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Abstract

Subglacial morphology and structural geology in the southern

Transantarctic Mountains from airborne geophysics

Marcy Brooke Davis, MSGeoSci

The University of Texas at Austin, 2001

Co-Supervisors: Donald D. Blankenship and lan W. D. Dalziel

The Transantarctic Mountains (TAM) form the high western rift flank of

the West Antarctic Rift System (WARS), a region of extended crust that separates

East and West Antarctica. Little is known about the structural geology in the

southern TAM due to limited accessibility and more ice cover than in the central

and northern TAM. The objectives of this study are to characterize the subglacial

bedrock morphology interior of the southern TAM and to define the structural

geology along the southern TAM Front through analysis of airborne ice-

penetrating radar data.

The airborne survey extended from the Ross Ice Shelf, southward over the TAM

along the 150°W meridian and between the Scott and Reedy Glaciers then over

the high plateau and through the South Pole. Approximately 15,000 line km were

flown and processed using finite difference migration techniques in a seismic
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processing software package. Subsequently, the ice and bed surfaces were picked

along each line and known geology was interpreted on the radar records where it

exists. Ice-penetrating radar sounding coupled with a compilation of field

geologic studies has proven to be a powerful technique for examining the

architecture and structural geological relationships of the southern TAM.

Four distinct morphological provinces are identified along the length of

the survey, these include: 1) the South Pole Basin and Plateau Province, with low

relief features and up to 4 km of ice; 2) the Alpine Glaciated Province, with well-

preserved U-shaped valleys that show a glaciation network that flowed opposite

of contemporary glaciers; 3) the TAM Massif, which includes three subglacial

blocks and the outcropping portion of the TAM; and 4) the TAM Front, a normal

fault zone north of the TAM to Ice Stream A.

The southern TAM have a southward tilted block structure with the area of

maximum uplift in a region 30-50 km wide from the Watson Escarpment, the

highest part of the TAM in this area, southward and is bounded by NW-SE-

trending normal faults on both the north and south sides. Down-to-the-north

normal faults north of the Watson Escarpment topographically downdrop the

TAM from >3OOO m to sea level over ~50 km and facilitate the development of

the Leverett Glacier and Ice Stream A. The primary structural trend between the

Scott and Reedy Glaciers is NW-SE, parallel to the TAM. Faults oriented

obliquely to the TAM break the area of maximum uplift into three NNW-SSE

trending blocks that appear offset ~10 km in a left-lateral sense relative to each

other with range-parallel horst and graben features superimposed. One of these
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faults may control the eastern side of Scott Glacier. Structural relationships across

the Watson Escarpment suggest that the southern TAM are a result of upward

block faulting along the TAM Front rather than a result ofregional upwarping.
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INTRODUCTION

The Transantarctic Mountains (TAM) are a major intracontinental range

that form the geologic and lithospheric boundary between cratonic East Antarctica

and the mosaic of independently moving crustal blocks of West Antarctica (Fig.

1; Dalziel and Elliot, 1982). The TAM extend over 3500 km across East

Antarctica and reach more than 4000 m in elevation. During the breakup of

Gondwanaland, beginning in Mesozoic time, continental extension separated East

and West Antarctica. This region of extended continental crust, called the West

Antarctic Rift System (WARS), separates the high, uplifted western rift flank

formed by the TAM from the subdued eastern rift flank of Marie Byrd Land in

West Antarctica. TAM uplift appears to be episodic, with initial uplift beginning

in late Mesozoic time and a main pulse of uplift during Cenozoic time. Although

the timing of extension in the Ross Embayment and TAM uplift appear to be at

least partially coincident, it is not clear whether TAM uplift is a direct result of

the extension.

A major Cenozoic normal fault zone, known as the TAM Front, has been

inferred along the seaward side of the TAM on the basis of the dramatic

topographic change from the high peaks of the TAM to the subsided crust of the

Ross Embayment, although little direct evidence of this boundary exists.

Similarly, little is known of the bed morphology or structural boundaries



Figure 1. The West Antarctic Rift System (WARS) comprises a region
of extended crust from the Ross Sea to the Interior Ross

Embayment separating cratonic East Antarctica from the

independently moving crustal blocks of West Antarctica. The

TAM form the high western rift flank of the WARS. The

TAM Frontal fault zone separates the TAM from the

subsided crust of the Ross Embayment. It is unclear whether

the TAM Frontal fault zone extends through the Interior Ross

Embayment north of the Ellsworth Mountains or to the

Filchner Ice Shelf. Subaerial Cenozoic volcanic centers are

likely fault controlled features that are separated into three

provinces on the basis of geographic and petrologic
differences. The Victoria Land Basin, Central Basin, and

Eastern Basin are oriented N-S, reflecting an E-W spreading
direction in the Ross Sea. The Victoria Land Basin is

underlain by an active rift zone. Bathymetry beneath the Ross

Ice Shelf shows a change in trend, reflecting a possible
change in spreading direction to NE-SW. The Wilkes

Subglacial Basin parallels the TAM. The relationship
between the Wilkes Subglacial Basin, TAM uplift, and the

development of the WARS remains unclear. Subglacial
contours from Lythe and Vaughn, 2000. The Pensacola-Pole
Transect corresponds to this thesis study location.

2
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along the cratonward side of the TAM because the TAM tilt gently toward the

craton and become covered by the continental East Antarctic Ice Sheet.

This study includes a portion of a larger project intended to characterize

the morphological and structural changes along the length of the TAM (Fig. 2)

and the ice covered bedrock of interior East Antarctica. Goals specific to this

portion of the project include gathering data regarding the morphological and

structural elements from the South Pole northward across the TAM to the Ross

Ice Shelf along 150°W between the Scott and Reedy Glaciers. This descriptive

study focuses on ice-penetrating radar sounding data analyses and interpretation

in the context of the known geology of the Scott-Reedy Glaciers area in order to

characterize the subglacial bedrock morphology from the South Pole to the Ross

Ice Shelf and to define the structural geology along the southern TAM Front.

Previous Radar Sounding Surveys

Airborne radar sounding surveys have been the primary way to determine

the subglacial bed topography on the Antarctic continent since the late 1960’s (see

Bentley, 1991; Lythe and Vaughn, 2000) because ice-penetrating radar is the most

efficient geophysical method for imaging the ice-rock interface. Early radar

sounding data were sometimes combined with other geophysical data such as

magnetic, gravity, and seismic reflection and refraction data from overland

traverses (e.g. Bentley and Ostenso, 1961; Robinson, 1964; Drewry, 1972) and

airborne magnetic surveys (e.g. Jankowski, et al., 1981) to characterize the



Figure 2. The Transantarctic Mountains Corridor showing the locations

of surveys completed by the University of Texas Institute for

Geophysics (UTIG) during the 1998-1999 and 1999-2000

austral summers. The Polar Basin Transect corresponds to

this thesis.

5
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subglacial topography. With the development and implementation of precise

positioning and compact data acquisition systems, interdisciplinary airborne

platforms have greatly advanced high-resolution mapping of the subglacial

bedrock topography and characterization of the crust in Antarctica (Blankenship

et al., 1993; Behrendt et al., 1994; Brozena et al., 1993; Bell, 1995).

Drewry (1983) produced the first comprehensive compilation of Antarctic

subglacial topography through airborne radar sounding surveys as part of a major

study by the Scott-Polar Research Institute, National Science Foundation, and The

Technical University of Denmark (also see Lythe and Vaughn, 2000). Drewry’s

(1983) compilation shows that the surface of East Antarctic bedrock is generally

above sea level, while much of West Antarctica is below sea level. East Antarctic

subglacial topography shows both highland and lowland regions in the continental

interior. The TAM decline in elevation significantly as the mountains gradually

disappear under the ice-covered polar plateau. The subglacial peaks of the

Gamburstev Subglacial Mountains (Drewry, 1983) reach over 3000 m in

elevation whereas a large trough lies beneath the Lambert Glacier. Between the

TAM and these regions lies a subglacial basin (the Polar Subglacial Basin; Fig.

1). Another subglacial basin (the Wilkes Subglacial Basin; Fig. 1) extends from

Northern Victoria Land to Southern Victoria Land (Steed and Drewry, 1982;

Steed, 1983), ending at the Vostok Highlands, a region of more rugged

topography interior to the TAM that may be an extension of the TAM.

Between East and West Antarctica, a large subglacial depression extends

from the Ross Sea to the Byrd Subglacial Basin with one branch continuing to the
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Bellinghausen Sea and the Ronne Ice Shelf and another to the Amundsen Sea

(Drewry, 1983). Detailed radar sounding studies in conjunction with magnetic

data of the ice-covered region between East and West Antarctica were done by

Jankowski and others (1981). These studies produced more detailed maps of the

Byrd Subglacial Basin, the Interior Ross Embayment, a highland region south of

the Ellsworth Mountains, and troughs separating different regions of West

Antarctica. Important ice surface characteristics, such as the locations of ice

streams and ice divides, were also defined.

During much of the last decade UTIG aerogeophysical studies (the

CASERTZ - Corridor Aerogeophysics of the Southeast Transect Zone and SOAR

- Support Office for Aerogeophysical Research programs) have focused on the

Ross Embayment (Blankenship et al, 1994; Richter et al., 1996). These surveys

have produced a wide range of data important to understanding the WARS and

West Antarctic Ice Sheet, including evidence for active volcanism under the West

Antarctic Ice Sheet, rift fabric, and the dynamics of ice streams in the context of

subglacial geological controls (Blankenship et al., 1993, 2001; Behrendt et al.,

1994, 1995; 1996a, 1997; Bell et al., 1998)

Tectonic Setting of the TAM

East Antarctica consists of Archean crustal blocks separated by

metamorphic suture zones that formed the core of the Gondwana Supercontinent

until the southern oceans opened during Mesozoic time (Dalziel, 1992; Dalziel
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and Lawver, 2001). The late Proterozoic and Paleozoic tectonic history of East

Antarctica consisted of alternating episodes of divergent and convergent tectonic

conditions along the paleo-Pacific margin of East Antarctica, the present location

of the TAM. Late Proterozoic - early Paleozoic rifting along the margin is

evidenced by thick turbidite sequences and bimodal volcanic rocks, subsequently

overlain by shallow marine strata (Laird, 1991; Rowell, 1997). Early-middle

Paleozoic deformation was characterized by an obliquely oriented, southward-

dipping subduction zone (Stump and Fitzgerald, 1997; Borg, 1983), terrane

accretion in Northern Victoria Land, and continental arc magmatism that

continued into Ordovician time that formed the Ross Orogen, a volcanic and

metasedimentary complex that forms the basement of the TAM (Borg and

DePaolo, 1991; Borg, 1983; Stump, 1995; Dalziel, 1992).

During mid-Paleozoic to early-Mesozoic time, the active margin moved

oceanward with consequent erosion and denudation of the Ross Orogen and

development of intracratonic basins along the margin of the Gondwana

Supercontinent (Barrett, 1991; Collinson, 1991).

Since Jurassic time (ca. ~150 Ma), the Antarctic plate has been surrounded

by divergent plate margins (Fig. 3; Dalziel, 1992) as the southern oceans opened

with the fragmentation of Gondwanaland. The first phase, as Africa separated

from East Antarctica, caused Early-Middle Jurassic tholeiitic volcanism along the

margin at -175-180 Ma, coeval with the initial crustal extension of the WARS

(Tingey, 1991; Kyle, 1990b; Craddock, 1982; Behrendt and Cooper, 1991).



10

Figure 3. Geographic and tectonic location map ofpresent day
Antarctica and the southern oceans. East Antarctica is the

Precambrian craton whereas West Antarctica is comprised of

several distinct crustal blocks (MBL - Marie Byrd Land, TI -

Thurston Island, EWB -Ellsworth-Whitmore Block, and AP
- Antarctic Peninsula). The stippled brown pattern shows the
distribution of mountains on the Antarctic continent. The

thick violet line corresponds to major plate boundaries. The

thin violet lines correspond to magnetic anomaly isochrons

(GEBCO, 1997). Antarctica has been surroundedby
divergent plate boundaries since Jurassic time when

fragmentation of Gondwanaland began.
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The West Antarctic Rift System (WARS) and Cenozoic Volcanism

The WARS is a region of extended continental crust, approximately 3500

km long and 1000 km wide, extending from the Ross Sea to the Weddell Sea, and

comparable in area to the basin and range province of southwestern North

America and the East African rift system (Fig. 1,3) (Tessensohn and Worner,

1991). Geophysical data show that the crust beneath the Ross Embayment is

approximately 17-21 km relative to East Antarctica (~40 km) and Marie Byrd

Land (~30 km) equating to approximately < 100% total horizontal extension

(Davey and Cooper, 1987; Cooper et al., 1991).

The rift boundary trends north-northwest along the TAM Front, but

appears to be broken up by transverse faults that are obliquely oriented to the rift

Front and may extend offshore into the Ross Embayment (Fig. 4). Such transfer

faults may have controlled the original orientation of basins in the Ross Sea when

rifting began in Mesozoic time (Wilson, 1995; Cooper et al., 1991).

Three major graben structures underlie the Ross Sea (Figs. 1 and 4). These

sedimentary basins trend N-S, parallel to the TAM Front, reflecting the spreading

direction of the WARS (Cooper et al., 1991). The ~14 km deep Victoria Land

Basin, located adjacent to the TAM Front in the western Ross Sea, is controlled

by an active axial rift zone, 50-60 km wide, that extends from Cape Washington

to Ross Island. Active volcanism is present onshore at both ends of the rift and

magnetic data show axially located volcanic structures and volcanic intrusions



Figure 4. Generalized geology of the TAM showing the distribution of

major rock types and large-scale structural features including
the TAM Frontal fault zone, inferred oblique faults, and the

elevation of the Kukri Erosion Surface. Light blue lines

correspond to Ross Embayment bathymetry and illustrate the

regional rift fabric of the WARS between the TAM and

Marie Byrd Land. Modified from Fitzgerald, 1987.
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adjacent to the basin (Lee Arch) (Behrendt et al., 1987; Cooper et al., 1987; Kyle,

1990a,b). The Central Trough (5-6 km deep), and the Eastern Basin (5-6 km

deep), are not as structurally complicated as the Victoria Land Basin and do not

have the volcanic centers associated with active rifting. Cenozoic extension and

volcanism within the Victoria Land Basin and along the TAM Front is likely

closely linked to Cenozoic uplift of the TAM. In the central TAM, deep rift basins

adjacent to the TAM under the Ross Ice Shelf rarely occur (ten Brink et al., 1997)

and volcanism is inboard of the TAM Front (LeMasurier, 1990), suggesting a

fundamental change in WARS dynamics south of the Byrd Glacier.

Free-air gravity and aeromagnetic anomalies in the Ross Sea and Ross Ice

Shelf regions of the Ross Embayment are N-S and NW-SE trending, respectively,

possibly reflecting a change in the orientation of the WARS rift fabric near Byrd

Glacier. Positive gravity anomalies found beneath each of the three main Ross

Sea basins may indicate that crustal thinning is still occurring (Behrendt et al.,

1987, 1992; Davey and Cooper, 1987; Cooper et al., 1991; Stern and ten Brink,

1989).

Global plate circuit reconstructions by Lawyer and Gahagan (1994) and

Lawyer and others (1992) indicate that most crustal extension occurred during

Cretaceous time between 105-85 Ma in the Ross Embayment prior to the

initiation of spreading between Marie Byrd Land and the Campbell Plateau. Prior

to -105 Ma, the margin of Gondwanaland was a convergent margin with a Late

Paleozoic-Early Mesozoic magmatic arc. At -100-90 Ma spreading initiated

between East and West Antarctica as the Pacific-Phoenix ridge north of Marie
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Byrd Land stopped spreading or was subducted and caused Cretaceous extension

in the Ross Sea. At ~85 Ma a new Pacific-Antarctic spreading center rifted the

Campbell Plateau and New Zealand from Antarctica and the Lord Howe rise from

Australia (Lawver and Gahagan, 1994). Storey and others (1999) suggest that

continental extension may have been, in part, generated by a mantle plume that

was situated under the Ruppert-Hobbs coast in Marie Byrd Land that now

controls volcanism in the Ross Sea; however, Dalziel and others (2000) and

Mukasa and Dalziel (2000) argue that there is little evidence for such an event in

Marie Byrd Land. Ridge subduction was probably responsible for motion between

East Antarctica and Marie Byrd Land while a mantle plume was the mechanism

for motion between the other West Antarctic crustal blocks and East Antarctica

(Dalziel and Lawver, 2001).

Seismic reflection and refraction data from the Ross Sea indicate that rift

basin development in the Ross Sea occurred episodically and coincident with

uplift in the Victoria Land sector of the TAM. According to Tessensohn and

Worner (1991), the initial Ross Sea rifting phase occurred at -95 Ma as Australia

came apart from Antarctica. A second phase followed at ~50 Ma, which caused

basin subsidence within the Ross Embayment and rift shoulder (the TAM) uplift

and tilting (Tessensohn and Worner, 1991; Gleadow and Fitzgerald, 1987).

Bimodal volcanism along the TAM Front, the western Ross Sea, and in Marie

Byrd Land began at ~25 Ma (LeMasurier, 1990). Cande and others (2000) report

that 180 km of extension in the Ross Sea occurred during early Cenozoic time

(Eocene-Oligocene) on the basis of magnetic, gravity, and bathymetric data
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collected from the northern Ross Sea and the south Tasman Sea. The latter

extensional event may be a result of plate reconfigurations that occurred during

Eocene time (Cooper et al., 1991; Tessensohn and Worner, 1991; Salvini et al.,

1997). ten Brink and others (1997) suggest that in the central TAM, extension was

initiated by plate reconfigurations that triggered transtensional motion between

East and West Antarctica during Eocene time and this extension resulted in

central TAM uplift.

Extension in the Ross Embayment has included a significant dextral

component in Jurassic and Cenozoic times (Fitzgerald, 1992; Wilson, 1992, 1995;

Tessensohn, 1994). Orientation of Jurassic faults and dikes indicate an extensional

pattern both perpendicular and parallel to the trend of the TAM whereas the

orientations of Cenozoic faults along the TAM Front in Southern Victoria Land

are oblique to the regional trend of the mountains and indicate dextral

displacement during oblique extension in the Ross Sea (Wilson, 1992; 1995).

Cenozoic volcanic rocks are exposed from northern Victoria Land to the

Horlick Mountains and concentrated mainly north of Ross Island (Fig. 1). The

distribution of this magmatism is concentrated along the TAM Front and in the

western Ross Sea, indicating that TAM uplift and Cenozoic magmatism are

closely related (Fitzgerald and Baldwin, 1997). Cenozoic volcanism in the WARS

is highly alkaline and bimodal with basaltic rocks concentrated in the western

Ross Embayment and the TAM Front and felsic to intermediate composition

rocks concentrated in Marie Byrd Land (LeMasurier, 1990; Behrendt et al., 1992).

Basaltic shield-type volcanoes are common and typically reach up to -3800 m
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(e.g. Mt Erebus) (LeMasurier, 1990). The oldest Cenozoic volcanism recorded in

the western Ross Embayment is Oligocene age but recent drilling in the Ross Sea

suggests that volcanism may be as old as Eocene (~30 Ma) (Kyle, 1990b;

LeMasurier, 1990; Storey etal, 1999).

The volcanic rocks of the western Ross Sea, Ross Embayment and TAM

Front are collectively termed the McMurdo Volcanic Group and are subdivided

on the basis of geographic, tectonic, and petrologic differences into the Hallett,

Melbourne, and Erebus volcanic provinces, from north to south (Fig. 1,

LeMasurier, 1990; Kyle, 1990a,b). Distribution of volcanism along the margins of

the western Ross Sea Embayment and along the TAM Front indicate that

emplacement of the McMurdo Volcanic Group is tectonically controlled along a

boundary that separates the TAM and WARS tectonic provinces (Fig. 1, Kyle,

1990b). Geophysical studies show evidence for active subglacial volcanism in the

Ross Embayment. Volcanic edifices as well as flood basalts may be present on the

extended crust between East and West Antarctica within the Ross Embayment

(Blankenship et al., 1993; Behrendt et al., 1994, 1996a, 1997).

Regional Geology of the TAM

Basement rocks in the TAM record a change from a passive margin to a

tectonically active margin during Paleozoic time. Proterozoic and early Paleozoic

sedimentary and metasedimentary rocks record passive margin sedimentation in
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the form of shallow marine shelf, fan and turbidite deposits (Fig. 4). Bimodal

volcanic and volcaniclastic rocks of Cambrian age, present only in the central and

southern TAM, suggest a tectonic regime that was extensional during early

Paleozoic time (Wareham et al., 2001).

Along the length of the TAM, a collisional mountain building event during

late Cambrian-Ordovician time, the Ross Orogeny, deformed and metamorphosed

Precambrian to early-Paleozoic sedimentary rocks (Dalziel, 1992; Moores, 1991;

Borg et al., 1990; Stump, 1992, 1995). During the Ross Orogeny calc-alkaline

batholiths were emplaced along the length of the margin as a result of southward-

directed subduction (Borg, 1983).

Basement rocks along the length of the TAM were eroded from Devonian

to Silurian time, forming the laterally continuous Kukri Erosion Surface. The

Kukri Erosion Surface now provides a convenient marker horizon for post-

Jurassic tectonics in the TAM (Fig. 4; Fitzgerald, 1986, 1992). Unconformably

overlying the erosion surface is more than 2500 m of flat-lying to gently-dipping

shallow fluvial and deltaic conglomerate, glacial tillite, subgreywacke, sandstone,

arkose, siltstone, mudstone, limestone, and Glossopteris-yielding coal measures

of the Devonian-Triassic age Beacon Supergroup (Gunn, 1963; Matz et al., 1972;

Barrett, 1981, 1991; Barrett et al., 1979). This sequence was intruded and overlain

by the doleritic sills and tholeiitic flows of the Jurassic Ferrar Group (Barrett,

1991).
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Structural Geology

The TAM were first referred to as the ‘great horsf by David and Priestly

(1914). In general, the TAM form a series of tilted and block-faulted mountain

ranges with Beacon strata dipping gently under the East Antarctic Ice Sheet

(Gunn, 1963; Fitzgerald, 1994). Discrepancies in fission track age vs. elevation

profiles in different areas of the TAM and across major glaciers support the

concept that differential and diachronous uplift between blocks has occurred since

Mesozoic time and mainly during Cenozoic time (Fitzgerald, 1994; Wilson, 1992;

Denton et al., 1984).

Two main geodynamic models have been proposed for TAM uplift. Stern

and ten Brink (1989) and ten Brink and others (1997) suggest a lithospheric

flexural model for a mechanism of uplift for the TAM in which uplift of the TAM

is related to thermal heating of the East Antarctic cratonic margin at

approximately 70 Ma. Fitzgerald and Baldwin (1997) suggest a detachment fault

model for extension accommodation in the Ross Sea and adjacent TAM.

The drastic topographic difference between the high peaks of the TAM (>

4000 m) and the subsided (-400 - -900 m) (Davey, 1982; Hayes and Davey, 1975)

crust of the Ross Embayment may reflect a Cenozoic age normal fault zone that is

down to the north (ocean side) along the length of the TAM (Barrett et al., 1979).

Large-scale normal faulting has been directly observed only at Cape Surprise

(Fig. 4) where Beacon Supergroup rocks are displaced downward relative to the

TAM at the coast (Barrett, 1965). Indirect evidence includes offsets in
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thermochronologic data profiles in northern and southern Victoria Land and the

southern TAM (Fitzgerald, 1992, 1994).

Morphological segmentation along strike may be indicative of structural

changes associated with a change in spreading direction from E-W in the Ross

Sea region to NE-SW in the Ross Embayment (Fig. 4; Fitzgerald, 1992; Wilson,

1992). A major inflection point south of McMurdo Sound forms two arcuate

TAM segments approximately 600-800 km long and may delineate a change in

the structural trend. Gunn and Warren (1962) inferred that outlet glaciers draining

from the TAM to the Ross Embayment occupy structural basins oriented

perpendicularly to the trend of the mountains and to offshore graben structures

found in the Ross Embayment, suggesting that these faults may be transfer faults

in accommodation zones (similar to oceanic transforms) directly related to the

WARS (Cooper et al., 1991; Fitzgerald, 1992).

Geophysical data suggests the presence of a 200-600 km wide and 1 km

deep basin parallel to the TAM and within the East Antarctic craton, extending

from Northern Victoria Land to Southern Victoria Land (Wilkes Subglacial

Basin; Fig. 1) and possibly as far as the Pensacola Mountains (the Polar

Subglacial Basin (Drewry, 1972, 1983; Crary, 1963; Bentley, 1983, 1991; ten

Brink et ah, 1997). The true dimensions, structural controls and relationship of the

Wilkes Subglacial Basin to TAM uplift kinematics remains unclear due to the 2-3

km of ice cover.

TAM uplift timing is important to understanding the breakup of East and

West Antarctica and, in a larger context, fragmentation of the Gondwanaland
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Supercontinent. TAM uplift may have started as early as Jurassic time, coincident

with the tholeiitic magmatism and flood basalts of the Ferrar Group (ca. 175-180

Ma) and possible crustal thinning during initial fragmentation of the

Gondwanaland Supercontinent. TAM uplift appears to have been episodic,

beginning in Cretaceous time and Early Cenozoic time with a main pulse post-

Eocene time (~55 Ma) (Gleadow and Fitzgerald, 1987; Fitzgerald and Gleadow,

1988; Fitzgerald, 1992, 1994; Stump and Fitzgerald, 1992). Initial TAM uplift

during Cretaceous time may correspond to plate tectonic changes in the southern

oceans that occurred in response to the breakup of Gondwanaland (Dalziel and

Elliot, 1982; Lawver and Gahagan, 1994). However, the main TAM uplift (post-

Eocene) appears to be driven by a mechanism related to thermal conditions

(Behrendt et al., 1992), fluctuations of the East Antarctic Ice Sheet, or localized

tectonics between East and West Antarctica (ten Brink et al., 1997). Evidence that

a substantial uplift episode may have also occurred during Plio-Plestocene time is

summarized by Behrendt and Cooper (1991). Cenozoic uplift episodes appear to

have affected the mountains throughout the Ross Embayment while the

Cretaceous episodes were not as pervasive (Stump and Fitzgerald, 1992).

The central and southern TAM may record the earliest uplift episodes. A

fission track age profile from the Scott Glacier region suggests that uplift and

denudation in the southern TAM began in Early (~112 Ma) and Late (~81 Ma)

Cretaceous time with a Cenozoic episode at ~62 Ma (Stump and Fitzgerald,

1992). In the central TAM, between the Nimrod and Beardmore Glaciers,

denudation began at —lls Ma and a second episode followed at ~50 Ma
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(Fitzgerald, 1994). Fission track data from Southern Victoria Land indicate that

denudation and uplift in that area began at -50-55 Ma (Fitzgerald, 1992; Gleadow

and Fitzgerald, 1987).

The axis of maximum uplift in the TAM is generally 30-70 km inland

from the coast. Eastward and southward, toward interior East Antarctica, the

mountains disappear underneath the East Antarctic Ice Sheet, whereas on the

coastal side, the TAM are steeply step-faulted downward toward the coast

(Fitzgerald, 1992, 1994). The most convenient uplift marker horizon is the Kukri

Erosion Surface. The Kukri Erosion Surface is now found 500-4000 m above sea

level but would have been -3000 m below sea level at the end of Beacon

deposition, indicating that uplift has been at least between 3500-7000 m over the

length of the TAM relative to sea level (ten Brink et al., 1997). Apatite fission

track dating indicates that up to 7-8 km of denudation and uplift since -55 Ma has

occurred between the Nimrod and Beardmore Glaciers, and 5-6 km of denudation

and uplift in Southern Victoria Land (Fitzgerald, 1992, 1994).

Estimates of uplift rates along the length of the TAM are constrained

mainly by apatite fission-track age vs. elevation profile data, but are unresolved

due to discrepancies between profiles along strike. Fitzgerald (1992) reports an

average of —l4O m/m.y. since -50 Ma in the Beardmore Glacier area with an

initial denudation rate of more than 200 m/m.y. for the first 10 Ma (-50-40 Ma).

In Southern Victoria Land, an average rate of -100 m/m.y. since 50-55 Ma is

reported (Fitzgerald, 1986; Gleadow and Fitzgerald, 1987). Uplift rates may be as

high as 300-400 m/m.y. in the Dominion Range southeast of the Beardmore
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Glacier where at least 1300 m of uplift has occurred over the last 2.5 m.y.

(McKelvey et al., 1991; Webb and Harwood, 1991).

Geology of the Scott-Reedy Glaciers Area, Southern TAM

This study focuses on correlation of radar sounding data to the known

geology of the Scott-Reedy Glaciers area in the southern TAM. The Scott-Reedy

Glaciers area is located in the southern TAM, south of Ice Stream A between

140°W and 160°W and between 85°S and 87°S, encompassing the eastern Queen

Maud Mountains and the western Horlick Mountains (Fig. 5). The highest peaks

in the area are at Phelger Dome (3313 m) and Mt. Blackburn (3276 m), both of

which are found along the Watson Escarpment, a laterally extensive cliff that

denotes the region of maximum uplift between the Scott and Reedy Glaciers.

Plate 1 is a compilation of geologic data in the Scott-Reedy Glaciers area. Refer

to Plate 1 for the following discussion of the previously mapped geology and

stratigraphy in the Scott-Reedy Glaciers area.
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Figure 5. Location map of the Scott-Reedy Glaciers area showing
major place names (after Stump, 1995). Blue lines indicate

major glaciers and show flow direction. The grid corresponds
to the surveyperformed for this study.
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Previous Work

The first geologic exploration of the Scott-Reedy Glaciers area was by the

First Byrd Antarctic Expedition led by geologist Lawrence M. Gould. Although

the party’s main purpose was to supply weather information for Byrd’s flight up

Liv Glacier, Gould (1931) described Beacon Supergroup rocks from Mt. Fridtjof-

Nansen and granitic and metamorphic rocks as far east as Supporting Party

Mountain at the mouth of the Leverett Glacier in the western Harold Byrd

Mountains (Fig. 6) (Stump, 1995).

The Second Byrd Party (1934-35), led by geologist Quin A. Blackburn,

followed a route from Supporting Party Mountain up Scott Glacier to Mount

Weaver. Blackburn (1937) described the granitic rocks that bound Scott Glacier

and noted the rocks of Ackerman Ridge that were later described in detail by

Stump (1983). Blackburn’s primary effort was in describing a section of Beacon

rocks at Mt. Weaver at the head of Scott Glacier (Stump, 1995).

During the late 1950’s - early 1960’s several parties visited the area of the

eastern Wisconsin and Ohio Ranges east of Reedy Glacier. Long (1959, 1965),

and Treves (1965) collected and described Beacon rocks, granitic rocks and fossil

samples (Stump, 1995).

During the 1962-63 field season a U.S. ground party was based at Mt.

Weaver where Doumani and Minshew (1965) validated Blackburn’s (1937)

observations. Helicopters were used during this field season for reconnaissance
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Figure 6. Previous work in the Scott-Reedy Glaciers area
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studies in the upper Scott Glacier region (Minshew, 1967) and during the 1964-65

field season in the Reedy Glacier area (Minshew, 1967; Murtaugh, 1969, Faure et

al., 1968; Eastin, 1970) (Stump, 1995). In 1969, a U.S. field party worked along

the west side of Nilsen Plateau (Long, 1965; Mirsky, 1969). Katz and Waterhouse

(1970a,b) headed a New Zealand field party that traversed the length of Scott

Glacier.

Petrographic, geochemical and structural studies in the Leverett Glacier

area occurred during 1977-78 (Stump et al, 1979; Heintz, 1980; Lowry, 1980) and

in the upper Scott Glacier area (Stump et al., 1979; Borg, 1980; Smit, 1981;

Stump, 1983; Stump et al.; 1985, 1986; Smit and Stump, 1981) during the 1979-

80 and 1980-81 field seasons. Katz (1982) combined field observations with

aerial photography for a structural study of the Kukri Erosion Surface.

Stump and others (1985) completed the first compiled geological map of

the area (Mt Blackburn Quadrangle). In 1987-88, Stump and Fitzgerald (1992)

performed a fission track study on rocks from the central Scott Glacier area.

In 1990-91, a field party mapped and took samples for petrographic and

geochemical analyses in the Horlick Mountains (Borg et al, 1990; Borg and

DePaolo, 1994) and in 1992-93 a field party concentrated on age relationships of

the rocks north of the Leverett Glacier (Rowell et al, 1997). Encamacion and

Grunow (1996) dated volcanic rocks from north of the Leverett Glacier and west

of Scott Glacier.
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Geophysical studies in the Scott-Reedy Glaciers area are limited to an

airborne radar sounding survey (Drewry, 1972) that, in part, covered the area

between the Leverett Glacier and the South Pole. Robinson (1964) used seismic

reflection, magnetic and gravity data from the eastern Horlick Mountains and the

South Pole region to describe the subglacial crust in these areas.

Stratigraphy

The Precambrian-Cambrian age sedimentary and metasedimentary rocks

in the Scott-Reedy Glacier area are part of the Ross Supergroup (Stump, 1982)

that includes the basement strata of the TAM that were deposited prior to the

Cambrian-Ordovician Ross Orogeny. The Ross Supergroup is divided into the

Beardmore and Liv Groups that record the change of passive margin

sedimentation to active margin sedimentation. All of these rocks are

metamorphosed, folded, and faulted to some degree, making correlation between

outcrops and thickness determinations difficult.

The Beardmore Group (Gunn and Warren, 1962) represents a passive

margin setting along an East Antarctic margin during late Proterozoic-early

Cambrian time (Smit and Stump, 1981; Stump, 1995), in which, turbidites were

deposited in a narrow rift basin or marine shelf (Encamacion and Grunow, 1996).

The Beardmore Group consists of the Goldie, Duncan and La Gorce formations in

the central TAM and are correlated with the Patuxent Formation in the Pensacola

Mountains (Murtaugh, 1969; Stump, 1976, Faure et ah, 1979).
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The Liv Group includes the Party, Leverett, Wyatt, and Ackerman

formations in the Scott-Reedy Glaciers area. The Liv Group is Cambrian in age

and consists of marine sedimentary rocks and their metamorphic equivalents as

well as silicic volcanic and volcaniclastic rocks. The volcanism associated with

the Liv Group occurred partly contemporaneous with the Cambrian-Ordovician

Granite Harbor Intrusive Complex. When considered in the larger context of the

central and southern TAM, the Liv Group rocks appear to record a period of

extension that was likely in an arc or backarc environment in the central and

southern TAM (Wareham et al., 2001).

The Cambrian-Ordovician Granite Harbor Intrusive Complex (Queen

Maud Batholith and Wisconsin Range Batholith locally) are the most common

rocks in the Scott-Reedy Glaciers area. There are plutons of diorite, tonalite,

quartz diorite, quartz monzonite, grannodiorite, and granite that intrude all older

formations (Borg, 1983). The age of the Granite Harbor Intrusives is not well

constrained in the Scott-Reedy Glaciers area, but generally varies between -530-

485 Ma (Borg, 1983; Stump, 1995) and are partly coeval with the Liv Group

(Encarnacion and Grunow, 1996).

In the Scott-Reedy Glaciers area, the nearly horizontal Beacon Supergroup

crops out extensively on the Nilsen Plateau and along the Watson Escarpment.

Smaller outcrops are found along the west side of Scott Glacier from Mt. Farley

to Mt. Weaver, at D’Angelo Bluff and Mt. Howe, and in the Wisconsin Range

(Mirsky, 1969; Murtaugh, 1969, Katz and Waterhouse, 1970b; Stump, 1985;

Stump et al., 1986, Borg, 1980). Along the Nilsen Plateau and Watson
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Escarpment, Beacon Supergroup strata are approximately 500-800 m thick. The

age of the Beacon Supergroup rocks in the Scott-Reedy Glaciers area are mainly

Permian as indicated by the presence of Glossopteris-bearing, coal-rich seams

relatively high in the section (Katz and Waterhouse, 1970b; Katz, 1982).

Beacon rocks are interbedded with up to three Jurassic age Ferrar Dolerite

sills on the Nilsen Plateau and the Watson Escarpment. The Ferrar Group was

emplaced at approximately 180 Ma and may reflect the initial phase of extension

between East and West Antarctica as fragmentation of Gondwanaland began

(Tingey, 1991). Displacement of the Beacon and Ferrar Groups in the Scott-

Reedy Glaciers area is important to understanding post-Jurassic faulting history.

Cenozoic volcanic rocks of the Erebus Volcanic Province crop out in the

Scott-Reedy Glaciers area at Mt. Early and at Sheridan Bluff north of Mt. Weaver

(Stump et al., 1980). A curious difference between the Mt. Early and Sheridan

Bluff volcanics and the rest of the Cenozoic volcanic rocks seen along the length

of the TAM is that they are significantly inboard of the TAM Front (-180 km)

and so may not be fault-controlled as the other Cenozoic volcanic centers appear

to be.

Unidentified metamorphic rocks have been mapped along the Watson

Escarpment in the area of Phelger Dome, the eastern Berry Peaks and at Spear

Nunatak at the head of Reedy Glacier. These rocks consist of amphibolites,

gneisses, mica schists, quartzites, and phyllites. The degree of deformation and

lack of calcareous units makes even correlation to other units tentative (Heintz,

1980; Borg and DePaolo, 1994; Stump, 1995).
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Heintz (1980) and Lowry (1980) described several non-granitic (mafic)

intrusions in the Leverett Formation at Mt. Webster and in the Bender Mountains.

However, their age and origin were not studied in depth. According to Wareham

and others (2001), such mafic intrusions may represent part of a bimodal volcanic

suite that erupted in the central and southern TAM during early Cambrian time.

Quaternary sedimentation is limited to glacial moraines. Glacial geology

of the Reedy Glacier area is summarized in Mercer (1968).

Structural Geology

The majority of structural features in the Scott-Reedy Glaciers area are

sub-parallel to the trend of the mountains. Basement rocks were typically

isoclinally folded into east-west-trending folds during episodic deformation

events associated with the Cambrian-Ordovician Ross Orogeny. Beacon and

Ferrar rocks are nearly horizontal to gently tilting (18°SW at Mt. Weaver;

Doumani and Minshew, 1965), following the peneplain of the Kukri Erosion

Surface. Broad anticlinal and synclinal structures, formed during post-Jurassic

deformational events, are suggested but not verified within the Beacon and Ferrar

sequences (Katz, 1982), however these strata lack the degree of metamorphism

and deformation of the underlying units.

Pre-Beacon Supergroup faults are generally sub-parallel to the trend of the

mountains and are generally high-angle reverse faults. Some faults and their

associated gouge zones show a component of dextral shear such as the Ackerman
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Fault in the La Gorce Mountains and at Cox Peaks. Others show a sheared gouge

zone but offset is difficult to ascertain due to the highly penetrative fracturing of

the rocks (e.g. Supporting Party Mountain). High-angle reverse faults dip both to

the north (e.g. Mt. Manke) and to the south (e.g. Ackerman Fault, Lee Peak)

(Borg, 1980; Heintz, 1980; Stump and Fitzgerald, 1992; Stump et al., 1986). The

age of faulting north of the Watson Escarpment is unknown because younger

units have been eroded.

Post-Beacon Supergroup faults are also subparallel to the mountains and

to pre-Jurassic faults, but show mainly normal displacement and in some cases

show a strike-slip component (Katz, 1982; Stump and Fitzgerald, 1997; Stump et

al., 1986). The most conspicuous Post-Beacon feature is the Watson Escarpment

(Fig. 7), an arcuate and laterally extensive cliff face between the Scott and Reedy

Glaciers, exposing the near flat-lying Beacon and Ferrar Groups overlying the

peneplained basement rocks. The Watson Escarpment represents the most uplifted

part of the TAM in this area.

Katz (1982) inferred several normal faults by analysis of a structure

contour map made of the base of the Beacon Supergroup (Fig. Ba,b) which varies

from approximately 2200 - 3700 m in the area. He found that the area between

the Reedy and Scott Glaciers is broken up into a series of discrete blocks that

appear to have moved and tilted relative to each other. Blocks north of the La
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Figure 7. The Watson Escarpment is a laterally extensive feature that

forms the northern boundary of the southern TAM in the

Scott-Reedy Glaciers area. The view in this photograph is

looking toward the south. Basement granitic rocks form the

steep lower portion of the cliff. The basement rock is eroded

nearly flat, forming the planar Kukri Erosion Surface. On top
of the Kukri Erosion Surface are the subhorizontal sediments

of the Beacon Supergroup. The elevation change over the

Watson Escarpment is approximately 1000 m.



Figure Ba. Structural contourmap of the base of the Beacon

Supergroup, Queen Maud Range, Antarctica from aerial

photographs and field mapping (from Katz, 1982). The

base of the Beacon Supergroup defines the Kukri Erosion

Surface and can be used to determine the orientation of the

TAM. The Queen Maud Mountains are divided into a

number of discrete faulted blocks.
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Figure Bb. Profiles corresponding to Figure Ba. The base of the
Beacon Supergroup was inferred where it could not be seen

(from Katz, 1982).
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Gorce Mountains generally tilt southwest whereas blocks south of the La Gorce

Mountains tilt toward the northeast. Katz (1982) also inferred major normal faults

bounding the Leverett Glacier. Faults oriented obliquely to the main set are

inferred down the axis of the Scott and Amundsen Glaciers, south of Mt.

Vaughan, at Mt. Warden, on the Watson Escarpment near the Stanford Plateau, at

Mt. Howe, and in the Wisconsin Range. Horst and graben structures are present

throughout the Watson Escarpment area.

In the Wisconsin Range, there are two sets of normal faults, one trending

NE-SW and the other NW-SE. Fault displacement on individual faults is as much

as 300 m and total displacement is approximately 800 m. Post-Beacon faulting in

the Wisconsin Range has resulted in an overall southward displacement and

northward and westward block tilting (Murtaugh, 1969).

Although post-Beacon faulting can be constrained only to post-Permian in

the Scott-Reedy Glaciers area, similarities to the rest of the TAM suggest that

post-Beacon faults are likely of Cenozoic age and directly related to the main

uplift of the TAM.

A fission track profile from Mt. Griffith west of the Scott Glacier shows

that uplift and denudation of the TAM in the Scott-Reedy Glaciers area may have

started in Early Cretaceous time (~112 Ma) with a second episode in Late

Cretaceous time (~81 Ma) followed by a widespread Cenozoic (~62 Ma in this

area) episode that accounts for the present topography along the entire TAM
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(Stump and Fitzgerald, 1992). If this is the case, then uplift likely began in the

southern TAM prior to the rest of the TAM.

Subglacial Morphology Between the Scott-Reedy Glaciers Area and the

South Pole

Drewry (1972) performed a radar sounding survey between the central

TAM and the South Pole that covered the Scott-Reedy Glacier area. The results

from this survey showed a region from 89°S into the interior of Antarctica, which

he called the Interior Lowlands, where the bedrock surface shows approximately

400 m of relief at wavelengths of 4-6 km.

Northward, Drewry (1972) defined a Transitional Zone in which the

interior lowlands impinge upon formidable, ice-covered mountain ranges with

approximately 1000 m of relief that appeared to form several fault blocks. He

found that in the Scott-Reedy Glaciers area, the Transitional Zone abuts into a

region he called the Upland Plains. Drewry (1972) noted that south of Mt. Howe

at the head of the Scott Glacier the tableland is well developed for approximately

80 km in an east-west direction and he speculated that the surface may be

structurally controlled by the subhorizontal Beacon Supergroup and Ferrar Group.

He noted similar platforms in the Nilsen Plateau and the La Gorce Mountains.

Other substantial subglacial features found included a linear depression that

extends from the head of Scott Glacier southeastward and speculated that such

features may be fault controlled.
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Drewry (1972) also referred to a Dissected Upland southward from the

exposed TAM. He found that outcrop patterns seen in the exposed ranges seemed

to be repeated subglacially. The high regions impinge the surface as nunataks.

The Dissected Upland is better developed in the west. Eastward toward the

Horlick Mountains the Upland gives way to the Transition Zone, the linear

depression, and the Upland Plains. Drewry also noted that the valleys of the

Dissected Upland form tributaries to existing glaciers in the central and western

Queen Maud Mountains. Valley ‘networks’ were also found trending southward

toward the cratonic interior and may represent submerged but well-preserved

alpine glacier networks (Drewry, 1972). Radar sounding data from this study will

contribute significantly to Drewry’s (1972) characterization of subglacial

morphology in the Scott-Reedy Glaciers area.
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DATA AND METHODS

The airborne survey was designed to maximize resolution of the

topographic expression of structural geologic features. Long transects were flown

perpendicular to major structural trends, such as the TAM Front and anticipated

associated structures, in order to maximize resolution of these features.

The Polar Basin Transect (PPT) survey was completed during the 1998-

1999 austral summer. The airborne survey was 850 km long (N-S) and 130 km

wide (E-W) and flown at a constant altitude of -3400 m above sea level. Long

transects were spaced 10.6 km apart and tie transects were spaced 30 km apart.

The survey extended from the Ross Ice Shelf, southward over the mountains

along the 150°W parallel and between the Scott-Reedy Glaciers, then over the

high plateau and through the South Pole. Over 15,000 line-km of data were

collected, processed and interpreted.

Airborne Platform and Instrumentation

The airborne platform consisted of a 300 series deHavilland Twin Otter

aircraft (Canadian registration C-FSJB) custom configured by The University of

Texas Institute for Geophysics (UTIG) and operated by Kenn Borek Air Ltd.,

Calgary, Canada (Fig. 9). The aircraft was configured with geophysical
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Figure 9. The UTIG airborne platform consists of ade Havilland

aircraft configured with radar sounding antennas, a gravity
meter, a cesium vapor magnetometer, a laser altimeter,
differential carrier-phase GPS, and navigation systems.
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equipment in Antarctica at the start of the field season. Geophysical

instrumentation included GLONASS (Russian Global Navigation Satellite

System), an inertial navigation system, and carrier phase differential GPS

navigation and precise positioning systems, a Bell Aerospace BGM-3 ship gravity

meter modified for airborne use, a towed Geometries model 823-A airborne

cesium magnetometer, a diode-pumped YAG laser, and a pulsed 60 MHz radar

designed and built by The Technical University of Denmark (TUD) and UTIG. A

summary of instrumentation specifications is provided in Table 1.

The radar sounding system included two wing-mounted dipole antennas.

The ice-penetrating radar has a 250 ns pulse at a peak power of ~8 kW with

12,500 pulses transmitted each second. Each sweep of echoes from a transmission

was digitized at a 16 ns sample interval with 2048 of these sweeps being stacked

to form a single record. The trackline sampling distance between these records is

approximately 10-12 m.

Survey Parameters: Polar Basin Transect (PPT) -1998-1999 Field

Season

The PPT survey was flown from December 3-18, 1998, corresponding to

UTIG’s eighth field season in the Ross Transect Zone (RTZB). Main base

operations occurred at the South Pole Station and a secondary base at remote field

station Downstream B on Ice Stream B north of the TAM.
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The PPT survey was approximately 850 km long (N-S) by 130 km wide

(E-W) and divided into two separate grids, the East Grid and the West Grid (Fig.

10), corresponding to geographical areas (hemispheres relative to 0° longitude)

flown relative to an arbitrary South Pole origin. The West Grid extended 630 km

from the South Pole along the 150°W meridian across the polar plateau and

perpendicular to the TAM between the Scott and Reedy Glaciers to Ice Stream A

at the edge of the eastern Ross Ice Shelf. The East Grid extended 220 km from the

South Pole along 30°E longitude. Two high-resolution low-altitude surveys were

flown during the PPT survey. One survey was flown from 510 km to 615 km

north of the South Pole in the West Grid to enhance resolution of important TAM

Front structural features and structures that may affect the presence and motion of

Ice Stream A. The other low-altitude survey was flown over the South Pole to

enhance resolution of subglacial lakes and deep basement structures.

Eleven parallel long transects spaced 10.6 km apart were flown in the N-S

direction and tie transects spaced every 30 km were flown in the E-W direction.

15 km ‘run-ins’ and ‘run-outs’ were added to the beginning and end points of

each transect to ensure that data were collected to the survey boundaries. High-

altitude surveys of the East and West grids were flown at an elevation of -3400

m. Low-altitude surveys of the West and East grids were flown at elevations of

3150 m and 800 m, respectively. Survey design specifications are discussed in

Appendix 1.

During the RTZB field season, there were three flight windows daily and

one no-fly window during a daily magnetic noisy period.



Figure 10. The Polar Basin survey was approximately 850 km long by
130 km wide. The survey extended from the Ross Ice Shelf

over the TAM between the Scott and Reedy Glaciers and

along 150°W and through the South Pole along 30°E. The

survey was split into two grids, the East Grid and West Grid,
where long transects (Y lines) were spaced 10.6 km apart and

tie transects (X lines) were spaced every 30 km.
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Flight windows were determined and monitored by continuous base

station magnetometer readings.

Base Station Instrumentation

Base station GPS provided a stationary reference for solutions of

differential carrier-phase GPS tied to an absolute position at McMurdo station.

Base station magnetometer readings were used to correct for diurnal variation of

the magnetic field. The South Pole base station was equipped with three GPS

receivers and two magnetometers and Downstream B had two GPS receivers and

one magnetometer.

Radar Data Processing

Radar sounding records are typically interpreted without substantial data

processing. In this study, seismic migration processing methods were applied to

differentiated radar sounding records experimentally to correct for angular
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relationships of the bed surface (Fig. 11). Because radar records image only the

air/ice, ice/bed and air/bed interfaces without substantial bed penetration, only

morphological data may be extracted about the bed surface. Therefore, for

detailed structural analysis, it is imperative that ‘true’ angular relationships are

preserved. Seismic migration provided a method of processing that more

accurately displays planar dips.

A 2-layer, 2-D finite difference migration was applied to all radar records

to account for latitudinally varying ice and air thickness along the length of a

transect. All migration was done using Paradigm Geophysical’s Focus version 4.3

seismic processing software. Median trace spacings for each transect were used.

A 2-layer velocity model was derived using ice surface picks and nominal air/ice

velocities. 80% Vr.m.s. velocities were calculated at each point as per the Dix

(1959) equation:

Where Vi is the velocity of radar waves in air (300 m/ps) and V 2 is the velocity of

radar waves in ice (169 m/ps), ti is the distance to the air/ice surface interface in

two-way time and t 2 corresponds to the two-way time between the ice surface and

the end of the radar record and includes the ice/bed surface interface. More points

were picked when there was more topographic variation.

Vr.m.s. = [((tivi
2
) + (t2v2

2))/(ti+t2)]
1/2



Figure 11. Interpretation of the bed surface was greatly enhanced by
performing a finite difference migration on the radar data

using a seismic processing software package. By migrating
the radar data, angular relationships lost in data acquisition
(a) were corrected (b), thereby increasing the resolution of

structural features. Scale bar at right shows difference in

scale above and below the ice surface.
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Migrated files were then imported into Schlumberger Geoquest’s lESX

version 3.7 software for interpretation. The ice and bed surfaces were picked (Fig.

12) using the following criterion:

1. The strongest echo was picked with the assumption that it was the

echo received from directly below the aircraft.

2. When a mountainous looking bed surface was superimposed upon a

horizontal bed surface echo, the horizontal surface was picked due to

the likelihood that the more mountainous echo came from off to the

side of the aircraft.

3. When two equivalent (in strength) bed echoes were superimposed, the

higher of the two was chosen because the lower echo probably came

from the side.

4. The ice surface echo was chosen as the initial strongest ‘horizontal’

record.

5. Geologic maps were used where available to supplement and cross

check bed surface picking.

Migration improved the radar record by correcting for angular

relationships that became cluttered from diffraction hyperbolae that result from

imaging one point reflector at several aircraft locations. Point reflectors are

displayed in the up dip direction and migration replaces point reflectors to their

correct position below the aircraft as well as correcting for vertical reflection time



Figure 12. After the differentiated radar data (a) were migrated (b), the
ice and bedrock surfaces were interpreted (c) and compared
to the known geology where possible (d).
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(Kearey and Brooks, 1984). Migration worked better on echoes that came from

directly below the aircraft because the 2-D migration algorithm assumes all

arrivals are in the vertical plane of the section; out of plane reflectors are,

therefore, not correctly migrated.
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OBSERVATIONS AND RESULTS

Results were derived from comparison of gridded surface elevation, ice

thickness and bed surface elevation maps to radar records for every survey

transect and to the known geology where possible.

Subglacial Topography

A bed surface elevation map was produced (Fig. 13) by subtracting the ice

thickness from the surface elevation. A gridded map was produced using a

splining algorithm from the unmigrated data, then migrated bed surface picks

were overlain on the gridded surface (Plate 2). The migrated data were not

gridded using a splining algorithm in order to insure that as much detail as

possible was preserved. Bed surface elevations are measured relative to the

ellipsoid (WGSB4).

In general, the bed surface rises in elevation from the East to the West grid

until an abrupt drop at the Watson Escarpment where the topography decreases in

elevation from > 3000 m to near sea level over ~ 60 km. The area of TAM

outcrop, and known geology, is between Mt. Howe, north of transect Wx/X34,

and the Harold Byrd and Bender Mountains at line Wx/X49. The PPT corridor is

divided into four discrete provinces on the basis of distinctive morphological

signatures:



Figure 13. Bed surface elevation in meters above the ellipsoid
(WGSB4). The bed surface increases over the length of the

survey to the Watson Escarpment (in red) where the bed

surface elevation rapidly decreases toward Ice Stream A.

Morphological provinces were determined by comparison of

the gridded bed surface to radar records.
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1) Province 1: South Pole Basin and Plateau

2) Province 2: Alpine Glaciated Region

3) Province 3: Transantarctic Mountains Massif

4) Province 4: Transantarctic Mountains Front

Province 1: South Pole Basin and Plateau

The entire East Grid and the southern West Grid to line Wx/XO7,

encompass a region of relatively subdued topography (Plate 2). The most notable

feature is an approximately 60 km wide NW-SE trending basin that is more than

1000 m below the ellipsoid between lines Ex/XOl and Ex/XlO (Fig. 14). The

basin is covered with up to 4 km of ice. Below approximately “1500-" l 700 m there

is no radar echo return, indicating that the ice/bed interface is either too deep or

too rough to detect. The flanks of the basin are gently sloped in the western

section of the survey but are steeper in the eastern part of the survey. Between the

South Pole Basin and the South Pole, the bed surface elevation rises gently and

then decreases gently, forming a broad ridge-like feature that is higher in the west

than in the east and oriented parallel to the basin. Near the South Pole the bed

topography flattens out into a broad plateau region with little topographic

variation in the echo roughness (Fig. 15). Throughout the South Pole Plateau area

bed echoes are strong, due to a nearly planar, nearly horizontal surface and

thinner ice (2-3 km). Ice thickness is approximately 3 km at the South Pole.



Figure 14. Province 1: The South Pole Basin - Uninterpreted and

interpreted radar records along three transects in the South

Pole Basin. Bed surface maps showing transect locations are

shown on right with scale. The ice surface is nearly
horizontal. The ice is 3-4 km thick and shows well-preserved
internal layering. The bed surface data are lost below a depth
of approximately -1500 m below the ellipsoid (WGSB4).
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Figure 15. Province 1: The South Pole Plateau- Uninterpreted and

interpreted radar records along three transects in the South

Pole Plateau area. Bedrock surface maps showing transect

locations are shown on right with scale. The ice surface is

nearly horizontal. The ice is ~3 km thick and shows well-

preserved internal layering. The bed surface is subhorizontal.
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Internal ice layering is preserved well and generally follows the bed topography.

Total topographic relief in the South Pole Basin and Plateau Province is

approximately 1500 m. In the West Grid, topography near the South Pole is

similar to that in the East Grid, fairly subdued with little topographic variation

until about line Wx/XO7 where the bed surface elevation begins to increase.

Province 2: Alpine Glaciated Region

Between lines Wx/Xl3 and Wx/X34 three major blocks are present (Plate

2). Each block has linear steep-sided boundaries, which may indicate that the

topography of the three blocks are fault controlled. These blocks are transitional

areas that share bed morphology characteristics with both the Alpine Glaciated

Region and the Transantarctic Mountains Massif (Province 3).

On the western side of the survey near line Wx/XO7 the bed surface

increases in elevation steadily from approximately 750 m at Wx/Xl3 to more than

2000 m where Mt. Howe comes up through the surface at Wx/X3l, forming the

NW-SE trending Block A. North of Mt. Howe at the head of Scott Glacier

crevassing obscures the radar record. It does appear, however, that Block A is

fault-bounded on the north side by a north-dipping normal fault that displaces Mt.

Howe upwards relative to Scott Glacier. This is consistent with the mapped

geology at Mt. Howe, which shows a NW-SE-trending fault on its north side

(Katz, 1982; Plate 1). Block A is evident between Wy/YOl to Wy/YO4 but likely

extends west of the survey.
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East of Block A is another elongated block (Block B) with a NW-SE trend

but it is not as topographically high as Block A. Block B is approximately 10 km

wide at its northern end and 30 km wide at its southern end. Block B has a nearly

continuous elevation of -1200 m. The boundaries of this block are also linear,

suggesting that it also may be fault controlled.

Between Blocks A and B is a broad depression which is approximately 30

km wide north of the two blocks at Wx/X34 and narrows to approximately 20 km

at Wx/X2B and then gradually broadens southward to the South Pole Plateau.

From line Wx/XO7 northward to Wx/X2B, radar records show a highly dissected

surface. Between lines Wx/Xl6 and Wx/X25, U-shaped valleys and flat-topped

mesas are especially well preserved in this depression (Fig. 16). The dimensions

of the valleys are approximately 800-1000 m deep by 2-3 km wide, similar to the

dimensions of present alpine glaciated valleys. The U-shaped valleys are steep-

walled and flat-bottomed with a strong echo return, suggesting that there may be a

thin water or sediment layer between the ice and bed. These valleys and mesas

can also be seen within Blocks A and B but are not as well developed as those in

the depression, suggesting that Blocks A and B formed the headlands for the

valley glaciation network. From Wx/Xl6 southward to Wx/XO7 there is still

evidence of these valleys, although their broader shape and lower topographic

relief may reflect a downslope, possibly fluvial, component of a large drainage

network.

Total ice cover averages 2-2.5 km in the Alpine Glaciated Region. Internal

ice layering is well preserved, however, it is difficult to say whether the ice



Figure 16. Province 2: The Alpine Glaciated Region- Uninterpreted and

interpreted radar records along three transects in the Alpine
Glaciated Region. Bed surface maps showing transect

locations are shown on right with scale. The ice surface is

nearly horizontal, however, the ice thickness is —1.5-2.5 km.

U-shaped valleys are well-preserved especially in the

northern section of the province (a). Southward the valleys
widen, perhaps due to a more fluvial dominated part of the

preserved drainage network (b). The valleys are smaller in

the higher massifregion on the western side of the survey

suggesting that paleo drainages flowed southeastward from

the highlands.
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present in the U-shaped valleys is ice that was present prior to continental

glaciation or whether it was formed as part of the East Antarctic Ice Sheet.

Province 3: TransantarcticMountains Massif

The TAM Massif includes a southern subglacial part and the area of

outcrop from Mt. Howe to the Watson Escarpment (Plate 2). The subglacial TAM

Massif includes northern Block A and the area north of line Wx/X25 between

Wy/YO6 and Wy/Yll that is below the ice surface (Block C). This province is

characterized by a region of rough topography with strong bed echo reflections

(Fig. 17). It is an area of large peaks and valleys with 1-2 km of ice cover. The

subglacial TAM Massif topography is undulating but in general rises in elevation

toward the northern section of the survey at the Watson Escarpment. The southern

boundary of Block C is an abrupt linear boundary that can be traced in a NW-SE

direction from Wy/YO6 to Wy/Yll. This boundary is likely a south-dipping

normal fault that may extend to north of Mt. Howe and control the northern part

of the head of Scott Glacier.

Correlating subglacial features in the TAM Massif is difficult due to an

increasing number of outlet glaciers and crevasse fields that drain ice from the

south of the Watson Escarpment to the Ross Embayment. Glaciers and crevasse

fields cause the radar echo to scatter such that resolution of the bed surface

beneath major glaciers and crevasse fields is unresolvable.



Figure 17. Province 3: The TAM Massif - Uninterpreted and interpreted
radar records along three transects in the subglacial TAM

Massif. Bed surface maps showing transect locations are

shown on right with scale. The subglacial TAM Massif has a

rugged topography with mountainous peaks and valleys.
Block A (b), located on the west side of the survey tilts

gently southward with Mt. Howe its highest point cropping
out at the northern end. Mt. Howe is bounded on the north

side by a north-dipping normal fault that probably plays a

role in structural control of the head of Scott Glacier. The bed

surface of Block C (c) forms a coherent block. The fault

shown separates Block C from the region ofmaximum uplift
between the Watson Escarpment and Van Reeth Glacier.

Radar records of the subaerial TAM Massif are shown in

Appendix 2.
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The outcropping part of the TAM Massif forms an approximately 150 km wide

(in the N-S direction) swath from Mt. Howe to the Watson Escarpment (Plate 1,

2; Appendix 2). The ~50 km wide (in the N-S direction) section between Van

Reeth Glacier, north of the La Gorce Mountains, and the Watson Escarpment forms the

region of maximum uplift. A small uplifted block at Phelger Dome forms the highest part

of the Watson Escarpment with surface elevations > 3000 m.

Province 4: Transantarctic Mountains Front

The TAM Front includes the area from the Watson Escarpment northward

across Leverett Glacier and to Ice Stream A (Plate 2). The TAM Front between

the Scott and Reedy Glaciers is characteristic of the TAM Front in general with an

abrupt topographic change over a relatively short distance. The TAM Front is

characterized by a series of down to the north normal faults.

The Watson Escarpment forms a laterally continuous and arcuate cliff face

that extends from Mt. Blackburn eastward to the Quartz Hills. The relief between

the Watson Escarpment and the down faulted section directly north of it is

approximately 1500 m over less than 15 km (Fig. 18). The Watson Escarpment

acts as an ice dam, which is breached by the head of Leverett Glacier at Wy/YO7

north of Wx/X46 and where the Kansas Glacier enters Reedy Glacier. The

Watson Escarpment is a dramatic feature that is especially well developed

between lines Wy/YO3 and Wy/YlO that is offset left laterally at Wy/YO4 and



Figure 18. Province 4: The TAM Front - Uninterpreted and interpreted
radar records along three transects in the subglacial TAM

Front. Interpreted sections are combined with known surface

geology. Bed surface maps showing transect locations are

shown on right with scale. The TAM Front is characterized

by a series of down to the north normal faults with dips
typically 15-45°. Figure 18 (b) is a profile across the Watson

Escarpment at the location of the head of Leverett Glacier.

The Watson Escarpment consistently has -1000-1500 m of

relief except at this location, suggesting the presence of a

large structural feature that controls the head ofLeverett

Glacier. Eastward ofLeverett Glacier, the Watson

Escarpment and TAM Frontal faults are again well developed
(c).
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Wy/YO7. Interpreted radar (Plate 2) and geologic (Plate 1) data indicate that the

head of Leverett Glacier may be a faulted zone that separates the Watson

Escarpment into two discrete blocks.

Leverett Glacier also appears to be in a NW-SE trending, fault-bounded

basin (Plate 2). The Tapley Mountains are on the upthrown side of the southern

bounding fault. The Harold Byrd Mountains, Bender Mountains, and Berry Peaks

are all on the uplifted side ofthe northern bounding fault.

North of the Harold Byrd and Bender Mountains the boundary is also

fairly linear with subglacial bed topography decreasing more than 1500 m to form

the trough for Ice Stream A. The low-altitude surveys of this region image a

substantial change in the bed surface roughness from a relatively rough surface

topography of the Harold Byrd and Bender Mountains to a nearly planar surface

that forms the base of Ice Stream A. The planar bed surface echo is strong and

especially well imaged north of Wxss and on the low altitude survey lines.

Faulting

Faults were determined by a consistent and abrupt change in the

topography that could be traced over several transects. The majority of faulting is

NW-SE trending, subparallel to the trend of the TAM. Large-scale (km) faults

were easily distinguished and correlated across the Wy lines where resolution of

the bed surface is higher due to closer line spacing. Offset could not be easily

determined because of the lack of stratigraphic correlation across faults in the
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mapped geology. All faults interpreted were determined to be normal faults on the

basis of known geology and topographic expression. Outcrop-scale faults were

not identified in this study because this would require a higher resolution analysis.

Relatively low-angle normal faults bound the region of maximum uplift on

both the north and south sides (Appendix 2). Faults north of the Leverett Glacier

appear to become higher angle features, however, the exact dips are difficult to

ascertain from radar records due to surface crevassing. The base of the Watson

Escarpment is formed of granitic rocks whereas the upper portions of the Jurassic

Beacon Supergroup rocks overly the Kukri Erosion Surface in the western part of

the survey. Because the granitic rocks have a greater resistance to weathering than

the Beacon sediments, the slope of the granitic rocks more closely approximates

the dip of the true fault surface. West of Wy/YO7, the fault dips between ~25-

53°N. Between Wy/YO6 and Wy/YOB the fault surface decreases to ~l9°N, and

east of Wy/YO7, the fault dips ~43°N to Phelger Dome. The fault directly to the

north of the Watson Escarpment between the mountains and the Leverett Glacier

shows a ~13-28°N dip between lines Wy/YO9 and Wy/Yll. The fault bounding

the south side of the exposed TAM Massif extends from the Mt. Blackburn area

to the Caloplaca Hills. The fault surface dips between Y2s°-45°S with steeper dips

at the east an west ends. The most southern bounding fault is between Block C

and the Alpine Glaciated Province. Dips on this fault are ~ls°-30°S.

Limited sampling, may obscure obliquely oriented faults, as correlation of

faults across the Wx lines, spaced 30 km apart, was difficult. There is evidence

for large-scale oblique faulting along the west side of the survey between the La
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Gorce Mountains and Mt. Blackburn. This fault dips northwest and may be a

basin margin structure controlling the east side of Scott Glacier. Another similarly

oriented fault that dips eastward is present along the eastern side of the La Gorce

Mountains and extends northward to the Mt. Blackburn area creating an upthrown

block (Block 1). A subparallel east-dipping fault may extend from the head of

Leverett Glacier at the Watson Escarpment southward, splitting the region

between Mt. Blackburn and Phelger Dome into two blocks (Blocks 2 and 3).

There is evidence for smaller-scale, oblique faults, however, their true

orientations are unknown because they could not be correlated to another line.

Uplift estimates along the TAM Front are not easily resolved for several

reasons. One reason is because younger rocks do not crop out north of the Watson

Escarpment. Another reason is that identifying lithologies on both the subglacial

and exposed bed surface using radar records is tenuous. Even where the geology

is known, it is difficult to resolve rock type and track the unit subglacially in the

radar records.

The best location for speculation on both lithologies and tilting and uplift

is at Mt. Blackburn where geology has been mapped by Stump and others (1985)

and Katz (1982). Lines Wy/YO3 and Wx/X43 (Fig. 19a, 19b) show profiles of the

Mt. Blackburn area. Both profiles show a more weathered section in the upper

800-1000 m that corresponds to the Beacon Supergroup. Midslope on both

profiles is a fairly planar surface that may represent the Kukri Erosion Surface.

Connecting the ledges on either side of the Mt. Blackburn produces a shallow,

southward-dipping Kukri Erosion Surface. This is in contrast to Katz’s (1982)



Figure 19a. Interpretation of lithologies at Mt. Blackburn using radar

records. The Beacon Supergroup shows a more differentiated

weathering profile than the granite beneath it. The Kukri

Erosion Surface is interpreted from the planar ledges seen at

the base of the Beacon Supergroup and shows a shallow SW

dip.
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Figure 19b. Interpretation of lithologies at Mt. Blackburn using radar records

The Beacon Supergroup shows a more differentiated weathering
profile than the granite beneath it. The Kukri Erosion Surface is

interpreted from the planar ledges seen at the base of the Beacon

Supergroup.
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findings as he shows that the erosion surface tilts northeast from Mt. Mooney to

Mt. Blackburn. Below these ledges, the slopes become steeper due to a change in

lithology to granitic basement rocks.

Ice Surface Topography

Ice surface elevations are measured by measuring the travel time of radar from

the aircraft to the ice surface. The radar has been leveled and surface elevations are

measured in meters above the ellipsoid (WGSB4) (Fig. 20). Over the length of the survey,

the surface elevation decreases northward. The ice surface is relatively flat from the

South Pole to 89°S. Flere the surface elevation varies little between 2500-3000 m.

Between 89-88°S on the western side of the survey, the surface elevation increases to

-3700 m and then decreases again over the width of the survey with a steeper gradient

from 3500 m to 2500 m. At the head of Scott Glacier on the west side of line Wx/X4O,

the elevation drops -1000 m over a distance of approximately 30 km. Similarly, from the

Watson Escarpment to the north, the surface elevation decreases from > 3000 m to sea

level over approximately 60 km.

Ice Thickness

Ice thickness is the difference between the surface and bed elevations in meters

above the ellipsoid (WGSB4) (Fig. 21) and therefore, reflects the characteristics of the
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bed. The thickest ice in the survey area is at the South Pole Basin. Gradually, from the

South Pole northward the ice thickness decreases to zero where the TAM crop out and

then increases to 1000-1500 m thick north of the Watson Escarpment at Ice Stream A.



Figure 20. Ice surface elevations from radar. The ice surface elevation

increases toward the TAM Front where elevations abruptly
decrease northward.

83



84



Figure 21. Ice thickness is derived from subtracting the bed surface

elevation from the ice surface elevations. Ice thickness

decreases toward the TAM Front.
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DISCUSSION: INTERPRETATIONSAND IMPLICATIONS

Four distinct provinces are defined in the PPT survey corridor on the basis

of distinctive morphological signatures in the bed surface topography. The bed

surface elevation increases toward the Watson Escarpment where a series of NW-

SE-trending Frontal faults have the overall effect of lowering the bed surface as

far north as Ice Stream A. The ice surface reflects the topography of the

underlying bed surface in the TAM Massif and TAM Front Provinces, however,

features such as the South Pole Basin and Plateau and the Alpine Glaciated

Province are not reflected on the ice surface, due to the 2-4 km of ice cover.

Features in the South Pole Basin and Plateau province trend NW-SE

across the width of the survey. Both the basin and the flank leading up to the

plateau region are long wavelength features with an overall topographic change of

-1500 m toward the South Pole. The basin may be a part of a preserved drainage

system, perhaps associated with the drainage networks in the subglacial massif.

An alternative is that the basin could be a tributary that currently transports ice

from interior Antarctica toward the coast.

The Alpine Glaciated Province includes the southern TAM Massif where

U-shaped valleys and dissected lowlands are well preserved. U-shaped valleys are

800-1000 m deep and 2-3 km wide and appear to have had their origins in the

subglacial TAM Massif and flowed NNW-SSE, opposite of contemporary

glaciers that flow toward the Ross Embayment. With careful analysis, correlation



88

of these alpine drainage networks may be possible, but is beyond the scope of this

study. Whether the ice within the U-shaped valleys is preserved from the older

alpine glaciation or whether the ice is associated with continental glaciation

remains unclear. Ice core sampling would likely be necessary to resolve these

issues. If the ice is old ice, there may be important implications for Antarctic

climatic and glacial histories, and continental ice sheet dynamics. Glacial geology

mapped by Mercer (1968) in the Reedy Glacier area shows that the earliest snow

and ice cover is pre-Pleistocene so the U-shaped valleys would have formed

during or prior to Pliocene (Van der Wateren and Hindmarsh, 1995), possibly

contemporaneously with TAM uplift as wetter alpine conditions were replaced by

continental glaciation conditions.The TAM Massif includes a subglacial and

subaerial portion (Fig. 22, Plate 2). The southern subglacial part of the Massif is

characterized by undulating topography with many peaks and valleys. Three fault-

bounded blocks comprise the southern subglacial TAM Massif. Blocks A and C

form the highest parts of the subglacial TAM Massif whereas the NNW-SSE-

trending Block B is more eroded and dissected by U-shaped valleys. In Block A,

the bed surface elevation increases steadily northward over —IOO km to Mt.

Howe. Katz (1982) mapped a NW-SE-trending normal fault on the north side of

Mt. Howe. My interpreted radar records suggest that this normal fault could be a

major structural feature controlling the southern headwall of the Scott Glacier

The subaerial part of the TAM Massif extends -150 km from Mt. Howe to



Figure 22. Schematic block diagram of the southern TAM illustrating
the main structural components of the TAM Massif and TAM

Front as described in this study. All faulting described is

normal faulting. NNW-SSE faults separating Blocks 1,2, and

3 may show a left lateral component of displacement.
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the Watson Escarpment. Overall this section appears a fairly coherent block that

is bounded on both the north and south sides by low-angle normal faulting. The

~50 km wide region of maximum uplift lies between the Watson Escarpment and

Van Reeth Glacier and includes the large ice covered region south of the Watson

Escarpment. The region of maximum uplift is broken into at least three blocks

separated by NNW-SSE trending, normal faults that may have a strike-slip

component. The TAM Frontal fault along the Watson Escarpment appears to be

offset approximately 10 km in a sinistral sense between each of the three blocks,

suggesting that left lateral displacement has occurred on the faults separating each

of the three blocks.

Block 1 extends from the Davis Hills to Mt. Zanuk between Scott Glacier

and the California Plateau. Block 1 is broken up into a series of E-W trending

horst and graben structures that are large scale between the Davis Hills and Mt.

Blackburn and smaller scale north of Mt. Blackburn as mapped by Katz (1982;

Fig. 7a,b). The La Gorce Mountains are a large horst structure as suggested by

Katz (1982). Block 2 lies between Wx/X37 and the Watson Escarpment and

between Wy/YO4 and Wy/YO7 at the head of Leverett Glacier. The faulted

boundary between Blocks 1 and 2 may correlate with a NNW-SSE trending E-

dipping normal fault mapped by Katz (1982) east of Mt. Warden (Plate 1,2). Katz

did not identify Block 1 per se as he lacked strong evidence for faulting along the

eastern boundary of Scott Glacier and east of the La Gorce Mountains and Price

Bluff. Instead, he split the area encompassing Block 1 into several smaller blocks
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on the basis of the location of the Kukri Erosion Surface that dips northward from

the La Gorce Mountains to Mt. Zanuk. Overall, radar interpretation supports

Katz’s (1982) findings although it appears that his E-W trending horst and graben

structures are superimposed on the larger NW-SE trending Block 1 identified

here.

Block 2 is almost completely subglacial with the only outcrop along the

Watson Escarpment. Block 3 extends to Reedy Glacier between Wx/X37 and the

Watson Escarpment. There is little internal structure in Blocks 2 and 3.

Interpreted radar records show Block 2 dips toward the NW and Block 3 dips

toward the SE, consistent with Katz (1982), such that the faulted boundary

between Blocks 2 and 3 forms a low catchment basin that is breached by Leverett

Glacier at Wy/YO7.

The TAM Front in the Scott-Reedy Glaciers area is characterized by a

series of NW-SE (-20-50°) normal faults that have the overall effect of displacing

the bed surface downward to the north. The Watson Escarpment forms the highest

part of the range in this area and is consistently -1000-1500 m high relative to the

block that is downdropped directly north of the Watson Escarpment. Both the

head and main trunk of Leverett Glacier are in fault-controlled basins. Katz

(1982) inferred large-scale bounding faults on either side of the Leverett Glacier.

However, this study shows that the faulting there is more complex than he

inferred. The southern bounding fault is more curvilinear than Katz (1982)

predicted and the western end splays into two faults, down dropping the northern

end of the Tapley Mountains The northern boundary ofLeverett Glacier is formed
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by several faults rather than one as Katz (1982) suggested. The Harold Byrd

Mountains crop out on the southern side of a N-dipping uplifted platform on the

north side of Leverett Glacier. The Bender Mountains and Berry Peaks are on a

second uplifted block to the east. The bed surface morphology of Ice Stream A is

nearly horizontal except where there is a NW-SE trending central trough between

Wx/X55 and Wx/X6l.

The primary structural trend in the PPT survey area is NW-SE, subparallel

to the TAM. Though it is somewhat surprising to find such a continuity of

structural trend over 600 km from Ice Stream A to the South Pole, the TAM

margin has been reactivated many times since the late Proterozoic and later

tectonic events likely utilized zones of pre-existing weakness. NNW-SSE-

trending faults are interpreted subglacially and in the mapped geology. Basement

faults mapped by Stump (1985), Stump and Fitzgerald (1997), and Stump and

others (1986) are oriented NNE-SSW and are near vertical reverse faults,

typically with a horizontal component. Katz (1982) and Murtaugh (1969) mapped

NNW-SSE-trending faults that offset Beacon strata in the Wisconsin Range and

along the Watson Escarpment. Subglacially, there is strong evidence for NNW-

SSE-trending faults that separate and horizontally offset Blocks 1, 2 and 3,

including the eastern boundary of Scott Glacier.

The frequency of large-scale faults decreases southward in the subglacial

regions suggesting that the majority of TAM uplift deformation is limited to the

~200 km inland from the coast. Range-parallel faulting in the southern TAM may

reflect Jurassic faulting during initial rifting associated with fragmentation of
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Gondwanaland as suggested by Wilson (1992). In Southern Victoria Land and the

central TAM, Jurassic fault arrays show extensional components both

perpendicular and parallel to the TAM, while Cenozoic faults show only oblique

movement. If these results are extrapolated to the southern TAM, it could be

inferred that range-parallel faults are Jurassic age faults whereas obliquely

oriented faults are either Jurassic or Cenozoic age faults. Because NNE-SSW-

trending faults displace rocks as old as Precambrian and as young as Jurassic, they

must be at least post-Jurassic in age and are likely Cenozoic. There are no other

reports of evidence for post-Jurassic left-lateral shear on NNW-SSE oriented

faults in the Scott-Reedy Glaciers area and most observations of Cenozoic shear

in the Central TAM show a dextral component (Wilson, 1992, 1995).

Dip angles on normal faults subparallel to the TAM are 15-50°. Watson

Escarpment Frontal faults, as interpreted from radar records, dip -20-50° N.

North of the Tapley Mountains to Ice Stream A, the bed surface echo was

partially lost due to surface scattering from Leverett Glacier and Ice Stream A,

making fault interpretations difficult.

The region of maximum uplift between the Scott and Reedy Glaciers is a

zone ~50 km wide between the Watson Escarpment and the Van Reeth Glacier.

TAM uplift is a maximum along the Watson Escarpment where bed surface

elevations are > 3000 m. Therefore, 3000 m is a minimum for post-Jurassic uplift

of the TAM. Throw on TAM Frontal faults is difficult to ascertain because

younger rocks do not outcrop north of the Watson Escarpment and older rocks are

so deformed that correlation between sections across faults is not possible without
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further detailed stratigraphic analyses at several locations. Localized offset is 300-

800 m in the Wisconsin Range (Murtaugh, 1969). In the Scott Glacier area, the

thickness of Beacon strata is -800-1000 m and mainly of Permian age. The

expected thickness of the Beacon Supergroup in the TAM is -3000 m (Barrett et

al., 1979; Barrett, 1965), suggesting that up to -2000 m of younger Beacon strata

have been eroded from this area and the amount of total post-Jurassic TAM uplift

may be as much as -5000 m in the Scott-Reedy Glaciers area

This study largely supports the findings of Drewry (1972) who

characterized the subglacial morphology between the central TAM and the South

Pole from widely spaced radar sounding profiles. Although Drewry had little

control between the Scott and Reedy Glaciers, his limited observations are

validated by our radar data. The area between the South Pole Plateau and the

dissected lowlands in the southern part of the Alpine Glaciated Province

corresponds to Drewry’s (1972) Interior Sector, that he characterized as a region

of subdued relief with wavelengths between 4-6 km. This region extends interior

from the South Pole as suggested by Drewry (1972). The Transition Zone is

defined by Drewry (1972), as the area between the Interior Zone and the

mountainous areas with complex, but low-lying topography, which, may,

therefore, include the dissected region between the South Pole Plateau and the

Alpine Glaciated Province and TAM Massif. Drewry (1972) also noted the abrupt

boundary between the alpine glaciated region and Block C.

Blocks A and B and the northern Alpine Glaciated Province correspond to

the Undulating Upland Plains and Dissected Uplands of Drewry (1972). Drewry
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(1972) defined these areas as the subglacial extension of the TAM with southward

tilted blocks characterized by rugged topography alternating with areas of flat-

topped mesas and U-shaped valleys that appear to have their origins in the high

subglacial TAM Massif Province. These generalizations are consistent with the

observations made in the PPT corridor where small valleys in the subglacial

massif regions of Blocks A and C appear to ‘feed’ the U-shaped valleys and the

possibly fluvial drainage network toward the Antarctic interior.

Between the Scott and Reedy Glaciers the TAM are tilted toward the East

Antarctic interior. The highest part of the range in this area is along the Watson

Escarpment. The exposed portion of the TAM is broken up into a number of

discrete fault blocks that show differential orientation. Cenozoic uplift likely

initiated along possibly Jurassic age range-parallel normal faults that concentrated

deformation from the Ross Ice Shelf inland approximately 200 km. Subsequent

obliquely-oriented normal faulting during a later deformational stage could have

broken the uplifted region into smaller blocks that moved relative to one another.

Because the Beacon Supergroup is present along the crest of the Watson

Escarpment and seemingly absent in the ranges lying northward of it, the TAM

between the Scott and Reedy Glaciers appear to be block faulted upward. A

regional upwarp that domed the TAM with subsequent relaxation, downfaulting,

and selective erosion along the TAM front would be unlikely to produce this

relationship. Obviously, absolute displacement on TAM Frontal faults cannot be

determined due to the lack of Beacon Supergroup rocks on both sides of the

Watson Escarpment.
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CONCLUSIONS

Ice-penetrating radar sounding coupled with field geologic studies has

proven to be a powerful technique for examining the architecture and structural

geological relationships of the southern TAM. Although discerning rock-type

through bed surface roughness characteristics has not yet been studied in great

detail, some general statements can be made about subglacial lithologies through

analysis of weathering profiles and other geomorphological characteristics seen in

the radar records.

Radar interpretation was greatly enhanced by the application of seismic

data processing techniques, namely finite-difference migration. By migrating the

radar data, angular relationships were corrected and detailed structural and

morphological analyses were made possible. When radar records are combined

with gridded surface maps and the known geology, geological interpretations are

improved substantially. Radar data proved necessary to identify large-scale

structures unmapped by previous workers. Small-scale structures that were

mapped by previous workers can now be considered in the context of larger

structural features. Local differences between this study’s and Katz’s (1982) study

of the orientation of the Kukri Erosion Surface suggest that Katz’s conclusions are

in error to some degree.

Overall, the basement surface elevation increases from the South Pole area

to the Watson Escarpment where normal faulting accounts for the abrupt
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topographic change toward Ice Stream A. From the South Pole to the TAM and

interior East Antarctica between the Scott and Reedy Glaciers the subglacial

topography can be divided into four main provinces on the basis of distinctive

morphologies (Fig. 23). The South Pole Basin and Plateau Province is

characterized by a NW-SE-trending basin (part of the Polar Subglacial Basin)

with a northward rising flank that flattens out into a nearly horizontal surface. The

Alpine Glaciated Province contains well-preserved glacial valleys and paleo-

drainage systems that flowed from the TAM Massif highlands in the west

southeastward toward the South Pole Plateau. Future studies of the internal

structure of the heads of these paleodrainage networks would provide insight as to

where old ice might exist. There is not a large subglacial basin immediately

interior to the southern TAM as there is in Victoria Land (Wilkes Subglacial

Basin). Instead, the southward tilting Massif shows characteristics of alpine

glaciation and fluvial systems that were developed prior to the onset of

continental glaciation. The bed surface near the South Pole may represent the

downslope part of the highland drainage system.

The TAM Massif Province has both subglacial and subaerial components

that are characterized by high-relief topography and block faulting. The region of

maximum uplift in the southern TAM includes the ~50 km wide section between

the Watson Escarpment and Van Reeth Glacier (Plates 1 and 2). The region of

maximum uplift is bounded on both the north and south sides by a series of

normal faults that are subparallel to the TAM. From the La Gorce Mountains to

the Watson Escarpment, the TAM are separated into several distinct blocks. Fault
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density is greater on the north side and consequently causes an abrupt topographic

change from the Watson Escarpment to Ice Stream A in the TAM Front Province.

Major glaciers, including the Scott and Leverett Glaciers are fault controlled as

suggested by previous workers (e.g. Katz, 1982).

Subglacially, there is strong evidence for NNW-SSE-trending, east-

dipping oblique faults along the east side of Scott Glacier, the east side of the La

Gorce Mountains and Mt. Blackburn and from the head ofLeverett Glacier at the

Watson Escarpment southward (Fig. 22, Plate 2). These faults intersect and offset

the Watson Escarpment in a left-lateral sense, suggesting that there is a sinistral

component of faulting in the NNW-SSE-trending faults. These observations

contrast with other studies in the central TAM that site a dextral shear component

(e.g. Wilson, 1992,1995).

Cenozoic deformation appears to have affected the crust ~200 km inland

from the coast. The northern TAM Frontal boundary is an abrupt normal fault

zone with a high-density low-angle normal fault population. The Watson

Escarpment forms the highest part of the range between the Scott and Reedy

Glaciers. The outcropping section of the TAM was likely uplifted as one fairly

coherent W-E-trending block that was subsequently faulted into a series of three

NNW-SSE-trending blocks separated by oblique normal faults with smaller W-E-

--trending horst and graben structures superimposed on the larger blocks. The

absence of Beacon Supergroup rocks or younger strata on both sides of the

Watson Escarpment as well as a lack of any broadly folded Beacon strata south of

the Watson Escarpment suggests that the southern TAM were not formed as a
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result of a regional Cenozoic upwarping with subsequent downfaulting along the

TAM Front. A more plausible scenario is that the TAM Front lies along a

discontinuity between the TAM and the WARS that has allowed the TAM to be

block-faulted upward.

Previous structural geological interpretations in the Scott-Reedy Glaciers

area were greatly enhanced with the addition of interpreted radar sounding

records. Future studies with radar sounding data should focus on several

important issues including:

Correlation of lithologies through high resolution radar echo

characterization;

Identification and characterization of the Kukri erosion surface

subaerially and subglacially;

Detailed studies of radar records in the context of small-scale

previously mapped structural geology;

Detailed studies of paleodrainage networks and their internal

structure.
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Appendix 1

Survey Design

Transect waypoints were first calculated using an arbitrary grid coordinate

system with the origin (0 km, 0 km) at the South Pole. The start of transect

(inclusive of a 15 km ‘run-in’), start of line, breakpoints, end of line, and end of

transect (inclusive a 15 km ‘run-out’) were all given grid coordinates in meters

away from the origin based upon an x-y coordinate system where +y was north

along the 150°W meridian in the West Grid, -y was north along the 30°E meridian

in the East Grid, and +x was north in the 60°W direction (perpendicular to the y

direction). Long transects flown in a N-S direction, named Y transects, increase in

number northward from the South Pole along 60°W longitude. Tie-line transects,

flown in an E-W direction and named X transects, increase in number from the

northernmost tie line in the East Grid to the northernmost tie line in the West

Grid. Neighboring transects were flown in opposite directions such that in the

West Grid the odd-numbered Y lines were flown from south to north while even-

numbered Y lines were flown from north to south. The opposite pattern was flown

in the East Grid. Odd-numbered X lines were flown from west to east and even-

numbered X lines were flown from east to west in both grids. Breakpoints were at

210 km and 420 km north of the South Pole in the West Grid.
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Grid coordinates were subsequently converted into latitude and longitude

coordinates using code (psp_xy2ll) written by Scott Kempf. This code

incorporates the following parameters:

Reference spheroid WGS-84

Coordinate system Polar stereographic
Grid Origin Lat., Long, (deg.) -90.00, -150.00

Grid Origin Shift (m) 0.0, 0.0

Grid Rotation (deg.) 0
1
0

Semi-major axis (m) 6378137.0

Semi-minor axis (m) 6356752.3141

Master waypoint tables containing both grid and lat./long. coordinates

were made in decimal degrees for all points in each grid. Transect maps were then

made for each grid using GMT version 3. The naming system for each transect is

as follows:

Proiect-Set-Transect (PST) Names where # represents the two-digit

transect or line number:

Project Set Transect

PPT/ Ex or Ey / X## or Y##

PPT/ Wx or Wy/ X## or Y##

All lines and points were entered into the Trimble “Trim Flight”

navigation system in decimal minutes. Flights were named in the order flown

regardless of reflight status. Re-flights are designated by incrementing the final

letter of the PST transect name. For example, the first flight of transect

PPT/Ex/XOl is PPT/Ex/XOla. If a reflight was necessary, then the reflight would
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be named PPT/Ex/XOlb and so on. Test flights are designated by the letter ‘T* in

Front of the flight number. Test flight number one would therefore be named

TFOla.

Instrumentation Specifications

Airborne platform instrumentation is as summarized in Blankenship and

others (2001) and in Table 1.

Post Flight Operations and Data Quality Control

Airborne raw data was demultiplexed at the base station immediately after

each flight to separate the various data streams. This ‘breakout’ procedure created

original data streams in which each sample in each data stream is stamped with a

time counter signature. Airborne and base station GPS data was converted to

RINEX format and put through the Kinematic And Rapid Static check (K&RS)

program (with predicted ephemeris data only) to get differential pseudorange

solutions (DPR) good from 1-10 m, cycle slips, and instrument health

information. For gravity data, the aircraft air pressure was used to obtain

elevations. Hard copy plots were made for each data stream. Each plot for each

flight transect was given an initial review and rated for overall data quality by

specially trained personnel. Determination of whether reflights were necessary

were based on Quality Control according to a set of previously established

criteria. Both the ‘raw’ and ‘broken out’ data (PCOR) were archived in the field

with multiple copies to ensure that data successfully returned to the laboratory.
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Data Reduction and Distribution

Both PCOR and RINEX data were loaded and processed initially at the

University of Texas by SOAR staff. RINEX data were first processed using the

‘GYPSY’ program to obtain base station positions relative to absolute positions at

the South Pole station and McMurdo station. Corrected ephemeris data from

International GPS Service (IGS) and ‘GYPSY’ data were merged and processed

using K&RS to obtain kinematic carrier-phase aircraft and base station positions

good to l-50cm for every flight.

GPS time was converted to UTC time and applied to the time counter

stamps in all data streams. Time delays between instruments were calibrated and

using the various data streams were synchronized by splining the position data to

measurement data. All instrument data streams were ‘normalized’ to standard

base units. All data streams have out ofrange data filters.

Potential fields data reduction was subcontracted to LDEO. Magnetic data

is corrected for diurnal variations using base station magnetic data. Large-scale

INS horizontal accelerations were used to hand-clean gravity data (as described in

Bell et al., 1999). Both the magnetic and gravity data streams are hand-cleaned for

anything out of range and crossover errors were corrected.

Laser ranges were corrected from the INS angle to laser pointing direction

in order to obtain an x,y,z position on the ground (assuming that the center of the

aircraft is directly below the radar). A ‘robustness’ test performed on crossovers

determined common crossover errors and out of range data. Data were leveled
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post crossover error corrections (good to 20 cm). Out of range transects were then

fit to the leveled data. Laser data was hand cleaned for any out of range data,

especially cloud interference. Laser coverage was often not complete, especially

over mountains because the out of range data filtering system sees the variable

data in mountainous regions as out of range and filtered it out because it looks

like a huge error. Crossover calculations used laser measurements and GPS

heights for the entire survey are adjusted to minimize crossover error within

approximately 25 cm (the r.m.s. difference on crossover points).

The transmitted pulse and surface and bed echo pulses from differentiated

radar records typically were hand-picked to obtain surface elevations and ice

thickness (see Blankenship et al., 2001). In this study, however, a finite difference

migration was applied to differentiated radar data. Subsequently, the migrated ice

and bedrock surfaces were hand-picked to obtain ice thickness and bed surface

topography. Individual migrated radar records were interpreted and analyzed for

structural characteristics. Where possible, the radar records were compared to

known geology. Radar surface elevations were used to calibrate the radar and

laser for the entire season.
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Gravity Meter Bell Aerospace BGM-3 gravity meter sensor: s/n 226

Gyro-stabilized accelerometer

Damping circuitry modifies for airborne use

Track-line sampling distance ~70 m

Accuracy of a few mGals
Vert. Acc. (mGals)-(counts)*(scale factor)+(bias)

Magnetometer
Geometries model 823A airborne cesium vapor magnetometer
Towed 30 m below aircraft
Track-line sampling distance -7 m

Sample rate 10Hz

InT accuracy

Radar Sounder

Pulsed 60 MHz ice-penetrating radar
4 MHz bandwidth

8kW peak power

Track-line sampling distance ~10m

3500m penetration
16ns sampling rate

pulse width = 250 ns (~15 cycles)

pulse rate = 80 ps

pulse repetition frequency = 12.5 kHz

twin otter velocity = -50-70 m/s
8 bit A/D

sample depth = 4096 samples
2048 digitized sweeps stacked

accuracy 10-100m depending on topography

Antennas

Two diploe radar antennas mounted 1.27m (50.0in) below the wing
of the Twin Otter. The centerline of each antenna is located 6.40m

(252in.) from the centerline of the fuselage. Each antenna is 2.01m
(79.25in) wide.

2-element flat-plate dipole
15 MHz bandwidth

9 dB gain
Beamwidth: 10° roll plane (side-to-side), 120° elevation plane (fore
aft)

Laser Altimeter

Diode-pumped YAG laser

Pulse rate 1000Hz

Group size 64

1.7 kW peak power

Maximum range in excess of 1500 m

Single pulse accuracy -0.1 m

Trackline sampling distance -9 m

Surface elevations repeatable to within 0.25 m

Console: Azimuth PRAM IV Laser Profiler

Transceiver: Azimuth Model LRY-500 Laser Transceiver

Power Supply: Amoco Model ALCRDZ-Q Laser Power Supply

Positioning Systems

GLONASS/GPS for real time navigation
Carrier-phase differential GPS:SJB10 - Receiver- Ashtech Z-XII

Antenna- Ashtech TRM; SJB20 - Receiver- Turborogue
Laser-gyro inertial navigation system, Precision pressure altimeter

Combined system resolution of-0.1 m
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Appendix 2

Interpretedradar records in the Scott-Reedy Glaciers area

(Please note that the quality of the radar records is severely degraded in this

format. The following section is meant for illustrative purposes.)
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