probably reasonable given its similarity with modeled rates. 

Condition 4 is reasonable given the evidence for the base of the exhumed partial annealing 
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zone at Mt. Munson. If conditions 3 and 4 are incorrect, however, a greater rate of 

denudation and/or an older estimated age of the base of the exhumed PAZ will yield an 

older planation surface age. Using estimates of 200 m/m.y. (the highest rate of Cenozoic 

denudation modeled in the Transantarctic Mountains, [Fitzgerald, 1992, 1994]) and 50 Ma 

(the age of the base of the exhumed PAZ near the coast, which is similar to estimates 

elsewhere in the mountain range [e.g., Fitzgerald, 1992, 1994; Fitzgerald and Stump, 

1997]), the planation surface age is 38-43 Ma. Nonetheless, the range of integrated 

denudation rates that were used (125-160 m/m.y.) are similar to the mean apparent 

denudation rate calculated from the elevation-vs.-age graphs for the analyzed vertical 

profiles. A true rate close to 160 m/m.y. may be realistic. 

Condition 5 is reasonable given the extrapolation's near-intersection with the top of 

the Prince Olav Mountains, some of which have subdued or planar peaks. If condition 5 is 

in error, however, and there were lower highland planation surfaces, then the result will be 

a younger age of youngest planation. A nimiber of lower slightly south-dipping planation 

surfaces, in fact, project as narrow terraces from the north-facing Prince Olav escarpment. 

Calculated using all of conditions except for 5, these surfaces have a calculated age of 12-

26 Ma. Their coincidence with this major escarpment and, therefore, their proximity to the 

Transantarctic Mountains Front suggests that they might have formed during initial phases 

of modem rift-flank uplift. Their current slopes may show the effect of progressive tilting 

during rift-flank uplift. The proposed reason For not using these lower surfaces is that 

they indicate the Prince Olav escarpment was present, if only young, at the time of their 

formation. 

This estimate is similar to the ages of highland planation surfaces in southern 

Victoria Land that were calculated by the same method. The age of the "second" planation 

surface (1700-1850 m a.s.l.) (Sugden et al., 1995) was estimated where it lies above 

AFTT sample locations. Morphologically similar to highland planation surfaces in the 



223 

Shackleton Glacier area, the erosion surfaces in southern Victoria Land have been 

interpreted as pediplains that originally sloped towards the coast (Sugden et al., 1995). 

The same assumptions were used in these cases, except for the denudation rate. At the 

western end of the Kukri Hills, the surface is 20-29 Ma or 29-35 Ma, for a denudation 

rates of 140 m/m.y. and 200 m/m.y., respectively (AFTT sample R22632, 109±8 Ma, 

1432 m a.s.l.; Fitzgerald, 1987). Given the same denudation rates the "second" planation 

surface at Mt. Jason has a very similar apparent age of 20-34 Ma or 32-38 Ma (AFTT 

sample R29078, 80±5 Ma, 245 m a.s.l.; Gleadow and Fitzgerald, 1987). The analytical 

errors in the AFTT ages both add ±1 Ma to the planation surfaces' apparent ages. 

The two age groups are presented because they use two different possible 

denudation rates. The 140 m/m.y. value corresponds to a denudation rate that is integrated 

over the period of 30-55 Ma (Fitzgerald, 1992). The 200 m/m.y. value, on the other hand, 

is the rate that has been modeled from track lengths for the period of 40-55 Ma (Fitzgerald, 

1992). As the slower denudation rate more closely predicts ages for the erosion surfaces 

that correspond to the period of time over which the rate is integrated, the set of ages that it 

predicts might be more accurate. Alternatively, a compromised age is simply 30±10 Ma. 

Although some constancy in the rate of denudation is required to make these simple 

extrapolations, these calculations do not utilize gradualism, the law of uniformity of rate 

(Gould, 1987), as one of its premises. Rather, both the integrated and modeled rates are 

limited in the resolution of the method from which they are derived. The calculations of die 

age of the lowest highland planation surface are merely first order estimates for which 

further refinement and revision is expected. 

Despite the accumulation of error that is always inherent when making calculations 

from derivative data, the results of the preceding exercise are nevertheless useful. These 

estimates, which aim to constrain the timing of the rift-flank uplift that has largely 

contributed to the modem topographic expression of the mountain range, are more 
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demonstrative than necessarily accurate. They reveal a relative chronology. Any rift-flank 

uplift prior to, or around, 50 Ma might have been minor. There was an estimated 0-2.4 km 

of fault throw in the Transantarctic Mountains Front prior to -50 Ma, compared to 1.4-2.2 

km after. Highland planation indicates relative tectonic quiescence for a significant time 

prior to -30 Ma. Most base level drop followed ~30 Ma, implying that most of the tectonic 

uplift and faulting after -50 Ma was in fact after -30 Ma. Significant rift-flank uplift, the 

emergence of the Prince Olav escarpment as a major landform, and the growth of the 

mountain range into their modem topographic appearance did not begin until this later 

event. 

These estimates conform with other constraints from AFTT that most faulting in 

and formation of Transantarctic Mountains Front has occurred since -50-55 Ma (Gleadow 

and Fitzgerald, 1987; Fitzgerald and Gleadow, 1988; Fitzgerald, 1992; Fitzgerald, 1994; 

Fitzgerald and Stump, 1997). Cooper et al. (1991a) suggest that most uplift of the 

Transantarctic Mountains in southern Victoria Land was associated with the development of 

the Terror Rift in the Ross Sea (Fig. 6.6). This rift commenced in the Eocene, but within 

the Discovery Graben, -50% of its subsidence has been since the middle Oligocene. In 

fact, Eocene-Early Oligocene basin sediments have been uplifted and subaerially eroded. 

Sugden et al.'s (1995) model of landscape evolution in southern Victoria Land has the 

timing of planation surface formation and westward tilting between 55 Ma (when Fitzgerald 

[1992] dates the initiation of major erosion stratigraphically above the planation surfaces) 

and >15 Ma (when a polar climate and the resulting preservation of landforms begins). 

Because a polar climate probably first appeared in the early Miocene (Anderson and Bartek, 

1992; Hambrey and Barrett, 1993) and landscape change since that time has been negligible 

(e.g., Marchant et al., 1996), the development of the Transantarctic Mountains was largely 

complete by that time. 
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Figure 6.6. Cross-sectional model illustrating the development of Victoria Land 
Basin and the Transantarctic Mountains (from Cooper et al., 1991a). 
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Behrendt and Cooper (1991) have speculated that the rise of the TAM had a part in 

climate change and the formation of the East Antarctic Ice Sheet. The ice sheet has 

probably been stable since the middle Miocene (Denton et al., 1993). The earliest evidence 

for glaciation in Antarctica dates from -36 Ma, and a significant expansion occurred after 

~30 Ma, probably indicating growth in the ice sheet (Hambrey and Barrett, 1993). This 

coincidence between the probable expansion of the East Antarctic Ice Sheet and possible 

surface uplift of the TAM at -30 Ma may indicate a substantive connection between 

mountain building and glaciation. The former might effect the latter by changing the 

climate (Behrendt and Cooper, 1991), by forming a buttress against which ice might 

accumulate, or by elevating potential sites for glacier nucleation (Drewry, 1975). 

Except for a small amount of arguable surface uplift since lowland pediplanation 

(i.e., up to -500 m since at least 15 Ma), this thesis' conclusions do not fully support 

estimates of surface uplift elsewhere in the Transantarctic Mountains, such as the 1-3 km of 

Plio-Pleistocene surface uplift averred by Webb et al. (1986). On the other hand, it is not 

in disagreement with Wrenn and Webb's (1982) estimate of -400 m of surface uplift in the 

Taylor Valley (southern Victoria Land) in the early Pliocene or with the argument of Wilch 

et al. (1993) for <300 m surface uplift since 2.6 Ma also in southern Victoria Land. 

Neither are this study's results in conflict with cosmogenic isotopic constraints on surface 

uplift. Such data suggest that ±e Transantarctic Mountains have been at their present 

elevation at least since -3 Ma (Brook et al., 1995). It should be noted, nevertheless, that 

different tectonic and uplift histories between different segments of the TAM cannot be 

precluded (Fitzgerald, 1992; Sugden et al., 1995). 
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Synthesis and speculation about the tectonics of TAM uplift 

The Shackleton Glacier area landscape reflects three major phases of large-scale 

development (Fig. 6.7). (1) Escarpment retreat and highland planation, as far as -150 km 

inland of the modem Ross Ice Shelf coast. Most erosion (-4.4-5.5 km) has occurred since 

a pulse, apparent in the AFTT record, began -50 Ma. This denudation has been attributed 

to rift-flank uplift prior to -50 Ma (e.g., Fitzgerald et al., 1986). (2) Highland incision, 

lowland pediplanation, and development of the Prince Olav escarpment followed the 

renewed uplift of a rift flank (since -30 Ma). Sixty to seventy percent of post-50 Ma 

denudation has followed this uplift and is concentrated within -30 km of the coast. (3) 

Lowland and highland valley incision. This final stage probably accompanied faulting and 

surface uplift (<500 m), focused at, or just outboard of, the modem coastline. Denudation 

is limited to valleys and postdates lowland planation. Sirius Group deposits on these valley 

walls suggest that the valleys may largely predate 15 Ma. 

Evidence has been presented supporting a hypothesis that through the course of the 

early Cenozoic the axis of the Transantarctic Mountains migrated or jumped towards the 

modem Ross coast. This is opposite of the trend of landward migration of mountains in 

passive margins predicted by Summerfield (1985), accounting for increasing Uthospheric 

flexure (due to increasing strength with age), and due to escarpment retreat. However, the 

old topographic culmination is about as far inland as those that are found in modem, mature 

passive margins (e.g., Gilchrist and Summerfield, 1994). The landscape in the Shackleton 

Glacier area definitely does not entirely reflect just a simple or single rift-flank uplift, in 

which the topographic culmination is quite close to the rift hinge and escarpment retreat 

does not extend beyond this culmination. Models of the Transantarctic Mountains as a 

single rift-flank uplift (Stem and ten Brink, 1989; ten Brink and Stem, 1992; van der Beek 
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SCHEMATIC MODEL OF LANDSCAPE DEVELOPMENT 
>50 Ma 

Minor uplift and negligible denudation between the Jurassic and 
-50 Ma. 

~50 to -30 Ma 

<30 Ma to >15 Ma 

Pulse of relatively rapid denudation begins at -50 Ma in response to 
a base level fall, possibly due to earlier rift-flank or plateau-like 
surface uplift. Denudation (-1.3-2.4 km at the Prince Olav 
Mountains) occurs by widespread escarpment retreat away from the 
coast. Relief planation, at least towards the end of this period, 
indicates relative tectonic stability. The topographic culmination and 
drainage divide is established near the Grosvenor Mountains. 

Major rift-flank uplift (up to 3 km of surface uplift). The region's 
topographic culmination is established at the Prince Olav Mountains. 

Denudation (-2.0-4.2 km north of the Prince Olav escarpment) occurs 
by lowland, coastal pediplanation and highland valley 
incision/pedimentation. Relative tectonic stability. 

Renewed uplift along coast (up to -500 m surface uplift, some of 
which may have occurred since 15 Ma, too). Valley incision. 
Deposition of Sinus Group drift. 

since at least 15 Ma 
Prince Olav Mts, 

Crosvtnor Mts. 

Polar climate established and erosion rates become negligible. 

Explanation 

eroded rock 

Beacon and Ferrar Supergroups 

basement 

Not drawn to scale. 

Figure 6.7. Schematic model of landscape development for the Shackleton Glacier 
region. 
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et al., 1994, 1995) do not account for prior denudation and thus do not entirely 

accommodate the role of flexural isostatic uplift. 

What may account for the paleo-TAM divide so far inland and why did it move 

towards the coast? The great inland extent of denudation requires not just a narrow rift-

flank uplift but a much broader elevated hinterland plateau, as is the case in southern Africa 

and southeastem Brazil (van der Beek et al., 1995). Such broad uplifts have been 

attributed to mantle upwellings (e.g.. Camp and Roobol, 1992) and associated with flood 

basalt-type magmatism (e.g., McKenzie, 1984). Numerically modeled elevated (-1000 m 

a.s.l.) plateaus alone can produce 2 km of denudation on their margins by escarpment 

retreat and isostatic rock uplift (van der Beek et al., 1995). This model would work in the 

TAM for pre-30 Ma rift-flank uplift as the estimated denudation to this point in time was 

only 1.1-1.8 km above the Prince Olav Mountains and initial elevation of the TAM might 

have been -1200 m above sea level (Sugden et al., 1995). 

However, the classic southern African model of escarpment retreat of a regionally 

elevated Gondwanide continental margin (e.g., van der Beek et al., 1995) is beginning to 

incorporate the presence of a long-lived drainage divide -150 km inland of the coast (e.g., 

Gilchrist et al., 1994; Gilchrist, 1995). Whereas the old drainage divide in Namibia lies 

close to the present-day Great Escarpment, the relatively recent Prince Olav escarpment lies 

quite a distance coastward of the Shackleton Glacier region's paleo-drainage divide. Note 

the similarity, however, between the old, inland topographic culmination near the 

Grosvenor Mountains and that predicted by models of lithospheric simple shear (Wernicke, 

1985) or its detachment-fault variants (e.g.. Lister et al., 1986, 1991) in which the 

maximum surface elevations on ±e upper plate/hanging wall are up to 200 km away from 

the zone of significant upper crustal extension. The surface uplift is an isostatic response to 

the thinning of dense mantle lithosphere and upwelling of less dense asthenosphere. As the 

locus of upper crustal extension is offset from lower crustal extension by a low-angle 
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normal or detachment fault, uplift is not focused at the crustal rift margin. Wernicke's 

(1985) model has, in fact, already been invoked to explain the uplift of the Transantarctic 

Moimtains (Fitzgerald et al., 1986). A mid-crustal detachment model (e.g.. Lister et al., 

1991) has also been proposed recently as work by van der Beek et al. (1994) suggests that 

a greater amount of lower crustal stretch occurs beneath the TAM than in the adjacent lower 

crust or in the TAM upper crusL Seismic and gravity surveys over the Ross Ice Shelf have 

not imaged any sizable graben adjacent to the central TAM similar to the Terror Rift off

shore of Victoria Land (ten Brink et al., 1993). As a result, ten Brink et al. (1993) argue 

that uplift of the TAM is dominandy by thermal, rather than mechanical, mechanisms. Van 

der Beeket al. (1994), on the other hand, contend that thermal expansion is insufficient to 

uplift the TAM the >4 km that has occurred and that gravity anomalies do not match the 

expected signature for a much heated lithosphere beneath the TAM. 

For passive continental margins, lithospheric or upper crustal simple shear and 

continental rifting give way to lithospheric pure shear and sea-floor spreading after 

sufficient extension (Cochran and Martinez, 1988; Lister et al., 1991; Favre and Stampfli, 

1992). It is likely that such a transition involves upper plate antithetic normal faults 

penetrating the detachment fault and then the lithosphere. Just such steep lithosphere-

cutting normal faults and consequent flexure have been invoked to satisfy numerical and 

finite element models of the modem Transantarctic Mountains' rift-flank topography (Stem 

and ten Brink, 1989; ten Brink and Stem, 1992; Bott and Stem, 1992). 

However, this scenario might require a significant amount of extension at the same 

time as mid-Cenozoic uplifL However, most extension in the West Antarctic rift system 

was evidently during the Cretaceous (Lawver and Gahagan, 1994, 1995). The Terror Rift 

(Fig. 6.6), within the Victoria Basin, however, has subsided significantly since the middle 

Oligocene (Cooper et al., 1991a). Finite-element models suggest that not very much 

extension (only about 8 km) is, in fact, required to account for the amount of uplift seen in 
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the Transantarctic Mountains (Bott and Stem, 1992). The detachment model alone does 

not satisfactorily explain this pause between extension and uplift (e.g.. Lister et al, 1991). 

However, Lister et al. (1991) do admit that large displacement, steep, basinward-dipping 

normal faults characterize the upper plate of many passive margins. These faults are 

antithetic to the master detachment fault that accommodates extension. Because they are 

steep, the former accommodate litde extension, but may play a significant role in 

accommodating post-rifting thermal subsidence (Etheridge et al., 1985). 

It is perhaps telling, then, that volcanism commenced in the West Antarctic rift 

system and its margins -28 Ma (LeMasurier and Thomson, 1990), roughly coincident with 

the apparent onset of significant rift-fiank uplift. Based on the geochemical signatures of 

volcanic rocks in the area, Behrendt et al. (1992) aver that a mantle plume underlies the 

entire West Antarctic rift system. Mantie plume activity has been associated with uplift (~3 

km of tectonic rock uplift) in Maiie Byrd Land since 28-30 Ma (LeMasurier and Landis, 

1996). It has also been hypothesized that this mantle plume activity might relate to the 

uplift of the Transantarctic Mountains (Behrendt et al., 1992). Older intrusives, dating 

from -48 Ma and bearing the same geochemical signature of a depleted mantle, have been 

recendy discovered (Armienti et al., 1995). As yet their known distribution is small and 

Limited to northem Victoria Land, so it is not known yet whether they represent a small 

precursor to, or die main event of. West Antarctic rift magmatism. 

Quantitadve models that call for thermal conduction from the West Antarctic rift 

system mantle to the Transantarctic lithosphere in order to explain the observed surface 

uplift (e.g.. Stem and ten Brink, 1989) might be satisfied by such a thermal perturbation. 

On the other hand, faulting and mechanical uplift mechanisms would also be expected take 

advantage of thermal weakening of the crust. Just such a weakening of the crust is invoked 

in the transition between continental, simple shear (detachment) rifting and oceanic rifting 

(e.g., Cochran and Martinez, 1988; Lister et al., 1991; Favre and Stampfli, 1992). Today 
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the West Antarctic rift system remains an intracontinental rift. Nonetheless, much of the 

Cenozoic uplift of the TAM, especially the major episodes since the middle Oligocene, 

might be attributed to ±ermal weakening of the rift margin. Although the isostatic and 

flexural responses to denudation have not been modeled for the Shackleton Glacier area, a 

significant negative load could be expected to result from denudation between 30 and 50 

Ma, which amounted to 1.3-2.4 km. Any suppression of flexure might have ended with 

the onset of widespread Oligocene magmatism, allowing rift-flank uplift and a significant 

contribution of earlier denudation. 
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7 CONCLUSION 

A number of hypotheses have been framed and discussed in this study. In contrast 

to earlier interpretations (e.g., Barrett, 1965; La Prade, 1969), the Transantarctic 

Mountains Front in the Cape Surprise area is extensively faulted. At the longitude of Mt. 

Wade, the zone of maximum rock uplift, which is the inland margin of the TAM Front, lies 

-35 km inland of the coast, or ~5 km coastward of the modem topographic divide. The 

TAM Front is a complex of basinward-dipping normal faults linked by nearly orthogonal 

transfer faults. It has been principally active during the Cenozoic but its fracture sets date 

from at least the Jurassic or early Cretaceous. The most recent strain across the TAM Front 

reveals a small dextral oblique component This observation agrees with existing kinematic 

interpretations of other regions in the mountain range and the adjacent West Antarctic rift 

system in that it is dextrally transtensional. However, a significandy smaller dextral 

component in the study area implies that strain in the West Antarctic rift system has been 

partitioned between the TAM Front and the rest of the rift system. Alternatively, overall 

strain in the West Antarctic rift system has been less transtensional since the Cretaceous. In 

either case, large lateral components of strain are not conducive to uplift along rift flanks 

(Wilson, 1995a) and therefore the observed kinematic analysis of faulting in the study area 

is not surprising. 

In accord with other locations in the Transantarctic Mountains, significant 

denudation (5-6 km) was initiated in the early Cenozoic (-50 Ma) (Table 2.1). In contrast 

with these same areas, there is no evidence for earlier denudation in the Shackleton Glacier 

region. The mode of denudation was most likely backwearing, as evidenced by (1) a series 

of escarpments and planation surfaces that step up from the coast and (2) a laterally 

diachronous pattern of cmstal cooling in response to landward backwearing at the surface. 

Such planation, which is probably either pediplanation or structural planation, usually 
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indicates a period of tectonic stability. A broad, stepped, and plateau-like mountain range 

formed with its divide -150 km inland of the present Ross Ice Shelf coast, probably much 

like the low relief, mature passive margins of southern Africa and eastern Australia today 

(e.g.. Oilier, 1985a, 1985b). 

Following the formation of the lowest preserved of these early plains (probably -30 

Ma), the range was uplifted near the coast along the Transantarctic Mountains Front. 

Evidence for significant surface uplift is in the -3 km-tall Prince Olav escarpment and >2 

km-deep valleys subjacent to these erosion surfaces. This is associated with ~3 km of 

denudation coastward of the Prince Olav Mountains, as resolved by AFTT. The earlier 

phase of denudation (30-50 Ma) might have been a response to an earlier pulse of similar 

rift-flank uplift, but the shallower depth of unroofing (1.4-2.5 km) suggests that it did not 

contribute to as much rock uplift Similarly, the amount of faulting in the TAM Front since 

50 Ma (40-100 % of the total post-Paleozoic stratigraphic throw) suggests that the majority 

of rift-flank uplift is younger than 50 Ma. 

After the <30 Ma uplift event and the return of tectonic quiescence, a new pediplain 

formed near the coasL Valley incision of this pediplain probably predates 15 Ma because 

of the presence of Sinus Group deposits in the valleys. This renewed episode of valley 

downcutting was most likely a response to faulting and uplift (up to 500 m) along the 

coast. Either during range-front pediplanation or later valley erosion, a smaU amount of 

westward tilting occurred on a nvunber of piedmont fault blocks. This imparted an 

asymmetry to the drainage pattem, which itself noticeably corresponds to underlying fault 

and fracture orientations. 

Thus the modem landscape of the Transantarctic Mountains reflects a long history 

of formation. During the Cretaceous and early Cenozoic, it was a broad and relatively low 

range. Tectonic, isostatic, and/or thermal mechanisms did not conspire to form the 

modem, high elevation rift-flank—effectively moving the range divide towards the coast— 
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until perhaps the late Oligocene. This event is closely associated in time with, and may be 

functionally related to, (1) mantle plume activity and volcanism in the West Antarctic rift 

system; (2) extension and subsidence in the Terror rift, Victoria Land basin; and (3) 

expansion of the East Antarctic Ice Sheet 
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It is as though we were truly at the world's end, and were 

bursting in on the birthplace of the clouds and the nesting 

home of the four winds, and one has a feeling that we 

mortals are being watched with a jealous eye by the forces of 

nature. 

— Sir Ernest Shackleton (1909, p. 289) 
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APPENDIX A: STRUCTURAL GEOLOGIC DATA 

Table_A^l^^_Faiyt^lM^aWt|^|es^md_^ul^jli^^n^ 
Location Strike Dip Rake Slip 

Garden Spur 334 18 35 W n/a 
Garden Spur 147 59 15 W n/a 
Garden Spur 338 55 83 SE right-handed normal 
Cape Surprise, 125 46 4E left-handed 
easternmost cape 
Cape Surprise, 305 60 69 E right-handed normal 
southwest of Facet 
Peak, fault between 
Fairchild and QMB 
Cape Surprise 324 84 86 SE n/a 
Cape Surprise 303 60 86 SE normal 
Cape Surprise 298 39 53 SE right-handed normal 
Cape Surprise 105 40 89 E n/a 
OUiver Peak 350 38 27 S normal right-handed 
OUiver Peak 344 56 36 N reverse right-handed 
OUiver Peak 331 58 36 N n/a 
OUiver Peak, 1st 302 68 10 SE n/a 
generation. 
cataclastically 
streaked biotite 
OUiver Peak. 2nd 302 68 83 E right-handed normal 
OUiver Peak 231 61 80 N n/a 
OUiver Peak 231 61 18 NE normal right-handed 
OUiver Peak, 1st 233 66 33 E n/a 
OUiver Peak, 2nd 233 66 8IW n/a 
OUiver Peak 044 75 19 E n/a 
OlUver Peak 220 82 20 E n/a 
Sage Nunataks 324 30 90 normal 
Sage Nunataks 308 37 63 NW right-handed reverse 
Sage Nunataks 292 40 75 NW right-handed reverse 
Olds Peak 325 33 42 NW n/a 
Olds Peak 096 76 37 E n/a 
Olds Peak 102 89 IDE n/a 

* Except for the fourth listed fault, all were measured in granite and dolerite. Slip sense was therefore determined 
from slickenlines in almost every case. 



Table A.2. Joint plane attitudes. 
Location Strike Dip Rocic unit 

Garden Spur, 280 51 QMB 
northwestern end 

248 79 
257 86 
318 21 
327 34 
231 19 
318 49 
312 44 
139 90 
273 50 
175 66 
196 40 
059 78 
258 75 
307 78 
277 47 
014 75 
074 87 
162 29 
305 54 
058 58 
008 66 
284 62 
017 72 
000 00 
256 29 
138 19 
068 84 
016 74 
058 76 
055 80 
345 69 
110 81 
278 34 
004 61 
294 34 
243 55 
224 33 

Garden Spur 306 79 QMB 
299 50 
300 44 

Garden Spur 030 63 Ferrar Dolerite 
132 20 
144 14 
104 81 
304 56 
001 67 
156 17 

Cape Surprise, 278 64 Ferreir Dolerite 
westmost end 

003 65 



Cape Surprise, 
northeastern end 

016 
263 
286 
090 

075 
164 
183 
274 
093 
064 
298 
184 
288 
072 
294 
277 
084 
010 
313 
no 
148 
306 

75 
6 2  
56 
54 

54 
70 
6 1  
29 
66 
59 
34 
75 
30 
60 
19 
55 
54 
8 6  
51 
71 
52 
21 

Ferrar Dolerite 

Table A.3. Alteration zone attitudes. 
Location Trend 

Cape Surprise 020 
040 
034 

spur northeast of 299 
spot-height 950 

282 
305 
284 
295 
283 

Olliver Peak 036 
040 
042 

Olds Peak 082 
Mt. Munson 107 
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APPENDIX B: SAMPLES USED IN THIS STUDY 

The samples were collected during the 1995-96 field season by Dr. Paul Fitzgerald, Dr. 
Suzanne Baldwin, Graeme Dingle, and Scott Miller. The sample locations and elevations 
were determined by GPS, aneroid altimeter, and on USGS contour maps (1:250,000). All 
samples listed below come from the Queen Maud Batholith. 

Sample ,  .  Location 
number Rock type Elev. Notes 

(m) 

SG-2 

SG-6 

SG-8 

SG-9 

SG-10 

SG-11 

SG-12 

SG-13 

SG-14 

SG-18 
(sic) 

SG-19 

SG-20 

SG-21 

SG-23 

SG-25 

northwestern ridge 
of Garden Spur 

southwestern flank 
of Facet Peak 

spot-height 700 

southwest of spot-
height 700 -100 m. 
Garden Spur 

northwestern ridge 
of Garden Spur 

Cape Surprise area 

Olds Peak 

eastern flank of 
Olds Peak massif 

granitoid 

granitoid 

granitoid 

granitoid 

granitoid 

granitoid 

granitoid 

granitoid 

granitoid 

bio-rich qtz 
diorite 

foliated biotite 
granodiorite 

qz-fsp-bio 
granitoid, med. 
grained, 
equigranular 

bio-plag-qz-hb 
granitoid 

Kspar-plag-bio 
granitoid 

Kspar, bio-plag-
qz granitoid 

see map 

84" 31.010' S 
174° 32.079' W 

see map 

see map 

see map 

84° 31.453' S 
174° 55.250' W 
84° 31.787' S 
174° 50.270' W 
84° 31.598' S 
174° 52.570' W 
84° 31335' S 
174° 53.100' W 
84° 32.046' S 
174° 24.498' W 

see map 

84° 32.271' S 
174° 07.504' W 

84° 32.789' S 
174° 07.604' W 

84° 40.216' S 
174° 40.934' W 

84° 40.160' S 
174° 38.283' W 

140 

370 In fault contact 
with Fairchild Fm. 

700 

655 

605 

495 

355 

265 

185 

595 

340 

230 

405 

1480 Suspect GPS 400-
SOOm too far 
north. 

1385 



SG-26 

SG-27 

SG-28 

SG-29 

SG-30 

SG-31 

SG-32 

SG-33 

SG-37 

SG-38 

SG-39 

SG-40 

SG-41 

SG-42 

SG-43a 

SG-44 

SG-47 

SG-48 

SG-50 

SG-51 

SG-52 

SG-53 

SG-54 

Pyramid Peak 

northwestern flank 
of Pyramid Peak 

bio-fsp-qz 
granitoid 

w. fol bio-hb-
kspar granitoid 

fol. bio-bb 
granitoid 

fsp-qz-bio 
leuco granitoid 

med-coarse bio 
granitoid 

diorite 

bio granitoid 

fol. bio-hb(?) 
granodiorite 

fol. granitoid 

fol. granitoid 

weak fol. 
granitoid 

weak fol. 
granitoid 

weak fol. 
granitoid 

fol. granitoid 
(augen) 

east of Pyramid 
Peak 

east of Pyramid 
Peak 

east of Pyramid 
Peak 

84° 40366' S 
174® 37.063' W 

84° 40.272' S 
174° 26334' W 

84° 40.279' S 
174° 24J09' W 

84° 40319* S 
174° 23344' W 

84° 40353' S 
174° 22.529' W 

84° 40392' S 
174° 21.631' W 
84° 40.267' S 
174° 20.675' W 
84° 40.262' S 
174° 19.634' W 

see map 

see map 

see map 

see map 

see map 

see map 

fol. granitoid 

weak fol. bio-
hb-sph (I-type) 
granitoid, mafic 
xenolitbs 

fsp-qz-bbl-bio-
sph granitoid 

granitoid 

see map 

84° 34.406' S 
174° 42.977' W 

1315 

1240 

1115 

1000 

900 

800 

695 

575 

780 peak of Pyramid Pk 

660 fol.=035. 30E 

565 fol.=359. 36E 

460 fol.=150, 65 NE 

365 

300 

255 

370 

spot-height 950 granitoid 

eastern flank below 
spot-height 950 

bio 
leucogranitoid 

bio granitoid 

bio-hb granitoid 

bio-hb granitoid 

84° 35.298' S 
174° 46.425' W 

84° 34.181' S 
174° 32.939* W 

84° 33.080* S 
174° 14.284* W 
84° 33.199' S 
174° 10.245- W 

84° 33.074' S 
174° 08.867' W 
84° 32.982' S 
174° 08.065' W 
84° 33.011' S 
174° 07325' W 

470 

-370 

950 

855 

730 

630 

495 
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SG-55 

SG-70 

SG-127 

SG-128 

SG-129 

SG-130 

SG-131 

SG-132 

SG-133 

SG-134 

SG-135 

SG-136 

SG-137 

SG-138 

SG-139 

SG-140 

base of ridge west 
of spot-height 
1230 

northern flank of 
Mount Munson 

bio-hb granitoid 

fol. bio-hb 
granitoid 

V. weathered 
granitoid w/ 
large kspar 
phenos 

weathered kspar 
pheno-hb-bio-qz 
granitoid 

kspar-hb-bio 
granitoid 

but less kspar 

small ridge east of 
Taylor Nunatak 

coarse bio-hb 
granitoid 
encalve in aplite 

coarse bio-hb 
granitoid 

coarse hb-bio 
granitoid 

fol. coarse bio-
hb granitoid 

weathered 
massive kspar 
granitoid 

84° 33.043' S 
174° 06.050' W 
84° 36.074' S 
175° 00386' W 

84° 48.058' S 
174° 23302' W 

84° 48.065' S 
174° 24.072' W 

84° 47.960' S 
174° 24356' W 

84° 47.824' S 
174° 24301' W 
84° 47.703' S 
174° 24.824' W 
84° 47.598' S 
174° 24.151' W 
84° 47.462' S 
174° 23.173* W 
84° 47322' S 
174° 22.973' W 
84° 47.056' S 
174° 22.766' W 
84° 46.621' S 
174° 21.521' W 

84° 46328' S 
174° 20351' W 

84° 45.068' S 
174° 16.990' W 

84° 45.417' S 
174° 15.999' W 

84° 55.670' S 
175° 07346' W 

400 

335 along Massam 
Glacier 

2615 highest granitoid 
on Mt Munson, 
below KES 

2495 Erroneous GPS 
latitude (can't be 
south of SG-127) 

2395 

2285 

2180 

2055 

1955 

1860 

1765 

1595 

1490 

1340 

1130 base of ridge 

2000 taken directly 
beneath KES 
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APPENDIX C: ZETA CALIBRATION 

Zeta (Q is a personal calibration factor used in fission-track dating (Hurford and Green, 

1983). It was calculated between November 1996 and January 1997 using the putative 

apatite fission-track standards from the Mt. Dromedary Igneous Complex (New South 

Wales, Australia), the Diurango Apatite (Durango, Mexico), and the Fish Canyon Tuff 

(Colorado, USA) (Green, 1985). The uranium standard glass used was "CN5" by 

Coming. Listed errors are to the ±1CT level. 

Table C.l. Personal zeta calibration data. 
sample # irradiation # date c 

Mt. Dromedary 
8a U AO 10-2 01/05/97 412 ± 42.0 
13a UAOll-4 11/25/96 350 ± 23.4 
13b UAOll-5 11/27/96 365 ± 26.9 
14 UAOll-12 12/15/96 434 ± 33.2 

weighted mean: 378 ±19.2 

Durango 
4 UA009-1 11/02/96 413 ± 28.6 
6a UA009-11 11/17/96 398 ± 27.8 
11a UAOll-2 11/22/96 400 ± 32.6 
12 UA012-1 11/27/96 326 ± 23.4 

weighted mean: 377± 21.6 

Fish Canyon Tuff 
3a UA013-1 10/31/96 405 ± 26.1 
3b UA013-2 12/14/96 309 ± 23.6 
13 UAOlO-1 11/13/96 333 ± 22.8 
14 UAOll-1 11/20/96 372 ± 28.9 

weighted mean: 350 ± 21.2 

combined weighted mean: 367 ± 11.6 
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500 T 

450 •• 
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0> 
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-+2o 

- 367 ± 23 
--2a 

300 •• 

250-L 
J l_ J l_ 

Mt. Dromedary Durango Fish Canyon Tuff 

Figure C.l. Individual zeta values for Mt. Dromedary, Durango, and Fish 
Canyon Tuff samples. Error bars (±2a) and the combined weighted mean are 
also shown. 
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APPENDIX D: ACCURACY AND PRECISION OF MEASURED 
CONFINED TRACK-LENGTH DISTRIBUTIONS 

In order to assess their reproducibility, confined track-length distributions that were 
measured by the author (SRM) were compared with another analyst (PGF). With the 
exception of sample HR-2, common tracl^ measured by SRM and PGF are within error of 
one another at the la level. In the case of NC38, two measurement "takes" by SRM are 
-0.75 ^un shorter than two by SRM and PGF. In this case different tracks were selected 
for measurement by the former and latter two. SRM's measurements prove to be generally 
similar to PGF's—always within error at the 2<y level. However, SRM appears to 
generally measure tracks up to 0.75 |xm shorter than PGF due to different track selection 
criteria and measurement styles. 

Table D.l. Track>length measurement reproducibility and 
comparison with another analyst. 
Sample Analyst Confined track lengths 

and t^e mean standard sample Same 
(fim) deviation size tracks 
error: ±la (^m) ^F? 

HR-2 PGF 13.51±0.24 1.62 44 — 

(Heritage Range, SRM 12.80±0.26 1.75 44 yes 
Antarctica) 

NC38 PGF 14.29±0.13 1.32 96 
(New Caledonia) SRM.1 14.25±0.14 1.33 96 yes 

SRM.2 13.61±0.23 2.21 96 no 
SRM.3 13.55±0.23 2.27 95 no 

PY64 PGF 13.96±0.17 1.38 66 
(Pyrenees, SRM.l 14.06±0.18 1.46 66 yes 
Spain) SRM.2 14.02±0.19 1.51 66 yes 

PY68 PGF 13.96±0.16 1.62 99 
SRM.l 13.71±0.38 1.79 22 no 
SRM.2 13.63±0.19 1.74 89 no 
SRM.3 13.70±0.18 1.80 99 yes 
SRM.4 13.74±0.19 1.87 99 yes 
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Figure D. 1. Comparison of confined track lengths measured by the author 
and another analyst. Samples were drawn from the University of Arizona 
Fission-Track Laboratory inventory. 
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Figure D.2. Shackleton Glacier area confined track length distribution 
data (•) compared to a model (the line) from 
Fitzgerald (1994). The top (+) and bottom (*) of an exhumed 
PAZ are labelled. 
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APPENDIX E. INDIVroUAL FISSION-TRACK SAMPLE 
SUMMARY GRAPHS 

Three different types of graphs in Figure E.l illustrate the data: a radial graph of 

single-grain ages Geft), a histogram of single-grain ages (middle), and a histogram of 

confined track length measurements (right). 

Whereas the simple histogram (middle) that combines the single-grain ages does not 

reveal the variable error of each grain's age, the radial graph does (Galbraith, 1988). This 

is expressed on the x axis as relative error (%) and precision (l/o). Thus a grain that plots 

farther to the right has greater precision. The grain's age is determined visually by 

projecting a line from the origin of the y axis an onto the curve at right. The y cixis is 

drawn as a ±2<t error bar to show the inherent scatter in a single grain data point. The 

central age (Galbraith and Laslett, 1993) connects to the origin of the y scale with a 

horizontal line. 

Because every grain does not have the same precision, it is not necessarily correct 

to assume that ±ey do, which is the case when we simply average their ages together into a 

simple mean age. The central age is, on the other hand, a geometric, or weighted, mean 

age (Galbraith and Laslett, 1993). If the relative error of a sample's central age is <10%, 

there is little between-grain age variation. A relative error >40% indicates significant age 

heterogeneity. Thus for relative errors <10%, the pooled, or population, age and the 

central age converge; the sample's tracks represent a single composition or episode of 

cooling. A similar test is the chi-square test, for which a P(x')^5% indicates that the 

single-grain ages, such as seen in the simple histogram, approximate a normal distribution 

and a single age population. For samples that pass such a test, the pooled age is 

appropriate (Green, 1981). The difference between a mean age and a pooled age is that the 

latter combines the track-count data for the entire sample and calculates an age from that, 

rather than by averaging each separate grain's age, and thus has an improved precision. 
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Figure E.l (facing pages). Individual fission-track summary graphs. 
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APPENDIX F: FISSION-TRACK "RETREAT" RATE ESTIMATES 

Regression equations, multiple-correlation coefificients (R), means, and standard errors 
were calculated by using a Microsoft Excel spreadsheet. The 95% confidence interval was 
calculated following Ott and Mendenhall (1990). Regression equations were calculated by 
the least-squares method. Series (subpopulations) were typically divided into equal ranges 
(e.g., mean length intervals of 0.2 microns). However, some series' ranges do not fit this 
standard, usually because there would not otherwise not be more than one or two samples 
in it. 

Table F.l. Statistical data for the graphs of age vs. distance inland, 

Series Mean lengths 
(Mm) 

n R- Regression equation Landward 
"retreat" rate 
(km/m.v.) 

1 12.6-12.9 7 0.0009 y = -0.040 X + 53.5 25.6 
2 13.0-13.3 8 0.1519 y = -0.205 X + 54.1 4.9 
3 13.4-13.5 10 0.2714 y = -0.944 X + 66.19 1 . 1  
4 13.6-13.7 9 0.3861 y = 0.705 X + 28.8 -1.4 
5 13.8-13.9 8 0.1531 y =-0.291 x +51.1 3.4 
6 14.0-14.1 5 0.1908 y = -0.432 X + 51.6 2.3 
7 14.2-14.3 6 0.2960 y = -0.541 X + 54.4 1.8 

mean = 5 . 9  
Standard error =  3 . 4  

95% co n f i d e n c e  i n t e r v a l  =  6 . 6  

Table F.l. Statistical data for the graphs of age vs. distance inland, 
__gouge^b^^^nd^dde^atio^^ngu^^^^^n^^gure5^19)^^ 

Series Standard 
deviation ((xm) 

n R- Regression equation Landward 
"retreat" rate 
(km/m.y.) 

1 5 0.644 y = -0.616 X + 50.8 1.6 
2 5 0.0104 y = -0.0636 X + 41.9 15.7 
3 7 0.0008 y = -0.0298 X + 45.5 33.6 
4 8 0.529 y = -0.6542 x 56.0 1.5 
5 4 0.0211 y = 0.1555 X + 52.5 -6.4 
6 3 0.826 y = 0.9352 x + 32.3 - 1 . 1  
7 5 0.329 y = -0.2859 x 52.0 3.5 
8 3 0.0228 y = -0.1005 X + 62.0 10.0 
9 6 0.182 y = -0.3855 x 61.9 2.6 
10 7 0.545 y = -0.6891 X + 67.6 1.5 

mean = 
standard error= 

95% confidence interval = 

6.2  
3 . 6  
7 . 0  



285 

Table F.3. Statistical data for the graphs of 
"(-0.0145 X age + 14.17) / mean length" vs. distance inland, 
^^jTOuge^^^jneai^ength^FigureljM^«^^i^r^^jl9^^ 

Series Mean length 
(^un) 

n Regression equation Landward 
"retreat" rate 
(km/m.v.) 

1 12.6-12.9 1 0.095 y = 0.0006 x+ 1.031 1.9 
2 13.0-13.1 3 0.85 y = 0.0004 X + 1.013 2.8 
3 13.2-13.3 5 0.11 y = 0.0001 X + 1.016 10.9 
4 13.4 5 0.64 y = 0.0042 X + 0.946 0.3 
5 13.5 5 0.15 y = 0.0005 X + 0.989 2.1 
6 13.6 7 0.33 y = 0.0007 x+ 1.010 -1.5 
7 13.7-13.8 7 0.014 y = 0.0001 X + 0.983 -10.5 
8 13.9 3 0.81 y = 0.0008 X + 0.961 1.3 
9 14.0-14.1 5 0.27 y = 0.0006 X + 0.952 1.7 
10 14.2-14.3 6 0.49 y = 0.0006 X + 0.939 1.7 

mean = 1.1 
standai d  e r r o r  =  1 . 6  

9 5 %  c o n f i d e n c e  i n t e r v a l  =  3 . 1  

Table F.4. Statistical data for the graphs of 
"(0.0192 X age + 1.12) / standard deviation" vs. distance inland, 
^^^u£^^b^^tMdM^^e^ation^Kgure^j2^an^Figii^^^l9^^ 

Series Standard 
deviation (fim) 

n Regression equation Landward 
"retreat" rate 
(km/m.v.) 

1 1.3-1.4 2 1 y =-0.0231 x+ 1.751 0.6 
2 1.5 3 0.68 y = -0.0009 X + 1.442 14.2 
3 1.6 5 0.010 y = -0.0008 X + 1.203 15.0 
4 1.7 7 0.0008 y =-0.0003 x+ 1.173 37.7 
5 1.8 8 0.53 y = -0.007 X + 1.219 1.5 
6 1.9 4 0.021 y = 0.0016 X + 1.120 -6.3 
7 2.0 3 0.83 y = 0.009 X + 0.871 -1.1 
8 2.1 5 0.33 y = -0.0026 X + 1.009 3.5 
9 2.2 3 0.023 y = -0.0009 X + 1.051 9.7 
10 2.3 6 0.18 y = -0.0032 X + 1.004 2.6 
11 2.4-3.9 7 0.63 y =-0.0137 x+ 1.017 0.5 

mean = 
standard error = 

95% confidence interval = 

7 . 1  
3 . 6  
7 . 1  
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APPENDIX G: FISSION-TRACK "STRATA" ELEVATIONS 

The elevations of fission-track "strata" across the Transantarctic Mountains Front 

have been calculated for each sample in the transect. Two values are presented, each 

calculated by a slightiy different method: 

(1) An estimate is given using a method that assumes that samples of a given age 

were cooled simultaneously (50 Ma). This isochron thus identifies a common 

thermochronologic "stratum." Assuming that the geothermal gradient has been uniform 

over the entire sampling area and that the landsurface did not exhibit large regional relief at 

50 Ma, this stratum marks a general horizon in the crust. Vertical offsets between common 

ages thus sigiufies crustal deformation, such as by normal faulting. 

(2) An alternative estimate recognizes that the timing of cooling may not be 

simultaneous, i.e., that samples of a given age may not all record the level of the 110°C 

isotherm at the same time. Therefore, the chosen stratum that best represents a horizon in 

the crust is the base of the exhumed PAZ. 

Because not every near-vertical profile includes the base of the exhimied PAZ or the 

50 Ma isochron, the elevations of these values have been extrapolated for every sample. 

These calculations have been made with an average apparent denudation rate of 165±265 

m/m.y. below the exhiuned PAZ and an apparent denudation rate of ~I0 m/m.y. within the 

exhumed PAZ. The former rate is the mean of the weighted regressed rates of four 

individual near-vertical profiles (spot-heights 950 and 700, Pyramid Peak, and Olds Peak). 

The base of exhumed PAZ fission-track stratum has been calculated by interpolating the age 

of this feature from spot-height 950 (-50 Ma) to Mt. Munson (~38 Ma). Each sample's 

distance inland iss measured from sample SG-20 along a line that is orthogonal to the 

coastline. Error in the fission-track ages (±1<t) are figured into the structural elevations. 

An additional error (±265 m/m.y. in the non-PAZ denudation rate) is not shown. The most 

likely locations for faults are thus where adjacent sample "strata" elevations and their ranges 

of error do not overlap. 
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G.l. 
Age 

(Ma) 

Fission-track 

inland (km) 

Strata 
TOS 

elevations. 
l«>clm>n(^M.) 

(m above sea level) (m above sea level) 

CVq>e Surprise area 
64±4 0.8 230 ±40 
70±3 1.5 395 ±30 
7I±4 1.5 130+40 
45±3 0.0 1055 ±495 
54+3 0.6 365 ±30 

Spot-height 950 vertical profile 
62±4 2.0 830+40 
45±4 ZO 1680 ±660 
51±11 1.9 720+1660/-110 
47±3 1.8 1125 ±495 
42±2 1.6 1815 ±335 
47±3 1.5 895 ±495 

Spot-height 700 vertical profile 
60±3 5.1 600±30 
62±4 4.3 485 ±40 
52±3 3.9 475 +185/-30 
49±3 3.8 520 +495/-I85 
52±3 3.7 245 ±30 
50±3 3.6 185 +495/-30 
53±3 3.9 110 ±30 

South of spot-height 700, east of Pyramid Peak 
61±5 5.3 545 ±50 
51±3 5.8 360 f330/-30 
41±2 7.1 1855 ±330 
51±3 8.3 460 •t-3<10/-30 

Pyramid Peak vertical profile 
42±2 8.3 2100 ±330 
43±2 8.1 1815 ±330 
41±2 8.0 2050 ±330 
39±2 7.9 2275 ±330 
36±2 7.8 2675 ±330 
37±3 7.6 2445 ±495 
37+2 7.6 2400±330 

West of spot-height 1270 
38±2 11.1 2315±330 

Olds Peak vertical profile 
51±3 15.4 1470 +340/-30 
45±3 15.6 2210±495 
46±3 15.6 1975 ±495 
47±2 14.6 1735 ±330 
45±3 14.6 1940 ±495 
48±4 15.5 1330 +660/-350 
48±3 14.4 1230 +495/-350 
50±3 14.3 800 +495/-30 
4Q±3 14.1 2345 ±495 
44±2 13.9 1565 ±330 

Ml  Munson vertical profile 
70±3 23.1 2415 ±30 
63±3 26.1 2365 ±30 
63±3 26.0 2265 ±30 
51±3 25.9 2275 +240/-30 
50±3 25.6 2180 +495/-30 
47±2 25.4 2550 ±330 
37±2 25.1 4100 ±330 
29±1 24.9 5325 ±165 
31±2 24.6 4900 ±330 
35±1 23.8 4070 ±165 
47±2 23.3 1985 ±330 
39±3 22.0 3155 ±495 
5Q±3 21.5 1130 +495/-30 

226 ±40 
388 ±30 
123 ±40 
1055 ±495 
362 ±30 

820 ±40 
1521 ±660 
711 +1520/-110 
986 +495/-364 
1686 ±330 
776 +495/-383 

575 ±30 
465 ±40 
454 ±30 
346 +35Z/-30 
226 ±30 
167 +215/-30 
93 ±30 

515 ±50 
332 ±30 
1288±330 
420 ±30 

1443 ±330 
1168 ±330 
1413 ±330 
1648 ±330 
2058 ±330 
1838 ±495 
1793±330 

1429 ±330 

1396 ±30 
1360+30 
1280 ±30 
1199 ±20 
1094+177/-30 
950 ±40 
851 ±30 
731 ±30 
1221 ±495 
568 +223/-20 

2289 ±30 
2239 ±30 
2140 ±30 
2150 ±30 
2056 ±30 
1963 ±20 
2100+330/-136 
3345 ±165 
2940 ±330 
2180 ±165 
1408 ±20 
1404 •I-495/-90 
1026 ±30 

62±4 41.6 
South side of ML Wade 

1880 ±40 1679+40 


