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"Go, my sons, buy stout shoes, climb the mountains, 

search the valleys, the deserts, the sea shores 

and the deep recesses o-£ the earth. " 
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SUMMARY 

Continuous airborne radio echo sounding by the 

Scott Polar Research Institute has enabled delimitation of 

the sub-ice topographic configuration 0£ Eastern Antarctica. 

Reduction and evaluation 0£ profiles of ice/bedrock interface, 

combined with critically assessed results of previous 

geophysical and geological investigations, has allowed some 

interpretation 0£ the geological structure and glacial history 

of East Antarctica. 

A comparison of the relative and absolute accuracy 

of radio echo sounding results and seismic·-gravi ty data in 

East Antarctica indicates an average agreement between the 

different techniques to better than 10%. The results of some 

previously unchecked traverses, however, have been revised. 

Maps and profiles of bedrock relief have been 

compiled and are discussed in general. They have provided 
. . 
the basis £or a quantitative investigation and regionalization 

of sub-ice relief based upon the statistical variation of the 

vertical and horizontal components of surface roughness. The 

resulting . topographic regions along with details of radio 

echo profiles and other geophysical measurements have enabled 

interpretation of aspects of Antarctic crustal structure 

including: 

1) estimates of the isostatically compensated bedrock 

surface 

2) . estimates of crustal thickness 

3) the nature of the transition between the fault-block 

Transantarctic Mountains and the East Antarctic craton. 



4) the extent of the topographically distinctive Beacon 

Supergroup lithological province 

5) the delimitation of the major neotectonic 

characteristics of East Antarctica - zones of uplift 

and depression 

6) a generalized outline of the major tectonic units of 

East Antarctica. 

V 

Investigations of glacial geological history have 

been assisted by detailed mapping and analysis of sub-ice 

relief adjacent to the Transantarctic Mountains. Evidence of 

inland-trending valleys of probable glacial origin suggests 

that glaciers once descended both flanks of the Mountains 

during a local, upland glacial phase predating the continental 

ice sheet. Such findings have assisted in evaluation of 

proposed models for the development of the East Antarctic ice 

sheet, contributed to the dating of uplift in the 

Transantarctic Mountains and provided material for the 

discussion of a probable pre-glacial fluvial erosion phase in 

the Transantarctic Mountains. 



CHAPTER 1 

THE STATUS OF GEOPHYSICAL AND GEOLOGICAL 
INVESTIGATIONS I:N EAST .ANTAil.CTICA. 

Sirtce the International Geophysical Year there 

has been an explosive increase in scientific exploration 

of' Antarctica. Although by the end of the 1960 1 s 

preliminary geophysical and geological reconnaissance of' 

the continent had been accomplished, the advent of new 

techniques and concepts in the earth sciences and their 

application to Antarctic studies has resulted in the 

continuation of large-seal~ scientifically exciting 

research programmes. 

These new methods have included extensive 

radiometric age determinations, palaeomagnetic studies of 

Antarctic rocks, deep seismic refraction shooting, marine 

seismic, gravity and magnetic profiling in tµe Southern 

Ocean, deep sea drilling to retrieve sediment cores and 

crustal samples around the Antarctic coastline, core 

drilling through the Antarctic ice sheet and extensive 

radio echo soundings. New concepts have been those of' 

global tectonics - ocean-floor spreading, plate motions 

and continental drift. 

This dissertation is con,cerned primarily with 

the results of' one of' these new techniques - airborne 

radio echo sounding - and their application to the 

investigation of' outstanding geological and geophysical 

problems in Antarctica. In this first chapter, however, 

the present status of' research in these fields is briefly 

·reviewed. 

1 



1.1 The Physical Setting of' Antarctica 

The Antarctic continent at present occupies 

a central position within the interior of' the Antarctic 

lithospheric plate {Menard 1971; Heirtzler 1971, Smith et 

al. 1973). A series of' mid-ocean ridges, off'-set along 

f'racture zones circumscribe the Antarctic (Le Pichon & 

Heirtzler 1968; Wilson 1971). The margins of' this plate 

are predominantly conservative so that except for a small 

zone of' active subduction and plate consumption in the 

Scotia Trench (Katz 1972) new oceanic crust is being 

created around the continent {Fig. 1:1) and Antarctica 

lies in a unique position having an almost entire absence 

of' compressional plate edges. This situation has probably 

existed for the last 45-50 x 106 a, since the migration 

northward of' Australia from Antarctica - the last major 

separation of' crustal units of' Gondwanaland (Jones 1971; 

Weissel & Hayes 1971; Grif'f'iths & Varne 1972; McKenzie 

& S:·cla ter 1971). Much of the later Cenozoic history of' 

Antarctica has, theref'ore, been dominated by fairly stable 

tectonic conditions. This may have been a part cause for 

the early development and continued presence of' the ice 

sheet and the present-day aseismicity of' the continent. The 

bulk of' formative geological activity and structural 

development of' Antarctica took place during the Late 

Proterozoic and early Phanerozoic . Investigations to 

unravel this geological history are hampered by lack of' 

rock exposures, the discontinuous nature of' outcrops, 

dif'f'iculties of' access, environmental hazards and the lack 

2 
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0£ detailed and systematic geophysical measurements in the 

Antarctic interior. 

3 

In this £irst chapter we discuss the known 

geophysical and geological framework of Antarctica with 

special reference to recent contributions. Some outstanding 

problems, to which the remainder of this thesis is addressed, 

are outlined. 

1:2 Crustal Structure 

Knowledge of the crustal structure of Antarctica 

is minimal by comparison with oth~r continents. Only since 

the International Geophysical Year has there been a 

concentrated effort to gather data, develop models and 

elucidate deep earth structure in . the Antarctic. The 

major problems facing investigations of this kind are those 

associated with the thick ice sheet covering inland areas 

(probably 95% of Antarctfca). Until remote geophysical 

. observations could be c'onducted in the Antarctic interior 

only inspired guesses or hopeful extrapolations about the 

composition of the crust could be made based on the 

geological characteristics of a £ew peripheral areas . As 

with the earlier exploration of Greenland, it was not known 

whether the Antarcti c ice sheet was underlain by a true 

contin ental l and mass , oceanic crust or a mixture of b oth 

(Lis ter 1960) . 

1) Crustal thickness 

.The major techniques used to determine thickness 



and gross composition of the Antarctic crust are surface 

dispersion wave studies, the analysis of gravity anomalies, 

analysis of rock surface elevations and deep seismic 

refraction shooting. Magnetic studies have also provided 

a limited amount of data on upper crustal geology. Both 

surface dispersion wave analysis and deep seismic sounding 

provide information on the velocity zonation of the crust. 

Deep seismic refraction shooting has only recently been 

undertaken in Antarctic by the 14th Soviet Antarctic 

Expedition but the results have given the most complete 

geophysical picture of a region of Antarctica at present 

available (Kogan 1971). Woollard (1962, 1967) has 

discussed, in detail, investigations of crustal thickness 

in Antarctica and his work provides an excellent synthesis 

of the material then available. Less detailed summaries 

have been given by Bentley (1964), Robinson (1964a)and 
. . 

Ushakov (1965). 

i) Surface dispersion wave studies 

Adams (1971) has reviewed all results in this 

field up .until 1970. Ideally only earthquakes originating 

in Antarctica should be used for dispersion wave studies 

but the present-day aseismicity of . the continent makes this 

impossible (Evison 1967). Epicentres are confined to the 

periphery of the Antarctic plate along fracture zones and 

mid-ocean ridges (Heirtzler 1971). Although there is 

ample evidence of subdued contemporary volcanism and 

4 



widespread Late Cenozoic volcanic activity in Marie Byrd 

Land and the Transantarctic Mountains, no earthquake events, 

excluding some in the Scotia Arc, have been reported from 

Antarctica. Dispersion wave studies have consequently used 

earthquakes originating some distance from Antarctica and 

mixed samples of continental and oceanic paths could not be 

avoided. Nevertheless it was the results of dispersion wave 

studies that first provided definite proof of the continental 

structure of Antarctica (Evison, et al. 1959; Press & Dewart 

1959). Although there has been some discussion about the 

details of the crustal models proposed by early investigators 

(Kovach & Press 1961; Bentley & Ostenso 1962, Evison 1963) 

the true continental character of Antarctica is undisputed 

and a significant difference of 10 km has been accepted 

between the crust of East Antarctica (35-40 km) and the 

thinner crust of West Antarctica. 

Investigations by Dewart & ToksBz (1965) have 

attempted to give more detail of the composition of the 

.Antarctic crust and this study, by examining periods of 

16 s (for Rayleigh waves) and 12 s (for Love waves), was 

able to determine and take account of the ice layer along 

the propagation paths. Dewart & ToksBz also found that 

crustal and sub-MohoroviXiX velocities in East Antarc.tica 

are, on average, lower than mean world-wide continental 

values, but nevertheless continental in character {see 

Brune (1969) for global crustal velocities). The 10-layer 

model proposed by Dewart & Toks6z is given in Fig. 1:2 

with data from earlier dispersion wave studies and the 

USSR deep seismic sounding results from Queen Maud Land. 
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ii) Gravity anomalies and rock surface elevations 

Crustal thickness can be derived from empirical 

r elationships between Bouger gravity anomalies and depth 

to the MohoroviXiX discontinuity (Moho) as determined 

by seismic refraction methods. Rock surface elevations 

6 

can also be r .elated to known crustal thickness to give 

similar empirical formulae. Both techniques yield results, 

'with a reliability approaching that f'or seismic measurements ' 

(Woollard 19.59). 

In Antarctica analyses ?f this kind have been 

used on a number of' occasions to obtain estimates of' crustal 

thickness(Demenitskaya 1959; Woo11a.rd 1962; Bentley, et al. 

1960; Grushinsky and Frolov 1967; Walker 1966). A 

variety of empirical formulae have been utilized and, 

considering the overall limitation of' the techniques, 

crustal thicknesses in East and tiest Antarctica are 

compatible with the results of dispersion wave studies. 

Results suggest that a crustal thickness of 50-60 km is 

likely in the high mountain ranges of East Antarctica 

(e.g. Gamburtsev Mountains) and 40-42km beneath the 

Transantarctic Mountains , whilst the remainder of' East 

Antarctica approaches 40 km . 

iii ) Deep se i smic shooting 

In 1969 t h e fi rs t d eep seismic s ounding 

investigation was succes sf'ul l y c ompleted by Rus s ian 

seismologists along a 430 km profile near Novolazarevskaya , 



Queen Maud Land {Kogan 1971). Seismic refraction, wide-angle 

reflection and vertical reflection teclmiques were used and 

combined with measurements of gravity and magnetic field 

to give, "•• as complete a geophysical picture of a region 

as can be obtained at the moment", (Adams 1971). These 

included details of 'P' and •s• wave velocity and density 

and their variation through the crust to the lower side 

of the Moho. 

Four major crustal blocks are recognized, separated 

by deep fracture zones penetrating the upper mantle. The 

central block and the area south of the main seismic profile 

indicate a typical continental crust of 38-43 km thickness. 

In the western block and north of the profile the crust 

appears to be transitional in character thinning rapidly 

from 40 to 20 km. Fig. 1:2 shows the deep seismic sounding 

results with those of dispersion wave models. It can be seen 

that the mantle 1 P 1 wave velocity o'f' 7.9 km s-l is in close 

agreement with the dispersion wave studies but a Conrad 

discontinuity is recognized at about 17 km with abrupt 

changes in velocity and density. 

Deep seismic sounding, dispersion wave studi.es 

and the analysis of _gravity data give a generalized picture 

of the composition and thickness of the Antarctic crust. 

In West Antarctica, thickness has been mapped fairly 

completely 'f'rom traverse ·gravity data {Woollard 1962),but in 

East Antarctica where data is scanty there is an immediate 

need for more detailed estimates of thickness and more 
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especially, regional variati6ns in depth to the Moho 

in order to delimit major crustal provinces (N.A.s. 1970). 

~~th the considerable increase in bedrock relief data from 

8 

radio echo profiles a more detailed determination of crustal 

thickness in East Antarctiqa can be made using Woollard's 

empirical model. The effect of ice loading on the crust 

is also a potential field for investigation by radio echo 

sounding. 

2) Upper crustal structure 

Short seismic refraction profiles are able to 

yield a limited amount of information about the geological 

composition of upper crustal layers to depths of about 5 km. 

Brief descriptions of the technique used in Antarctica are 

given by Robin (1958) and Robinson (1964a). Because of the 

time required to accomplish a complete refraction profile 

and the logistic problems of carrying large quantities of 

explosives, few seismic investigations of this sort have been 

undertaken in Antarctica. Of those that have been completed 

many result from only single explosive shots and very few 

of the profiles have been reversed. 

Critical reflection shooting has also provided 

information on seismic velocity in sub-glacial rock. This 

method is based upon the\amplitude increase of returning 

tpt waves at the critical distance where reflected and 

refracted angles are equal (Robinson 1964a) . Critical 

reflection results have been used to interpret bedrock 

s t ructure i n Antarctica in the absence of other data 



9 

(Robinson 1964a; Kogan 1968), but the method is less 

satis:factory than a complete re:fraction pro:file and 

is usually used only as a supplement. 

Fig. l;J shows the distribution o:f seismic 

critical reflection and re:fraction profiles accomplished up 
until 1972.· A list o:f the re:fraction pro:files has been given 
by Bentley and Clough (1971b). Woollard (1962; 1967), 

Robinson (1964a), Bentley and Clough (197lb)and Kogan (1968) 
have discussed these pro:files in terms o:f the geological 
structure o:f Antarctica. 

A major problem :for the interpretation o:f 

geophysical data such as this is the correlation between 
seismic velocities and particular rock units. The 

di:f:ficulty stems primarily :from the wide range of' velocities 
:for any particular lithologic group - due to variations in 
diagenesis, age or degree o:f metamorphism. It is best to 
attempt to correlate velocities with rock types :from the 

region investigated rather than taking world-wide averages 
but natural di:f:ficulties are presented in Antarctica :from 
the lack o:f exposures. Where velocity values have been 

determined in the laboratory the reported 'P' wave 

velocities may be quite di:f:ferent to similar, non-Antarctic 
units (compare samples :from George V and Oates Coasts 

reported by Ushakov 1960, with those given in Press 1966). 
No one classification is unique, however detailed, and :for 
Antarctica a number of' convenient velocity-rock type schemes 
have been given {Woollard 1962; Robinson i964a). 

We have chosen a broadly based tabulation 

considered convenient :for use in all parts of' Antarctica 



TABLE 1:I CRUSTAL 'P' WAVE VELOCITIES AND EQUIVALENT ANTARCTIC ROCK UNITS 

'P' WAVE VELOCITY 
km. s-1 

2.2 - 2.4 

2.9 - 3. 1 

A 4.1 - 4.4 

B 4.3 - 4.6 

5.2 - 5. 5 

5.7 - 6.3 

> 6.7 

PROBABLE EQUIVALENT ROCK UNIT I N ANTARCTICA 

Unconsolidated glacial moraine 

Poorly consolidated sediments: Late Mesozoic - Cenozoic sandstones 
Interb edded sediments and volcanic tuff 
of the McMurdo Vo lcanics . 

East Antarctica: Consolidated sedimentary rocks - Beacon Supergroup? 

West Antarctica: Andesite basalt (Cenozoic) 

Pilaeozoic metasediments 
Antarctic Peninsula: Mesozoic granites 

Normal granitic crust 

Intermediate crystallines 
} Basement 
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(Table l:I) and it has been used in Fig. 1:3. The 
boundaries of the regions are grossly generalised and should 
not be taken as defining geological provinces, sensu stricto. 
Velocities from the stations marked have been taken as the 
'first significant velocity ·zone 1 • For instance in Section 
1 in Ellsworth Land, a thin 200m layer of' 4.4 km s-l (probably 
corresponding to Mesozoic sediments) was ignored and the 
velocity of 5.3 km s-1 taken as representative of' the upper 
crustal layer (possibly corresponding to the Andean Intrusive 5~ 
SeF4-e-a). Confusion is especially likely to arise for 

4 -1 velocities falling in the range 3. 5 to • 5 Ion s since 
they can also be interpreted as frozen moraine {Bell 1966; 
Bentley & Clough 1971b). In West Antarctica a distinctive 
basal low velocity layer has been interpreted as unconsolidated 
moraine (Bentley 1971a; Bentley & Chang 1971). No velocity 
values have been given for layers identified from the results 
of' the USSR Molodezhanaya traverse. Kogan (1968) has 
classifiect · th~ results into two groups of' sub-glacial material: 
an 'intermediate layer' interpreted as sedimentary rocks, and 
a 'bottom layer' of' crystalline basement. Interpretation 
of' these results in terms of' the classification in Table 1: I 
is speculative. 

From Fig. 1:3 West Antarctica, especially the 

-1 Palmer Peninsula, is characterized by, velocities of' 5.3 km s 
(overlain by a thin sedimentary layer) corresponding in all 
probability to the granitic Andean Intrusive. suite. 
Southwestwards, similar velocities are encountered but are 
correlated with adjacent rock outcrops in the Ellsworth 

'M mountain belt of' low-grade Palaeozoic metasedil nts . This 
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zone passes into central Marie Byrd Land as shown in Fig.1:3. 

0 In the northern sector o:f Marie Byrd Land between 100 Wand 

170° W velocities of 4.1 to 4.6 km s-l show good correspondence 

with outcrops of Cenozoic andesite-basalt which dominates the 

Paci:fic margin of Antarctica. Similar velocities are found 

at Little America, beneath the ice shelf' and water layer, and 

on Roosevelt Island. Basement rocks with high 'P' wave 

velocities, identified as calc-silicate gneiss, were retrieved 

f'rom the ocean bed near to the Ross Ice Shelf by Glomar 

Challenger (Hayes et al. 1973) and may have af':finities with 

the Koettlitz Marble of the Transantarctic Mountains basement. 

At the other side of the Ross Ice -Shelf in McMurdo Sound, a 

number of refraction measurements indicate a widespread 

velocity layer corresponding to the McMurdo Volcanic sequence 

of Late Cenozoic age, composed of interbedded sediments and 

volcanic tuffaceous material. 

In Skelton Neve and at Plateau Depot on the 

inland :flank of the Transantarctic Mountains · refraction 

shooting suggests a fairly thin upper layer probably 

equivalent to the consolidated sediments of' the upper 

Palaeozoic - Early Mesozoic Beacon Supergroup. Further 

south profiles near the Ohio Range and on the southern side 

of' the Horlick Mountains also suggest the presence of a t4in 

sedimentary layer overlying the near-surface basement 

. 1 complex, and give velocities of 5.4-5.8 km s-. Towards the 

interior of East Antarctica velocities increase to those 

typical of continental basement with no overlying sediments. 

-1 At site 47, however, a 5.7 km s velocity may suggest thin 

( - 0.7 km thick) sediments in this part of Queen Maud Land. 

According to Russian critical reflection results an 

i 
i 
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•intermediate• (sedimentary horizon} extends between the Pole 
of Relative Inaccessibility to about 550 km f'rom Molodzenhaya. 
Refraction measurements at the Pole of Relative Inaccessibility 
by the USA Queen Maud Land Traverse II have shown a thick 

4 -1 upper layer of' velocity ,..., •. 9-5 km s • Although lack of' 
timing lines on the records makes this interpretation suspect, 
such velocities would confirm that the layer is not true 
basement and may represent early Palaeozoic metasediments. 

o...t-e.... Elsewhere in the East Antarctic data-i-s- scanty. 
At Vostok Kapitsa (1960) reports that reflections from sub
glacial horizons indicate the presence of' a thin sedimentary 
layer. Around the remaining coastal margins of' East 
Antarctica refraction shooting suggest crystalline basement 
rocks (Sorokhtin et al. 1960; Kogan 1968} probably related 
to the Precambrian metasediments and charnokites exposed in 
some of the coastal areas (e.g. at Mirny). Values as high as 

-1 7.6 km s have been reported from the inland flank of' the 
S~r Rondane (Dieterle & Peterschmitt 1964} and may relate to 
some of the mafic intrusives found 4n the basement complex 
of this area. 4 -1 The .9 km s velocity layer in Terre Adelie 
(Imbert 1953) may either represent low-grade metasediments 
or a thin layer of' Palaeozoic, Beacon-type rocks which 
outcrop to the west of Dumont d'Urville. 

In general the pattern shown by this very incomplete 
set of' refraction and reflection data is in keeping with the 
presumed geological structure of a large continental mass such 
as Antarctica. There are significant differences between 
East and West Antarctica in terms of crustal thickness and 
elevation of' the basement which lies near to sea level in 
East Antarctica but between 2-3 km below present sea level 
in West Antarctica. It is unfortunate that the bulk of the 
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interior of' East Antarctica is devoid of' any reliable 

measurements indicating sub-glacial rock type. It i s hoped 

that mor e complete studies of' sub-glacial morphology and 

structure from radio echo sounding will contribute to this 

wor k assis t ing the delimitation of tectonic and neotectonic 

units. 

1 . 3 Ice Thickness and Bedrock Relief 

One of the primary aims of seismic shooting 

on the Antarc.tic ice sheet has been to determine both the 

thickness of the ice cover and the elevation and character 

of the land beneath the ice. 

Since the beginning of the IGY oversnow 

traverses have completed 1 024 seismic reflection and 

ref'raction and 7 778 gravity determinations of' ice thickness 

(figures are taken from Kapitsa (1968) with the addition of 

data :for the USA Queen Maud Land Traverses I , II and III 

and the Japanese Syowa-South Pole Traverse. The USSR 

1966-67 Molodezhnaya-Novolaz arev skaya traverse results hav e 

not been given in detail and are not included in this l i s t). 
t;hQSQ.. The most comprehensive analysis of' -th4-s data has 

been given by Kapitsa (1968 ) a nd t he r esulting maps of ice 

t h ickness and sub-glacial relief have been published in t he 

USSR Antarc tic Atlas {Atlas Antarktiki 1966) . For t h i s 

c ompilation 934 sei smi c and 6 655 gr a v ity points were u s ed. 

In areas where little informat i on was available, for 

instance in Wilke s Land and parts of Queen Maud Land, 

indirect evidence from surface slopes were u sed to calculate 

ice thickness. A detailed map of bedrock relief of 

6 Antarctica, at a scale of 1:13.6 x 10, has also been 
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produced by Bentley (1972b) which incorporates the latest 

u.s., USSR and Japanese oversnow results as well as some SPRI 

radio echo data. 

The main features of Kapitsa•s and Bentley's 

maps may be briefly outlined (Fig. 1:4). The central part 

of East Antarctica is dominated by two major relief features: 

an extensive highland zone - the Gamburtsev-Vernadskii 
. 0 0 0 4 0 Mountains - stretching from about 79 S 95 E to 72 S OE 

and reaching an elevation of 3 390 m according to Kapitsa. 

These mountains were first .:.i.dentif'ied by the 3rd Soviet 

Antarctic Expedition (Sorokhtin, Avsyuk & Koptev 1959) .but 

errors in their seismic measurements cast doubt on the true 

existence of this mountain ~ange {Kapitsa 1960, Woollard 1962). 

Later investigations confirmed the presence of this vast 

highland massif and gave an indication of its overall size, 

but structural connections with other areas, however, are 

uncertain . 

The second major feature is a very deep basin 

(termed the Schmidt Plain by Kapitsa)lying between Vostok 

and Wilkes Stations in latitude 72°s and extending between 

95° and 120°E. According to Kapitsa this basin:rnaches 

1 500 m below present sea level. The principal evidence for 

the existenc e o f thi s basin c omes f r om the resul ts of t he 

Australian Wilkes - Vostok traverse 1962-63 (Walker 1966) . 

Seismic results were poor on the main inland section of t he 

traverse and gravity meaeurements , untied to independent i ce 

thickne s s v alues , a r e the only data avai l able. 

The remainder of east Antarctica comprises large 

swells and depressions (termed the East e rn Plateau, Eastern 
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Plain and the Western Plain). The plateaux reach 1 OOO m 

in elevation, whilst the plains lie between O m and -500 m. 

The coastal margin is characterized by a series of block

mountains beneath the ice (e.g. the Golitsyn Mountains and 

Schukin Mountains). 

Based on their respective maps Kapitsa and 

Bentley have 1) calculated the preglacial outline of both 

East (discussed above) and West Antarctica assuming full 

isostatic compensati.on. This study shows that the bulk of 

East Antarctica would comprise a continental area above 

sea level with areas below sea level in the region of the 

Schmidt Plains and in Enderby Land and might comprise 

deep bays linked to the Southern Ocean or be isolated 

interior basins. In West Antarctica most of' Marie Byrd Land 

would be below sea level and the area remaining would form 

an archipeligo of large islands. Kapitsa has also 

attempted 2) to delimit geological provinces and 3) the 

regional ice flow pattern. Although his study is the most 

comprehensive for the whole continent, detailed discussion 

of' ice thickness and subglacial relief is available for 

smaller regions and almost every overland traverse has 

accompanying reports of geophysical measurements. (see 

Bibliography and relevant sections in Chapter J). 

Despite the fact that the outline of' Antarctic 

sub-ice topography is known on a continental scale, there. 

are still many significant gaps. Oversnow traverses have 

followed routes not necessarily governed by the objectives 

of' obtaining an overall geophysical coverage of the continent, 

and measurements have necessarily been spot determinations. 
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In the case of seismic shooting an average spacing is 60 km 

although the range is between 10 and 150 km. The average 

spacing for gravity observations is 8 km with a range of 

J-50 km. Such distances have meant that only a very small, 

and poorly spaced sample has been obtained and extreme care 

is required when cor~elat{ng features over the large 

distances separating one traverse from another. A good 

example of continuous contouring between, in the author's 

opinion, too widely spaced sounding lines is provided in 

Beitzel (1971, Figure 21) where the bedrock elevations on 

the zig-zag legs of the Queen Maud Land Traverses I and II 
00 

have been linked over distances of Jt4oo km to produce 

a very striking north south lineation to the sub-ice 

topography. 

Records of geophysical measurements have also been 

open to gross errors of interpretation. The results of some 

of the early traverses on the East Antarctic plateau show 

many ambiguities (Bentley 1964) where ice thicknesses may be 

in error by a factor of two. We discuss in more detail 

the comparison of seismic-gravity ice thickness values and 

radio echo soundings in Chapter J. 
There is, however, still an urgent need for more, 

much more, information on sub-glacial relief, to assist in 

determining the configuration of the sub-ice surface in 

detail. With continuous radio ech~ profiles some attempt 

at a quantitative evaluation of Antarctic subglacial terrain 

roughness can also be initiated. Such stu.dies may provide 

significant measures to assist meaningful geological and 

structural interpretations. 
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1.4 Outline Geology of' Antarctica with special ref'erence 
to East Antarctica and the Transantarctic Mountains. 

Most studies of' the geological and geophysical 

composition of' Antarctica have been based or have drawn on 

investigations of' the limited exposed rock outcrops. Recent 

estimates indicate that less than 5% of' Antarctica is ice 

f'ree. In East Antarctica the majority of' the ice-f'ree 

terrain is f'ound in the Transantarctic Mountains and only 

a relatively few isolated expostires occur in coastal 

localities. Despite this paucity of' outcrops and the 

discontinuous nature of' the exposures the broad features of' 

Antarctic structure, tectonic history and stratigraphy are 

now reasonably well known at a reconnaissance level. The 

greatest remaining problem of' Antarctic geologic exploration 

lies within the interior of' the continent, beneath the ice 

sheet. 

It is pertinent, therefore, to briefly review 

the major events of' Antarctic geological history. A 

number of' reviews of' the geology of' Antarctica have 

appeared over the last 20 years, varying in detail as 

geological exploration has continued and new techniques 

have been· applied to Antarctic problems. In addition 

there have been two major collections of' papers on Antarctic 

geology and geophysics as a result of' SCAR Symposia in 

Capetown and Oslo (Adie (Ed) 1964; Adie {Ed.) 1971) and 

the production of' a geological map f'olio {6raddock (Ed) 

1969-70). These provide much of' the detailed inf'ormation 

now available . 

The bul k of' e a st Antar ctica f'orms a sta ble - _, 
UNIVERSITY 

LIBRARY 
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craton composed primarily of Early to Middle Proterozoic 
rocks. Against this shield area lies a belt of latest 
Pro~erozoic and early Phanerozoic rocks along the axis of \!,I 

(' the Transantarctic Mountains. This is a geosynj'clinal fold .._, 
mountain sequence that may be either accretionary or 
epicratonic. West Antarctica forms another belt bordering 
the Pacific margin of' East Antarctica composed mainly of' ()._ 

mid-Phfnerozoic geosynclinal fold-mountain series and 
extensive volcanics. 

1) East Antarctica 

The basement rocks of' the East Antarctic craton 
have been extensively investigated by Russian workers. 
Pro.terozoic (Pre-Riphean) metamorphic rocks have been 
identified in Enderby and Wilkes Land, comprising high-grade 
metamorphic gneisses and schists of the granulite facies, 
often granitized and migmatized. Medium to low grade 
amphibolite and greenschist metamorphic facies also occur 
in some areas. Intrusive plutons of a hypersthene-rich 
granite (Charnockite) are widespread forming the largest 
province ~f such rocks in the world in coastal localities 
of Wilkes Land (Ravich 1971). Radiometric age 

determinations indicate a Late Precambrian to early 
Palaeozoic age (500-650 x 106a) for the charnockites. Some 
of the metamorphic varieties, however, are thought to have 
been emplaced in Early Precambrian times with reactivation 
during the early Phanerozoic (Kl i mov 1964) . 

,. 



In the Vest£old Hills, Bunger Oasis, and at 

Wilkes Station radiometric dates on gneisses and schists 
6 approach 2 OOO x 10 a and hence indicate metamorphic 

events in the early Proterozoic. In Queen Maud Land 

. 19 

similar Precambrian crystallines and charnockite bodies 

occur but where exposed they are overlain by a series 0£ 

ep~cratonic platform deposits, typically sedimentary 

quartzitic sandstones and greywackes 0£ Late Proterozoic 

and Early Palaeozoic age (Neethling 1969; Ravich 1966). 

Equivalent units occur in the Denman Glacier region but 

have been subject to low-grade metamorphism. Slight 

metamorphic activity and folding characterize the lower 

part of the platform cover in the Prince Charles Mountains. 

The remainder 0£ the section here is undisturbed, the 

youngest beds being Permain in age and containing a 

Gonwani.de flora. 

The problem of the geological composition 0£ the 

interior part 0£ East Antarctica cannot be underrated and 

although the u.s.s.R. Tectonic Map of Antarctica (1968, see 

also Grikurov et al. 1971) attempts a continental analysis 

the limited geophysical data available makes it a highly 

speculative interpretation. Specific problems have been 

outlined by Craddock (N.A.s. 1970) who suggests that deter

mining the tectonic con£iguration,character and regional 

association 0£ mega-structures within the East Antarctic 

craton (such as the Gambutsev-Vernadskii chain) are key 

areas for £uture research by geophysical techniques such as 

radio echo sounding. 
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2) The Transantarctic Mountains. 

The Transantarctic Mountains extend as a 

continuous mountain chain from Cape Adare through Victoria 

Land to the Horlick Mountains, a distance of 2 500 km. 

Beyond the Horli.cks, the chain is continued another 1 200 km 

by intermittent mountain massifs in the Thiel Mountains, 

Pensacola Mountains, Shackleton and Theron Mountains. There 

is a possibility that isolated mountain blocks in Queen 

Maud Land may be genetic extensionsof the Transantarctic 

Mountains (Aucamp et al. 1971). Within the mountains, peaks 

rise to over 4 OOO m (Mt. Kirkpatrick 4 528m). There is 

a regional trend for elevations to increase from Cape Adare 

to the Queen Alexandra Range and then to decrease towards the 

Filchner Ice Shelf. 

The broad structure of the Transantarctic Mountains 

has been open to some debate. Early interpretations favoured 

the concept of a horst-like structure (David & Priestley 1914; 

Gould 1935). Hamilton (1963) proposed a gentle anticlinal 

structure whilst King (1967) has suggested a monoclinal 

configuration as the best explanation £or the gross sur£icial 

structure 0£ the mountains. Gunn & Warren (1962), Robinson 

(1964a) an~ McGregor & Wade (1969) consider that the 

Transantarctic Mountains are composed of a series of 

differentially tilted crustal blocks~ the individual blocks 

o:f'ten being separated by major outlet glaciers which follow 

presumed transverse faults. The western edge 0£ the mountains, 

that facing the Ross Sea, is faulted down in a series of steps, 

giving the Transantarctic Mountains a steep, high scarp £ace 
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extending along the length of the continuous part of the 
chain. The total throw of' these faults, determined only at 
one locality (Cape Surprise near the mouth of' the Beardmore 
Glacier)is5000 m with a strong sinistral transcurrent 
component (Barrett 1965). 

The tilted :fault-block model has appeared to 
give the most satisfactory interpretation o:f the overall 
structure f'or the Transantarctic Mountains. Recently 
Smithson (1972) has criticised the model on the basis of 
gravity surveys in the McMurdo Sound area. Smithson finds 
no surface geological evidence to support the existence of 
:faults in this region and faulting does not, apparently, , 
explain the steep gravity gradients he obtained. Smithson 
favours Hamilton's anticlinal hypothesis as the best 
explanation of his results, with .a 13 Ian thickening of the 
crust under the Transantarctic Mountains :from a McMurdo 
Sound underlain by a 8 km thick ma:fic slab-. 

The strata exposed in the mountains consists o:f a 
largely undeformed series of' Phanerozoic sediments resting 
with strong uncon:formity upon a crystalline basement. The 
oldest known sequence in the Transantarctic Mountains comes 
from these basement rocks in the Nimrod Glacier Region. 
Radiometric ages of between 1 OOO to 1 980 x 106 a BP. 
have been reported for granitic plutons intruded into a 
series of pelitic, quartzo-:feldspathic and calcareous 
metasediments (Grindley et al. 1964; Grindley & McDougall 
1969; Grindley & Laird 1969; Gunnar & Faure 1971). 
It is not known definitely, however, whether these basement 
rocks underlying the Transantarctic Mountains form an 
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integral part of' the East Antarctic craton (as presumed 

by Ravich 1966). Recent investigations indicate that they 

form part of' an orogenically deformed geosynclinal or 

miogeosynclinal sequence (Grindley 1971). This might 

indicate accretion onto the nucleus of' the East Antarctic 
Q.., . 

craton (Gunnfr ·& Faure 1971). 

The Early Palaeozoic Ross Orogenic episode 

(radiometric ages for this event cluster around 450-520 x 

106 .!- BP) was the last to af'f'ect the bulk of' the Trans

antarctic Mountains and was accompanied by extensive 

post-tectonic granitoid intrusion. Pronounced erosion 

followed this mountain-building p~ase, producing a surface 

of low relief' (the Kukri & Maya Peneplains). The period 

from early Devonian to the Jurassic saw the deposition of' a 

thick (J OOO m) sedimentary sequence, the Beacon Supergroup 

(Grindley & Warren 1964; Barrett et al. 1971). The 

sediments constitute a series of' shallow w~ter and 

terrestial deposits (estuarine, shallow marine, lagoonal, 

desert), mainly of sandstones, siltstones and arkoses. 

Early Permian glacial beds have been identified and a late 

Permi'an succession of coal measures yielding a typical 

Gonwanide assemblage of Glossopter~~.!-

Higher in the sequence are a series of' Triassic 

beds in which f'aunal vertebrate remains have been found 

(Elliot et al. 1970) and identified_ as species Lystrosaurus. 

Although this was the only identifiable genus the vertebrate 

assemblage included labyrinthodont amphibians and presumed 

thecodont and therapsid reptiles (Colbert 1971). 

Lystosaurus remains are found in similar Lower Triassic 

rocks from South Africa, India and China and their 
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discovery in Antarctica marks a major step in the detailed 

evaluation o'f: the common geological history o'f: Gondwanaland. 

The upper (Jurassic) part of' the Beacon series 

is dominated by tholeiitic 'f:lood basalts (the Kirkpatrick 

Basalts) which provide a distinctive capping to many 

mountains. During the Jurassic the Beacon Supergroup 

underwent extensive intrusion by thick sills o'f: Ferrar 

dolerite. No outcrops younger than about the mid Jurassic 

are known from the Transa.ntarctic Mountains. A Cenozoic 

volcanic province, however, is found on the Western margin 

of Victoria Land. A number of shield-type volcanoes have 

been identified and the bulk of the lava is of a basaltic 

and trachytic variety. 

There ·are a number o'f: regional variations to this 

general geological pattern in the Transantarctic Mountains. 

In the Pensacola Mountains, f'or instance, the Beacon 

Supergroup has undergone moderate folding and intrusion by 

a massive stratif'orm gabbroic body (Schmidt & Ford 1969). 
The Pensacola Mountains may have suf'f:ered the af'f'ects 

of close proximity to the Palaeozoic to early. Mesozoic 

geosyncline in the Ellsworth Mountains which was deformed 

during the early Mesozoic (Craddock 1971). 

The elevated character of' the post-Ross 

sediments, combined with a lack of' folding and thrust

f'aulting, is attributed to Cenozoic · epeirogeny with the 

absence of' any horizontal compressive forces during uplift 

(Hamilton 1963, 1967). Some of' the f'ault-blocks have been 

slightly tilted away f'rom the major coastal f'ault 

(McGregor & Wade 1969). The dips are usually small, however , 
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The mechanism producing uplif't has 

been dif'f'icult to explain. Robinson (1964a) has attributed 

it {'with some degree of' dissatisf'action') to unknown f'orces 

within the mantle, probably in part a polymorphic phase-change 

at the base of the crust. Grindley (1967) has considered 

vertical movements initiated by heavy ice loading in the 

interior of' East Antarctica - the central regions being 

depressed and the marginal highlands uplifted, with perhaps, 

a transf'er of' mantle material. 

The structure of' the Transantarctic Mountains 

and the nature of' the transition between the mountains and 

the East Antarctic craton has remained a major problem.in 

Antarctic geology due primarily to the lack of' sub-glacial 

geophysical evidence to either support or evaluate various 

hypotheses. Only the collection of' substantially more 

prof'iles across the plateau will enable the extent and 

tectonic pattern of' the mountains to be established (Gunn 

and Warren 1962). The contribution of recent radio echo 

sounding to these problems is discussed in Chapter 5. 

3) West Antarctica 

The geology of' West Antarctica is not immediately 

relevant to the problems discussed in later chapters and 

hence only a brief' outline is given below. 

Few outcrops of' Lower Palaeozoic rocks occur 

in Ellsworth Land and Marie Byrd Land. Dates on medium 

grade metamorphic rocks f'rom Thurston Island (502-350 x 

106 a BP) suggest the existence of' a Late Proterozoic land 

II 



25 

mass in Marie Byrd Land {Craddock 1971). Other presumed 

basement complex outcrops occur in the Ruppert and Hobbs 

Coasts, Mt. Petrus (?) and on Bear Island. It is probable 

that Precambrian - Early Palaeozoic sediments were def'ormed 

in a Late Ordovician orogeny {possibly equivalent to the Ross 

Orogeny) {Lopatin & Orlenko 1971). Later granodioritic 

intrusion during the Mid-Palaeozoic af'fected the Edsel Ford 

ranges {Wade 1972; Wade and Wilbanks 1971). No activity f'rom 

the Late Palaeozoic to Early Mesozoic has been observed 

except f'or a strong erosive stage; later in the Mesozoic 

there was renewed intrusive activity with the emplacement 

of' granitic plutons in many areas of' Marie Byrd Land. During 
I'\ 

the Cen~ozoic extensive volcanism led to the production of' a 
V (" 

thick sequence of' alkal~i basalts and pyroclastites (Wade 
'--" 

1972; LeMasurier 1971). 

Initiation of' the East Antarctic ice sheet 

The most recent, Cenozoic, phase of' Antarctic 

geological history has been dominated by the initiation and 

growth of' the ice sheet that now covers both East and West 

Antarctic~ . The age of' the f'irst ice accumulations and 

choice of' model £or the development of' the ice mass are the 

major questions of' Antarctic glacia1 history {Denton et al . 

1971 , Mercer 1972) , and have important implications 

regarding erosive and diastrophic events in Antarctica • 

. Theoret i cal dating of' the basal layers of' the Byrd Station 

ice core has given an age of' l J) x 105 a BP. This is but a 

minimum date and a number of' other, though often 



conflicting, lines of evidence suggest that the Antarctic 

ice sheet has been in existence since the Late Tertiary. 

1) Tillites and associated deposits. 

Till and moraine .provide the most satisfactory 

demonstration of former glacial conditions. In Antarctica 

tillites are virtually unknmvn although a tilloid deposit 

associated with a glacially smoothed and striated unconformity 

has been reported from the Jones Mountains,Ellsworth Land 

(Craddock et al. 1964). Mechanical and mineralogical 

analyses 0£ this ~illite 1 have suggested that it may be 

of glacial origin (Rutf'ord et al. 1968). Whole-rock K-Ar 

radiometric dating of' basaltic volcaniclastic rocks overlying 

th~ tillite surface, although yielding a large spread of' 

dates, bracket an age of 7-10 x 106 a BP f'or the eruption 

of' the basal sequence and hence have been interpreted by 

Rutford et al. (1971) as indicating a minimum date £or 

glacierization of' this part of' Antarctica. Whether 

glacierization constituted a full-bodied ice sheet as 

·suggested by Rutford or merely a local ice-field is unproven. 

Hyaloclastite · deposits (glass-rich tuff'-breccia) 

from Tertiary strato-volcanoes in Marie Byrd Land have been 

compared to equivalent volcanic rocks in Iceland that 

resulted from sub-glacial eruption (LeMasurier 1972). 

Whole-rock K-Ar dates on these volcanics extend into the 

early Tertiary (42 ± 9 x 106 a BP) and according to 

LeMasurier (1971) suggest the existence of' an ice sheet at 

least several hundred metres thick in West Antarctica during 

eruptive sequences from the Eocene to the Quaternary. 
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Mercer (1972) has criticised this interpretation drawing 

attention to the low palaeotemperatures in the southern 

ocean necessary f'or the existence of' such a large ice sheet 

in Byrd Land. According to Mercer these were not f'ulf'illed 

unti l much later in the Cenozoic. 

2) Palaeontologic-palaeoclimatic evidence 

Palaeobiological evidence f'or glacial climatic 

conditions in the Cenozoic are important due to the paucity 

of' tillites. In situ f'ossilif'erous Tertiary sediments, 

restricted to the Antarctic Peninsula (Seymour and Cockburn 

Islands and South Shetland Islands), have yielded a number 

of' palaeoclimatic indicators, principally macrof'loral 

assemblages (Adie 1964a, 1970). Although interpretations 

have been conflicting the existence of' the cold-temperate 

Southern Beech (Nothofagus) on King George Island (Barton 

1964; Orlando 1964) and Seymour Island (Dusen 1910; 

Cranwell 1959) » vertebrate remains of' giant whale and 

penguins {Wiman 1 910, Marples 1953) and cool molluscan 

fauna (Adie 1970) suggest cold-temperate conditions only 

since the. Lower to Middle Miocene. 

Pollen and microplankton remains f'rom McMurdo 

Sound (Speden 1962 ) may i ndicate 1mild but not warm' 

clima.t e duri ng the Early Tertiary , with forested areas in 

East Antarctica , principally of' Nothof'agus (Cranwel l e t al . 

1960; McIntyre & Wil s on 1 966 ). Cranwe ll (1 969 ) has 

reviewed Early Tertiary palynological evidence f'rom 

Antarctica f'or climatic fluctuations a nd conclude s that 
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a11 the examined specimens have a wide range of climatic 

tolerance reducing their potential as rigorous climatic 
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indicators. Holdgate (1964), Darlington (1965) and Freznel 
(1966) also plea caution for climatic interpretation of land 
floral assemblages, especially Nothofagus. Fig. 1:5 shows 
the considerable divergence of interpretation of some of 
the vegetational and fauna1 palaeoc1imatic data. Mercer 
(1972) has indicated, however, that palaeontological evidence 
from terrestial and marine sources does provide some of the 
most convincing data available for temperate, non-glacial 
conditions in parts of Antarctica during the Early Tertiary. 

3) Erosive sequences in the Transantarctic Mountains 

Denton et al. (1969; 1970; 1971) and Armstrong 
et al. (1967) report that ice free valleys in southern 
Victoria Land (especially Taylor, Wright and Victoria Valleys) 
were actively eroded and moulded during early glacial 

phases by wet-based outlet glaciers of a full-bodied East 
Antarctic ice sheet prior to 4 x 106 a BP. That these 

valleys are of glacial origin is strongly supported by 

the classical features of glacial erosion they exhibit 

(Nichols 1971; Bull et al. 1962; Denton et al. 1969; 

Calkin 1964; Calkin and Nichols 197~). 

Following the main erosion of these valleys, but 
between subsequent ice advances, alkaline basalt lava flows 
were extruded within Wright and Taylor Valleys. Whole-rock 
K-Ar dates on flows between deposits of Taylor IV and Taylor 
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V glacial readvances give a correct age of' 3.9 and 3.7 x 
106 a BP. More recent radiometric dates, obtained by Fleck 

6 . et al. (1972) f'rom Wright Valley give 4.2 x 10 a BP. 
The principal conclusion f'rom these studies is that the 
valleys must have been occupied by outlet glaciers f'rom a 
fully developed ice sheet in East Antarctica before the 
eruption of' the basalt cones. Confirmation of' a major glacial 
(erosion?) phase 4-5 x 106a BP has recently come f'rom JOIDES 
results (Hayes et al. 1973). 

4) Marine sedimentary evidence 

Glacial marine sediments contained in cores 
retrieved f'rom the southern ocean are thought to accumulate 
as a result of' the melting-out of' englacial debris from 
icebergs that have calved f'rom nearby glacierized terrain. 
Those sediments most distant f'rom a continental area can 
only be.deposited by large, tabular icebergs f'rom ice-shelves 
which require cold, polar conditions to develop and cold 
ocean waters to survive. Nearer to shore smaller ice-bergs, 
calving f'rom temperate or sub-polar deep-water glaciers 
may provide much of' the ice-rafted debris. The f'irst 
definite appearance, therefore, of' glacial marine sediments 
in a stratigraphic section may be taken to indicate the 
presence of' f'ull-scale ice sheets on adjacent continents, 
only if' they occur at some distance beyond the former coast 
line. A number of' criteria have been proposed to enable 
these ice-rafted sediments to be distinguished f'rom •normal' 
pelagic accumulations. 

Single quartz clasts exhibit surface micro-



-
textures that have been differentiated into groups which 
are thought to ref'lect their source environment (Krinsley 
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& Takashi 1962; Krinsley & Newman 1965). Detailed studies 
of' sediments under scanning electron microscope by Margolis 
and Kennett (1971) enabled them to establish quantitative 
criteria for isolating ice-rafted debris. These have been 
widely accepted and applied to the recognition of the onset 
of' glacial conditions. Recent studies of quartz grains by 
Fitzpatrick and Summerson (1971) and Brown (1973) however, 
suggest that 1 glacial 1 fractures and markings are not 
uniquely produced and may originate from non-glacial high
energy processes such as ttirbidites or sub-aerial 

sedimentation. 

Glacial marine sediments are distinct from deep 
sea pelagic and carbonate deposits on the basis of their 
trace element constituents and lie close to the Al Fe join 
of' the Al - Fe - Mn+Ti ternary series (Angino 1964, 1966; 
Angino and Andrews 1968). Unfortunately this promising 
technique has not yet been applied to recognizing the 
beginning of' glacial-marine accumulation in Antarctic deep 
sea cores. 

. 16 18 The dependence of the oxygen isotopes · 0 and 0 
on temperature during secretion in the shells and ~ests of' 
planktonic foraminif'era enables a generalized climatic 
record to be extracted from dated marine sediments {Emiliani 
1966). Although a number of' factors complicate a simple 
relationship between delta-values in shell secretions and 
global air temperatures ·( Shackleton 1973) the technique has 
proved useful in exploring palaeoclimatic fluctuations. Some 
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limited results from the central Pacific Ocean, obtained by 
deep drilling from Glomar Challenger (Douglas & Savin 1971) 
reveal major global warming and cooling phases during the 6 

~~ last 80 x 10 a BP. (Fig. 1:5 ). The data ~-s probably 
insufficient, however, for widespread or detailed 
extrapolations. 

Studies of the micopalaeontological content of 
marine sediments may be used to infer a past climatic 
chronology, such as the changing proportion of 1 cold 1 and 
•warm• water taxa or coiling ratios of some foraminifera that 
show a consistently high degree of temperature dependence 
(Flint 1971). In Antarctic regions cores have been analysed 
in this manner, although few extend back into the Early 
Cenozoic (Hays 1965; Hays and Opdyke 1967; Hays and 
Donaghue 1971; Bandy 1969; Bandy and Casey 1971; Bandy 
et al. 1971). The majority of these studies suggest that the 
first major cooling phase of th~ southern ocean was in the 
Late Miocene. 

Discussion: 

T4e bulk of deep sea sediment samples from Antarctic 
or sub-Antarctic waters have been retrieved by shallow piston 
coring techniques. Only during the 1972-73 season have deep 
cores from Glomar Challenger been obtained from these areas 
(Hayes et al. 1973; Drewry 1973). 

According to Geitzenauer et al. (1968) and Margolis 
and Kennett (1971) core analyses from sub-Antarctic areas 
indicate the first presence of glacial marine sediments in the 
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Early Eocene - recognized by the abundance and sur:face 
)( 

microteltures o:f quartz grains. Major cooling phases, 

evidenced by the changing quantities o:f these 1 ice-ra:fted 

debris' are attributed to the Lower Eocene, Upper-Middle 

Eocene and the Oligocene. No glacial marine sediments occur 

in Early-Middle Miocene sections but are abundant and widely 

distributed :from Late Miocene times onward. Cores obtained 

by Glomar Challenger o:f:f northern Victoria Land show that the 

:first de:finite occurrence o:f ice-ra:fted, glacial marine 

sediments is in the Upper Oligocene, 20-25 x 106 a BP (Hayes 

et al 1973) and is substantially younger than the estimates 

by Margolis and Kennett (1971) :from the south-west Paci:fic. 

Marine plan.ktonic and f'oraminif'eral studies suggest 

an initial cooling in the upper Miocene (6.5-5.5 x 106 
a BP 

depending upon the chronology adopted (see Berggren 1972)). 

Analysis and extrapolation o:f work on silico:flagellates :from 

the Falkland Islands area and southern New Zealand suggest 

temperate-warm climates in the Antarctic Peninsula and Wilkes 

Land coast in the Late Eocene (Mandra & Mandra 1971). 

Oxygen isotope measurements are limited in number. The 

rapid cooling in the Eocene suggested by Douglas and Savin 

(1971) is documented by only :four determinations~ although 

a substantial :fall in ocean temperatures in the Early Miocene 

is better controlled. 

The evidence :from marine ~ediments in the southern 

ocean is, therefore, ambiguous and di:f:ficult to interpret. 

An Early Tertiary cooling has been suggested but the evidence 

is limited and open to question. Evidence at present :favours 

the :first occurrence o:f typically glacio-marine, sediments 

I 
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around Antarctica in the period between the Late Oligocene 
(JOIDES data) and the Late Miocene (micropa1aeontological 

data). 

5) Sea level changes 

Changes in the volume of' water stored in 

continental ice sheets should, other £'actors being equal, 

result in alterations to global sea level (Fairbridge 1961). 
Any evidence of signif'icant lowering of' sea level during the 
Tertiary may, therefore, be related to the advent of 

extensive glaciation, especially in Antarctica (Tanner 1968 
ed.). The relationship between sea level changes and extent 
of glacierization is not simple and several £'actors operate 
to change the world wide level of' the sea: i) Variations 
in the capacity of' the major ocean basins as a result of 
crustal tectonic activity, deposition of' marine sediments, 
changes of temperature o-f' sea water or the creation of' new 
9rust beneath the sea; ii) the addition of' volcanic and 
juvenile water to the oceans and iii) transfer of water 

locked in shallow seas into main oceans. 

All these factors 1ead to eustatic changes of sea 
leve1 relative to a datum at the centre of' the earth. Local 
warping from limited, regional tectonic instability is 

thought to be only signif'icant in respect to measurements 
of sea level. The addition of' juvenile water and changes 

in rate of' sedimentation are considered insignificant. A 
change in temperature of 1°c in sea water would lead to a 
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change in sea level of o.6m and is considered negligible 

(Wexler 1961). 
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The effect of' sea-floor spreading and plate 

motions, creating and destroying major ocean basins, on the 

volume of' oceanic waters is extremely complex and as yet 

little investigated but it would seem highly probable that 

such global tectonic events must cause some fluctuations 

in the capacity of the oceans and hence affect world-wide 

sea levels (Flemming and Roberts 1973). 

The most useful compilation of' data regarding the 

use of sea levels for interpretation of' Tertiary glacial . . 
episodes is provided by Tanner (~d. 1968). The main 

conclusion of' these studies is that sea level has been 

falling, although in a fluctuating discontinuous manner, 

since the Mid-Tertiary (20-25 x 106 a) suggesting the steady 

accumulation of' ice in Antarctica and Greenland. During 

the Plio-Pleistocene there was an increase in the rate 

of lowering of' sea level commensurate with the growth of' 

ice sheets over Eurasia and North America. 

6) Thermoluminescence studies 

Ronca (1964) has suggested that therrnoluminescent 111 

activity of' sediments may be used as . a palaeoclimatic 

indicator and has applied techniques to Antarctic samples. 

A theory of' luminescence as a function of' temperature was 

verified with ~xperimental results on limestones collected 

from various climatic zones (Ronc a and Zeller 1965). 
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Duration of cold conditions (i.e. the time from a 

significant change in climate) in Antarctica was calculated 

on the basis of the theory. Assuming a pre-glacial 

temperature of' +20° an age of 2.1 x 105 a for glacial 

conditions was suggested. Recalculation using lower 

pre-glacial temperatures gave a maximum value of 1.4 x 106 

a BP to a change in climate. Although the technique is 

potentially useful the dates above are considerably shorter 

in duration than those given by other methods for the same 

area (e.g. radiometric dates on basalt cones in Taylor 

Valley). The assumptions regarding pre-climatic change 

temperatures, constant climatic conditions both before and 

during glacial episodes, the absence of erosion or marine 

inundation, an average global geothermal heat flux and 

validity of the glow-curve calibration all present serious 

limitations to the present results of' thermoluminescence 

studies • 

. 7) Discussion 

There is some agreement between sub-Antarctic 

'glacial I m~rine sediments and the incidence of' hyaloclasti te 

and tillite deposits in West Antarctica {Fig. 1:5) Each 

has been interpreted independently as . indicating the 

existence of' a widespread, continental ice sheet in West 

Antarctica since the Eocene. We have seen that there may be 

seribus objection to some of these interpretations. None of 

the studies can provide conclusive evidence of' full-scale 

ice sheets , a l t h ough we may acc e pt that t here may b e s ufficient 

grounds for sup p ort ing mountain or 
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especially in the Jones Mountains. 

Antarctic palaeobotanical and palaeozoological 

evidence is in contradiction with these investigations f'rom 

West Antarctica. Studies suggest warm-temperate climates 

in various parts of' Antarctica during the Early and Middle 

Cenozoic. Palaeoclimatic .studies in New Zealand (Kennett 

1968) and glacial geologic work in Southern Patagonia (Mercer 

1970) suggest the beginning of' a continental glacial period 

at the end of the Miocene (6 - 3.7 x 106 a BP). 

Composite sea level curves and deep sea cores f'rom 

Glomar Challenger both support the growth of' large ice masses 

in East Antarctica in Late Tertiary time after about 20 x 106 

a BP. This is not incompatible with later growth of the West 

Antarctic ice sheet in the Late Miocene when ocean 

temperatures were favourable f'or the maintenance of' large 

ice shelves. 

In conclusion therefore, evidence f'or Early 

Tertiary continental glaciation is ambiguous ·and unconvincing. 

A late Cenozoic age (af'ter 20 x 106 a BP) is favoured here 

for the development of' full-bodied ice sheets in East 

Antarctica. Hopefully the results of' the present JOIDES 

programme will give much more detail of' these events and 

clarify bo·th the temporal intensity and spatial extent of' 

Tertiary glaciation in Antarctica. 

1 . 6 Growth of' the East Antarctic ice sheet 

The mode o f development of' the ice sheet in 

East Antarctica is important in the interpretation of' the 

history of' Ant arctic gla cial events. Two model s hav e been 

tlS 
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proposed, which on present evidence are equally plausible. 

Following ideas outlined by Flint (1943,1971) and 

Cailleux (1952) f'or the development of' the North American, 

Greenland and Scandinavian ice sheets a number of' 

investigations have f'avoured the initial accumulation of' snow 

and ice within the Transantarctic Mountain belt (Bull et al. 

1962; Mercer 1968a; Calkin and Nichols 1971). It is thought 

that following the epeirogenic movements of the Victoria 

Orogeny (Gunn and Warren 1962; Webb 1972) which raised the 

marginal zone of' East Antarctica f'acing the Ross Sea along 

older zones of' crustal def'ormation, global climatic 

deterioration would have enabled cyclonic storms, tracking 

into the Ross Sea embayment, to deposit snow on the higher 

portions of' the Transantarctic Mountains initiating a local, 

temperate ice cap. The lengthening and thickening of' 

glaciers flowing into the lowland areas of' East Antarctica 

f'rom the Transantarctic Mountains must have generated 

considerable ice piedmonts which, it is argued, subsequently 

coalesced to produce the ice sheet. 

The principal disadvantages of this speculative 

model, according to Denton et al. (1971), derive from the 

lack of' evidence in the Transantarctic Mountains for any 

inland moving ice during the early, build-up phase. An 

extensive network of' glacial valleys, they argue, should 

have been eroded on the interior flank of the mountains 

similar to the situation in the mountains of southern Alaska. 

They do admit, however, that these valleys may lie buried 

beneath the overriding ice sheet or may have been destroyed 

by subsequent glacial erosion. 

ns 
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In an alternative model Denton et al. (1971) 

consider that precipitation-bearing storms might have 

penetrated far inland to allow the accumulation of snow 

3 8 

and the growth of glaciers in the interior mountain regions 

of East Antarctica - dominated by the Gamburtsev-Vernadskii 

chain. These glaciers may have expanded and coalesced 

on the surrounding lowland to produce the present day ice 

sheet. It is this particular hypothesis that Denton favours. 

There are, however, equally serious objections to this model. 

The large, high 1 plateau 1 that Denton claims to be the source 

of glaciation is poorly defined topographically, estimates 

being based on only two geophysical ground traverses in this 

part of East Antarctica. Much of the sub-glacial relief 

of the Gamburtsev Mountains as shown by Kapitza (1968) is 

derived from indirect evidence. Following Denton•s own 

argument for the Transantarctic Mountains, the East Antarctic 

plateau should also exhibit signs of glacial activity -

valley systems, presumably in this area, with a radiating 

pattern. At present very widely spaced seismic-gravity 

soundings can provide no evidence for these features. 

Finally, there is no definite evidence for the existence 

of the Gamburtsev Mountains prior to glaciation. According 

to one source (N.A.s. 1970) the mountains represent a 

neotectonic reactivation of the basement resuiting from 

the loading of the crust by a growing ice sheet. This 

would preclude central East Antarctica as the source of 

the ice sheet . 

The major difficulties encountered by both these 

mode l s ari se principally from the lack of sufficiently 

~s 
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and the growth of glaciers in the interior mountain regions 

of East Antarctica - dominated by the Gamburtsev-Vernadskii 

chain. These glaciers may have expanded and coalesced 

on the surrounding lowland to produce the present day ice 

sheet. It is this particular hypothesis that Denton favours. 

There are, however, equally serious objections to this model. 

The large, high 'plateau• that Denton claims to be the source 

of glaciation is poorly defined topographically, estimates 

being based on only two geophysical ground traverses in this 

part of East Antarctica. Much of the sub-glacial relief 

of the Gamburtsev Mountains as shown by Kapitza (1968) is 

derived from indirect evidence. Following Denton 1 s own 

argument for the Transantarctic Mountains, the East Antarctic 

plateau should also exhibit signs of glacial activity -

valley systems, presumably in this area, with a radiating 

pattern. At present very widely spaced seismic-gravity 

soundings can provide no evidence for these features. 

Finally, there is n6 definite evidence for the existence 

of the Gamburtsev Mountains prior to glaciation. According 

to one source (N.A.s. 1970) the mountains represent a 

neotectonic reactivation of the basement resuiting from 

the loading of the crust by a growing ice sheet. This 

would preclude central East Antarctica as the source of 

the ice sheet. 

The ma j or difficulties enc ount e red by both these 

models arise principally from the lack of sufficiently 
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detailed geophysical measurements. If, for instance, systems 

of glacial valleys were detected beneath the ice sheet on the 

inland flank of the Transantarctic Mountains, or in parts of 

the Ga~burtsev Mountains, their presence might constitute 

sufficient evidence to support a particular sequence of 

events or even provide data on the diastrophic history of 

these mountainous regions. Both areas may possess such 

features in which case some combination of the two hypotheses 

may be applicable. It is possible for detailed radio echo 

sounding to provide the relief and morphological information 

that is required and investigations were made in these two 

areas to obtain such data. The results of these investigations 

and conclusions about the mode of glacierization of 

Antarctica are presented in Chapter 6. 
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CHAPTER 2 

RADIO ECHO SOUNDING IN ANTARCTICA 

2.1 Radio echo sounding 

Continuous radio echo sounding from oversnow 

vehicles and aircraft has been developed in recent years by 

a team at the Scott Polar Research Institute (SPRI) in 

Cambridge. It has made possible the rapid profiling of the 

ice bedrock interface over vast areas of Antarctica (Bailey 

et al 1964; Evans & Robin 1966; Evans 1963, 1967; Robin 

•t al 1970a; Robin et al. 1970b; Evans et al. 1972). 

Detailed geophysical and glaciological information have 

been obtained from radio echo results. Of special interest 

to the present investigation are ice thickness and bedrock -

relief profiles. 

The radio echo sounding system has been discussed 

in detail elsewhere (Evans 1963; Evans & Smith 1969), and 

is similar to acoustical marine echo sounding. A pulse of 

electromagnetic energy is transmitted downwards to the ice 

surface from an oversnow vehicle or an airborne platform 

(Fig. 2:1). The delay of the returning echo indicates the 

range to the reflecting surface (Fig. 2:2}. Radio frequencies 

have been limited to between 30 MHz and 500 MHz since 

dielectric absorption increases very rapidly beyond 500 MHz 

reaching 10 dB per 100 m path length at 1 OOO MHz. The 

SPRI Mk-IV system operates 

60 MHz (Evans et al. 1972). 

at 35 MHz and recently at 

Pulses returning from the ice 
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surface and sub- ice targets are displayed on an intensity 

modulated cathode-ray tube and integrated in analogue form 

on a single record by a continuously moving photographic 

:film. Calibration marks are inserted electronically every 

minute during operations and may be identified by an 

independent character string (Smith 1971}. 

2.2 Radio echo sounding operations 

Radio echo sounding was undertaken in Antarctica 

during the 1967-68; 1969-1970 and 1971-1972 field seasons 

with the logistic support o:f the u.s. National Science 

Foundation. Table 2:;I: gives relevant statistical data 

regarding :flying operations. Fig. 2.3 shows 210 OOOR~ 

o:f :flight lines accomplished during these three seasons. 

Flights were planned :from McMurdo Sound on the 

basis of i) previously proposed areas :for radio echo 

sounding; ii) aircraft range and endurance at specified 

altitudes arid speeds and iii) meteorological conditions 

over the Antarctic continent at the time of' operations. 

NIMBUS and ESSA satellite photographs of' Antarctica were 

consulted _daily to give detail of' areas with clear weather 

for flying. Although fine, cloudless conditions are not 

prerequisites of' the sounding system, accurate navigation 

may demand astronomical observations at regular intervals. 

Simultaneous airborne photography for later reduction as 

fixes also requires good visibility. 

During :flights pertinent navigational data was 

41 



TABLE 2:I RADIO ECHO SOUNDING IN ANTARCTICA: 

PERTINENT OPERATIONS DATA 

1967-68 1969-70 1971-72 
.. 

AIRCRAFT C-121 C-130 C-130 

MISSIONS . FLOWN 10 30 16 

HOURS FLOWN 95 330 160 

KM FLOWN (103) 30 120 60 
, 

NAVIGATIONAL AIDS SFIM,PHOTO SFIM1PHOTO I NS,SFIM 
DOPPLER PHOTO 

ECHO SOUNDER l"Ik.II Mk.IV Mk. IV 

CARRIER FREQUENCY 35 MHz 35 MHz 60 MHz 

SYSTEM PERFORMANCE 160 dB 160 dB 160 dB 

MAX. MEASURED ICE 
THICKNESS (KM) 4.2 3.0 4.5 

APPROX.% PROFILES 
WITH REFLECTIONS 75 55 70 

I 

I 
I 

l 
I 
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recorded in log-book :form at regular and precisely known 

time intervals, (e.g. aircraft heading, true and indicated 

airspeed, pressure altitude, terrain clearance, and outside 

air temperature). A dead-reckoning in-flight chart with 

position lines was drawn up by the aircraft navigator. 

Radio echo sounding missions were planned to obtain as many 

in-:flight fixes as possible. This was important for 

1967-68 and 1969-70 seasons where the level of installed 

navigational instrumentation was low. Fixes included · 

known topographic :features especially in the Transantarctic 

Mountains, coastal features around the margin of East 

Antarctica and Antarctic scientific bases within the 

continental interior {e.g. South Pole, Vostok, Sovetskaya, 

Pole o:f Relative Inaccessibility and Komsomolskaya). 

2.3 Reduction of navigation data 

Prior to any geological or geophysical 

interpretation of radio echo records a considerable amount 

of manipulation and interfacing of data :from various 

separate sources is required. The major steps in processing 

are shown in Fig. 2:4. Much of the detailed handling of 

the radio echo data has been described by Smith (1971). 

Aircraft tracks must be located accurately to 

provide unique geographical positions for ice thickness 

measurements. From Table 2:I and Fig 2:4 it can be seen 

that navigational information comprises an inertial output 

during 1971-72 season and SFIM flight recorder data with 
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supplemental fixes during the two previous seasons. 

SFIM analogue flight recorder data are reduced 

by computer processing of traces digitized on a semi-automatic 

co-ordinate trace reader (Smith 1972). An incremental graph

plotter was used to obtain a •track-plot' of a flight on 

projections and at scales compatible with standard topographic 

maps of Antarctica (e.g. Lambert equal area; Polar 

stereographic; conical orthomorphic). Errors in 1dead

reckoning1 reduction from flight-recorder air data are 

about 10 m -1 
s • Improvement by about 5 m s-l can be made 

by updating the flight track with independent fixes. 

The most satisfactory but least frequently obtained 

fix for radio echo operations is from verticalaerial photographs. I 

A Trimetrogon system installed in the aircraft provides the 

bulk of all photographic control, usually 'high angle obliques, 

which offer a means of resecting the position of the aircraft. 

Determining geographic coordinates of the nadir {the point 

vertically beneath the camera lens at the time of photography) 

is not a common problem in photogrammetry but solutions can 

be achieved by the use of the mathematical properties of aerial 

photographs, easily recognizable features on photographs whose 

ground location provide known control and data pertaining to 

the specific conditions of photography (e.g. focal length 

of the camera, flight altitude, camera attitude etc.). Three 

approaches are possible: i) an analytical, least squares. 

e rror me t hod whi c h adjusts t he assumed nadir posi t ion t o 

one having a least squares difference between observed and 

computed angles for a number of control points (Smith 1972); 

ii) an approximate graphical method in which s u b t ended angles 

from control points are me a sured with a perspective overlay, 
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transferred to a transparent template superimposed on a 

topographic map containing the control points and manipulated 

by hand until the radials pass through the control points. 

iii) Mechanical plotters, primarily £or map compilation 

from photo survey data, can be adapted to obtain resections. 

The three methods differ primarily in the degree of accuracy 

obtained and the time required to obtain a result. The 

final choice for rapid and accurate procurement 0£ a large 

number 0£ fixes was the approximate graphical method. 

The resulting accuracy 0£ the flight track plot is! 100 m 

at vertical fixes,! 500 mat resected oblique photo fixes 

and up to 4 km at large distances from photographic control. 

During the 1971-72 season, two Litton Inertial 

Navigation Systems (INS) 0£ the LTN-51 type were installed 

in the C-lJO aircraft (Evans et al. 1972). In-flight 

operations and subsequent data reduction have been 

revolutionized by the INS. 1'he system is both reliable 

and accurate and has allowed a real-time read-out of 

aircraft position from a self-contained digital computer, 

thus enabling a regular £light plan to be followed (see 

Fig. 2:J). Punch tape recording of latitude, longitude 

and aircraft groundspeed every 20 sand manual logging 

every JOO s has considerably assisted data reduction of 

£lights. In-flight errors of the INS are shown in Fig. 2:5 

4 -1 - ranging from o. ms · -1 to as little as 0.01 ms • 'the 
-1 average error was about 0.2 ms • Errors, after correction 

for misclosures of a traverse should not exceed 5 km anywhere. 
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2.4 Effect of navigation errors 

Smith (1971, 1972) has discussed, in general, 

how errors in position can affect the gain 0£ information of 

some property (in this case ice thickness). For radio 

echo sounding Fig. 2:6 summarizes two contrasting situations. 

It can be seen that where relief of a sub-ice surface is 

rough the positioning of measurements has to be correspondingly 

more accurate. Intuitively, the statistical behaviour of a 

property after measurement is some function of the resolution 

of the sounding apparatus, positional errors, the probable 

statistical nature of the property before measurement and 

some measure of the relationship between variables. 

Smith has given the expression: 

2 2 2 2 2 
a = a + 2 a a1 R (1) 

2 res p 

.where effective variance after measurement 

ares the system resolution 

ap positional error 

a~ probable variance before measurement 

R autocorrelation distance 

An extreme case is taken to illustrate the effects 

of these positional errors, Suppose the sub-glacial topography 

is very rough, so that a 1 "" 5-600 m and R ~ 5-6 km. The 
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probable navigation error (P ) (see chapter J:7) is known, ne 
let us say in the order of 2 km. Under such circumstances, 

ice thickness should not be resolved to better than -JOOm. 

Taking a lower limit of ice thicknesses in the areas of 

investigation in Antarctica of 1 500 m, the resolution limit 

would correspond to a 20% error in ice thickness. Errors 

of this sort, resulting from positional uncertainty and 

surface roughness, must be borne in mind when assessing 

measurements not only from radio echo sounding but seismic 

and gravity results. 

2.5 Reduction of ice thickness data 

The principal objective of the radio echo sounding 

system is to obtain ice thickness measurements. 

Range (r) to a sub-glacial reflecting surface is-

r : V e t (2) 

where v = velocity of propagation of electromagnetic waves e 

in ice. 

t = total travel time (delay· between transmitted pulse 

and returning echo). 

Total travel time is obtained by digitization at regular 

intervals along the £light record. Sampling may be at any 

finite time interval but usually fractions of 60 s are chosen 

as convenient {e.g. 1/10; 1/4; 1/2). 
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2.6 Effect of system errors 

1) Radio system parameters 

The choice of' pu+se-length and overall bandwidth 

gives rise to a certain random uncertainty in timing the 

leading edge of weak echoes. During operations in 1967-8 

and 1969-70, a narrow pulse {wide band) option was used with 

a timing accuracy of'~ 70 x l0-9s corresponding to a range 

of' ! 6 m in ice. In 1971-72, a long pulse (narrow band) 

option was used to gain sensitivity whilst operating on the 

inland 1·ce sheet. This had a timing accuracy of' 350 x 10-9 s 

corresponding to a range uncertainty of'! 30 m in ice. 

Antennae beamwidth is probably not of' major significance, 

although there are problems associated with the wide beam 

used in radio echo sounding: knowing exactly what part of' 

the sub-ice surface is being illuminated and corrections 

for thi~ (Robin, Evan~ & Bailey 1969;· Harrison 1970, 1972). 

2) Recording techniques 

The S.P.R.I. system uses photographic f'ilm as an 

analogue recording mediwn, driven through the gate of' a 

camera attached to the face of an intensity modulated 

cathode-ray tube. Oscilloscope spot brightness, size and 

definition are important as well as the sensitivity of the 

film. The speed of' transport of the film is significant 

since it controls the rate of' integration of echoes. 

Measurement of' the separation of surface and 

bedrock echoes on the photo film can usually be made to the 

accuracy of! 0.1 mm on a scale range occupying 25 mm total 
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length ( - o.4% of the total depth). During operation 

over the inland ice sheet the depth scale would usually be 

+ set to cover 5 km so that an uncertainty of - 20 m is 

involved (Evans 1969). 

3) Velocity of propagation of radio waves in ice 

Error may be introduced into calculations of ice 

thickness in converting the echo time delay by using uncertain 

values for the velocity of propagation of electromagnetic 

waves. A difference of -10 m µs-l may produce an error 

in ice thickness of about 6% in areas of central East 

Antarctica. 

In the laboratory the relative permittivity of 

ice (e') has been found to lie between 3.1 and 3.25 in the 

frequency range 10MHz to 105 MHz (Evans 1965)~ A mean 

value for the relative permittivity of pure · polycrystalline 

ice has been used by Robin et al. (1969) based upon these 

experiments (3.17 ! 0.07) which gives a velocity, v 
8 

6 + -1 1 9 - 2 m µs • Other workers have undertaken field 

= 

experiments to determine radio wave velocity. These are 

summarized in Table 2:II and include wide-angle reflection 

measurements, comparison with seismic travel times and 

the use of bore-hole data. A range of about 10m 

from 165 to 175 m µs-l is indicated. 

-1 µs , 

In general the velocity {v) is affected by e 

changes in snow or ice density and to a lesser extent by 

temperature. Bogorodskiy and Federov (1967) discuss the 



TABLE 2:II ELECTROMAGNETIC WAVE VELOCITIES IN ICE 

SOURCE RELATIVE VELOCITY COI'1I'1ENTS 
PERMITTIVITY -1 

e' m µs 

JIRACEK (1967) 168.5 :!:1 to Wide-angle reflection on Ross 
178.3 .:!:2.3 Ice Shelf and Skelton Glacier 

JIRACEK & BENTLEY 3.21 168 E'..<:perimental and Antarctic 
(1971) field results 

BEITZEL ( 1971) . 168 Seismic comparison in Queen 
Maud Land 

CLOUGH & BENTLEY 170 :!: 7 Seismic comparison in Queen 
(1970) Maud Land 

CLOUGH & BENTLEY 3.12 :!: 0.5 171 :!: 2 Wide-angl e reflection in Queen 
(1970) Maud Land 

PEARCE & WALK:l!.'R 3.31 165 Co mparison with Camp Century 
(1967) bore-hole depth 

AUTENBOER & DECLEIR 175 :!: 1 Wide-angle Ref. on Fimbule isen 
(1 969 ) ( 169 :!: 1) (Correction for firn l ayer ) 

BOGORODSKII & FEDEROV 167 :!: 2"/o Experiments near Mirny 
C 1967) 

ROBIN, EVANS & BAILEY 3.17 ±0.~7 169 :!: 2 Experiments in N.W. Greenla nd 
C 1969) Review of l aboratory work 



relationship between velocity and density in some detail. 

They :find :for a f'requency o-f' 30 MHz v varies :from 160 m e 
µs-l at 900 kg m -3 to 212 m µs- 1 at 500 kg m-3 • An 
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average velocity o:f 167 m 
-1 µs at a :frequency o:f 213 MHz is 

suggested :for East Antarcti.ca where the average density :for 

the lower layers o:f the ice sheet is 890 kg m-3 • Robin 

et al. (1969) have given an empirical velocity-density 

relationship: 

V 
e = C / ( 1 + 0.85 p ) (3) 

where c = electromagnetic wave velocity in :free space 

p = density of' ice in gm cm-3 

Fig. 2:7 shows the velocity variation given by 

the above model using depth density values f'rom the Byrd 

Station borehole as given by Clough and Bentley (1970) 

alongside their experimental wide-angle re:flection 

measurements in Queen Maud Land. They f'ound an average 

value :for v of 171 m e 
-1 µs and the curve has been 

:forced to this value in the lower section thus changing the 

constant in E qua ti c:>n ( 3) to o.828. This has tended 
-1 to overestimate the velocity by 1-2 m µs • lne correct curve 

gives a better f'it to the experimental data and to the 

average velocity o:f 169 m µs-l of' Robin et al. (1969). 

Comparison o:f v with seismic travel times in Queen 8 

+ · -1 
6 -1 Maud Land have given velocities o-f' 170 ~ 7 m µs and 1 8 m µs 

depending upon the seismic velocity chosen (Clough and Bentley 

1970; Beitzel 1971). It is worth stressing that the 

uncertainty in seismic waves in ice is just as, i:f not more., 

1' 
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difficult to determine with precision (see chapter J.2). 

The spread of values determined by Jiracek (1967) 

and Jiracek and Bentley (1971) relate to locations which 

exhibit a wide range in the depth of the upper, high 

velocity zone. The velocity of 168.5 m µs-l was obtained 

on the bare ice of Skelton Glacier whilst the higher values 

are at sites on the Ross Ice Shelf where there is a deep 

low-density accumulation layer. Wide-angle .reflection 

measurements from Fimbuleisen (van Autenboer and Decleir 

1969) are also high for this reason and a correction of 

10m for the accumulation layer (Robin et al. 1969) gives 

t d. 1 it h" 169 m µs-l a correc e ve oc y approac 1ng • In converting 

S.P.R.I. radio echo data a value of v 
e 

+ -1 = 169 - 2 m µs 

has been considered applicable. 

2.7 Reduction of ice surface elevations 

Bedrock elevations are obtained as the difference 

between ice surface elevation and ice thickness. In 

Antarctica the absolute altitude of' the ice sheet is not 

known with any pre'Cision. Only a single geodetically 

levelled line, between Mirny and Vostok, has been accomplished 

with an estimated accuracy of':!: 10 m. Elsewhere ice surface 

elevations have been determined by barometric altimetry 

on a number of oversnow traverses. Bentley (1964) has 

discussed the accuracy of' these terrestial measurements in 

some detail and suggests a figure of:!: 50 m may be 

representative over large areas of' Antarctica. 

I . 



l, 
The edge of' the East Antarctic ,Zee sheet adjacent to the 
Transantarcti~ · Mountains has been contoured at 200 m 

interval f'rom photogrammetric sources by u.s. Geological 
Survey with varying degrees of' accuracy but probably t o 

within+ 25 m near to the ground control lines. 
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During radio echo sounding operations the height 
of' the ice surf'ace is obtained f'rom the pressure altitude of 
the aircraft and the terrain clearance between aircraft and 
ice sheet. The latter is determined either by conventional 

radio altimeter (e.g. APN-22) or from the time delay between 
transmitted pulse and ice surf'ace returns on the radio echo 
records themselves. Instrumental inaccuracies, regional 

deformation of' pressure surfaces and complications introduced 
by chang es in aircraft altitude introduce errors of' up to 
100 m in unadjusted ice surface elevations. To minimize 

these errors the heights obtained from radio echo sounding 
operations are tied .into the slightly more accurate ground 
traverse determinations. 

In East Antarctica a major surface mapping project 
has been u ndertaken using all a v ailable surface traverse 
data to adjust radio echo elevations . Three principal 

methods have been combined to give a f'inal map: a random 
walk dif'ferencing procedur e :forced into the whole of the 
area under investigation; a theoretical analysis of' 

barometric g r adients and a least-squar es solution. The 

probable error in the i ~e surface elev a t ions (Fig . 2 : 8) 

d e t ermined by t h ese studies i s JO m (Clayton, J en s sen and 
Robin: personal communication) . 
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2.8 Deconvolution of complex echo patterns 

The s.P.R.I. Mk IV radio echo sounder operates with 

a fan-shaped beam of low directionality. This confiGuration 

give~ ris~ to a number of problems of interpretation of echo 

traces similar to those encountered in marine echo sounding 

{Hoffman 1957; Krause 1962). It may be necessary to take 

account of the manner in which the radio echo system scans 

rough terrain so that the real space surface may be 

reconstructed. Harrison (1970, 1972) has investigated 

these problems in detail. Due to the radio beam being 

longest in the direction of flight a two-dimensional 

solution is possible. 

It is well known in echo sounding from a moving 

platform that if gradients of the scanned terrain are small 

the reflecting surface tends towards the echo profile. 

Steep slopes, however, lead to greater departures o~ the 

echo profile from the real space surface and require 

correction. In the case of a sharp peak such as a nunatak 

the feature acts as a point reflector and the echo profile 

will be approximately hyberbolic in outline (Fig. 2:9): 

wher~ r = 

s = 

d = 

2 r 2 
s = (4) 

echo range to the reflecting surface 

horizontal component of the distance 

between receiver and reflector 

perpendicular distance from the line 

of flight. 

With refraction at the air-ice interface a 

subglacial specular reflector with slopes of ~ 34° 
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cannot be detected. The value f'or the critical angle in 

ice is usually less, however, being limited by the beamwidth 

in air (Harrison 1972). 

Harrison (1970) has described a computer program 

which transforms echo profiles into the actual ref'lecting 

surfaces, assuming that all ray-paths are normal to the 

reflecting surface and using the transformation: 

y = r ( 1 - ( dr/ds) 2 )f (5) 

where y = true vertical range to the reflecting surface 

dr/ds = gradient of' the echo profile (see Fig. 2: 9A) 

The program takes three points f'rom the echo trace 

to obtain a single point on the real-space profile taking 

into account refraction at the air-ice interface and the 

velocity of' the aircraft. The two outside points provide 

a measure of' (dr/ds} whilst the central point, a value f'or 

r • In order to calculate surface slopes where ds is f'inite, 

the spacing of' values of' r need to be small in order that · 

the assumption Q = 0' is valid (see Fig. 2 :9A). A 

spacing f'or radio echo records of' between 100-200 m has been 

suggested. Examples of' synthetic convoluted echo profiles 

obtained ·f'rom a number of simple terrain models are shown 

in Fig. 2:9. 

It is obvious that deconvolution analysis of' 

echo records obtained over many thousands of' kilometres of' 

flight track is impractical. During reconnaissance surveys 

little information is lost by this omission. Indeed in many 

areas of' East Antarctica the\ gr-adients of' the rock surface are 

I 
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very small (the real terrain surface is plain-like in 

character) and the correction is unnecessary. It is only 

where slopes are steep or where considerable detail about 

the actual shape of the reflectin~ surface is required is 

deconvolution most useful, if not essential. The bulk 

of the data presented in the investigations that follow 

have not been corrected in the manner described above. 

Where, however, interpretation of the sub-glacial terrain 

demands a precise knowledge of surface shape, as in the 

investigation of valley cross-profiles discussed in 

Chapter 6, deconvolution has been applied. 
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CHAPTER) 

A COMPARISON OF ICE THICKNESS DATA IN EAST 

ANTARCTICA DERIVED FROM SEISMIC-GRAVITY 

MEASUREMENTS AND RADIO ECHO SOUNDING. 
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Despite the proliferation of radio echo sowiding 
data from various Polar areas there have been few comparisons 
between this method and other more conventional geophysical 
techniques. In this Chapter, we present a detailed 

description of' over 60 comparisons of' radio echo measurements 
with results f'rom seismic-gravity observations in East 

Antarctica made on 8 independent oversnow traverses 

between 1956 and 1963. Before discussing these and other 
comparisons, however, we make an evaluation of' the relative 
sources of' error involved in deriving seismic and gravity 
ice thickness values. 

J.1 dversnow traverse navigation 

Traverse routes were plotted using the original 
published- coordinates in as many cases as possible. For 

the USSR traverses examined positions were obtained f'rom 

the USSR .'.3 x 106 
Map Series of Antarctica. 

Positional errors f'or oversnow traverses vary 

according to the number and quality of' solar or star 

observations. Closure of' a series of sun lines gives the 
positional error which is usually better than 2-3 km 

although where :fewer than 3 swi lines are used a 5-10 km 

- I 

I 
I 
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error may be present. Interpolated positions 0£ minor 
stations between the major sun-shot stations may have 
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a relative error of up to 1 km (Crary 1963; Robinson 1964a). 
Radio echo flight lines crossing traverses were plotted 
at the same scale using navigational data described in 
Chapter 2.3. 

3.2 Seismic shootinK 

Normal errors encountered in seismic techniques 
applied to Polar investigations are discussed by Robin 
(1958, 1966) and Bentley (1964). A brief summary is 
given below. 

1) Determination of echo time 

The errors associated with echo time determination 
include variations of near-surface velocity -conditions, 
uncertainties 0£ the exact shot instant and accuracy of 
the timing system. For the latter, Robin finds that 
inaccuracies should not be greater than! 0.1%. Picking 
a reflec t ed event depends upon the quality of reflections 
and this may vary between 10-3 and 10-2s. Bentley (1964 ) 
takes 5 x 10- 3s (! 10m) as an average value for the 
re l ative accuracy. 

2) Veloci t y of p ropagat ion of 1 P 1 waves in ice 

Subsequ ent t o de t e r min a tion of arrival times 
a number of corrections are applied. Geometrical factors 
include corrections for shot depth, offset distance between 
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shot point and the recording seismometers and the slope 

of the reflecting surface. Most significant errors, 

however, in converting echo times to ice thickness come 

f'rom the uncertainty of the propagation velocity of' elastic 

waves in ice. 

The compressional rpr wave, generated by the 

detonation of an explosive charge in the upper layers of 

an ice mass, exhibits a velocity dependent upon ice density, 

temperature, crystal structure and orientation. Investigations 

have been made to obtain some empirical relationship 

between these parameters in order to determine seismic 

velocities. Robin (1958) widertook laboratory experiments 

to this end and derived the relationship: 

= 
[ 

p - O·O 59 J [ ] 4 ----- 1 - 0·00061 T 10 
2· 21 

(6) 

where 'p' velocity in ice in m -1 V = wave s p 

p = density of ice in gm cm-3 

T = temperature of' the ice (oc) 

This expression has been f'ound, in general, to yield the 

velocity · to within 1 fo if' the ice temperature is known 

(Bentley 1964). It does not, however, take into account 

the differences of' crystal size and orientation, since 

evidence at the time was very limited. More recently, 

Bentley & Ostenso (1961), Bentley (1964), ·and RBthlisberger 

(1971) have discussed this problem in the light of fresh 

f'ield data. The principal effect of preferred orientati on 

i 

I 



58 

of ice crystals is to significantly increase seismic 

velocities. Bentley (1971b) finds that in West Antarctica 

50-90 % of the ice column may be composed of anisotropic 

ice yielding higher velocities below about 400 m. 

Numerous wide-angle reflection measurements 

have been undertaken to assess v in the field. Unfortunately p 

maximum velocities are encountered just a few hundred 

metres below the surface of an ice sheet. Although the 

details of changes in v can be readily investigated in p 

this near-surface low density layer (Robinson 1964a; 

Kohnen 1971, 1972) only an •average' vertical velocity 

value is available for the remainder of the ice column. 

Some of the more important measurements of •average' tpt 

wave velocity are given in Table J:I. B~itzel (1971) 

has attempted to find consistent or systematic trends in 

this data but could find no significant relationships. 

A number of values, however, were found to cluster around 
-1 3.77 km s • 

An important study was undertaken by Bentley 

(1972a) in 1969 who carried out a velocity log of the 

Byrd core-hole in West Antarctica. This analysis has 

yielded, for the first time, the exact nature of the 

changes in 1 P 1 wave velocity below the upper few hundred 

metres of an ice sheet. Logging was conducted to a depth 

of 1 550 m (Fig. J:1), the maximum velocity (4.15 km s-1 ) 

occurring at about 1 400 m. Variation of v was found to p 

be reasonably consistent with those calculated from 

measure d chang es in ice fabric. Below 1 400 m, velocities 

- 1 probably decrease to -3.85 km s near to the bed at 2 100 m. 



TABLE 3:I SEISmc 'P' WAVE VELOCITIES IN EAST ANTARCTICA 

SOURCE VELOCITY COMl'!E:Wl'S 

km s -1 

KAPITZA (1965) 3.800 Central East Ant arctic a 

KAPITZA (1965) 3.700 to Coastal zones of East 
3.750 Antarctica 

-

SOROKHTIN (1960) 3.750 :!:0.07 Komsomolskaya 

CRARY (1963) 3.921 McMurdo-S.FOle Traverse 
Station No. 109 

ROBINSON (1962) 3.728 McMurdo-S,Pole Traverse 
Station No. 110 

3.860 Station No. 112 
Robinson (1964b) 3.780 South Pole Traver s e 

Station No .127 
3.860 Sta tion No.135 

BEITZEL (1971) 3.780 SPQMLT I Sta tion 415 
3.770 SPQMLT I/ Station 185 
3.910 SP~·1LT II Sta tion 363 

ROBIN (1958) 3.749 :!:0.018 to Queen Maud Land 
3.826 :!:0.017 

BEUTLEY (1964) 3 . 820 Average value f or East 
Antarctica 

BENTLEY (1972a) 3.915 Average for Byrd bore-
hole logging 
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Bentley found an average all-ice colwnn vertical velocity of 

-1 f d 3.915 km s which is greater by 2 ~ than those generally used 

in ice thickness calculations. The greater average velocity is 

considered to be almost entirely the product of the locally 

highly anisotropic ice but it cannot be stated how typical 

such an average velocity is for the remainder of West Antarctica 

or for the East Antarctic ice sheet. 

A basal low velocity layer of variable thickness, 

composed primarily of moraine-charged ice, has been 

reported from a nwnber of locations, especially in West 

Antarctica (Bentleyl964, 1971a; Bentley & Chang 1971; 

Kondrat•ev et al. 1959). It is estimated that an error 

of -40 m may be introduced into the ice thickness 

calculations by uncertainties in rpt wave velocities within 

this layer (Robinson 1964a). 

It can be seen from the discussion above that 

values of v are very variable within and around an ice p 

sheet, accounting £or a certain amount of inaccuracy to 

all ice thickness conversions from seismic travel times. 

The problems of choosing a velocity are far more important 

in seismic exploration than in radio echo sounding where 

the electromagnetic velocity is much less sensitive to 

most physical characteristics of the ice mass. Bentley 

(1964) has suggested an error of! 2-3, % as appropriate 

for seismic shooting in Antarctica. , Considering the effects 

of changes in density, temperature, crystal fabric, the 

existence of a basal low velocity layer, correction for 

an upper low-velocity 1 firn' zone and comparisons with 
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radio echo sounding these errors seem reasonable as a lower 

limit. 

3) Identification of' echoes 

Over and above tqe probable sources of' error 

described above which derive from the seismic technique 

and unknown values f'or certain physical properties of' ice 

sheets, errors may result from gross misinterpretation 

of' seismograms. 

In East Antarctica, the problems of' prolonged 

surface 'noise' generated in the very cold upper layers 
c. 

of' the ice, have been f,i t .ed on a number of' occasions 

(Robin 1958; Crary 1963; Bentley 1964) making identification 

of' echoes very dif'ficult. The use of' deep shot holes 

( ~ 50 m), high frequency recording equipment ( "' 200 Hz) 

and the undertaking of' operations during late summer when 

surface ice temperatures are higher, have all contributed 

to producing less noisy records. However, many of' the 

seismograms f'rom traverses in East Antarctica, made without 

these necessary precautions, show poor or unidentif'iable 

echoes (Bentley 1964), and there has been some dispute over 

the interpretation of' results of' early seismic investigations 

(see Kapitia & Sorokhtin 1963; Robin 1961). 

It would seem, therefore, that errors f'rom 

+ A seismic shooting may lie in the region of' - J ~ from 

East Antarctica, primarily a result of' unknown changes 

within the ice mass. Misidentification of' echoes may lead 

to gross inaccuracies, over and above these system errors . 
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J.J Gravity measurements 

Observations of gravity have been used extensively 

in Antarctica to obtain a rapid, though not precise, 

measure of ice thickness. The fact that the acceleration 

due to gravity varies with the density of material beneath 

the point of measurement and the large contrast in density 

between ice and rock makes 1 g 1 sensitive to changes in 

bedrock elevation. Theoretical determination of the errors 

involved are difficult to assess and few empirical estimates 

have been given. Kapitza (1960, 1966) and Kapitza & 

Sorokhtin (1963) have reported an accuracy of 7-10 % 
whilst Sorokhtin, Kondrat'ev & Avsuk (1960) compute a 

. + 
value of - 160 m. Tsukernik (1962) suggests that gravity 

data after correction to seismic control may be accurate 

to -8 %. Walker (1966) gives a computed accuracy for 

gravity depths with seismic control every 33 km as -150 m. 

Such errors arise from a number of assumptions in computing 

ice thicknesses from gravity anomalies. Bentley (1964) 

has discussed these errors in detail and a summary is given . 

below. 

1) Instrµmental errors 

1 · 

I
' .. 

I 

, I 

11 These arise from drift, inaccuracy and non-linearity II 
of calibrations and from the extreme environmental 

conditions experienced in Antarctica and may give errors 

of up ~o 5 mgal. Usually gravimeters are temperature 

compensated and of low-drift and errors are reduced to 

about t - 2 mgal. 

• 
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2) Elevation uncertainty 

This can provide one o:f the major sources of 

error in gravity measurements. The :free air anomaly 

(the di:f:ference between observed and theoretical gravity) 

is calculated and adjusted t~ elevati6ns by standard 

:formulae (Vening Meinesz 1958). Since sur:face elevations 

cannot usually be guaranteed to better than 50 m (Bentley 

1964; Robinson 1964a) an error o:f 15 - 20 mgal must be 

accepted. 

3) Density o:f sub-glacial rock 

Another major source of' error in gravity 

deter~inations arises f'rom assumptions about the density 

62 

o:f ice and sub-glacial rock. Average crustal rock material 

has a density of' 2 700 - 2 800 kg m-3, although there are 

·I 

t' 

wide variations (see Clark et al 1966 :for den;i ty tabulations). 
1 

I 
Using an average density f'or ice o:f 910 kg m- an average 

-1 conversion :factor o:ften used in Antarctica is 13.6 m mgal • 

Errors likely to occur :from density variations should be 

less than 30 % (Robin 1966) and usually in the order o:f 

15 % (Bentley 1964). Density changes related to a layer 

of' moraine may have a signi:ficant ef':fect on ice thickness 

calculations since the density contrast between ice and 

moraine and moraine and bedrock is of the same order. 

Bentley (1971a) has shown that moraine (o:ften dispersed) 

within the basal ice layers is 200 - 400 m thick under 

much o:f the W.est Antarctic ice sheet and may be up to 600 m 

thick in places. There is good reason to believe that 

moraine also occurs extensively beneath the East Antarctic· 
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ice sheet (Kondrat 1 ev et al. 1959; Evteav 1959a; Goodspeed 

1958). 

4) Terrain corrections 

Since gravity anomalies are computed assuming an. 

infinite slab {i.e. plane surfaces of infinite dimensions) 

the finite horizontal extent of bedrock features introduces 

error into calculations. In East Antarctica, measurements 

are made, on average, some 2 - 2.5 km above the rock surface. 

Bentley (1964) has shown that with such a thick intervening 

ice layer, even small bedrock slopes of only a few degrees 

can produce differences of up to a factor of 2 in the 

conversion value. This factor is often so significant that 

only empirically determined conversion constants are 

meaningful. -1 Bentley has given 20 m mgal with a standard 

deviation of 17 mgal and 16 mgal for West and East Antarcitca 

( -1 respectively, although Robinson 1964) favours 13.5 m mgal 

in some locations. 

Gravity measurements are thus useful in providing 

some detail of ice thickness changes between seismic control 

points. A number of assumptions can lead to errors of 

between 5 and 20 % in areas of irregular sub-glacial relief, 

poorly determined surface elevations and rapid changes in 

bedrock materials. In contrast to seismic measurements 

which determine rock surface elevatfon at a point, gravity 

results, on the basis of infinite plate calculation, yield 

only the average bedrock relief giving rise to anomalies. 

Crary (1971) comments that much of the apparent success of 

gravity methods may lie in the lack of direct checks of the 

results. 
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J.4 The internal consistency of radio echo sounding 

In order to determine the reliability of radio 

echo sounding values prior to app1ying radio echo checks 

to seismic and gravity determinations of ice thickness a 

detai1ed ana1ysis was made of data from 1971-72 season. 
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This set of' data was chosen since the grid pattern of flight 

lines in East Antarctica ensured a 1arge number of crossing

points of flights which could be readily analysed, and the 

accurate navigation from LTN-51 Inertial system allowed 

positional errors to be minimized. 

Ninety-one locations were examined where ice 

thicknesses f'rom two independent flights had been determined. 

The values at the crossing-points are given in Table J:II 

and Fig. 3: 2. Eleven checks give differences of > 2. 5 % 

but none are greater than 10 %. 
If we accept that positional ·inaccuracy, and 

operator error in reducing data are likely to . give rise to 

extreme divergences, then according to Table J:II we may 

derive a value for the internal consistency of radio echo 

sounding under field conditions as being, on average, <1 %. 
Dif:ferences between separate measurements of ice thickness 

by radio echo methods are thus less than those errors of 

the radio system itself', and radio echo measurements show 

a level of' replication consistent wi~h their use as 

comparative data. 

Radio echo soundings f'rom dif'f'erent f'ield seasons 

are more difficult to analyse for consistency due to 

differences in overall system performance, navigational 

accuracy and the operation of' equipment in varying areas 

1' 
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TABLE 3:II MEAN DIFFERENCE I N ICE THICKNESS BET'.·/EEN 

91 CHECKS OF RADIO ECHO MEASUREI":ENTS. 

d p 

MEAN MEAN PERCENTAGE 

DIFFERENCE DIFFERENCE 

ALL VALUES (91) . 34.95 m 1. 23 

VALUES: p :s; 2.5% 
(86) 26.37 m 0.97 

VALUES: p ::5 2. CP/o 
(80 ) 23.23 m ·0 .88 
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o:f Antarctica. An interesting case, however, is provided 

by ice thickness measurements at Vostok (78°28~S, 106°48
1
E). 

Ice thickness measurements were made at Vostok 

during operations in 1967, 1969 and 1971 (Table 3:III). 

Depths :from the 1967-68 season have been reported by Robin, 

Swithinbank & Smith (1970). Due to the poor antennae 

per:formance, no records were obtained in 1969 although 

three visits to this station were made. During 1971-72, 

two independent missions obtained re:flections at Vostok. 

Due to the supression o:f the ice sur:face echo on the 

1967-68 records the ice thickness is less precise. Values 

range :from J 760 m to 3 810 m within 3 OOO m radius of 

Vostok (measurements with 35 MHz instrument). 0£ the two 

1971-72 :flights (operating with 60 MHz equipment), one 

mission (Flight 7) landed at the station· and continuous 

records were made whilst the aircra:ft was on the ground. 

A value o:f 3 802 m was recorded. Flight 1 passed over 

Vostok at low altitude and values between 3 798 m and 

3 801 m were obtained. The di:f:ferences shown in Table 3:III 

are <0.5 % and indicate excellent agreement between the 

two seasons' results. 

3.5 Absolute checks o:f radio echo and seismic results 

In previous sections the relative sources of' 

error :for both radio echo sounding and seismic-gravity 

techniques, and the internal consistency o:f radio echo 

measurements have been examined. Average values :for accuracy 

o:f ! 1.5 % (radio echo sounding),! J % (seismic sounding) 

and! 10 % (gravity measurements) were indicated. A 

consistency better than 1 % is suggested :for radio echo values. 
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TABLE 3:III COMPARISONOF RADIO ICE THICKNESS 

MEASUREMENTS AT VOSTOK 

DATE/ 

FLIGHT NUMBER 

1967-68 

19th December 

1969-70 

December & 

January 

1971-72 

No.1 18th Dec. 

No.7 23rd Dec . 

ICE 

MEAN 

3 785 

NO 

3 800 

3 802 · 

THICKNESS 
(m) 

RANGE 

3 760-3 810 

(within 3 km 
radius) 

I ECORDS 

3 798-3 801 
( 1 km radius) 

3 796-3 808 
(on ground) 
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In two di:f:ferent locations there is the opportunity to check 

the performance o:f both radio echo and seismic sounding 

against absolute ice thickness measurements determined by 

deep-core drilling to bedrock. 

1) Camp Century, Greenland 

In north-west Greenland a core hole has been 

drilled to bedrock at Camp _Century (Hansen & Langway 1966). 

The drill hole core showed thin moraine comprising silt 

layers and small clasts at a depth of 1 370.5 m. A more 

consolidated, :frozen till was reached at 1 387.4 m indicating 

a 17 m zone of dirty particulate ice. Radio echo and seismic 

shooting were conducted at Camp Century during 1964 in the 

vicinity of the core-hole (Robin, Evans & Bailey 1969; 

Clarke 1966). The values obtained and comparisons are 

given in Table 3:IV. 

Unfortunately no seismic reflection shot was made 

immediately adjacent to the bore-hole, the nearest being at 

marker P42-9, 2 OOO m to the south. However, continuous 

radio echo sounding shows little bedrock relief between 

these points and values from P42-9 are used in this analysis. 

2) Byrd Station, West Antarctica 

In West Antarctica radio echo sounding has been 

made at Byrd Station in both 1967 and 1969-70. Due to poor 

system performance in the 1969-70 season, no echoes were 

obtained at Byrd. Values from 1967 have been reported by 

Robin, Swithinbank & Smith (1970). The ice thickness values 

have been compared to the ice depth recorded in the Byrd 

Station bore-hole, drilled to bedrock during 1967-68 by a 

I>. 



TABLE 3:IV COMPARISON OF RADIO ECHO AND SEISMIC ICE 
THICKNESS AND BORE-HOLE MEASUREMEl'TTS. 

BORE-HOLE RADIO ECHO SEISI'lIC 
DEPTH DEPTH DEPTH 

m m m 

CAMP CENTURY 1 370 1 361-1 379 

(NW .GREENLAND) (to silt) 1 335 (1 370) 1 387 
(to rock) 

· DIFFERENCE 
(m) 

-17 +52 

DIFFERENCE 1.2 3.7 (%) 

A NEW BYRD STATION 2 150 ±30 

(W.ANTARCTICA) 2 164 2 135 ±50 
B 2 290 

DIFFERENCE A -14 
-29 (m) 

B +126 

DIFFERENCE A 0 .65 
(%) B 5.8 1. 34 

) . 
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USA-CRREL team (Gow, Ueda & Garf'ield 1968). A depth of' 67 

2 164 m was recorded. During radio echo operations, 

soundings were made aronnd the core-hole and ice thickness 

values between 2 104 m and 2 214 m were recorded (Robin, 

Swithinbank & Smith 1970) (Fig. 3:3) . An isolated echo was 

detected at 2 290 m very close to the core-hole, although 

Robin et al. indicate that this echo may not be derived 

f'rom bedrock but from surface artif'acts which could give 

rise to oblique echoes. Examinations of' the original records 

by the writer suggest weak but distinguishable, continuous 

echoes at approximately the same distance f'rom the core-hole 

(400 ! 200 m), yielding a thickness of' 2 150 m ! 30 m (25.4µs). 

Seismic reflection shooting has been carried out 

at New Byrd Station. Three shots near the core-hole give 

values between 2 215 m and 2 120 m for ice thickness (Fig. 3:3) 

(Bentley, personal communication). A seismic tpt wave 

-1 velocity of J.82 km s was used in obtaining these values. 

Extrapolation of the 3 reflection shots, by Bentley, gives 

a depth at the core-hole tower of 2 135 m which is probably 

good to! 50 m in view of recent estimates of errors caused 

by the presence of a low velocity layer near the base of' the 

ice sheet (Bentley & Chang 1971; Bentley, personal 

communic~tion) . Comparison of the seismic,radio echo and 

bore-hole measurements are given in Table 3:IV. 

Considering the errors involved in determining 

the remote sensing ice thickness, the results from Byrd 

Station show excellent agreement with the actual depth . 

It is interesting, however, to note the dif'ference between 

the ad jacent seismic and radio echo measurements 1 km south

east of the drill hole (Fig . 3:3) . Here continuous radio 

echo sounding indicates a depth of' between 2 224 and 2 214 m. 
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The seismic reflection measurement, approximately 100 

away, yields a value of' 2 120 m, a difference of 94 m or 

4 % of the ice thickness from radio echo sounding • 

.3) Discussion 

68 

200 m 

From the limited comparisons of radio echo and 

seismic ice thicknesses at Camp Century and Byrd Station, 

and from a general appreciation _of the errors involved in 

these techniques, it would appear that radio echo sounding 

should give ice thickness values to better than! 1.5. % 
on average, deviations being in general systematic. Seismic 

shooting results appear more variable, the errors of a 

random nature. An upper limit for accuracy is approximately 

! 3 %. 

3.6 Comparisons of radio echo sounding and seismic-gravity 

Objective comparisons between ice thickness 

sounding techniques are few in number . Before discussing 

in some detail the results of recent comparisons made in 

East Antarctica ;wublished field investigations in Greenland, 

Arctic Canada and Antarctica a re briefly rev iewed. 

1 ) Greenland 

I n 1964 an i nternational cooper ativ e programme 

in north-west Greenland made detai l ed measur ements o f ice 

t h i ckness by radi o e cho s ounding (Rinker, Evans & Robin 1966 ) 
and seismic shooting (Clarke 1966). Evaluation of these 

results has provided the most detailed and reliable 

I 
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comparison to date since navigational uncertainties were 

eliminated (Evans 1967; Robin, Evans & Bailey 1969, p466-9). 

The results of the 27 seismic shots and continuous 

radio echo soundings at the same locations (within 100 m 

of the trail) gave a difference of! 15 m without regard 

to sign or+ 9 ! 3 m taking sign into account. The maximum 

divergence was found to be 52 m. Average difference was 

thus "'1. 78 'fop and most comparisons should be ,..,, 3'1,. 

2) Ellesmere Island, (N.W.T. Canada) 

Measurements by seismic and gravity observations 

on Gilman Glacier, Ellesmere Island (Weber 1966) have been 

qualitatively compared to radio echo sounding. results 

obtained in 1966 (Hatte·rsley-Smith, Fuzesy & Evans 1969). 

Agreement was found to be, "very good" (page 7), but no 

comparative values were given. Examination of the published 

seismic-gravity profile and the original radio echo profile 

give scaled-off comparisons as shown in Table J:V. 

Allowing for errors of as much as 5 % in scaling off values 

and also allowing for navigational errors (although in this 

case the wide, flat nature of the glacier bed cross-section 

as given in Weber (1966) makes navigational errors less 

signific~nt to changing ice thicknesses) the differences 

are surprisingly large to qualify as ''very good". A 

further analysis of the original data may be required. 

J) Antarctica 

In Antarctica spot comparisons have been made 

at Roosevelt Island where a difference of+ 60 m (7.4 %) 
was observed between radio echo and seismic shooting results 



TABLE 3:V COMPARISON OF RADIO ECHO AND SEISMIC ICE 

THICKNESSES ON GILMAN GLACIER, ELLESMERE 

ISLAND, N.W.T. 

X y 
SEISMIC SEISMIC RADIO ECHO X-Y % SHOT. DEPTH DEPTH 

m m 

.. 
A 470 370 100 27.0 

B 580 505 75 15.0 

C 640 560 80 14.0 

D 710 660 50 7 . 6 
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(Robin, Swithinbank & Smith 1970). At locations in East 

Antarctica radio echo ice thicknesses of' 3 760 and 3 810 m 

within J OOO m of' Vostok Station were obtained where seismic 

values determined by Kapitza (1960) give 3 700 m (Ibid). 

A limited number of' spot checks of radio echo 

results against the USA 1960-61 McMurdo to South Pole and 

USA 1962-63 South Pole Traverses were given by Drewry (1971) 

and agreement was found to average (2.5 %) at the locations 
f'. 

examined. Divergenctes of' (8 %) were, however, observed• 

The most detailed published comparison f'rom 

Antarctica is tabulated in Evans, Drewry & Robin (1972) 

f'or crossing-points of' the Australian Wilkes to Vostok 

(1962-63) Traverse. Agreement was f'ound to be! 7 % against 
an essentially_ gravity prof'i_le. 

Radio echo sounding undertaken by Soviet teams 

with equipment operating at 213 and 440 MHz were compared 

to seismic values along the Mirny - Pioneerskaya Trail 

(Federov 1967). An agreement of between 6 and 7 % was 

found whilst the two radio echo systems appeared to give values 

dif'fering by less th~ 5 %. 
Gravity-seismic measurements were conducted along 

the Queen Maud Land Traverses II in conjunction with radio 

echo sounding (Beitzel, Clough & Bentley 1966; Beitzel 1971). 
Comparisons between the two techniques have not been given 

although Beitzel reports that ther~ were significant 

divergences. All radio echo resuits were tied to the seismic 
ice thickness measurements. 

In 1971 radio echo soundings were made along part 

of' the Norwegian-British-Swedish Expedition traverse route 

in Queen Maud Land (Robin 1958) by a South African expedition 

(Schaefer 1972). Comparisons at or near seismic stations 
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TABLE 3:VI COMPARI SON OF RADIO ECHO ICE THICKNESSES 

AT SELECTED SITES OF THE NORWEGI AN-BRITISH

SWEDISH EXPEDITION (after Sclaeffer 1972) 

SEI.Sl'1IC SEISMIC DEPTH RADIO DEPTH 
STATION (ROBIN 1958 ) (SCHAEFFER '72) 

144 1 450 1 . . 500 

145 1 090 1 110 

141 1 570 1 520 

140 950 1 OOO 

139 830 870 

.. 
91 860 880 

138 1 140 1 160 

\ 
I 

I 
I 
I 

I 

i ,, I 
1 



are given in Table J:VI which indicates an average 

correspondence of "'J %. 

J.7 Radio echo comparisons in East Antarctica 

71 

Radio echo records from 1967-68, 1969-70 and 

1971-72 seasons have been examined at those locations where 

flight lines intersect the routes of previous oversnow 

traverses. Positional inaccuracies have been discussed in 

an earlier / section. Assuming, therefore, linear drift for 

the LTN-51 system for 1971-72 data, and consistency in 

dead-reckoning errors from other seasons, the probable 

navigational error at a drossing-point is: 

where 

p 
ne [ t 

C J 
T' 

t = time into the flight 

C = traverse closure error 

T'= total duration of flight 

(7) 

At most crossing-points Pne lies well . within the 

sampling interval of radio echo ice thickness records 

(i.e. JO s corresponding to overland distances of J.1 - J.7 km 

for aircraft groundspeeds of 100 a~d 125 m s-1 ) and average 

ice thickness values are obtained using the nominal 

+ crossing-point depth and the values at - JO s of the 

crossing-point. In some of the 1967-68 and 1969-70 comparisons 1 

where P ne was large, valu.es at ! 60 s of the crossing-point 

were necessary to obtain an averaged ice thickness 

commensurate with the navigational uncertainty. 
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FIGo 3:4 Comparison of seismic (s) and gravity ice thicknesses 
(both as Y) with S.P .R. I. radio echo sounding -results (X) 
in East Antarctica. Bars indicate the range of ice thickness 
values on either side of a traverse to a distance dommensurate 
with the probable navigational error. 
A Transantarctic Expedition B Victoria Land II 
C Victoria Land I D Vostok-South Pole 
E McMurdo-South Pole F South Pole traverse 
G Wilkes-Vostok H Kom.somolskaya-Vostok 
I South Pole (Linehan) J South Pole (i'leihaupt) 
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The results of comparisons have been plotted in 

Fig. 3:4. The bars indicate the range in ice thickness on 
either side of the traverse to a distance equivalent to P • ne 
It can be seen that thicknesses . range from about 1 500 m to 
4 300 m, whilst the differences between the two techniques 

show a wide scatter. If we accept Robin's figure of 3 % 
for the general agreement of radio echo sounding and seismic 
measurements, then less than one third (20) of the comparisons 
made here fall within this limit. Since all checks include 
a small component of navigational error radio echo 

measurements at these 20 sites can be taken as equivalent 

to the seismic-gravity results. A difference of 10 % 
should al.low f'or extreme .positional errors and hence all 

values lying close to or away from this line may be taken as 
significant deviations. We discuss in more detail below the 
results of this analysis by evaluating radio echo and 

seismic-gravity data traverse by traverse. 

1..) Victoria Land Traverse I (1958-59) 

This was the first American geophysical traverse 
party to work on the East Antarctic Plateau. Seventeen 

reflection and seven refraction profiles were shot in holes 
up to 2o ·m depth. High filter pass bands were used on the 
recording equipment with a low cut-off at 210 Hz. Ice 

thickness values at 5 of these locations have been compared 
to radio echo sounding results. At station 82.0 a comparison 
between 2 independent radio echo measurements is available. 
The analysis is summarized in Table J:VII*and , Fig . 3:5. 

The agreements are, in general, very good, despite 
seismograms from 4 of the stations showing only 'poor' 

reflections according to a qualitative assessment by 
*Tables grouped in Appendix A. 
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Crary (1963). The differences, without regard to sign,lie 

between 23 m and 135 m. At station 79.0 radio echo data 

are available only at a distance 0£ 4 OOO m and agreement 
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is 8 %• The ice thickness at station 76.5 is £rom gravity 

observations alone. The value £or the ice thickness was 

obtained by scaling 6££ £rom the published profile (Crary 

1963) and is open to an operator error in the order of! 25 m. 

It would appear that radio echo sounding confirms 

the results of this traverse at the checked locations, and 

agreement lies within 3 - 4 %. No checks were available 

nearer to the exposed mountains of Southern Victoria Land 

than station 76.5. The results of VLT I indicate that the 

sub-glacial extension of the Transantarctic Mountains 
0 . terminates rapidly at about 157 E and have been used to 

support a particular geological hypothesis. A discussion 

of the character of the inland flank of the Transantarctic 

Mountains in the light of continuous radio echo profiling 

is given in Chapter 5. 

2) Victoria Land Traverse II (1959-60) 

Data from this traverse have been given by 

Weihaupt (1961). Eighteen reflection and two refraction 

profiles .were shot in holes up to 17 m deep. High and 

low cut-off filters were employed. Difficulties were 

encountered with surface noise on the southern leg of the 

traverse and examination 0£ the seismograms by A.P. Crary, 

C.R. Bentley & EoS. Robinson revealed no reliable echoes 

{Robinson 1964a). Gravity measurements were tied to the 

seismic results. 

Along the southern traverse leg the radio ice 
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thicknesses diverge considerably from the seismic-gravity 

profile at 4 of the 5 checked locations (Fig. 3:5, 
Table 3:VIII). At station 514B/C the discrepancy reaches 
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1 500 m, almost half the ice thickness. Weihaupt's gravity 

measurements at station 500.B have been tied to Crary's 

station 72.0 o:f the Victoria Land Traverse I. We have 

already seen that Crary 1 s results, where compared, show 

agreement to within! 3.5 % and this might account £or the 

low error at 500.B in contrast to succeeding stations. 

The sub-glacial plateau, at an elevation o:f +500 m, shown 

on Weihaupt 1 s profiles between stations 511 and 526, is 

probably non-existant being generated by the ambiguous 

seismic reflections - it lies in an area shown by radio 

echo data to be. the northward extension 0£ the Wilkes 

sub-glacial basin. 

On the northern leg seismograms sho.w easily 

identifiable echoes since higher £irn temperatures 

experienced later in the season decreased surface noise. 

According to Bentley (1964) only one of the 7 reflection 

shots on this leg is questionable. Four radio echo 

comparisons are available along the leg. Only at station 

536.E is there strong divergence. At this point, Weihaupt 

(1961) records his greatest ice thickness (3 596 m). The 

radio echo record does not show echoes at the exact crossing

point but reflections 2 600 m ! 2.4 km give a value of 

2 985 m. The positional inaccuracy of the radio echo 

measurements may be considered as a part cause of the large 

difference noted. The remaining three points show very 

good agreement and confirm the seismic ice thicknesses to 

better than 4 <%,. 
II 
I 



75 3) McMurdo - South Pole Traverse (1960-61) 

During the field season 1960-61 this traverse 
completed 14 seismic reflection shots, 2 refraction profiles 
and 267 minor stations recording gravity (Crary 1963; 
Robinson 1962). Robinson. (1964a) found that records from 
seismic reflection shots showed a signal-noise ratio of 
~ 2:1. Deep shot holes were drilled to 40 m and low and 
high cut-off filters utilized. None of the seismic stations 
~~ 

weP& crossed by radio echo flights but intermediate gravity 
stations were checked in 12 places (Fig. 3:5, Table J:IX). 
Since the derived bedrock elevations from gravity data 
were adjusted by linear interpolation to seismic 

measurements .they reflect, especially adjacent to seismic 
stations, the ice thickness determined by reflection 
shooting. 

At only. two stations is the difference >5 %. 
For 100.22 the nearest radio echo measurement is J 500 m 
! 6 km from the nominal crossing-point, and is an isolated 
echo. A difference of +231 m is given. At 101.15 the 
radio echo record indicates that the rock surface dips 
slightly at the crossing-point by about 50 m. Since 
elevations from gravity measurements are calculated from 
free air ·anomalies by applying the Bouger correction for 
an infinite slab, the effects of any locally marked 
topographic relief are minimized and in this case the 
bedrock dip has probably not been resolved. 

In general terms the relative sub-ice relief at 
all the check points was small and the agreement between 
gravity (tied to seismic) and radio echo depths is very 
good being on average about 3.5 %. 

,I 



E 
X 

0 
0 
I{) N 
,- ,.. 

0 
0 
0 
,-

,.. . ,.. 

0 ... 
cri 
a;) 

0 
0 
LO 

,,... 

~ 

LI') 
'<:l' 
(") 

N 
,-

(f') 

0 
0 

0 E 0 
0 
C? 

r-
0 0 

E 0 
0 
(") 

FIG. 3:5 Radio echo comparisons (circles) with seismic-gravity proiiles of Commonwealth Transantarctic Expedition (Upper) and USA McHuTdo-South Pole Traverse (bottom). Bars indicate range of bedrock elevations on either side of the traverse to a dista...n.ce col:linensurate vith navigational error. 

E 
X 

0 
0 
lO .... 

0 
0 
0 
,-

0 
- 0 

I!) 

0 



4) South Pole Traverse (1962-63) 76 

Although ice thicknesses determined at 12 points 
on this traverse are available :for comparison with radio 
echo results (Robinson 1964b) only 3 are considered to be 
representative. A number o:f the :factors considered in 
Chapter 2.4 here reach values at which meaning:ful ice 
thicknesses with respect to position are impossible to 
achieve. 

a) Large ampl'itude o:f relief 

The sub-ice topography in this zone shows 
substantial relative reli.e:f up to 1 OOO m and the term a

1 in Equation ·1 · tends to be about 5-600 m on radio echo 
records. The autocorrelation :function (R) is low being in 
the order o:f 4 - 5 km. As :far as gravity values are 
concerned their e:f:fect is to smooth out the small-scale 
elevation changes so that the traverse data . represent only 
the minimum roughness present. 

b) Positional uncertainty 

0:f the comparisons listed in Table J:X 10 refer 
to radio echo measurements made during 1969-70 :flights 
where large navigation errors were encountered o:f the order 
of 10 km (the probable navigation errors given in Table J:X 
are maximum values not taking in to account correction to 
photographic or other :fixes). They are substantially 
higher than errors :from 1971-72 flights in the same area 
and the term ap in Equation 1 is therefore large. 

( Furtheeore, the :flight tracks :for 9 o:f the checks 

I 

I 



from 1969-70 operations, closely parallel parts of the 

South Pole Traverse route. This means that the usual 

77 

averaging procedure at the crossing-point becomes impractical 

because of the extremely acute angle of intersection, 

further reducing the possibility of utilizing the results. 

c) Small ice thickness 

The effect of errors resulting from a combination 

of positional uncertainty and the roughness of the sub-ice 

terrain ALONE is to set a resolution on radio echo sounding 

values of' "'JOO - 400 m., For gravity measurements where 

navigation is accurate to 0.5 km, a becomes -100 m. res 

In the area of investigation between the 

Transantarctic Mountains ·and the South Pole, the ice is 

thin ( 1 OOO - 2 500 m)· and the error a as some function res 

of ice thickness is correspondingly high. For radio echo 

sounding this is "'50 % and gravi:ty "'10 %. The errors 

produced by the smoothing effect of corrected free air 

anomalies are additive in the case of the gravity estimate. 

Only at stations 117.6, 117.11 and 121.12 are 

there radio echo crossings where errors are reasonably. 

small and a valid averaging procedure can be used to obtain 

comparative data. 

The seismograms from this traverse have been 

examined by Bentley (1964) and goad refledtions are 

indicated from all 24 stations - resulting from deep shot 

holes ( ~40 m) and high frequency recording equipment. 

The three checks from radio echo sounding 

indicate fair agreement,' considering the rugged sub-glacial 

terrain although a considerable spread of values is 



78 

sug·gested at some of' the checks. The radio echo prof'iles 

are pref'erred since the continuous record of ice thickness 

indicates the true rouglmess of' bedrock. 

5) Vostok - South Pole (1959) 

Kapitza (1960) has reported the results f'rom 

this traverse. The route was crossed in 7 places by radio 

echo £'lights f'rom the 1971-72 season. At one locality 

two separate £'lights cross the same point. In examining 

the results of' this traverse with radio echo data we f'ind 

a number of' very large discrepancies (Fig-. 3 :5, Table 3 :XI) • 

.A,t Vostok and station 3 the errors are only of' 

the order of' 100 m {say 3 %) but at successive stations 

errors are a~ great as 1 OOO m (about one half' the ice 

thickness). Kapitza (1960) reports that traverse 

navigation was achieved using astro-f'ixes and is accurate 

to better than 2 km. No details of the 1 P' wave velocity 

used to convert echo time delay to ice thicknesses are 

given but errors here would only make a relatively small 

difference to the final values. According to Bentley (1964) 

and Robinson (1964a) who have both examined some seismograms, 

. the records apparently show easily identifiable echoes. 

Gravity observations were made along this traverse but the 
k_ 

raw data -ha-8- not been given and the corrected values were 

probably tied to the seismic shoti so that these measurements 

cannot be used as a check {Woollard 1962). The profiles 

given by Kapitza and reproduced in the USSR Antarctic 

Atlas (1966) suggest a relatively smooth 'plain-like' 

character to the sub-ice surface. Continuous radio echo 

sounding, however, suggests a very rough topography for at 



least one third 0£ the distance between Vostok and the 

South Pole. 
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The large dif'£erences between the two techniques 

are di££icult to explain, and excepting the already suspect 

results of the Transantarctic Expedition and the Victoria 

Land Traverse II (Southern Leg), provide the only major 

inconsistency between the two methods where checked. 

Since these di££erences are important in evaluating the 

actual ice thickness in this region we discuss each 

comparison in Table 3:XI in turn. 

i) Vostok 

Ice thick.nesses £rom radio echo sounding have 

already been presented in section 3.4. Seismic shooting 

values as reported by Kapitza (1960) are 3 700 m. The 

difference between the two techniques is only 100 m (2.5 %). 
. 1 I If' Kapitza has used a 1 P 1 wave velocity 0£ 3.75 km s- as 

reported :from Komsomolskaya and which Bentley (1964) considers j 

low :for East Antarctica, correction with a higher velocity 

(e.g. 3.82 km s-1 ) would considerably reduce the di££erence. 

ii) Station 6 

Subglacial terrain is very rough at this crossing-
oo point with relative relief in the order of 3t 4oo m, and 

wavelengths of 5 - 8 km. Two independent radio echo 

soundings are available at this location. The difference 

between them is about 140 m, which is on average rather 

large. Calculation, however, of the expected +esolution 

for the given terrain roughness and positional uncertainty 

( "'1 km) is of the same order ( --.. 150 m). Even accepting 
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this sort of error for radio echo resolution, therefore, 

it is still difficult to explain differences in the order 

of -900 m between seismic (J 480 m) and radio echo 

measurements (2 600 m). 

iii) Station 7 
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Although terrain is fairly rough ( 300 m 

amplitude) and navigation is accurate to within approximately 

2 km, the difference between the two techniques is 

significantly high at about 20 %. 

iv) Station ~/9 

The difference of more than 1 OOO m between 

seismic reflections and radio echo depths is very large. 

Continuous radio records indicate a rough elevated region, 

about 50 km wide, along this part of the traverse and 

covered by ice often less than 2 OOO m thick. Other radio 

echo flights in this area confirm the presence of a sub

glacial, dissected plateau at +500 m asl. Misidentification 

of the seismic event must be the likely cause of the large 

difference noted since radio echo navigational accuracy 

on this _flight was e x cepti onally high. 

v) Station 9 

Once again extremely rugged terrain characterizes 

the sub -ice s u r f a ce, compri sing a r ange of s ub-glacial 

mounta i n s lying across the trave r s e r oute . As can be seen 

from Table J:XI relief is of the order of 500 m but 

navigation errors are small. The s e i s mic depth is again 

significantly greater than the corresponding radio echo value. 



vi) Station 16/17 

Sub-glacial terrain, in contrast to previous 

crossing-points, is relatively smooth (amplitude ...... 150 m) 

and radio echo. - seismic comparisons are better than 7 1, . 

In view o:f' the internal consistency o:f' radio 

echo sounding results and the high navigational accuracy 

on some o:f' the :flights involved, the large di:f':f'erences 

between the two techniques (over and above the computed 

resolution limit taking account o:f' terrain roughness), 

lead us to accept the radio echo sounding results rather 

than the seismic reflection values. It is probable that 

disturbru-1:ce o:f' the records by sur:f'ace noise, similar to 

that reported by Crary (1963), has made the picking o:f' 

sub-glacial reflections difficult. We must visualize, 

therefore, 1) a much thinner ice layer to certainly half

way between Vostok and the South Pole; on average 650 m 

thinner than previously envisaged and 2) a sub-ice 

topography much more rugged than indicated by the Russian 

profile. 

6) Komsomolskaya - Vostok (19.59-60) 
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Only three checks are possible along this traverse 

route since i t lies a t max imum range :from McMurdo Sound 

:fo r radio echo airborn e operations . Two o:f' the c r os s i n g

po i nt s g ive n i n Table J:XII and Fig . 3 : 5 re:f'er to the same 

location. 

At Koms omol s k aya l ow cloud prev ented visual 

identification o:f' the s tat i on but it was located on the 

aircraft radar. The navigation error, calculated :from the 



82 + LTN-51 Inertial data of - 2.7 km is probably an upper limit 

since refleciions from surface buildings at Komsomolskaya 

are identifiable on the radio echo photographic records. 

The radio echo records do not show echoes directly at 

Komsomolskaya but at a distance of 5 OOO man ice thickness 

of 3 337 m is recorded, only 23 m different from the seismic 

reflection value at the base. Since the sub-glacial relief 

appears to be fairly smooth, we may take the radio echo 

thickness as confirming the seismic ice thickness here. 

For the other checked location, approximately 

half-way between Komsomolskaya and Vostok, the ice thickness 

was calculated from the published profile, (given in the 

USSR Antarctic Atlas, 1966) as the point did not fall at 

a seismic station. The value is therefore open to operator 

error of -25 m. Agreement is better than 5 % in the worst 

case, the difference between radio echo soundings being 

about 1 %. 

7) · Commonwealth Transantarctic Expedition ( 1957-58) 

Seismic and gravity measurements were made along 

both legs of the traverse (Pratt 196oa,b). Only those 

values reported by Pratt between the South Pole and 

Skelton Glacier are investigated here. 

The seismic ice thicknesses as given by Pratt 

have been critically reviewed by Robin (1961) and Bentley 

( 1964). Due to shallow shot holes ( ~ 12 m) and lack of 

high frequency recording equipment, the seismograms show 

substantial d isturbance from surface noise. Bentley (1964) 

and Robinson (1964a) both found no identifiable reflected 

events. Pratt•s gravity values also diverge widely from 



his seismic values. Woollard (1962) has recomputed the 

traverse profile using free air gravity anomalies tied to 

the South Pole. 

In this comparison we refer to the original 

seismic data alone {Table 3:XIII and Fig. 3:5). Where a 

radio echo crossing £alls between seismic values the ice 

thickness has been scaled-off the published profile, and 
+ . errors 0£ - 25 mare therefore likely at these points. 

Pratt•s values indicate substantially thinner 
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ice than fotu1d from radio echo soundine. An average 

difference 0£ 1 200 m was found from the points investigated, 

and agrees with Woollard\s figure of 1 OOO m divergence 

based on comparison with recalculated gravity measurements. 

8) Australian Wilkes - Vostok Traverse .( 1962-63) 

Flight lines from the 1971-72 season crossed the 

line of' the Australian traverse from Wilkes to Vostok in 

6 ~laces (an account has already been given in Evans, 

Drewry & Robin 1972). The presence of' a deep basin along 

the central part of' the route was indicated by gravity 

measurements since seismic reflection shots beyond 480 km 

from the coast, were of' poor quality with low signal-to

nois e rati os {Walker 1966) . The profi l e given by Walker 

from gravity measurements is only corrected to those 

seismic sites where events could be positively identified. 

This means that there are no seismic ties along the segment 

c on sider ed here exc ept at the end points - Vostok and 

St a tion V277 

Table 3:XIV shows 6 comparisons. Agreement is 

on average 7.2 %. Since the ice in this area is very thick 

• 
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these di:f:ferences amount to between 100 m and 500 m which 

is not inconsiderable. The presence o:f the deep ice basin, 

containing ice of over 4 OOO m thickness, is confirmed and 

the traverse gravity profile is shown to be within the 

norma1ly expected accuracy o:f the method. The values from 

the gravity pro:file, however, tend to be on average, greater 

than the radio echo depths. Station 32J.41b is close to the 

maximum thickness recorded by the Australian traverse 

{4 837 m) being about 3 km away. It is clear :from the 

radio echo records that sub-ice terrain is smooth and 

continuous reflections show ice no thicker than 4 450 m 

in this region. 

9) South Pole 

It is interesting to compare radio echo sow1dings 

at the South Po1e, since a number o:f seismic investigations 

have been made near to the Amundsen-Scott Station~ 

Previous seismic shooting results· have been 

reviewed by Weihaupt (1963) from the data then available. 

The seismograms :from the earliest investigations suffered 

:from prolonged surface noise. Pratt's records were made in 

a shal1ow (5.2 m) shot hole and are badly disturbed. 

Surface noise also affected the results of' Linehan (Becker 

1958) according to Weihaupt. The events identified on 

these records are probably not tru:e bedrock reflections. 

Kapitza & Sorokhtin (1963) have published 

seismograms made at the South Pole in 1960 in a hole dri1led 

to 40 m. Reflections appear distinct and give a depth to 

bedrock o:f 2 810 m. The ·ice thickness given by Robinson 

& Thiel (2 880 m) has been reported by Robinson (1962) 
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and a further value for the South Pole, given at Station 

114 of' the McMurd·o to Pole Traverse ( 1960-61 ) is listed 

by Robinson (1964a,b) as 2 820 m. Weihaupt (1963) di~cusses 

his measurements f'rom 1961, shot in a hole 30-33 m deep. 

He has calculated his value using a velocity v p = 3.925 km 
-1 

s 

and corrected f'or the near surface low velocity f'irn layer. 

A more recent determination of' ice thickness was made during 

the Queen Maud Land Traverse 1 in 1964 by Beitzel (1971). 

A value of' 2 778 misquoted. 

In 1964 Jiracek undertook a series of' experimental 

radio echo soundings in Antarctica including measurements 

at the South Pole (Jirac~k 1967). A spread of' thicknesses 
~ 

-w-e.pe. derived using an electromagnetic propagation velocity 

different f'rom that used here (see section 2.6.J). A mean 

value of' 2 800 :!: 20 m is suggested by Jiracek & Bentley (1971). 

The SPRI radio echo measurements are in the order 

of' 75 m higher than most of' the seismic results which range 

between 2 800 m and 2 906 m, {excluding the Pratt & Linehan 

values). The reflection shots of' Weihaupt are in close 

agreement, whilst the measurements of Robinson & Thiel fall 

within the envelope of radio echo values. The difference 

between the seismic and radio echo results probably results 

from uncer·tainty in seismic velocity and f'irn correction 

factors. 

Although there are differences, the worst case 

is only 4.7 % different from the radio echo (SPRI) value 

and on average the seismic ice thicknesses are within 2.6 %. 



CHAPTER 4 

ANTARCTIC SUB-GLACIAL TERRAIN: ITS DESCRIPTION 

ASSIGNMENT AND GROUPING. 

4.1 A new sub-glacial relief map of East Antarctica. 

In chapter 1 we reviewed the present status of 

ice thickness and sub-ice topographic investigations. The 

most definitive maps to date are those 0£ Kapitsa (1968) 

and Bentley (1972). Fig. 4:1 is a bedrock relief map £or 

part 0£ East Antarctica {the quadrant 90°E - 180°) compiled 

exclusively from radio echo sounding data. There are 

considerable di££erences between this and the detailed map 

given by Kapitsa. Some 0£ the major variations may be 

outlined. 

There is substantial evidence £or the deep, 

continuous basin which extends along longitude ·145° from 

the Wilkes Land Coast to 81°s and named on Bentley's map 

the Wilkes sub-glacial basin. Its southward extension is, 

however, terminated by a series 0£ major upland blocks, 

reaching 1 OOO m above the surrounding lowlands. The 

full extent ·of these mountains including their block-like 

character has only been realized from continuous radio 

echo soundings. They form one 0£ the many large isolated 

ranges within the interior 0£ East Antarctica. 

Between the Wilkes sub-glacial basin {a depressed, 

plain-like feature) and the exposed, high Transantarctic 

Mountains lies a complex topographic transitional zone, 

which ranges in altitude from O - 1 OOO m. In the 
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FIG . 4:1 Map of the elevation of the sub-ice 

bedrock surface in East Antarctica 

from radio echo sounding. 

North of the thick black line the 
contour interval is 250 m. To the 
south of the line the topography 
is more complex and a 500 m contour 
interval was adopted. 

W Wilkes sub-glacial basin 

·c Central basin of East Antarctica 

G Gamburtsev Mountains 

V Central massif in East Antarctica 

n Blocks inland of Nimrod Glacier 
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FIGo 4:1 Map of the elevation of the sub-ice bedrock surface in East Antarctica compiled from 

~adio echo sounding data. 



vicinity of the Thiel Mowitains a regular inland slope 
characterizes the transitional belt - indicating the 
presence of one of the main inland tilted blocks which 
comprise the Transantarctic Mountains. To the west and 
later to the north, the trarisition zone is complex with 
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alteretions of broad widulating upland ridges and narrower 
depressions. Immediately adjacent. to the exposed mountains, 
very rough, dissected, sub-glacial topography at 1 500 
2 OOO m is present. Peaks locally reach 2 500 m, in 
places penetrating the ice cover as nunataks. Certain 
morphological elements are readily recognizable especially 
submerged mesas and table lands with steep flanking 
escarpments (Fig. 4:2) - resulting f'rom the structural 
control of' relief by the Beacon Supergroup series (see 
section 5.3). The detailed geological significance and 
character of this belt is discussed in Chapter 5, it is, 
however, much broader and more complicated tha~ shown on 
previous maps. 

The broad swells and depressions indicated by 
Kapitsa for the central regions of East Antarctica have 
probably resulted from the lack of data. The enormously 
increased amount of information from radio echo flights 
has enabled this area to be outlined in some detail. 
Of major significance is the substantial mountain massif 
lying beneath Dome •c• of East Antarctica between longitude 
125°E and 145°E, latitude 73-75°S with an approximate area 
for the core region of' 75 x 103 km2 • The block reaches 
elevations of 1 OOO m in isolated peaks and has a 

I 
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considerable area over 500 m. With full isostatic compensation 

for the overlying ice, its average elevation would be 1 OOO m. 

On its southeast and northeast sides, steep scarp faces up 

to 500 m high flank the massif as shown in Fig. 4:1. To 

the north and east, deep depressions reaching -750 m and up 

to 100 km wide border the mountains. On the southeast side, 

a much broader but no less deep trough separates the large 

but isolated upland from the southwest extension of the 

Gamburtsev mountain chain. The mountains diminish more slowly 

in height to the east dying out into the W,ilkes sub-glacial 

basin (Fig.4:1). A few isolated, but related mountains 

surround the major massif especially in the northeast and 

west. Although Kapitsa 1 s map had suggested a plateau area 

in this· region, based essentially on empirical surface slope 

calculations, the details of the extent and configuration 

of the mountains are considerably different. 

The deep basin, indicated by the Wilkes-Vostok 

traverse, has been confirmed and was found to reach -1 250 m 

at the limit of radio echo cover. Radio echo sounding lines 

have shown that this feature extends much further into the 

central regions of East Antarctica than previously envisaged. 

As shown in Fig. 4: 1, two arms surround the central massif 

but are prevented from linking with the shallower Wilkes 

sub-glacial basin by a somewhat ephemeral and meandering 

ridge. Further to the north of . this most northerly arm, 

0 4 0 40 between lJO and 1 0 E and north of 7 S lies a large area of 

complicated upland comprising isolated hills and plateaux. 

The sparse data cover here, however, precludes any further 

precise description of its topography. 
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It was shown in Chapter J that the USSR Vostok 

South Pole traverse results in the northern section of the 

route are probably considerably in error. Instead of the 

low-lying, near sea-level plain extending southwards from 

Vostok as suggested by Kapitsa and Bentley a very dissected 

upland area reaches to at least 8J.5°s (the limit of radio 

echo cover). This zone represents the high plateau-like 

continuation of the Gamburtsev - Vernadskii Mountains. 

The chain is extremely rugged, especially west of Sovetskaya, 

and reaches a highest measured radio echo elevation of 

2 900 m. A number of major troughs open towards the coast 

f'rom the mountains resulting in a rapid thickening of ice 

north of the mountains. The lack of sufficient data control 

in th~ Gamburtsev Mountains area has precluded further 

delimitation of' the ranges. 

4.2 Region building : some general considerations 

The description of the major relief features 

of East Antarctica discussed in 4.1 and shown in Fig.4:1 

has been a qualitative assessment. The terms upland, amount 

of dissection, gentle, steep, rough, smooth etc. all lack 

numerical precision and make objective comparison or even 

rigorous description difficult, nor do they allow more than 

very general analogies to be made. between sub-glacial and· 

other surfaces. It would seem appropriate to attempt some 

quantative analysis of sub-glacial terrain information 

embodied in radio echo soundings in order to evaluate more 

precisely the nature of and differences between areas in 

East Antarctica and to generate terrain provinces which may 

,I 
I 
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be useful in the interpretation o:f geological characteristics. 

The concept of the region (f'or instance a terrain 

region) provides one o:f the most satisfactory methods of 

analysing in:formation with geographical properties, and 

represents the spatial equivalent of' taxonomic classiation 

in systematic studies, based upon the recognition o:f common 

diagnostic attributes or relationships between objects 

(Simpson 1961). Classification possesses the powerful logic 

of imposing some sort of order and coherence to the vast 
-

inflow of information from the real world, in this case, 

topographic and relief data. A typical taxonomic procedure 

possesses three basic elements: 

1) Information input 

Information inflow may ideally take two 

characteristic forms ~as numerical data or qualitative description. 

In spatial studies, signals originate f'rom 3 main sources: 

points or nodes within a known coordinate space; linear networks 

describing either linkage structures or a f'low pattern; or from 

contiguous areas. The nature of the input source, if' 

predetermined, will usually govern the kind of classification 

procedure adopted to produce regional groups. 

2) Assignment filtering 

Choice o:f filter is difficult and certainly one 

of the most critical aspects o:f region building. Grigg 

(1967) has listed eight 'principles• of regionalization of 

which some are immediately relevant to filter choice: 

a) The classi:fic~tion o~ any group of objects should 

be based upon properties which are properties 

of those objects. 

I 



b) When assigning, the divisions should be exhaustive 

and the classes formed should exclude each other. 

c) The differentiating characteristic or principle of 

division must be important for the purpose o:f 

division. 

Furthermore, the filter that is used may have 
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to embody the constraints imposed by the source information 

as well as taking account of the final regional groupings 

required. Hence a distinction should be made between source 

data in qualitative and numerical form. Qualitative analysis 

will usually recognize 'intuitive• informal groups. This 

may be achieved, for instance, by simple overlay mapping 

procedures to define •core-areas• or regions. The resulting 

classification in this case, however, may be "highly 

arbitrary and subjective" (Preston 1966}. 

A whole series of quantita.ti ve filtering techniques 

are available but should be adopted to suit the character of 

the incoming signal. Point or nodal data may be analysed 

in terms of distance minimization criteria, Theissen polygons 

etc; flow or linear •connectivity• data in terms of graph 

theory and network geometry whilst data from areal units 

is amenable to factor - or discriminant - analytic processing. 

Filters reach various levels of complexity depending upon 

the degree of smoothing of' the original information into a 

large or small number of taxonomic series. The simplest of 

all comprises a binary gate, differentiating signals about the 

real world int~ classes which either possess or do not have 

a specified attribute. A slightly more sophist_icated system, 

· .suitable for spatial data, provides a contiguity constraint 

·:,: 

JI 
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on the resulting groups. Highly complex filters, however, 

may be used which command powerful statistical techniques 

to evaluate and assign incoming data to multiple groups 

on the basis 0£ the variation of a large number of 

diverse variables. 

3) Regional units 
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It is th~choice of final class groupings which 

primarily determines the whole character 0£ region-building. 

The reasons £or creating spatial taxonomic structures both 

guide and limit the sampling of the real world and the 

employment of filter-functions. A basic difference exists 

between single property and multiple property regions. 

In the former case, only a single attribute is measurable 

from a number of units, and regionalization is based on 

either the presence or absence of the property or on the 

significance of differences between sets of values of the 

single property. In multiple-feature regions, 'core-areas• 

are delimited by the covariance of a number of independent 

variables. 

4.3 Regions from remote sensing records 

We require to use relief data from radio echo 

records to obtain quantitative terrain description for 

later use in region building. The source information is 

numerical, composed of linear arrays of elevations correspond-

ing to flight profiles. Reduction and initial processing 
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0£ this data has been discussed in Chapter 2. The sampling 

interval is JOO s £light time, equivalent to between 2 and 4 

km overland distance. Substantial gaps occur in the records. 

These two sampling constraints lead to quite serious problems 

in description, assigning and classification 0£ the sub-ice 

terrain information. Concise numerical description 0£ the 

raw data and the type of filter functions that can be used 

to assign the data to specific regional classes become 

limited and many of the more powerful statistical techniques 

are excluded. Such problems in the choice of numerical . 

descriptors, and filters are discussed later in this 

Chapter. 

A major difficulty arises in generating areal 

units from sensing data organized along lines. A 

sufficiently dense network of traverses would enable 

meaningful grouping at a specified scale but the principal 

problem is the initial organization of the data for 

description and assignment. Two substantially different 

approaches are available based on areal and linear units. 

1) Areal organization 

6....~l,. 

Data 4-s- assumed to be concentrated along linear 

networks within a given space. The global area is divided 

into a 2-D matrix to form 1n 1 areal units. All data along 

the sensing lines lying within a single matrix element, are 

taken as a representative sample of that whole element, (Fig.4. 

The matrix elements may be combined into regions on the basis 

of similar statistical properties of the measure parameter(s). 
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Contiguity of matrix elements may be added and box-like 

regions are derived. This approach is simple and effective 

but has two important drawbacks. 

i) Some of the matrix elements may be devoid of any data 

depending upon the density and uniformity of coverage 

of the sensing lines. The scale of the matrix is 

subjective and, if too small, may also result in 'bare' 

elements. If the scale is too large the degree 0£ 

regional detail is lost. 

ii) Sensing data have unique geographic locations. They 

are not necessarily representative of larger areas, 

especially if the property under consideration has a 

high spatial variance. If the network density within 

an individual element is sufficient a faithful sample 

may be obtained. This is difficult to achieve, 

however, for the majority of elements without 

suffering the disadvantages of scale changes. 

Problems arising from a squ~re-matrix analysis 

can be overcome by modifying the shape of the original sample 

elements. Fig. 4:3B shows the same .sensing lines as in 

Fig.4:JA but a different solution. The centres of polygons 

described by adjacent traverses have been located and lines 

have been drawn connecting adjacent centres to form a complex 

set of irregular triangles. The construction is similar to 

that for Theissen Polygons, except that the inter-node lines 

are not bisected. The resulting units have two important 

properties: i) all units contain data and ii) the size 0£ 

the unit is commensurate with the regional density of lines. 

The problems of scale and 'bare• elements are automatically 

solved. There still remains, however, an imbalance in areal 

data representation - some units contain data only in a small 



part of the triangles and may again be unrepresentative 

samples. 

2) Linear organization 
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Fitting linear data into an areal format may be 

successful under certain conditions of sample size and 

distribution, but is usually unsatisfactory. A more 

rational approach is to use sensing profiles as linear 

data arrays where all or segments 0£ a profile may be 

subject to quantitative analysis and subsequently grouped. 

The procedure 0£ grouping into regions is a two-stage 

heirarchical operation: 'i) contiguous profile segments 

with similar attributes are grouped together; 

ii) profile groups are correlated with adjacent arrays. 

The degrees of freedom in cross-array correlation again 

reverts to a dependence upon density and distribution of 

sensing line data. 

The primary advantages 0£ the profile technique 

over the matrix method are: 

i) The quantitative description of attribute, within a segmen~ 

becomes uniquely representative of that segment. It is not 

conside7:ed as a 'typical' sample of a larger unit. 

ii) The first stage of grouping, still constrained within 

the total profile array, is also a unique solution. This 

means that one may have confidence in the grouping of 

segments along the £light. With the matrix method the 

probability that groups of units are 'real', homogeneous 

regions is variable and usually low. 
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In the analyses of radio echo sounding data that 

follow, the profile technique has been considered the most 

satisfactory due to the reasons given above and the 

following considerationsz 

i) The radio echo ice thickness records are often 

discontinuous and 1gappy 1 • This would result in 

a high proportion of bare elements in a square

matrix approach and some blank units in the 

alternative matrix method. A gap along a line 

was felt preferable to a blank area. 

ii) The areal coverage of flight lines is not uniform 

(Fig.2:3) and would necessitate use of the 

alternative matrix method. The effort involved 

in tedious construction of polygons was not 

regarded as commensurate with the results. 

iii) 
~t--e__ 

Profile data .4-s- amenable to analysis by a number 

of particularly powerful statistical techniques, 

including curvature, autocorrelation and power 

spectral density analyses. 

iv) From the practical viewpoint of quantit~tive 

analysis, radio echo data ~ more easily handled 

in terms of individual flight lines. The matrix 

method requires complicated extraction and 

combination of data from small sections of 

different flight lines. 
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4.4 Quantitative terrain description from radio echo data. 

A single, concise deterministic definition of 

surface roughness appears impossible (Hanamoto 1966; 

Hobson 1967, 1972; Evans 1972). A general consideration 

shows that even though a large number of explanatory 

variables may be used, no complete characterization can 

be achieved (Fig. 4:5). The problem is resolved into a 

statistical analysis. 

The choice and sampling of significant parameters 

of real-world topographic surfaces £or statistical 

description is of fundamental importance. Three principal 

components of terrain have been suggested; surface slope 

(Raisz & Henry 1937; Strahler 1956; Evans 1972), drainage 

density (Smith 1950; Strahler 1950; Chorley and Kennedy 

1971) and relief (Smith 1935; Strahler 1950). Numerous 

other parameters, indices and coefficients of varying 

usefulness and versatility have been proposed. Measures 

such as valley-spacing, slope direction changes, maximum 

altitude and many more are critically reviewed by Evans 

(1972). In an ideal study, information about the areal 

statistical behaviour of each of the three key parameters 

may be used to obtain a quantitative description of a 

terrain segment, often by combinin~ a detailed ground survey 

with map analysis (Wood & Snell 1960; Evans 1972). 

Terrain studies based on radio echo sounding 

data are limited to a single component relief. Surface 

slopes could be computed but their use is problematic since: 

1) the sampling interval adopted by digitization filters out 

the steep gradients, 2) the irregular horizontal real-space 
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separation between sample points (a function of aircraft 

groundspeed) prevents rigorous comparison of slope estimates, 

and 3) the geometrical properties of the radio scanning system 

0 
do not allow resolution of 'real' slopes above about 35, 

and hyperbolic convolutions are produced on the photographic 

record (Harrison 1970). Although average bedrock slopes 

have been computed from radio echo data (Robin et al 1969) 

and from even more widely spaced seismic-gravity data 

(Robinson 1966} it was felt that slope determinations 

were unreliable and unrepresentative when derived from 

small samples. 

Drainage density is usually evaluated as average 

channel length per unit area (Leo-pold et al 1964). The 

texture ratio (Smith 1950) and the dimensionless drainage 

density expression devised by Shreve (1967) are similar 

coefficients. It becomes obvious that drainage density 

is a measure derived primarily from cartographic sources 

and requires comprehensive information regarding the 

drainage properties of an areal unit. Terrain data 
~ 

sampled along radio echo profiles 4-s- totally unsuitable 

for determining drainage density. In sub-ice studies, even 

if suitable three-dimensional cartographic representation 

of relief was available, the absence of drainage networks, 

sensu stricto, would preclude the use of this particular 

parameter, which is unfortunate for it has found much 

favour in hydrological literature as a major independent 

variable likely to be the product of the interaction 

of almost all other erosional processes (Choriey & Kennedy 

1971). 
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Relief' is then the principal parameter available 

f'rom radio echo soundings. Although it is only one of' the 
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three primary variables describing terrain, it is, nevertheless, 

one of' the most f'undamental (Strahler 1952). Simple 

parametric statistics of' relief' must attempt to be as 

comprehensive as possible. Two elements of' surface relief' 

require description - vertical and horizontal components. 

1) Spectral analysis 

An extremely powerf'ul technique which takes account 

of' both horizontal and vertical variations is the power 

spectral density function. It is especially amenable to 

one-dimensional data arrays and provides a measure, in the 

case of' relief', of' "the amount of' variation of' a profile 

height contributed by various frequencies present" (Rozema 

1968). The technique has been successfully applied to 

the description of' terrain roughness (Bekker -1960; Horton 

et al. 1962; Kozin et al. 1963; Jaeger & Schuring 1966; 
Rayner 1971). Fig.4: 6 shows power spectrum density 

functions £or a variety of' real topographic surfaces. 

There seem to be four major defects of' radio 

echo data that prevent the effective use of' power spectral 

analysis: 

i) Short record length 

As an attempt to meet the requirements of' 

stationa:q.ty(that statistical properties of a series do 

not vary with time or distance) sample segments of radio 

echo profiles must be short, assuming that when distances 

are small, terrain is statistically homogeneous. The 
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power spectral density function is mathematically an . 
L 

integral over all frequenct,s. In practice, however, 

1 0 0 

only a finite number of discrete observations are obtained 

over a finite 1ength. It is clear that estimates of the 

power spectral density cannot be made for lags longer 

than the record and estimates are usually statistically 

unstable for lags larger than a moderate fraction of the 

length of the record. Rlackman & Tukey (1958)suggest 

values of 5 10% for the fraction of stable estimates. 

With a very short radio echo record (say 100 km) sampled 

at -3 km intervals, stable estimates of the power spectral 

density can only be made in the frequency range 3-15 km. 

The limited value of analyses such as this is readily 

apparent. 

ii) Stationarity 

Although short records may be taken in an attempt 

to fulfil the requirements of stationarity it cannot be 

assumed that terrain segments exhibit this property at any 

scale. Exogenic processes tend, through time, to produce 

apparently uniform surfaces of low topographic variance 

(due to thermodynamic considerations in the absence of 

tectonic disturbance). At any instant, however, a large 

area ( ~ 106
1on

2 ) will not be homogeneous and will contain 

elements of high and low variability. This is primarily 

a result of spatial changes in rock type and the intensity 

and character of exogenic processes. Even within small 

( 2) areas ~ 10 km statistical properties of a sample 

profile may vary with change in origin of the sample. 
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The trends in a data array introduced by non-

stationarity can be minimized by particular functions {e.g. 

linear de trending {Parzen 1964}; paraboloid :fitting and 

linear running averages {Kozin et al. 1963) and 

exponentially weighted averages {van Deusen 1966), but 

are impractical for radio echo sounding data in the :face 

of' other problems discussed in this section. 

iii) Irregular sampling interval 

All estimates of' the power spectral density assume 

data to be continuous and sampled at equally spaced intervals, 

{ 6 ) determined by experimental design and the character 

of' the recorded signal. 

The problem of irregularly spaced data can be 

overcome to some extent by the use of interpolation 

techniques, whereby the most probable intermediate values 

corresponding to a superimposed, f'ixed sampling interval 

{ 6' ) are t~ken f'or analysis. A principal drawback is 

that the superimposed spacing { 6' } has to approach the 

. maximum separation of adjacent samples in order to minimize 

errors in interpolation. These may be large if the process 

is highly variable within the region { 6 - 6 . } • max m1n 
Sample 

spacing varies with aircraft ground-speed for radio echo 

data. We have seen previously that these range between 2-4 
km. Spectral estimates based on interpolated and partially 

smoothed data such as this are not entirely satisfactory. 

iv) Discontinuous records 

Data most suitable for spectral analysis do not 

contain gaps in the signal record. With a large amount of 
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data, where gaps represent a very small proportion o:f the 

total record length, the record may be joined together 

eliminating the gaps and estimates o:f the power spectrum 

should be close to the •true' estimate. Where gaps :form a 

higher proportion o:f the data, analysis becomes meaningless. 

Often spurious frequences arise related to blank portions 

o:f the record. The investigation under such circumstances 

becomf:t;\ invalid. 

Radio echo records for a single flight may exhibit 

echoes :for about 70% of the flight. The blank JO% is often 

dispersed within the bulk o:f the record or may be concentrated 

in sections where physically unfavourable conditions occurred 

during sensing (e.g. combinations o:f thick ice, warm ice, 

large terrain clearance etc.). In any small segment o:f a 

profile, gaps in data may be, on average, 5-1<>%. This 

is probably unacceptable :for meaningful spectral analysis. 

2) Curvature analysis 

A technique claimed to give results similar to 

spectral investigations is the analysis o:f curvature described 

by (Schloss 1966): 

C(o} (8) 

where C (o) is a curvature statistic at a specified scale 

~1 is sampling intQrval 

~re successive elevation values 

Variation o:f the statistic over a series o:f scales 



-I 
E 

z 
0 

~ 
·001 

. -> .w 
C 

0·1 1·0 m 
SCALE (61) 

FIG. 417 Curvature analysis deviation data for two 

terrain surfaces1 

1 Lava flow (as 1 1n FIG.3:6 ) 

2 Lunar Maria ( as 4 in FIG.:,16 ) 

Data after Schloss ( 1966). 

, I 
I 



can be obtained by iteration with various 

standard deviation of C (o) plotted against 

Al. The 

Al gives 
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results that are similar to power spectral density estimates 

(see Fig.4:7 ). Unfortunately, the same limitations of' 

radio echo data for spectral analysis apply to curvature 

techniques. 

The failure of spectral analytic or curvature 

statistical techniques to successfully describe, . the 

combination of vertical and horizontal relief components 

within a topographic sample of radio echo data leads us to 

approach the description of these two terrain elements 

independently. 

3) Vertical components of relief' 

Terrain surfaces have both absolute and relative 

relief. Both may be important but usually relative relief 

is the more useful in describing surfaces. Various simple 

and not-so-simple measures of relative relief have been 

proposed. These have been thoroughly reviewed by Evans 

(1972). Concepts such as 'depth of dissection•, 

•cone of influence of summit~, 'range of altitude' and 

the 1hypsometric integral' or 'elevation relief ratio' 

have been -devised and applied on a number of occasions. 

They appear to suffer, however, from the use of extreme 

values in an elevation data array - such as maximum or 

minimum heights, and the resulting indices may not be 

statistically robust. 

A more stable and statistically meaningful measure 
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of' the variability of' relief' within an areal or linear sample 

is the degree of' dispersion 0£ elevations around the mean. 

Thus· the standard deviation provides a powerful statistic 

of vertical variability 0£ a surface. Evans (1972) has 

presented a strong case f'or the use of the standard deviation 

in morphometric studies and the present writer can e n dorse 

these findings from independent investigations. The term is 

not af'fected by position within a data array so that a 

sufficient sample, although containing gaps in the spatial 

sense , is quite amenable for calculation of' the standard 

deviation. The sampling interval is likewise of' little 

importance for large s~mples or smallish variations in 

data spacing. The standard deviation is robust and 

therefore well suited to constraints imposed by radio echo 

soundings. 

4) Horizontal components of relief' 

Two surfaces may exhibit similar standard deviations 

f'or relief' but may appear to be completely diff'erent in 

char acter . Thi s usually results from disparity in the 

horizontal spac ing of' the elev ations. Some estimate of' 

how elevations change in the horizontal may not only provide 

a n e xtremely complimentary statistic to the standard dev iation 

but may also give a measure of othe r terrain characteristics 

s uch as drainage density or valley spacing . 

i) Auto corr elation func tion 

A technique £or obtaining es tima tes of the 

h orizontal component of relief' v a ri ability , which overcomes 

some of' the problems presented by radio echo data for 
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spectral analysis, is the autocorrelation :function (R(x)): 

R(x) = ( n:K) 
n 2 
L vx 

9 

X =1 
where k = lag 

vx = elevation measurement 

If a terrain surface is not composed o:f a purely 

random series o:f elevations, closely spaced values should 

have high autocorrelations. For a typical surface the 

autocorrelation :function will decline :fairly rapidly with 

increasing lags. 

surface in which 

Fig. · 4 :.8 shows correlograms :for a random 

R(x) = 1 at zero lag, and :for a surface 

with a non-random component. Two significant parameters can 

be extracted :from a sample correlogram as shown in Fig. 4:8 

a) Distance or lag to confidence level 

The autocorrelation :function R(x) 0 at the jth% 

confidence level represents that value of R(x} for which 

non-random data could generate an autocorrelation o:f R(x)c, j % 
of the time. In physical terms the number o:f lags from zero 

to R(x) 0 represents the horizontal scale o:f randomness :for a· 

particular surface sample. When combined with some measure 

of vertical relief variability, terrain will possess a 

small scale roughness at short lags whilst if the lag 

distance is large the surface will possess a roughness at a 

much larger scale. On a priori grounds, one would expect 

there to be, for surfaces containing a large horizontal scale 

component, some structural or process control to the relief. 
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b) Identification 0£ periodicities 

The significance of fluctuations of the 

autocorrelation function depends\upon their relationship 
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to the confidence level R{x)c. If a data array contains 

some periodicity, the autocorrelation will rise at the 

representative distance. (Fig.4:8). If the wavelength 

is small compared to the range of the correlogram, the 

autocorrelation would be expected to rise at successive 

multiples of the wavelength (Fig.4:6). By taking the 

Fourier transform of the autocorrelation function the power 

spectrum density isachieved. 

5) Computation of terrain statistics. 

Two basic statistics were computed for radio echo 

sounding elevation data: the standard deviation (ox) and 

the autocorrelation function (R(x)) or specifically the lag 

distance to R(x)c at the 95% confidence level. These were 

used in grouping sub-ice terrain. A number of supplementary 

statistics were also derived: 1) to assess their suitability 

for radio echo data and 2) to provide checks on the reliability 

of terrain characterization provided by a and R(x)c. These X 

secondary measures included: graphical output of the frequency 

distributions of elevations in histogram form and the first 

three moments of this distribution (mean, variance and skewness 

The product-moment correlation coefficient between elevation 

and distance from the sample origin was calculated with 

Student's •t• . test. The elevation-relief ratio (E(x)) 
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{Wood and Snell 1960) was calculated £rom sample data 

as : 

E(x) = 10 

and mathematically equivalent to the hypsometric integral 

(Pike & Wilson 1971). 

Computer programs were written to calculate 

these descriptive statistics £or sample segments of' radio 
echo profiles. In theory; each sensing £light was to be 
divided up into a number of adjoining sections which were 
then to be assigned to regional terrain groups on the 

basis of the calculated statistics. As large a sample 

as possible should be taken to obtain reliable statistical 
estimates 0£ the measured properties, but still small 

enough to be relatively homogeneous. The frequency of' 
digitization of the radio echo records determined to some 
extent t he sampl e size (n), which was chosen to be 20 
elevation values . At an average groundspe ed of' "'115m 

-1 s 

and a JO s sampling interval this represents a segment of' 
not mor e t han 70 km in l engt h. In ·practice, however, the 
presence of' gaps in the data led to substantial complication 
t o the program sorting routines . The segment length ( Sl ) 
was allowed to fluct u ate between 70 and 1 00 km i n order t hat 
whe r e s ma ll gaps existed the r equire d sample siz e of' 2 0 value s 
could be accommodated. Samples not satisfying these two 
criteria (n=20; S1 > 100 km ) were r e j e ct ed. In order 

11 

I 

I 
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(Wood and Snell 1~60) was calculated from sample data 

ass 

E(x) = 10 

and mathematically equivalent to the hypsometric integral 

(Pike & Wilson 1971). 

Computer programs were written to calculate 

these descriptive statistics for sample segments of radio 

echo profiles. In theory• each sensing £light was to be 

divided up into a number of adjoining sections which were 

then to be assigned to regional terrain groups on the 

basis of the calculated statistics. As large a sample 

as possible should be taken to obtain reliable statistical 

estimates of the measured properties, but still small 

enough to be relatively homogeneous. The frequency of 

digitization of the radio echo records determined to some 

extent the sample size (n), which was chosen to be 20 

elevation values. At an average groundspeed of "'115m -1 
B 

and a JO s sampling interval this represents a segment of 

not more than 70 km in length. In ·practice, however, the 

presence of gaps in the data led to substantial complication 

to the program sorting routines. The segment length (Sl) 

was allowed to fluctuate between 70 and 100 km in order that 
where small gaps existed the required sample size of 20 values 

could be accommodated. Samples not satisfying these two 

criteria (n=20; Sl P 100 km ) were rejected. In order 



--------------
to optimise the total number o-t: segments chosen 'f:or 

analysis, this 2-criteria sorting routine was iterated 
20 times with the new origin (J) at each iteration being 
(J+l). It was found, however, that this procedure did 
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not significantly alter the nwnber o'f: segments finally 
selected for statistical analysis. A random distribution 
o'f: gaps would produce this sort of result. A copy of 
the whole statistical program is given in the Appendix B. 

A total of 260 segments was produced by the 
sorting analysis covering an area o'f: - 1.5 x 106

.1on
2 

(constituting in total 20 OOO km o-t: profile and 5 100 
values) in central East Antarctica, extending from the 
central Transantarctic Mountains to the Gamburtsev. 

Mountain chain. For each selected segment, correlograms 
were constructed and R(x)c calculated. R (x)c and a 

X 
were then used in defining terrain regions and assigning 
segments to them. 

6) Assignment and terrain regions 

It would be expected on a priori grounds that 
for an infinitely long record a positive correlation would 
exist between R(x)c and a. 

X 
That is to say sur'f:aces of 

strong vertical roughness would have larger width parameters 
- the horizontal scale of the roughness should be greater. 
The data for 260 segments, however, . show a strong scatter 
suggesting some systematic deviations 'f:rom this heuristic 
relationship(Fig. 4:9). In order, therefore• to reduce 
the continuous variation amongst the studied segments 
an initial filter was applied to provide a first order 
assignment. The vertical component a was split into X 

6 groups each of 100 m and the horizontal component into 5 

I; 
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groups of 5 km each. The resulting field of 30 regions is 
shown in Fig. 4:9. Segments assigned to these groups were 

6 mapped at a scale of 1:5 x 10 for the central region of 
East Antarctica. 

The 30 regions are, however, too many. There is 
an ever present trade-off with data filtering between 
resolving homogeneous and exclusive groups and the ease 
of handling and interpretation of a large number of regions. 
A second filter was employed to collapse the data into 
4 major terrain groups on the basis of the degree of 
variation within the 30-region field (F:ig.4:9). An 
boundary of 200 m was chosen as differentiating between 
surfaces of' low and high vertical roughness corresponding 
to a di.vision, in general, between areas of plains and low 
hills and mountainous rugged relief. The R(x)c boundary 
was more difficult to determine but placed at 10 km as 
being a significant proportion of the total segment over 
which systematic coherence (i.e. non- randomness), if 
demonstrated, should be considered significant. 

35 analyses were conducted on 'control data• to 
test the general validity of this approach of' assignment 
and also provide terrain analogues for sub-glacial data . 
Ar eas were chosen f r om Northe rn Ca n ada, Al ask a , Southern 
Africa, and the ice-free areas of Victoria Land, Antarctica, 
as being potentially representative of sub- ice terrain. The 
northern hemisphere samples were taken from areas of' 
i) h eavily g l ac iated shie l d t e r rain with l ittl e s u per f'icial 
s e diment s, ii) areas of h eavily gla cie rized plateaux and 
iii) areas of high mountainous glaciation {' a l p ine • 
topography). The southern hemispheresamples {excluding 
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Antarctica) were considered to be representative of stable 

Gondwana surfaces including plains, plains and isolated 

hills and dissected mountain and plateaux. Elevation values 

were taken from 1:250 OOO topographic maps at a sample 

interval of J.5 km corresponding to the average spacing 

of digitized radio echo sounding data. Although the 

resulting R{x)c - a plot shown in Fig.4:10 cannot be X 

taken as definitive control it does provide a measure of 

comparison for Antarctic sub-glacial terrain statistics 

and indicates the realistic nature of the four terrain 

regions. 

4.5 Antarctic sub-glacial terrain: an evaluation 

The map in Fig.4:11 shows the distribution of 

the 4 terrain regions as determined in 4.4 over central 

East Antarctica. Sixty per cent of the area falls into 

terrain TYPE 3 whilst only 9% in TYPE 2. The remainder 

are fairly equally divided between groups 1 and 4. 
This distribution suggests that in the investigated area 

the principal terrain characteristics are those of lowland 

surfaces with small scale roughness. Although the three 

less numerically significant groups are fairly widely 

dispersed within the region correlation with the sub-glacial 

topographic map (Fig.4:1) indicates a distinctive pattern. 

1) TYPE 1 and TYPE 2 tfountainous)Regions 

These two regions are distinguished by their high 

surface roughness. The horizontal scale of this roughness, 

however, is greater in TYPE 2. The two regions nevertheless 
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appear to occur in association (Fig.4:11). 

The spatial distribution of TYPE 1 and TYPE 2 

areas shows they occur in the Gamburtsev Mountains, in the 

large, isolated mountain massif in central East Antarctica 

and in sub-glacial areas adjacent to the Transantarctic 

Mountains. For each of these areas we have 1) constructed 

histograms of the percentage of 100 km segments falling 

into 1st order filter ox and R(x)c groups, Fig. 4:12, and 

2) plotted their overall statistical fields as shown in 

Fig. 4:13. All three areas fall primarily into TYPE 1 

region, although Gamburtsev Mountains and the central 

massif have an important TYPE 2 component. Between these 

two areas there are significant statistical differences in 

terrain. The Gamburtsev Mountains have much smaller scale 

and generally rougher surface characteristics in TYPE 1 

areas than the central massif. For TYPE 2 components the 

Gamburtsev Mountains are rougher by a factor of 2 although 

the horizontal scale of this roughness is approximately the 

same. 

The sub-glacial Transantarctic Mountains area is 

exclusively a TYPE 1 area. There are a number of 

similarities in scale and degree of roughness between this 

area and TYPE 1 zon e s o f the c entra l" massif. Th ey are again 

signifi cantly different from the Gambur tsev Mountains. 

I n terms of control analogu es , Gamburtsev Mountains TYPE 1 

appears compatible with many Alaskan 'Alpine' mountainous 

a reas a lth ough t he scale o f the r oughness is a l i ttle 

gre at er. The core of the Transantarctic Mountains and central 

' : I 
l 
I 

I 
'' 



o.,_ 
>< ..... 

a:: 

~ 
~ E 0 
0 0 0 0 0 

~ 
U') 0 U') 

,-
,-

E 0 

0 
M 

0 
U) 

0 u 
N 

0 _,-

0 
0 

0 

0 
M 

0 
w 

0 
N 

0 ,-

0 
0 

0-----------------.-----------------.~o M 
0 

0 
N 

0 ... 

0 

0 
0 ... 
~ 

<( 

FIGo 4:12 

0 
It) 0 0 

It) 0 
0 
,-

N 

Histograms of the percentage lof segments falling 
into R(x)c and CJ groups for mountainous regions (TYPE 1 and 2) of E~ st Antarctica: 
A Transantarctic i'fountaons 
B Central massif 
C Gamburtsev Mou.n.tains 

w 

0 

' It 
I i 

I 
I 

I 

>< '1 

b ·1 

1· 



U) 
U) 
w 
z 
:c 
(!J 
::> 
0 
a: 
LL 
0 
w 
..J 
et 
(.) 
U) 

km 
25 --------------------------------~----------, -- 1 ............ 4 

20 

15 

5 

· · · • • • · · • · 2 5 
***** 3 0000 6 

. . . . . . . . . . . . . 

7 

,--, 
/ ' 

/ ' (_ ___ J __ _, 

.. . ... . 
: * " * . . . * : . . 

-:-, --- -- Jt..:.. 0 • • ...._ 

: ~ --" . . ' 

--o--1----..----1-------------.----1 
0 200 400 

ROUGHNESS 

FIG. 4:1, Statistical differentiation of the core-areas 
of terrain regions in East Antarctica. 

1 Gamburtaev Mountains 
2 Centrai massif 
' Transantarctic Mountains 

600m 

4 ·Northern portion of central F.ast Antarctic baain 
5 Southern portion of central · F.aet Antarctic basin 
6 Margins of Wilku sub-glacial basin 
7 Wilkes sub-glacial basin 



GAMBURTSEV CENTRAL 
MASSIF 

TYPE TYPE weak TYPE TYPE 

1 

FIG. 4: 14 

TYPE 

1 

TRANS
ANTARCTIC 

1 2 

Statistical association between the terrain 
components of three mo~ntainous areas of 
East AntarcticaQ Strong ·and weak links are 
showno 

' 

I 
I I 

i 
. I 

I 

I 
I'' 
I 
l 
I 
I 
I 

I 
! 
I : 
I 
i 



massif TYPE l areas are similar to mountainous areas 0£ 
('... 

South Africa in the Drakensberg\ . The Antarctic ice free 
\,/ 

valley region of McMurdo Sound appear to be rougher and at 

a smaller scale than the sub-ice areas and 

likely to have been produced by different erosional 

histories during the bulk of the later Cenozoic. 

For these mountainous areas of TYPE 1 and TYPE 

2, there appears to be two distinctive physiographic 

provinces - one in the Gamburtsev Mountains, characterized 

by greater, though small scale surface roughness, and 

another comprising the Transantarctic Mountains and parts 

of the central massif with less vertical variation but 

a relatively larger scale of roughness. The relationships 

between areas may be swnmarized as in Fig. 4:14. 

2) TYPE 3 and TYPE 4 (Plains) Regions 

Sixty per cent of the area shown in Fig 4:11 

constitutes a TYPE 3 region of low-lying, small scale 

low relief. Figs. 4:15-16 shows the statistical 

characteristics of four spatially distinct zones of 

TYPE 3 terrain. The Wilkes sub-glacial basin and its 

marginal area are indicated. The majority of the bedrock 

surface in the basin itself is of Al character (70'%) with 

very low, very short scale roughness. The margins of this 

basin, however, are differentiated by being considerably 

rougher {by a factor of 2) and having a complimentary 

increase in the horizontal scale of the roughness, Although 

over 5<>% of this marginal area falls into Bland B2 

categories, it contains an important TYPE 4 component 
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with a much larger scale to the low roughness. In 

general, therefore, the Wilkes sub-glacial basin - a near 

or below sea-level plain - exhibits only small scale 

surface irregularity, but is rimmed by a much rougher zone. 

In central East Antarctica a deep basin has been 

described (Fig.4:1). The southern arm of this basin is 

well controlled by data and can be divided into two 

principal parts: a northerly and southerly sector (Fig.4:16). 

The northern part, which contains some of' the deepe.st ice 

in Antarctica, is predominantly in A2 and B2 categories 

(56%). ~n the southern sector, however, the Al category 

accounts £or 50%, although A2 add another 33%. The 

differences between the two parts of this basin, therefore, 

are mainly in terms of the horizontal scale of the low 

surface roughness - the northern zone having a slightly 

greater scale of roughness. In comparison with the 

Wilkes sub-glacial basin, the southern sector is very 

similar. 

It would appear that the Wilkes sub-glacial basin 

and part of the central basin possess statistically different 

surface textures that may possibly relate to structural 

factors or erosive history. All, however, show similarities 

to lowland plains in other Gondwana continental areas and 

are not strikingly dissimilar f'rom low lying surfaces 

developed in the Canadian shield. 

Areas of' TYPE 4 terrain shown in Fig.4:11 

are difficult to discuss. They lie in no distinctive 

topographic locations occurring principally in small basins 

or on low ridges. Their principal diagnostic is the large. 
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horizontal scale to the generally small surface roughness. 

Terrain control data in Fig 4:10 indicate that a number of' 

very regular plain-like areas f'rom the Canadian Arctic and 

central South Africa fall into this category. Comparison 

with Fig.4:9 for sub-glacial terrain, indicates pronounced 

cut-off of values along the ox= 100 m line - the Antarctic 

TYPE 4 areas appear to have much greater surface irregularity, 

certainly greater than lOOm. The little comparative material 

available suggests these may be transitional areas of 

essentially low-lying or gently sloping terrain occasionally 

broken by small hills or depressions. 

3) Terrain anisotropy 

The relief' of a terrain surface may be considered 

to exhibit anisotropy if' the measured property .(e.g. 

elevations above a datum) is dependent upon the direction 

of measurement. In undertaking a survey of' terrain on a 

grid basis estimates of topographic statistics in two 

different directions can be used to detect anisotropy. 

We may consider a surface of' fixed vertical roughness (a 1 ) 
X 

over which the autocorrelation or horizontal scale parameter 

(R(x) is .calculated in two orthogonal directions (a and b). 

R(x)b and significantly different it may be 

concluded that some form of' terrain ?11isotropy is present. 

The analysis may equal1y well find R(x) constant and a 
X 

variable. The detected anisotropy may take . the form of 

lineation or structural 'grain' exhibited by the surface. 

A control study of' data from an area in the 

Transantarctic Mountains was undertaken. The McMurdo ice-
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free valleys area exhibits a number 0£ major valleys 

trending approximately east to west. Two sampling lines 

were taken across the region in each of these directions. 

Values £or vertical roughness are similar to within 15% 

£or both lines (Fig.4:17). The horizontal scale 0£ the 
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roughness, however, is different being a £actor of three 

greater in the same direction as the valley axes. A 

strong north-south periodicity is evident at 5-6 km related 

to valley spacing Fig. 4:1e. Such an analysis indicates 

the reality 0£ identifying terrain anisotropy. Further 

studies in this area, however, suggest some of the problems 

that must be recognized in the interpretation of such 

measurements. The two orthogonal sampling lines used 

above were rotated through 45° to cross the region 

diagonally(Fig#:17~ Once more values for vertical 

roughness were more or less identical but with the changed 

sample configuration R(x) was also identical so that the 

terrain could only be considered, in this case, isotropic. 

These conflicting results emphasise the point that although 

two measurements in orthogonal directions are necessary 

in cfletermining any terrain anisotropy, the technique 

is also dependent upon the orientation of the lines to any 

1 grain 1 or lineation. 

With these considerations in mind the sub-glacial 

terrain data in East Antarctica were exwnined. The 100 km 

segments as calculated £or terrain statistics do not 

necessarily provide an adequate basis on which to investigate 

terrain anisotropy since orthogonal segments rarely form 

a •centred' configuration. In those cases, however, 
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where such conditions wore met (three in number and 

shown in Fig.-4:19) results are interesting. 

11G 

In C in Fig.4:19 the standard deviation is similar 

in both directions but the autocorrelation :function is an 

order o:f magnitude di:f:ferent. Weak periodicity at 8 and 10 km 

shown on the correlograms may be present in the east-west 

direction, and a weak period at 9 km north-south. Both 

these :frequencies lie close to the confidence level, 

are not persistent and may be spurious generations o:f 

they 

otherwise random data. It is not possible, there:fore, to 

state whether the observed anisotropy in scale o:f roughness 

is due to topographic lineation o:f the sur:face. 

In case D there is a :factor o:f two differences 

in both R(x) 0 and a, the east-west direction being 
X 

rougher and having a larger scale o:f roughness. The 

di:f:ferences are probably not highly significant and the 

surface probably approximately isotropic. 

Case E shows a :factor of four di:f:ference in 

crx and a :factor o:f 6 in R(x) 0 which may be significant. 

A very weakly developed periodicity (at 9km) was noted only 

in the north-south direction so that there does appear to 

be some de:finite terrain anisotropy in this area. 

_ It is clear that analyses o:f this sort should be 

:further investigated, controlled by studies of' known 

topographic surfaces, simulated by , computer using data :for 

crxandR(x) 0 with or without periodicities and compared to 

real terrain. Not only may this provide an informative 

new tool in obtaining quantitative descriptions o:f real

world terrain but will :further assist interpretations o:f 

sub- glacial topography. 
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4) Conclusions and proposals. 

It has been possible in the above discussion to 

distinguish quantitatively between different topographic 

areas of East Antarctica in terms of the degree and scale 

of roughness displayed by sub-glacial bedrock. The 

autocorrelation function and standard deviation have 

provided realistic measure for this study. 

In mountainous regions of East Antarctica. ( the 

sub-glacial Transantarctic Mountains, the Gamburtsev 

Mountains and the central massif) we have seen that terrain 

statistics suggest similarities between parts of the 

Transantarctic Mountain zone and the isolated blocks 

in central East Antarctica. although there are some 

individual differences. The Gamburtsev Mountains, 

which comprise two parts (a very rugged western section 

and a more gently dissected plateau in the eastern area) 

constitute an entirely different physiographic province. 

Two major lowland regions - the Wilkes sub-glacial 

basin and the basin in central East Antarctica - have been 

analysed and show some important differences in roughness 

characteristics. 

Comparisons with exposed surfaces suggest 

similarities between areas in East Antarctica and other 

Gondwana continents or heavily glaciated regions of the 

northern hemisphel8. There is no reason to believe that 

Antarctic sub-glacial terrain has any unique topographic 

aspe ct. 
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Dif'f'erences that have been indicated between 

mountainous areas and those between plainland areas require 

explanation. It is considered here that such topographic 

hertrogeneity as have been described, must ref'lect either 

variations in geological structure or divergent erosional 

histories. In considering . an· area of continental dimensions 

geological differences should give rise to major differences 

in relief and the nature of terrain, whilst geological 

exogenetic processes, in an area dominated by glacial 

conditions for at least 20 x 106 a, are probably of minor 

importance. 

We explore in the next chapter evidence for and 

differences in geological structure of' the sub-glacial 

areas of' East Antarctica and the studies as outlined above 

provide a further dimension to such investigations. 

The lack of continuous data in East Antarctica 

has provided a severe constraint on terrain analysis but the 

potential of a statistical approach has been demonstrated. 

An extremely interesting study of' terrain anisotropy has been 

outlined. This technique has potential not only f'or the 

interpretation of' Antarctic sub-glacial topography but 

as a concise and informative terrain descriptor in other 

areas of' -the world. 
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INVESTIGATIONS OF SUB-GLACIAL STRUCTURE IN EAST ANTARCTICA 

It was emphasised in Chapter 1 that knowledge of 

crustal structure in Eas·t Antarctica is minimal. A number 

of' areas were outlined in which contributions from radio 

echo sounding investigations could assist interpretation so 

that to the already existing, though meagre, information 

f'rom seismic,gravity and magnetic measurements one may add 

continuous bedrock profiles, extensive mapping of' relief' 

and statistics of' terrain roughness. 

Prior to a discussion of' specific geological 

problems two allied but more general geophysical studies 

are outlined - calculation of' the amount of' isostatic 

rebound in East Antarctica assuming removal of' the ice load 

and an estimate of' the presumed pre-glacial outline of' 

this part of' the continent. Secondly, on the basis of' 

detailed bedrock elevation data, new estimates are made of' 

the thickness and spatial variation in thickness of' the 

crust of' East Antarctica. 

5.1 Isostatic rebound in East Antarctica 

Maps of' the elevation of' the ice-bedrock interface 
1 

in Antarctica are extremely important but present a 

1distorted 1 picture of' the configuration of the continent. 

It is useful, therefore, to calculate the relief' of' the rock 

surface after removal of the overlying ice sheet. 
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This would represent the surface of the continent prior to 

glaciation assuming that glacial erosion has been only a 

small fraction of the total relief and that the sub-glacial 

land surface is in isostatic equilibrium at the present time 

or that the degree of compensation is known. 

1) Reduction of relief by erosion 

It is difficult to estimate quantitatively the 

amotu1t 0£ surface lowering by glacial erosion in East 

Antarctica. Evteev (1959a)has calculated that an average 

annual rate 0£ bedrock erosion could be "'5 x 10-5 m a-1 • 

For a period of glacierization in the order of 10-15 x 10
6 

a removal of between 500 and 750 m of r6ck is suggested. 

Evteev 1 s figures are based on i) an examination of the 

moraine content of basal ice in the Bunger Hills area and 

ii) the assumption that the base of ice sheet is at the 

pressure melting point. Although large areas of East 

Antar~tica are now thought to be wet-based (Robin & Oswald: 

personal communication), the bulk of the ice sheet is 

probably frozen to its bed with a low erosive potential. 

Warnke (1970), from an examination of Antarctic 

marine sediments, has indicated the efficiency of glacial 

erosion -by an ice sheet is not time-constant but declines 

steadily from an initial peak soon after the inception of 

glacial conditions. Evteev•s extrapolated figure of 750 m 

is therefore likely to be an extreme upper limit. 

By analogy with North American and Fennoscandian 

lowland areas subjected to continental glaciation during 
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the Quaternary a figure of 20 m surface reduction is suggested 

(Flint 1971), whilst mountainous areas might have been lowered · 

by 500 m. According to Crary (1971) only a few tens of 

metres can be reasonably expected to have been eroded of£ 

the East Antarctic land mass, and hence should make little 

difference to isostatic calculations of the pre-glacial 

surface. 

2) Isostatic equilibrium 

Analyses of available gravity measurements from 

East Antarctica have suggested that Antarctica exhibits a 

state of gross isostatic compensation (Bentley 1964; 

Grushinsky and Frolov 1967; Crary 1971). I£ this were not 

true or the degree .of compensation unknown then a simple 

correction for the superimposed ice load would be 

impossible. Free-air anomalies in East Antarctica average 

close to zero although there are deviations of up to 100 mgal. 

This is not unexpected. Brotchie & Silvester (1969) show 

that the crust, deformed under a constant load, will exhibit 

an average state of isostatic equilibrium yet will contain 

areas, in flexural equilibrium alone, that may have isostatic 

anomalies departing signifi cantly from zero. 

Gravity measurements in Antarctica, suffer from 

two principal disadvantages - lack of accuracy and too 

few values. An error of ! 20 . mgal has been suggested in 

Chapte r 3:3 resulting from instrument drift, few ties to 

well established base stations and uncertainty in surface 

elevations. Anomalies have to be of this order to 

indicate values significantly different from zero. The 

paucity of measurements arising from the dif£iculties of 

oversnow traverses in central East Antarctica makes regional 

extrapolations difficult. For the present, however, there 
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is general agreement that the crust in East Antarctica has 

been downwarped by a long existent continental ice sheet 

and has achieved a state of approximate isostatic equilibrium. 

J) Calculation of isostatic rebound 

Bentley (1964, 1972b) and Kapitza (1968) have 

attempted to reconstruct the pre-glacial outline of East 

Antarctica with isostatic rebound. Their attempts have bean 

restricted to delimiting the O m 'adjusted se&.l.evel 1 contour. 

No account was taken of a change in global sea level by 

the addition of 23-JO x 106 km3 of ice to the world's oceans 

(Shumsky 1970). 

The extensive data coverage b~ radio echo 

soundings shown in Fig. 4:1 have allowed the calculation 

of average compensated surface elevations B as: 
0 

where 

density 

a value 

B 
0 

B 

= B + ( s fi) 

is the average elevation of the ice/bedrock 

interface 

S is the elevation of the surface of the ice 

p. 
I the density of ice = 900 

Pc the average density of crustal rock. 

Bentley (1964, 1972b) assumes an average rock 

of 3.214 ,k.£; - .11!-3 whilst Woollard (1962) has taken 

of 2 670 kg -3 m . (see Table 5 :I). Seismic 

refraction shooting through a 40 km thick crust in Queen 

Maud Land yielded an average crustal density of 2 980 kg 

m-3 (Kogan 1971). Other regions of East Ant'arctica 

suggest the presence of a predominantly crystalline 



TABLE 5:I AVE.RAGE DE:!SITY OF CRUSTAL ROCKS 

AVERAGE DENSITY BED ELEVA'l'IOt: 
SOURCE DENSITY cm;TRA.ST . FCR 3 OOO rn 

I CE COLUf~I-; P..T 
OF CRUST ICE/CRUST SEA LEVEL ( L1) 

(kg m-3) P/Pc 

WOOLLARD 

( 1962) 2 670 0.3370 - 1 011 

BENTLEY 

('1964) 3 214 0. 2800 - 840 

QUEEN I1AUD 
LAND 2 980 0 .3020 - 960 

(Kogan 1971) 

GLOB!,L 
AVERAGE FOR 
'CRYSTALLI NES 2 700 0.3333 - 1 OOO 

(Clarke et 
1966 ) 

al 



basement with only a very thin layer of' Phanerozoic sediments . 
We have taken, therefore, world wide average values for 
granitic and slightly basic crystalline rocks (2 700 kg m-3) 
as being representative of average crustal conditions in 
East Antarctica (Clarke et al 1966). 

A number of physical parameters have been shown to 
determine how the crust reacts to loading e.g. crustal 
stiffness, density of' the underlying mantle and the nature 
and distribution of the load. Over certain distances, 
the crust can wholly support a superimposed load with little 
correspondence, at a single point, between load and crustal 
depression. The size of the zone over which the crust 
reacts to load has been ·shown by .Brotcbi.e and Silvester 
(1969) to depend on the •radius of' relative stif'f'ness• 
(L) - a distance over which crustal deformation is expressed. 
For uniform loads on a crust of 40km thickness, L:61 km, 
(taking the density of' the mantle as 3 370 kg m-?; 
Poisson•s ratio as 0.25; Young•s modulus as 8.35 x 
· 10 -2 64 20 10 Nm and the stif'f'ness 0£ the crust as 5 0 x 10 N 
-2) m • This implies that a crust, loaded over a distance 

of' many Lis too stif'f' to respond to changes in load over 
a distance of less than L. Hence, an ice sheet will only 
deform the underlying crust at distances greater than L. 
In East Antarctica, where we initially assume from seismic 
dispersion wave studies, an average crustal thickness of' . 
40 km, L ~ 60 km. Consequently, we have used the 100 km 
grid squares described by the 1971-1972 flight lines 
as a realistic areal unit for calculating the depression 
caused by the ice sheet. 

Ice thickness (s - B) and bedrock elevations (B) 
were averaged £or each 100 km grid square. In areas 0£ 

I 
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very good control this resulted in a density of' data of' one 

radio echo point per 100 km
2 and on average one per 350 km 

(compare this to seismic station per 16 OOO km 2 and one 

one gravity station per 2 OOO km
2 , (Kapi tz a, 1968)). 

The resulting values f'or B have been plotted in Fig. 5:1. 
0 

One of' the principal f'eatures of' this analysis is that 

although the present sub-ice relief is substantially below 

sea level ( -500m) in large areas o:f East Antarctica, 

only a very limited area is below 'adjusted sea level' 

and these are marginal to the continent in Wilkes Land. 

Bentley (1972b) indicates that there is a major 

indentation of' adjusted sea level inland of' Wilkes 

station based on the data :from the Wilkes-Vostok traverse. 

It was shown in Chapter 3 that ice thickness data :for 
OS'Q. ... 

this traverse ·-4-s- probably up to 10% too great. The 

average and corrected values used in Fig.5:1 are 

considered more realistic as they use 1) continuous and 

substantially more radio echo data in the region and 

2) the model takes account o:f the radius o:f relatiV,e 

crustal sti:f:fness. The results show that the bedrock 

surface is near to but above sea level. The possibility, 

however, o:f areas inland o:f the Knox Coast, as yet 

unexplored geophysically, lying b~low adjusted sea level 

cannot be overlooked. 

2 

The bulk o:f East Antarctica lies at elevations 

between 500 - 1 OOO m above adjusted sea level, rerlecting 

in large measure the present distribution o:f high and low 

areas. The extensive lowland inland of' the Transantarctic 

Mountains is one such :feature, whilst the zone around the 

central mass if remai ns a substant i a l mountai nous regi on . 
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5.2 Crustal thickness 

Woollard (1959) and Demenitskaya (1959) 

have demonstrated that there is good agreement between 

calculations of the depth of the Mohorovicic discontinuity 

as given by seismic refraction measurements and rock surface 

elevations. The empirical relationship established by 

Woollard (shown in Fig.5:2) has been used to compute the 

elevation of the base of the crust in East Antarctica from 

radio echo bedrock elevation data. The ove/"lying ice has v 
been converted into its rock equivalent using an average 

density for crustal material of 2 700 kg m-3. Thickness 

of the crust is obtained by adding the altitude of the 

bedrock to the value for elevation of the Moho. 

Calculations have been based on the 100 km grid used for 

isostatic rebound analysis. 

The resulting values of depth to the Moho have 

been mapped in Fig.5:3 and shaded at a 2 km interval. 

Substantially more detail is provided than that given by 

Woall.ard (1962) or in the Soviet Antarctic Atlas (1966). 

If -32 km is taken as representing the minimum 

elevation of the Moho for typical continental crust at 

sea level then East Antarct i ca exhibits a crust of 

continental character ranging from 32 km to 50 km in 

thickness in the investigated area • . The bulk of the 

thinner crustal regions (32-36 km) l ie peripheral to the 

continental mass in Wilkes Land. The Wilkes sub-glacial 

basin , inland of the Transantarctic Mountains, also provides 

a major interi or zone of 34-36 km thick crust . This basin 

corresponds to the zone of strong ne gative isostatic gravity 
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anomalies detected by oversnow traverses. According to 

Robinson (1961.ia) this anomaly cannot be explained in terms 

126 

of isostatic rebound due to recent thinning of' the ice sheet 

or by glacial erosion. Nor does the magnetic evidence 

available a11ow a deep sedimentary basin to explain the 

anomaly. If' active tectonic stresses originating in the 

mantle have given rise to this depression and associated 

gravity anomalies, it may be that Woollard 1 s empirical 

expression is not strictly applicable and values for crustal 

thickness in this area are not directly related to bedrock 

topography being of a probably greater value. 

Within the central regions of' East Antarctica 

the crust is up to 40km thick, especially in the major 

highland areas lying approximately along the 135°E meridian. 

In the Gamburtsev Mountains the crust thickens to over 4,5°km 

and probably reaches 55 km outside the area of investigation. 

In areas adjacent to the Transantarctic Mountains the crust 

also reaches well over 40 km thiclqi.ess. 

Extent and structure of the inland flank of' the 
Transaritar.ctic Mountains. 

- The inland extent of' the Transantarctic mountains 

beneath the East Antarctic ice sheet has been open to much 

speculation. Early investigators (David & Priestley 1914; 

Gould 1935) envisaged an abrupt termination of the Mountains 

along a fault parallel to the Ross Sea escarpment of' the 

Mountains. At this time there was little evidence to support 

a 1horst-like 1 structure except that the mountains appeared to 

rapidly disappear beneath the plateau ice. Geophysical 
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results during the I.G.Y. provided some confirmation of the 

limited extent and · fault-bounded character of the Transantarctic 
Mountains in the Southern Victoria Land area (Crary 1959). 

During later geological reconnaissance of the 

Queen Maud Mountains, McGregor (1965) could find no evidence 
of th~ "Polar fault" proposed by Gould. He suggested that the 

mountains, again only according to surface indications, 

decreased steadily in elevation inland. Bentley (1964, 

1972b) has also envisaged an\asymmetric mountain belt, the 

steepest flank facing the Ross Sea and Ross Ice Shelf. 

Robinson (1964a, 1964b) reported that the approximate width 

of the Transantarctic in t~e Horlick~fountains area is 

400 km compared to only 200 km in Victoria Land. 

Little sub-glacial geophysical evidence has been 

available, however, to either substantiate or evaluate such 

divergent propositions and it has been apparent for a number 

of years that only the acquisition of many more profiles 

across the plateau could enable the extent and tectonic 

patten1of the mountains to be established {Gunn & Warren 1962). 

We now possess a large number of continuous radio echo 

sounding profiles across the Transantarctic Mountains from 

Victoria Land to the Queen Maud Mountains. Their 

interpretation has enabled a much mo~e precise discussion 

of the nature of the inland flank of the mountains. 

1) Structural control of topography 

A factor that has enabled geological interpretation 

of the profiling data is the remarkably well developed 

structural control of relief in the Transantarctic Mountains • 
. This has resulted, where determined in the exposed sectors, 



128 

from a combination of Mid-Late Cenozoic block-faulting and 

extensive doleritic dntrusion of the thick sub-horizontal 

Beacon Supereroup sequence. Recent block-fault diastrophism 

is one of the few cases where structure can be inferred, with 

caution, from gross surface topography (de Sitter 1956). The 

exposed mountains are dominated by structural benches, mesas, 

tablelands and single and multiple escarpments (McGregor 1963) 

yielding distinctive terrain. 0£ the~e, scarps and tablelands j I 

are the most prominent features to be identified on radio / / 

echo records. 

Scarps may result from a number of geological 

processes. These include: 1) cuestas developed in gently 

dipping strata, 2) sides of' glacial troughs, although these are 

usually paired, 3) mountain fronts resulting from long continued 

degradation under conditions of parallei retreat, 4) faulting and 

5) steep monoclinal flexures. For the interpretation of radio 

echo records, much of the geological evidence usually available 

for the evaluation of scarps is absent. In the fault-block 

Transantarctic Mountains, it would appear that faulting is 

probably the most reasonable explanation of steep scarps 

although explanations 1 and 5 cannot be ignored. The major 

single line of argument favouring the existence of a f'ault

scarp from radio echo records lies in the difference in 

surface topography on either side of' a scarp - suggesting 

a change in rock type accompanied by differential erosion 

of displ aced beds . Fig . 5:4 illustrates an idealized case , 

and Fig. 5: 5 a real world example from radio. echo records. 

The existence of' such surface differentiation does not prove 

the existence of' a fault ~n the plane of' the scarp or some 

di stance £rom i t per se, but when all other £actors a re 



FIG. 5•4 Idealized model of surface roughness differences accompanying a rock type change producei by faulting. 
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absent, it might be taken as strongly presumptive evidence. 

Steep scarps are probably geologically young features, the 

steepness of the scarp being in general an indication of' its 

relative age (Thornbury 1954). 

2) Structural interpretation 

Examination 0£ the profiles in Fig. 5:6 demonstrates 

that the extent and character of' the transition between the 

Transantarctic Mountains .and the East Antarctic craton is 

spatially very variable and does not conform to a single 

stereotype. In places (Fig. 5:6.27) there is a gradual 

transition from the mowitains to the plains with an inland 

reduction of absolute and relative of relief'. Although there 

is no topographic evidence in these areas for a distinctive 

break or discontinuity in the profile, the extent of the 

mowitain zone does vary - in some locations they die out 

fairly rapidly (Fig. 5:6~29), elsewhere the mountainous region 

persists much further inland (Fig. 5:6.Jo). In other areas, 

escarpments (JOO - 1 OOO m in height) mark an abrupt . 

t e r min a t ion of t he mountain zone inland (Fig. 5:6.28) and in 

some cases , i so l ated but related upland blocks occur beyond 

this demarcation line. 

Su ch v ari ed profiles a r e i n compatible with some 

of the str uctural configurations for the Transantarctic 

Mowit ains that have been proposed. · Anticlinal, horst- like 

and faul t -bl ock models were suggested in Chapter 1 . Prof ile 

d a ta d o not provi de a r easonabl e basis for supporting t h e 

hypothesis of an elongate horst in the Transantarctic 

Mountains with a flanking and continuous inland f a ult. Only 

· under exceptional circums tances could this model be supported 

by the geophysical r e sults such as if s pa tially divergent 
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130 erosion rates lead to the complete obliteration of' a f'ault-

scarp in some places but not in others. The presence of a 

steep escarpment inland of' Skelton Glacier at 78°S 157°E 

suggested by early traverse measurements, and which supported 

a horst structure, is confirmed but found to be localized, 

circumscribing the inland flank of' Skelton Neve. It does 

not extend south 0£ Mulock Glacier nor does it persist north 

of' the head of' Taylor Glacier About 50 km west of' the scarp 

( - 650 m in height) there is a complimentary escarpment 

bounding a series of' inland blocks. The limited extent and 

complicated nature of' this feature indicates the caution 

required in making regional structural conclusions. 

An anticlinal structural model, on the basis of' 

radio echo evidence, would require that the Transantarctic 

Mountains form 1) a major anticline, 2 OOO km long, of' variable 

asymmetry in which the dip of' the inland limb is extremely 

non-uniform, f'rom a near monoclinal configuration in the 

southern Queen Maud Mountains and parts of' Victoria Land, to a 

near symmetrical anticline in other areas. 2) That in places 

the inland dipping limb is displaced along major, and 

apparently normal faults, whilst part of' the much steeper Ross 

Sea facing limb is reverse faulted. In the opinion of' the 

author, radio echo evidence and surface geological and 

structural investigations do not provide suf'f'iciently adequate 

support f'or such an anticlinal structure f'or the bulk of' the 

Transantarctic Mountains. 

The juxtaposition of' steep, scarp (fault)- · 

terminated regions, areas of' only a gentle decline in the 

mountains, and yet other zones in which the mountains extend 

8 
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for some considerable distance inland lead us to interpret 

the overall structure of the Transantarctic Mountains, south 

of McMurdo Sound, as the result of differential inland 

tilting of major fault-blocks. In the area to the south of 

Victoria Land, the exposed relief and geological outcrops 

indicate a main axis of uplift along a coastal {eastern) 

fault producing a series of large crustal blocks which are 

tilted towards the continental interior {McGregor and 

Wade 1969). Measured dips of Phanerozoic sediments in the 

mountains indicate the degree of tilting, although these are 

few in number nor widely distributed. The majority of dips 

are small (5-15°) although higher dips have been recorded 

(15-25°) where local faulting has complicated the structural 

pattern. In a number of localities between the Reedy and 

Scott Glaciers the Beacon strata have been shown to be 

essentially horizontal. 

It would appear that the degree of uplift and 

tilting of individual blocks has produced the observed 

differences in elevation and extent of the inland flank of 

the mountains, in a manner similar to the differential 

movement of blocks in the Basin and Range Province of the 

western U.S.A. This has lead to a gradual reduction of 

relief towards the interior where there are shallow dips; 

in other areas where the strata may ~ave been more uplifted 

or suffered less denudation steep escarpments characterize 

the transitional zone. A generalized model of the fault 

block structure proposed here is shown in Fig. 5:7. 

The inland edge of the Transantarctic Mountains, 

therefor e , is considerably more complex than previously 

· 1 
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FIGo 5:7 Idealized models of fault-block structure for the Transantarctic 
Mountains, suggested by radio echo sounding 
A A simple tilted block (gently or steeply tilted) leading to a 

gradual or rapid inland decline of the mountains. 

A 

B 

C 

B A tilted block broken by a series of faults producing a set of 
separate inland structures. Escarpments chatacterize fault-planesQ 

C A tilted block down-faulted inland to produce a 1horst' P 
accompanied by escarpments. 
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envisaged and does not con:form to a simple model. I:f we 

accept that the basic structure is a number o:f crustal 

:fault-blocks then the two principal :factors which have come 

:from radio echo measurements - the much greater width of 

the Transantarctic Mountains in some areas and the variability 

o:f the topography and structure o:f the transitional zone -

can be explained in terms o:f di:f:ferential tilting and 

:faulting. 

5.4 Extent o:f the Transantarctic lithological province 

The Transantarctic Mountains are co-extensive with 

a major geological province - the epi-plat:form cover o:f the 

near-horizontal and lithologically distinctive Beacon 

Supergroup strata. The regional distribution o:f Transantarctic 

Mountains type terrain may be directly related to the extent 

o:f the Beacon (or some other similar Phanerozoic) sedimentary 

province. According to meagre magnetic and seismic evidence 

(see Chapter 1) the Beacon Supergroup appears to be 

restricted entirely to the Transantarctic Mountain Chain and 

only a very thin layer o:f sediments is thought to overlie 

the basement in central East Antarctica. In earlier 

discussions it has been suggested that radio echo records 

indicate areas o:f East Antarctica that exhibit similarities 

with the Transantarctic Mountains in terms o:f gross-relief, 

structural :features and in the statistical nature o:f surface 

roughness. The primary areas involved are the two highland 

blocks inland o:f Nimrod Glacier and the centril massif in 

East Antarctica. 

18 
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In the :former area radio echo evidence indicates 

that there are scarp-terminated near-horizontal surfaces 

developed in bedrock with a number of steep-walled valleys 

present. The blocks are o:f TYPE 1 topoGraphy, :falling 

primarily into the terrain sub-group C2. (Fig. 5:8). These 

features it is argued are indicative of' Transantarctic 

type terrain and hence may suggest the presence of 

Phanerozoic sediments. Magnetic data f'rom the McMurdo 

to South Pole Traverse, which skirted this upland zone, 

show a minimum magnetic depth o:f 4.6km below the ice 

surface where the regional ice thickness is 2.5 - 2.8 km. 

(Robinson 1962). This may indicate the existence of 

sedimentary rocks overlying susceptible basement. If these 

measurements are taken to substantiate the interpretation 

given above, then rocks o:f possible Beacon Bupergroup type 

extend, in this latitude (82.5°), 600 km from the Ross Sea 

coast. 

The massif in central East Antarctica displays a 

:frontal scarp on its southeast and eastern flanks which is 

1 OOO - 1 700 m high. There is a marked di:f:ference in 

terrain roughness between the lowlands to the south o:f BJ 

sub-type and that within the massif' (C2 to E3) - a change to 

a high roughness o:f much smaller scale and likely to relate 

to a geological transition(Fig. 5:5). We have already 

seen that the majority of' the central massi:f possesses 

statistical surface characteristics similar to those in the 

Transantarctic Mountains. On the basis of these properties 

we consider that the central massif' may belong to the same 

geological and structural province as the inland areas of 

the Transantarctic Mountains. Since there is no magnetic 
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data in this area to confirm the presence of' sedimentary 

rocks the existence of Beacon-type strata is speculative 

but not improbable. 
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Transantarctic type terrain and Beacon Supergroup 

rocks extend into East Antarctica where fault-blocks of the 

Transantarctic Mountains proper are gently tilted inland 

and hence crop out as large ridges. This is the case between 

the Queen Maud Mountains and the South Pole. A crustal block 

is tilted a few degrees inland from the head of' the Scott 

Glacier to about 88.5°s. It also dies out laterally beyond 

the 180° meridian. The fault-block has a steep scarp face 

(1 OOO - l 500min height) on its northern and eastern margins 

(see Fig. 4:1) D1Angelo Bluff' appears as a small exposed 

section of' the northern block-edge. Part of' the upland 

reach over 2 OOO m in height, but in places the surface 

comprises a regular tableland at about 1800 m with a 

surface relief' of' less than 100 m (Fig. 5:9) probably 

reflecting structural control by the Beacon Supergroup. 

Near the South Pole seismic refraction profiles indicate an 

upper layer in which velocities for the compressional wave 

(3.5-4.5 km s-1 ) were interpreted as passing through 

sedimentary. strata or frozen till (Robinson 1964ah Bentley 

& Clough 1971). In view of' the attitude and terrain 

roughness characteristics and overall structure of' the 

region a sedimentary interpretation is preferred. The 

absence of' any steep magnetic anomalies further suggests 

the presence of a thin sedimentary layer (Robinson 1962). 
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· 5.5 Regional neotectonics of' East Antarctica. 

Neotectonism ref'ers to those diastrophic events, 

restricted primarily to vertical non-orogenic crustal 

movements, that have taken place during the Neogene or the 

latter part of the Tertiary. 

In Antarctica, neotectonic investigations have 

been made on a continental basis by Voronov (1964) and 

Znachko-Yavorski (1970, 1971) whilst regional studies have 

been conducted by Voronov & Korotkevich (1962); Znachko

Yavorski (1965) and Grindley (1967). The bulk of' the 

evidence for recent crustal movements has been based 

primarily on geomorphological analysis of bedrock relief' 

and supported by a limited amount of' geop~ysical data. 

The considerable amount of information contained in 

continuous radio echo records has enabled a much more 

detailed study of regional neotectonics in East Antarctica 

than previously possible. 

If we accept that during the Cenozoic East 

Antarctica has remained a fairly stable continental 

platf'orm then neotectonic activity must have been determined 

to a large degree by the main palaeo-tectonic and orogenic 

configurations. Reactivation, therefore, has been 

restricted to former mobile belts. It is hoped that through 

the investigation of' neotectonic activity to present some 

general conclusion on the tectonic framework of the East 

Antarctic basement in Fig.5:1,5. 

For the study presented here, two major neostructures 
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FIG. 5:10 Neotectonic map of East · Ant·arctica 
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figures. 



29 ? ::-ctica 

• 

? 
• 

3tructures 

s tructures 

3tructures 
~o ss ICE SHELF 

? 
:rom surf.ace • 

----__ -... __ _ 
l faults deduced ......... ~,, .... 

-- ...... -- ... _/ 

,. 
1ctures 

1own in re~pective 

'\ ~· 
~ · 0 

( ,' 
I 

.) ' 
/ 

/----' 
./' 

r; 

,J 
I ,, ___ ,, 

• A B C 

1111111111 111111 

D E F 

__. --G • • .• ••.• J 

--7L 



136 

are de:fined - upli:fts and depressions. These may be weak, 

moderate or intense vertical movements. Fig. 5:10 has been 

produced to indicate such activity in East Antarctica as 

suggested by bedrock elevation and geomorphological data. 

1) Zones of upli:ft 

Along the epi-geosynclinal belt o:f the 

Transantarctic Mountains, there has been pronounced uplift 

during the Cenozoic giving rise to a mountain chain 

extending some 2 OOO km and reaching elevations o:f 4 500 m. 

Problems associated with dating the upli:ft of these ranges 

and the close connection between uplift and development o:f 

the East Antarctic ice sheet are discussed in Chapter 6.4. 

Some of the principal :features o:f the Transantarctic 

Mountains have already been described in 5.3. These include 

widespread :faulting and the production of major escarpments, 

probably representing reactivation of structures associated 

with the Late Proterozoic - Early Palaeozoic Ross orogenic 

belt. 

Within central East Antarctica between 120° and 

150° E lies a moderately to intensely uplifted zone o:f 

discrete blocks. Meridional linearity is a distinctive 

feature of these areas (Fig. 5:10). The relative 

development of flanking escarpments (which probably represent 

rejuvenated :fault zones) indicates the degree o:f uplift o:f 

blocks. The most distinctive block is the central massif, 

being largest and most extensive. It is paralleled on its 

northern and western sides by a steep, 1 600 - 1 700 m scarp. 
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FIGo 5:11 Radio echo profiles across the central massif in East 

Antarcticao Arrows indicate the steep scarp faces and 

associated trench tructureo Nwnbers refer to location 
' of profiles in FIGo 5:100 



1 ':) .., ., . 
The surface is dissected and slopes steadily eastwards 

· indicating probable tilting of the block in this direction 

(Fig. 5:11). The feature is skirted by a very deep marginal 

trench in front of' the scarp. 

North of' the central massif' a more dispersed 

0 zone of' smaller highland blocks reaches to 70 s. 

Unfortunately, discontinuous radio echo records f'rom this 

region do not allow a precise determination of' its 

boundaries to the north. Uplifts have produced blocks 

of 750 m elevation and the mountainous zone covers an 

area of' 9 x 104 
km

2 (Fig. 5:10). 

South and west of' Vostok Station lies the intensely 

uplifted region of' the Gamburtsev Mountains. North of Vostok 

is a small area, certainly an integral part of' the chain but 

only moderately uplifted. Fig. 5:12 show sections across the 

Gamburtsev Mountains and indicates their general character and 

degree of uplift. The mountains in this area reach up to 

1 600 m although southwestwards elevations, from radio echo 

soundin~s, have attained 2 900 m (Fig. 4:1). Poor 

riavigational control, however, has not allowed precise 

positioning £or these soundings. 

Well-developed scarps, such as those found in 

the Transantarctic Mountain belt or the central massif', 

are much less numerous in the Gamburtsev chain. Nevertheless, 

the mountains rise up rapidly from the surrounding lowland 0 

The most southerly extension of the mountains appears to have 

a distinctive •tilted-block' morphology (Fig • .5:12.~)which 

is uncommon in the Gamburtsev belt. On evidence of' 1) lower 

overall absolute elevations, 2) lack of' steep frontal scarps 

and J) greater degree of' dissection, it is suggested that 

reactivation of' the Gamburtsev Mountains , preceded that of' 
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the Transantarctic Mountains tectonotype. ~e observed 

uplift characteristics, however, may have resulted 

from differences in geological composition, as suggested 
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in 5.4 or more probably a combination of both these factors . 

2) Zones of depression 

Two zones of intensely depressed neostructures 

occur in East Antarctica - the Wilkes sub-glacial basin 

and the basin complex in central East Antarctica. 

The Wilkes sub-glacial basin shown in Fig. 5 :10 

and in the cross-sections 'in Fig~· 5:13, is essentially 

a linear feature, ·widening steadily northwards from about 

100 km at latitude 80°S to about 400 km at latitude 71°s. 
Unfortunately, lack of detailed echo soundings in the 

northern part of the basin has prevented the determination 

of its depressed configuration near the Wilkes Land coast. 

It is not certain, therefore, whether the basin terminates 

before reaching the coast or if it is linked to major outlets 

of the East Antarctic ice sheet - the Mertz and Ninnis 

Glaciers. Isolated soundings suggest that the pattern is 

much more complex at this end of the basin than to the 

south and there are extensive areas of terrain depressed 

to l OOO m below present sea level. Elsewhere in the basin 

only local areas reach to this level, the land surface usually 

being at 500 - 750 m bel6w sea level. 

To the west, in the coastal regions 0£ the 

Adelie and Clarie Coasts, ~!though control is poor, records 

suggest the existence of a smaller depression possibly 
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connected to the great indentation of Porpoise Bay 

Fig. 5 :10). 

In central East Antarctica, there is a very 

extensive network of depressions (Fig. 5:10). One of 

the smallest of' these neotectonic downwarps is the very 

deep marginal trench flanking the north and west sides 

of' the central massif (Fig. 5:11). The feature extends 

for at least 150 km, is an average of' 30 - 40 km in 

width and probably merges with the much larger depressed 

zone to the north. Explanation of this frontal deep 

can only be speculative~ Its width is similar to that of 

rift valleys - the same order as the local thickness of 

the crust. From Table 5:II it can be seen that its 

dimensions are similar to those of' the Rhine and Dead Sea 

rifts. As with other rift valleys, especially the Baikal 

depression the feature exhibits a strong asymmetrical 

profile. Unfortunately, gravity and magnetic measurements 

are not available to confirm whether the zone is a tensional 

feature widerlain by deficiency of mass. 

To the north-east the trench dies out and probably 

merges with the equally deep, but much wider, central East 

Antarctic _basin. Profiles across this basin show that 

al though wide ( 150 - 280 km) ~-,.d in places 1 250 m below 

sea level, there are local deepenings of the basin complex" 

in zones 30 - 50 km wide and reaching JOO - 600 m below 

the general low level of the depression {Fig. 5:14). 

There is good morphological evidence for 

local 'rift-structures• along the margins of the central 

massif. The hypothesis that they are true crustal rifts and 



TABLE 5:II DIMENSIONS OF RIFT STRUCTURES 

LOCATION WIDTH SCARP 
HEIGHT. 

(km) (m) 

LAKE 
BAIKAL 55 - 75 3 OOO 

AFRICAN 
RIFTS 40 - 60 2 500 

DEli.D 
45 1 700 

SEA 

RHINE 
GRABEN 30 - 45 500 

CENTRAL 
EAST 
ANTARC':rICA 

35 - 40 1 400 

LENGTH 
(km) 

1 500 

3 OOO 

100 

600 

200 

n 
I 
i 
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linked to a larger system of trenches located within the 

extensive and pincer-shaped depression in East Antarctica 

requires further detailed radio echo sounding and 

associated geophysical surveys. 

5.6 A tectonic outline of East Antarctica 

140 

The map and discussion of neotectonism in East 

Antarctica have been used as a basis for producing a.tectonic 

outline for the area as shown in Fig. 5:15. A number of 

previous maps of Antarctic tectonics have been given. Those 

by Hamilton (1964, 1967) and Cradd~ck (1970, 1971) make 

little or no differentiation of the East Antarctic plate 

referring to it as a basement complex of primarily Early 

Proterozoic rocks which has · had a complicated Precambrian 

tectonic history. It is, in part, overlain by Late 

Proterozoic and Early Phanerozoic sediments and appears to 

have undergone little or no development since the Late 

Proterozoic. 

Russian workers, however, have attempted a much more 

detailed regional description of the tectonic features of the 

East Antarctic shield (Klimov 1964, 1967; Ravich 1966; 

Ravich & Giikurov 1970; Grikurov et al 1970,1971). In the 

predominantly ice covered areas, interpretations have been 

based on the general relief and character of the bedrock 

with the assumption that continental plains represent ancient 

platforms whilst neotectonic mountain systems are equivalent 

to Riphean mobile belts. This has been the general approach 

used here, except that a much more detailed representation of 

. bedrock relief has been available. 
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FIG. 5:15 A tectonic map of East Antarctica 

A Boundaries of orogens 

B Inferred inland boundary of Beacon 

Supergroup sedimentary province 

C Early Proterozoic orogenic province 

of Gamburtsev Mountains 

D Middle-Late Proterozoic orogenic 

province of central massif 

E Late Proterozoic-Early Palaeozoic 

'Ross' orogen of Transantarctic Mountains 

F Late Palaeozoic 'Borchgrevink' orogen 

of northern Victoria Land 

G Area of inferred Phanerozoic 'Beacon' 

type sedimentation 

? Cale-silicate gneiss retreived from 

JOIDES core No.270, and has a probable 

association with the Koettlitz Marble 

deformed during the Ross Orogeny. 
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The map presented by Grikurov et al (1971), and 

reproduced in Fig. 5:16 suggests that the present East 

Antarctic craton is differentiated into a series of stable 

geoblocks, surrounded by Baikalian (Late Precambrian 

Early Palaeozoic) deformed geosynclinal belts. They propose 

that these blocks existed in areas near to the present South 

Pole, in parts of' Queen Maud Land and in Wilkes Land. The 

blocks are considered to be composed of' crystalline basement 

schists ~migmatites and charn~ites developed through a 

number of' magmatic stages and deformational sequences of 

cratonization during the Proterozoic. 

The Pacific side of the shield is bounded by the 

Ross orogenic belt. Delimitation of this Baikalian zone is 

based on more substantiative evidence from petrographic 

analyses, radiometric dating and studies of tectonic style 

in the exposed Transantarctic Mountains. The margins of 

the oroge~re placed in Fig. 5 :15 along the topog·raphic 

transition (albeit complex) between the subglacial 

Transantarctic Mountains and the East Antarctic craton 

(in ~ome areas delimited by steep scarps). 

This has led to some readjustment of Craddock's 

(1970) inland boundary of the orogen, especially near to the 

South Pole, but the overall outline ~emains similar and its 

width has not been drastically modified. Grikurov et al. 

(1971) consider the Gamburtsev - Ve~nadskii subglacial 

mountains may also form part of a much larger, semi-circular, 

early Ross geosyncline, but qualify this speculative 

interpretation by sugc-esting that parts of the mountains may 

include Early Proterozoic (Early-Mid Riphean) basement. 
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bols: 24. Major faults; 25. Boundaries of major structural-formational and intrusive complexes, mostly inferred. 

FIG 5116 Tectonic map of Antarctica by Grikurov et al . (1971). 
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Interpretation of ·neotectonic evidence suggests that the 

Gamburtsev Mountains were not involved in the Ross orogenic 

episode. The distinctive terrain and position of the 

mountains within the continental interior indicate that 

this region may have formed part of an early Proterozoic 

deformation zone which has suffered little epi-platform 

development until reactivation and uplift during the 

Cenozoic. The mountain range is possibly equivalent 

therefore, to an intercratonic orogenic belt rather than a 

supposedly accretionary Rossian geosyncline. 

The extent of the post-Ross Phanerozoic platform 

cover is not satisfactorily known. The Beacon Supergroup 

series is extensively developed in the Transantarctic 

Mountains and similar depositsoccur in the Oates Coast 

and in the Prince Charles Mountains. Earlier in this 

Chapter, it was shown that Transantarctic type terrain, 

accompanied by a possible sedimentary section, existed in 

the central massif and other isolated blocks of central 

East Antarctica. They also extend a considerable distance 

inland beneath the ice sheet as part of the Transantarctic 

Mountains themselves. It is proposed to include the area 

described by these neotectonic structures in the epi-platform 

zone of 'Beacon' type sedimentation. 

Whether major depressions such as the Wilkes 

subglacial basin contain younger Mesozoic and Cenozoic 

deposits, as suggested by Grikurov et al ·(1971), is unknown 

and requires seismic refraction shooting for verification. 

At Vostok (which lies in a depression north of the Gamburtsev 



Mountains) seismic refraction results have indicated a 

thin sedimentary layer (see Chapter 1). The likelihood 

of a thick geosynclinal sedimentary succession in the 

Wilkes basin has been discounted by Robinson (1964c¥ on 

the basis of geomagnetic evidence. 
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The precise tectonic character of the central 

. ·. J 

East Antarctic inland blocks is unknown, except that they 
1
,1 

II 

probably support an epi-platform cover. Within the general 

region of the central massif Grikurov et al (1971) 

postulated a stable, Archean, pre-geosynclinal complex 

one of their original ·geoblocks. Radio echo soundings have 

now revealed a considerable complexity of relief in the 

area - as evidence by the meridional blocks discussed above, 

and such an explanation is no longer acceptable in view 

of the neotectonic structures of the region. We propose 

to ascribe these areas to a Middle - Late Proterozoic 

orogenic province of either a single or more probably, 

a series of orogenic episodes, which were reactivated and 

uplifted during Cenozoic and possibly earlier, Phanerozoic 

periods. : I 
1, 



CHAPTER 6 

6.1 

GLACIAL INVESTIGATIONS IN EAST ANTARCTICA 

Recognition of glacial erosion features in 
East Antarctica and· on Radio Echo records. 
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Landforms of glacial erosion are considered to 

form a distinctive suite of topographic features. Smoothed 

and striated surfaces, glacially eroded bedrock basins, 
A 

cirques, aretes, truncated spurs, U-shaped and hanging 

valleys, fjords and strand:flats have all been recognized in 

parts of East Antarctica at present free of heavy ice cover, 

and their abundance and distribution have assisted in the 

evaluation of Antarctic glacial history (David & Pri~itley 

1914; Taylor 1922; Gould 1940; Nichols 1953, 1964, 1966; 

Calkin & Nichols 1971). In Chapter 1, it was seen that the 

potential identification of some of these elements beneath 

the ice sheet may · add signi£icaI1.tly to the elucidation 0£ 

the mode of glaciation of Antarctica (Denton et al. 1971). 

It is important, therefore, to establish criteria 

whereby some of the more important of these characteristicallY. 

glacial landforms may be recognized on radio echo records. 

Criteria, ·which have been developed .in other regions o:f the 

world, may not be strictly applicable to Antarctica and it 

may be necessary to evaluate sub-ice manifestations of 

glacial erosion in terms of speci:fically identifiable 

Antarctic examples. The primary cause of differences, it 

will be seen, arises from the geological structure and 

stratigraphy of the Transantarctic Mountains . 

I 

:I 



1) Low-lying glacial surfaces and micro-erosional 
features 

Glacierized lowlands composed of gentle hills 

1 .4 5 

and shallow depressions (on a scale of several kilometres) 

have been observed in parts of East Antarctica, notably in 

the Bunger and Vestfold Hills and Schirmacher Oasis (Evteev 

1959b~t1cLeod 1964; Bardin 1966). All of these glacially 

smoothed and scoured surfaces are developed in Proterozoic 

crystalline basement rocks of the East Antarctic craton. 

They exhibit micro-scale erosional features such as grooves, 

striae, cracks, gouges, fractures f:llld pitmarks. Although 

the majority of these small-scale elements are clearly the 

result of glacial erosion beneath large ice masses (Embleton 

& King 1968), their size precludes them from being resolved 

on radio echo records (Harrison 1970). Larger scale 

glacially smoothed undulations have no glacial topographic 

•signature' on radio echo records to distinguish them from 

surfaces of gentle curvature produced by other erosional 

agents. Although moraine may mantle these outcrops and 

produce a roughness detectable by radio echo fading patterns 

(Harrison 1970; 1972) its presence does not conclusively 

demonstrate a glacial origin £or the surface it covers. 

2) A 
Aretes and truncated spurs 

A 
Both aretes and truncated spurs are abundant 

in the highland areas 0£ East Antarctica: the Mountains 

of Queen Maud Land and Prince Charles Mountains. In the 

,!t 

I 

I 
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FIG 6: 1 Aeria l photograph looki ng wes t over part of the 
southern Victoria Land ice free a r ea. ~'fr i ght 
Valley is on t he right , Taylor Glac i e r on t h e 
l eft.. No te t he a r etes, truncated s purs, evacuater,i 
cirques and the substential modi f icat ion and 
des t ruct i on of ci:rcJ.ue headwalls. (U.S . Havy Pl1oto ). 
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Transantarctic Mountains, many sharp glacial ridges have 

undergone secondary modification from long exposure to sub

aerial weathering agents, and no longer reveal their primary 

" genetic characteristics. On radio echo records aretes appear 

as ridges. Unless other features occur in association as 

a suite of identifiable glacial forms (such as valleys 

separating ar~tes) there is no difference between ar&tes and 

ridges of non-glacial origin. 

Truncated spurs, although extremely pronounced 

in some of the southern Victoria Land ice-free valleys 

(Fig. 6:1) are very difficult to identify on a single 

continuous radio echo profile. " Like the arete, evidence for 

truncated spurs must be augmented by other glacial morphologic 

data. 

J) Cirques 

Cirques are, perhaps, one of the most distinctive 

components of highland glacial t opography and appear to 

possess a high survival rate beneath ice sheets. Cirques 

have been identified in almost all mountainous areas of 

East Ant a r ctica (Queen Maud Land (Bardin 1966) ; Prince 

Charles Mountains (Trail 1964); Transantarctic Mountains 

Taylor 1922 ; Gould 1940; Nichols ~966)). Taylor (1930) 

has described cirq ues as being extremely numerous and well 

d e v e loped i~ sou thern Victor ia Land. Similar conc lusi ons 

we re r eached by Gou l d (1940) f or t he Qu een Maud Mountains . 

Gunn and Warren (1962) suggest tha t although there are 

nume rous cirques groupe d around parts of the Transantarctic 

Mountains, "they are not as numerous as Taylor supposes". 

I 

I 
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Transantarctic Mountains, many sharp glacial ridges have 

undergone secondary modification £rom long exposure to sub

aerial weathering agents, and no longer reveal their primary 
A 

genetic characteristics. On radio echo records aretes appear 

as ridges. Unless other features occur in association as 

a .suite of identifiable glacial forms (such as valleys 

separating ar~tes) there is no difference between ar~tes and 

ridges of non-glacial origin. 

Truncated spurs, although ext remely pronounced 

in some of the southern Victoria Land ice-free valleys 

(Fig. 6:1) are very difficult to identify on a single 

continuous radio echo profile. 
. A 

Like the arete, evidence £or 

truncat.ed spurs must be augmented by other glacial morphologic 

data. 

J) Cirques 

Cirques are, perhaps, one of the most distinctive 

components of highland glacial topography and appear to 

possess a high survival rate beneath ice sheets. Cirques 

have been identified in almost all mount a i nous areas of 

East Antar c t i c a (Queen Maud Land (Bardin 1966) ; Prince 

Charles Mountains (Trail 1964}; Transantarctic Mountains 

Tay lor 1922; Gould 1940; Nichols 1966)). Taylor (1930) 

h as des c ribed cirq ues as be i n g extremely numerous and we ll 

dev e l oped i n sou thern Victor ia Land. Si milar conclusions 

we r e re a ched by Gou ld (1940) £ or the Qu e en Ma u d Mountains. 

Gunn and Warre n (1962) suggest tha t althou gh there are 

numerous cirques groupe d around parts of the Transantarctic 

Mountains, "they are not as numerous as Taylor supposes". 
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Aerial photographs of the Transantarctic Mountains from 

McMurdo Sound to the Wisconsin Range were examined for 

evidence of cirques. In many areas, few could be positively 

identified (e.g. between Shackleton and Beardmore Glaciers), 

in others a number of' 'classical' cirque-like £eatures were 

observed. Many were located along flanks 0£ the major outlet 

glaciers; this characteristic was especially noticeable in 

the ice-f'ree valley area. The most prominent cirques were 

developed in Precambrian metasediments and Lower Palaeozoic 

granites along the frontal zone 0£ the Transantarctic 

Mountains facing the Ross Ice Shelf. Further inland, where 

the basement crystallines are overlain by the thick Beacon 

Supergroup series, f'ew cirques were observed emplasizing an 

important difference between glacial features developed in 

these contrasting geological provinces. 

In the ice-£ree areas of southern Victoria Land 

many of the cirques are deglaciated, lying at the heads of 

hanging valleys which £lank the major axial troughs. Calkin 

(1971) has termed them 'cirque-headed alpine valleys'. The 

area, ice-free £or at least 4.2 X 106 B.P., has undergone 

considerable morphological modification from sub-aerial 

weathering of the easily erodible Beacon Supergroup sediments. 

(Kelly & Zumberge 1961; Sekyra 1971). Many of' the headwalls 

and lateral ar&tes have been almost completely consumed 

(Fig. 6:1). Since the East Antarctic ice sheet probably 

retreated at first f'rom coastal localities of' the McMurdo 

Sound region, the eastward decrease in headwalls noted by 

Calkin (1964) may be a result of differences in the length 

of exposure to weathering . 

I 
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Cirques, despite ease of identification in the 

field are difficult to recognize on radio echo records.· 

Haynes (1968) following ideas of Manley (1959) on cirque 

morphometry found that curve-fitting studies of the long

profile of corries in the Scottish Highlands enabled her to 

distinguish between true-corrie and non-corrie profiles. 

The technique requires a detailed elevation profile of the 

cirque in the longitudinal direction, and it is unlikely 

that radio echo records could provide such specific detail, 

even where i) a flight achieved the required orientation 

to the cirque, or when ii) deconvolution techniques are 

employed, since there will be significant gaps in the real

space transformation surface in mountainous terrain where 

slopes greater than the critical angle are encountered 

{Harrison 1970). A further complication arises from the 

fact that cirques cut in the Beacon Supergroup exhibit a 

much less well-developed shape; often their headwalls are 

very steep, broken by series• of steps corresponding to thin 

dolerite sills within the succession. It is difficult to 

believe that features such as cirques could be readily 

distinguished from similarly shaped trough-ends or other 

mountain walls on radio echo profiles. 

4) Glaciated valleys and troughs 

Glaciated valleys possess characteristic transverse 

and longitudinal profiles and are probably the most easily 

recognized large-scale components of upland glacial 

I 
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topography {Embleton & King 1968). 'rhe cross section o:f 

these valleys has been described as U-shaped, to distinguish 

the ef'f'ects of glacial widening and/or overdeepening :from 

f'luvially generated :forms. Svenssen (1959) and Gra:f (1970) 

have made morphometric studies o:f deglaciated valleys in 

Sweden and parts o:f the USA. Their results of:' :fitting 

power :functions to cross-profile elevation data show that the 

transverse shape of' a glacial valley approaches a parabola. 

Gravity measurement of bedrock on presently glaciated valleys 

also supports this conclusion. A :further, though less 

powerful measure, which has been used as a descriptive 

statistic of' the glaciated valley cross-section is the 

depth to top-width ratio and is typically between 0.25 and 

o.45 (Graf' 1970). The longitudinal valley profile is usually 

of' low gradient and interrupted by series' of rock steps, 

bars or reigels Glacially eroded basin or hollows o:ften 

li~ between such steps. 

In East Antarctica, glaciated valleys are abundant. 

In the Transantarctic Mountains, large defiles through the 

ranges · are occupied by major outlet glaciers of' the East 

Antarctic ice sheet. In parts of the coastal belt :facing 

the Ross Ice Shel:f, glaciers nourished entirely within the 

mountains have also produced glacial valleys. Only in 

southern Victoria Land are there any large ice-f'ree glacial 

troughs and these have been strongly af'f'ected by the horizontaL 

strata o:f the Beacon Supergroup through which they have been 

eroded. Gunn and Warren (1962) note that many are 

characteristically shallow and broad reflecting ease o:f 

removal o:f the sediments but the resistance of' dolerite sills 



TABLE 6:I GLACIER VALLEY DEPTH TO TOP-WIDTH RATIOS 

GLACIER VALLEY 

Antarctic: Ice f ree 

Wright Valley 
Bull Pass 
Taylor Valley 
Victoria Valley 
McKelvey Valley 
Wheeler Vall ey 
Barwick Valley 
Ealham Valley 
Beacon Valley 

Antarctic: I ce £illed 

Ferrar Glacier 
Skelton Glacier 
Mill Gl acier 
Millstream Glacier 

Ant arctic: Sub-~lacial 

A 

B 

C 

D 

New Zea l and 

Tasman 
Fox 
Franz Joseph 
Murchison 

Central Al aska 

Nizma Valley 
July Creek 
Jarvis Valley 

DEPTH TO TOP-WIDTH RATIO 

0.160 

0.133 

0 . 107 

0 . 101 

0.129 

0.100 

0.126 

0.140 

0.107 

0 . 150 

0 .1 55 

0.070 

0.090 

0 . 070 

0.073 

0 . 070 

0 . 083 

0.185 

0.319 

0.441 

0 .212 

0.140 

0 . 200 

0.210 

' ·1 

1. 
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to vertical erosion. They point to the striking contrast 

between these valleys and much deeper and narrower glacial 

troughs in New Zealand. Values :for the simple depth to top

width statistic con:firm their qualitative conclusions. 

Table 6:I shows that :for the ice-:free valleys, ratios are 

typically less than 0.19 whilst examples :from New Zealand 

and Alaska are all over 0.2. 

Long pro:files are surprisingly smooth, Nussbaum 

reigel in Taylor Valley being one of the few exposed steps. 

All the valleys terminate abruptly inland, some beneath 

glaciers, against steep bedrock thresholds o:f resistant 

dolerite sills. They have therefore, a strongly developed 

trough-end appearance. Fig. 6:2 illustrates a radio echo 

sounding pro:file o:f Taylor Glacier showing steps developed 

on dolerite sills. · 

Glaciated valleys are probably those features o:f 

upland glacial erosive activity which are best suited to 

recognition on radio echo records. Their overall size 

(5-30 km in width and up to 150 km in length) and simple shape 

are advantages . Whereas cirques are essentially point

:features , glacial valleys are linear and hence have a greater 

probability o:f being crossed at some angle by a remote 

s e nsing profile . A v al l ey-like :feature recognized on a radio 

echo record may be deconvoluted to give a more precise cross

section and can then be subject to ·various morphometric 

statisti cal tests . 

It has been shown t hat deg laciated valleys i n 

Antarctica do n o t necessarily con:form to the ideal 
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FIG. 6:2 Long profile of Ferrar and Taylor Glaciers from radio echo sounding. Note the rapid thinning 
of the ice at the thresholds (arrowed) in the upper part of Taylor Glacier resulting, 
presumably, from resistant dolerite sillso 
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morphological criteria established in more temperate areas. 

It is probably best,theref'ore, to compare potential glacial 

valleys beneath the Antarctic ice sheet revealed on radio 

echo records to Antarctic control data alone. Such data may 

take two :forms: cross-sectional pro:files and statistics :from 

deglaciated valleys and similar information :from radio echo 

soundings o:f partially exposed glacial troughs such as the 

outlet glaciers · o:r the Transantarctic Mountains. 

i) Ice f'ree valleys of' southern Victoria Land 

The Taylor, Wright and Victoria valley systems in 

southern Victoria Land were examined :for pertinent 

morphometric data. Analysis o:f the depth to top-width ratio 

has been presented in Table 6:I indicating essentially broad, 

shallow :forms. A number o:f cross sections were also examined 

in detail to provide curve-:fitting data (Fig. 6:3). A 

least-squares analysis resulted in the determination o:f 

coe:ff'icients and exponents o:f the power :function, y = b.xn, 

:for half'-width profiles. The results are listed in Table 

6:II. It can be seen that the exponents range :from 1.19 

to 2.58 an~ cluster around n = 2 (a true parabola) and 1.5 

{a semi-cubic parabola}. None o:f the valleys are markedly 

symmetrical. 

ii) Glacier valleys in the Transantarctic Mountains 

Radio echo soundings were made in the area at the 

h e ad o f' Beardmore Glacie r in 1969 . Cross-sections of' two · 
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Cross-profiles of Wright and Victoria ice-free Valleys, 
southern Victoria Land. These profiles have been 
used for morphometric studies of deglaciated. troughs 
as given in test and Tablea 61I & II. 
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FIG. 61:, Cross-profiles of Taylor ice-free Valle:,, 
southern Victoria I.end. These profiles 
of deglaciated troughs have been used for 
morpbometric studies as given in text and 
Tables 6:I &.II. 
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TABLE 6:II GLACIAL VALLEY MORPHOMETRIC DATA 

VALLEY POWER FUNCTION 
EXPONENT. 

Antarctic: Ice free 

Victoria Valley LBS 2.13 
Victoria Valley RHS 2.58 

Taylor Valley 1 LHS 1.29 
Taylor Valley 1 RHS 1.66 

Taylor Valley 2 LHS 1.19 
Taylor Valley 2 RHS 2.10 

Wright Valley 1 LHS 1.91 
Wright Valley 1 RHS 2.03 

Wright Valley 2 LHS 2.03 
Wright Valley 2 RBS 1.70 

Antarctic: Ice filled 

Mill Glacier LBS ·· 1.29 
Mill Glacier RHS 1.32 

Millstream Gl. LHS 1.23 
Millstream Gl. RHS 1.10 

Antarctic: Sub-glacial 

A LHS 1.83 
A RHS 1.19 

B LBS --
B RHS 1.32 

C LHS 1.44 
C RHS 1.16 

D LBS 1.42 
D RHS 1.34 
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tributaries o:f the Beardmore Glacier were obtained - the 

Mill and Millstream Glaciers Wig. 6:4). Cross-pro:files of 

other outlet glaciers have either yielded no detectable echoes 

(scattering o:f energy by surface crevasses producing sub

stantial clutter echoes), or soundings were conducted in the 

lower reaches o:f glaciers, below the grounding line, so that 

echoes :from the bedrock valley were not recorded. 

It has been necessary to deconvolute the complex 

pattern of returning echoes on the radio echo records 

in order to obtain a cross-profile representin~ as closely 

as possible,the real-space surface (see section 2.8). For 

the glaciers investigated·deconvoluted pro:files are shown in 

Fig. 6:4. 

Power :functions were :fitted to profile half-widths 

and the results are also given in Table 6:II. It can be 

seen that these glacier valleys are much wider than those in 

Victoria Land (the depth to top-width ratios as given in 

Table 6:I are below 0.10) which has probably resulted in the 

poor :fit of cross-sections to a true parabola (n varies 

between 1.1 and 1.32). In contrast to the valleys in southern 

Victoria Land, which have been deglaciated for 3-4 x 106 a 

and suffered subsequent valley modification, these valleys 

are at present ice-filled and are probably still being 

actively eroded (Mercer 1971b). In addition the limitations 

o:f the broad beam o:f the echo sounder prevents the 

determination of an accurate 2-dimensional cross-profile 

(even when deconvaluted) and may also provide a part 

explanation\:for differences between these valleys and those 

in the McMurdo Sound region. 
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6.2 Sub- glacial valleys in East Antarctica 

A number of large depressions approximately 

orthogonal to the main axis of the exposed Transantarctic 

Mountains are shown in Fig • . 6:5. Between the Thiel and 

Horlick Mountains a deep trough extends inland about 100 km 

with a minimum elevation of -300 m. The trough slope is 

southerly and probably has its headward termination south 

of the Ohio Range. There appears to be no connection with 

the deep channel against the northerly edge of the Horlick 

Mountains reported by Bentley & Ostenso (1961). A second 

feature lies further north, running south-east from the 

sub-glacial highland at the head of Robert Scott Glacier, 

then turning to extend southwards. Its lowest elevation is 

at least - 200 m. A third depression is more extensive and 

extends inland from near the head of Beardmore Glacier. 

Adjacent to the exposed areas of the Queen Maud 

Mountains , there is a series of intramontane embayments 

stretching from Beardmore Glacier to Reedy Glacier. A 

fairly dens e network of radio echo flight lines indicates 

the presence of a number of smaller valley-like features 

originating in a sub-glacial highland within these embayments . 

As shown in Fig . 6 :5 two p rincipal .v a l ley types a r e r ec ogni zed . 

1) Tributa r y channel s 

A numbe r of the vall e y fe atures are tributary to 

existing outlet glaciers {for example Robert Scott, Antundsen, 

Shackleton and Beardmore Glaciers) and whi~h extend the 
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bedrock network of' these glaciers. The enlarged systems of' 

the Shackleton and Amundsen Glaciers are particularly 

extensive and may account, in part, f'or the high ice 

discharge reported f'or these glaciers (Amundsen Glacier 

is third highest in the Transantarctic Mountains at J.J .:t 

1.7 km3a-l (Giovinetto et al 1966)). 

2) Inland oriented channels 

The second type of' valley consists of' those 

channels which are entirely sub-glacial, independent of' the 

outlet systems and which drain in an inland direction. The 

distribution of' these valleys (Fig. 6:5) shows that a number 

are located on the plateauward side of' several upland blocks 

beneath the ice sheet. 

The evidence f'or these valleys has come f'rom 

transverse prof'iles on radio echo soundings (Fig.6:6). 

To establish the trend and overall gradient of' such valleys-, 

however, is dif'f'icult even with continuous radio echo data. 

The network of' flight lines in Queen Maud Mountains area is 

dense by Antarctic geophysical standards, yet many of' the 

profiles may be up to JO km apart. The somewhat irregular 

pattern of' flight lines does not assist in the systematic 

delineation of' sub-glacial f'eatures. The quality and 

usef'ulness of data is further reduced by the limited accuracy 

of' navigation. Only two missions were undertaken with 

inertial navigation facilities, the remainder relying on 

photographically controlled SFIM flight-recorder data. 

Three flights, with potentially very useful echo results, 

I ' 
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had to be rejected since navigational errors were 

inadmissible due to the failure of Trimetrigon aeria1 

cameras or flight-recorder. These limitations have meant 

that some of the valleys are recognized only on the basis 

of two or at the most three crossings, and has resulted 

in only a very generalized idea of the orientation. Since 

the long profile of a valley is a much less important element 

than cross-sections in determining the origin of such features, 

the loss is one of resolution rather than understanding. 

6:3 Origin of inland trending valley networks 

Despite the relative ease of recognition of 

valleys both from cross-sectional evidence on radio echo 

profiles and from the integration of echo data in relief 

maps, the origin of such features is less easy to determine. 

There are three most probable explanations for such features: 

1) Following ideas of Gould (1935) £or outlet troughs 

in the Queen Maud Mountains, they may represent 

structurally down-faulted 1 graben1 at right angles 

to the major tectonic axis of the mountains. 

2) The:y- may represent earlier drainage lines toward t he 

continental interior of fluvial origin, eroded during 

an Early Cenozoic sub-aerial denudational period 

following the i nitial uplift of the Transantarctic 

Mountains but prior to the development of the East 

Antarctic ice sheet. This hypothesis requires that 

there has been little modification to the valleys since 

glacierization . 
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3) They may be f'ormer drainage lines of' glacial origin 

resulting f'rom erosion by inland-flowing glaciers 

during an early phase of upland glaciation. 

Hypothesis 1 implies that although the valleys 

are tectonic they may have been used as glacial outlets. 

Hypothesis 3 also implies that a fluvial drainage pattern may 

have preceded glacierization, but that the present form of the 

valleys is typically glacial. In order to evaluate these 

hypotheses sub-glacial valley features were analysed in some 

detail. Fig. 6:6 illustrates deconvoluted real space 

transformations of the photographic traces, since only after 

deconvolution can measurements of morphometric properties 

of a surface be undertaken with any precision. 

1) Cross-section morphometry 

Valley depth to top-width ratios were calculated 

and are listed in Table 6:I. Very bt'oad, shallow valley 

forms are suggested which are typical of' glacial troughs 

in the Transantarctic Mountains, especially those at 

present occupied by glaciers. 

Power functions were f'itted to valley half-widths. 

The values for the exponent are given in Table 6:II although 

it should be remembered that the wide echo sounding beam 

and the possibility that profiles are not quite orthogonal 

to the trend of a valley may lead to some uncertainties in 

shape. Comparison with valleys from Victoria Land and 

outlet glaciers indicates that they fall well within the 
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range for glacial valley features in Antarctica ( n is 

between 1.16 and l.8J). They do, however, more nearly 

approximate to the wide glacier-filled valleys near the 

head of the Beardmore Glacier than the much smaller glacial 

troughs in Victoria Land. 

2) Long profiles 

The long profile of' the major trough south-west 

of' the Otway Massif' {Fig.6:5) has been delimited by three 

crossings. On the basis of' this limited data, an average 

0 gradient has been calculated over its 100 km length as 0.9 -
0 1.0. Deglaciated valleys of equivalent dimensions that 

occur in the northern hemisphe:rnpossess similar gradients 

{e.g. Yosemite: length 100 km; mean gradient 1.1°). 
/ 

J) Regional glacial geologic aspect 

The regional setting of' these valley features 

and glacial geological investigations in the Transantarctic 

Mountains favour a glacial origin for the present-day f'orm 

of' sub-ice valleys. Mercer (1968a; 1971a) has investigated 

glacial arid interglacial deposits in the Reedy and Beardmore 

Glacier areas which suggest the presence of a local ice-cap 

in these parts of' the mountains prio,r to inundation by the 

East Antarctic ice sheet. It is argued here that just as 

some of' the major outlet troughs, which are considered to be 

tectonically controlled, were utilized by such glaciers, so 

glaciers descending the inland flank of' the mountains may 
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have occupied and modified already existing graben or occupied 

lines of' structural weakness. 

The results of investigations of sub-ice valleys, 

although they cannot be conclusive due to the lack of system 

resolution and the limited amount of data, do suggest on 

morphometric grounds that the valley features have a glacial 

origin. The question of a precursive fluvial stage is 

discussed in section 6.6. 

6.4 Evolution of the East Antarctic ice sheet 

The existence of inland-oriented sub-glacial 

valley- networks has several important implications affecting 

models of the evolution of the East Antarctic ice sheet. 

1) Choice of models 

In Chapter 1 two principal models for the 

development of the East Antarctic ice sheet were proposed. 

Lack of evidence for either precluded a choice or rigorous 

assessment, but Denton et al. (1971) did favour the central 

highland zone of' East Antarctica (Gamburtsev Mountains) as 

the source area. Evidence has been presented here which 

indicates the presence of networks bf glacial valleys at 

present submerged beneath the ice-sheet and which descend 

the inland flanks of the Transantarctic Mountains. 

Similar valleys were found in the Gamburtsev Mountain chain 

(see Fig. 4:1 and Fig. 15 in Robin 1969). 

I 

I I 

I . 
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These findings indicate that both the southern 

portion of' the Transantarctic Mounta!n belt and the north

eastern sector of' the Gamburtsev Mountains may have provided 

growth centres :for the East Antarctic ice sheet. It is 

probable that the Gamburtsev Mountain glaciers developed 

af'ter those in the Transantarctic Mountains due to their 

interior continental position being less :favourable £or 

the accumulation of' large quantities of' snowfall. It is also 

highly probable that other extensive mountain massif's that 

have been detected within continental East Antarctica 

(Fig. 4:1) may have nourished their own ice f'ields and 

contributed to ice shee·t expansion. Direct evidence :from 

radio echo soundings is here, however, lacking. 

2) A proposed chronology 

The sequence of' glacial events likely to have 

occurred. in the Transantarctic Mountains and af'f'ecting and 

interacting with those in central East Antarctica are 

outlined below, based on new evidence of' glacial erosion 

f'rom radio echo sounding. 

Following initial uplif't of' the Transantarctic 

Mountains sometime in the period between the end of the 

Jurassic {160 x 106 a B.P.) and the beginning of the 

Oligocene {26 x 106 a B.P.) {see also section 6.5 ), global 

air temperatures £ell rapidly (see oxygen isotope 

temperature data given in Fig. 1:5) and may have led to the 

development of' ice fields and glaciers on the windward, 

I r 
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eastern and steeper side of the mountain chain, where 

cyclonic storms entering the Ross Sea would have been forced 

over the coastal ranges. Expansion of these glaciers would 

have brought them rapidly into the deep water of the Ross 

Sea where calving would be the major ice-loss factor. That 

calving of ice-bergs into the Ross Sea commenced at an early 

stage of glaciation is compatible with the first occurrence 

of ice-rafted debris in deep-sea cores retrieved by Glomar 

Challenger west of the Pennell Bank and off Cape Adare in the 

Late Oligocene and Ear~Miocene (Hayes et al. 1973). 

Ice would also have flowed westward down the 

gentler slopes of the inland flank of the Transantarctic 

Mountains. Ablation here would have been mainly by melting 

so that interior moving glaciers could have expanded into 

partially coalescent piedmont complexes. With continued 

growth the ice-divide, initially within the highest eastern 

zone of the mountains would have moved inland, in a fashion 

similar to the migration of the ice-divide in Scandinavia 

(Flint 1971). Ice moving out of t .he Transantarctic 

Mountains would have coalesced with glaciers from other 

interior highland ice-caps to form a proto-East Antarctic 

ice sheet. Once this growing ice sheet developed 

sufficiently steep surface gradients, the ice flow pattern 

would have been drastically modified to favour seaward moving 

inland ice. The nett effect has been to eventually submerge 

inland- trending valleys in the Transantarctic Mountains. 

A schematic representation of this growt h model is shown in 

Fig . 6:7. 

f,I I 
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FIG. 6:7 Diagrainmatic model' for the development of the East 
·Antarctic ice sheet in the Transantarctic Mountains, . 
indicating progressive inland'shift of the ice 
divide and change in ice-flow pattern (see text for 
full description)o Profiles are based upon radio 
echo soundings and the model also takes account of 
prog-ressive isostatic depression. 



161 

J) Major erosive sequences in the Transantarctic Mountains. 

In parts of McMurdo Sound region there are large 

ice-free troughs penetrating inland across the exposed 

portion of' the mountains to the edge of the ice sheet. A 

number of investigators have attributed the major stage in 

the cutting of these valleys to a full-bodied, yet temperate 

(wet-based) ice sheet in East Antarctica (Bull et al. 1962; 

Calkin 1970; Denton et al. 1969; 1971). The co.mpatibility 

of' large polar ice masses and basal temperatures at the 

pressure melting point is not as improbable as once thought. 

Favourable areas within the interior of East Antarctica, 

0 where surface ice temperatures are below -40 C, may be 

underlain by a thin layer o.f water (Robin et al. 1970a; 

Robin & Oswald: Personal communication). At Byrd Station 

in West Antarctica the drill-hole encountered water at the 

bed (Weertman 1970). Theoretical estimates, ·however, of' 

basal ice temperatures near the margins of the East 

Antarctic ice sheet indicate that they are substantially 

below the pressure melting point at between -10° and -20°c 

(Budd et al 1971). It is difficult, therefore, to attribute 

a major valley erosion phase to ice that was, presumably, 

frozen to the bedrock. We may suggest, therefore, a 

different mechanism for the major valley cutting stage. 

Radio echo records indicate that inland of the 

Transantarctic Mountains in southern Victoria Land there 

exis~ a numb.er of upland blocks beneath the ice sheet, which 

nourished ice caps during the build-up of the continental 

ice sheet. It is argued that during glacierization , these 

I,' 
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inland blocks resulted in the local ice-divide :for the area 

being well inland, as shown in Fig. 6:7. Long, wet-based 

valley glaciers would have been able to extend towards the 

Ross Sea from this local ice cap, carving glacial troughs 

prior to the development of a full-bodied ice sheet. Because 

the ice-divide was so far inland this may also help account 

for the few signs of inland-trending valley systems in the 

exposed sectors of southern Victoria Land. 

4) Glacial landform modification . 

A change in thermal regime must have accompanied 

the growth of the East Antarctic ice sheet, with basal ice 

temperatures falling progressively to below the pressure 

melting point. Not only would this have had important 

consequences for the erosive capacity of the margins of the 

ice sheet as indicated above, but would also imply that the 

early erosional relief may have been little modified during 

later stages of glacierization. The present ice flow 

adjacent to the Transantarctic Mountains has been shown to 

be of fairly low magnitude and concentrated into a nwnber of 

major outlet glaciers (Wilson & Crary 1961; Swithinbank 1963; 

Robinson 1966}. The total ice discharge through the 

mountains is 30 ±7 x 1013kg a-l (Giovinetto et al. 1966). 

Between the South Pole and the Queen Maud Mountains, 

calculated basal shear stresses are l ow (0.2 to o.4 x 105N m-2 : 

Budd e t al 1 971), and calculated b a sal ice temperature s 

0 
approach -10 to -20 C (Ibid). These :facts add weight to 
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the evidence :from radio echo soundings o:f sub-glacial relie:f 

that the cold-based and only localized ice :flow in this region 

is unlikely to have achieved much e:ffective erosion during the 

last 3~4 x 106a (see also JOIDES results, Hayes et al. 1973), 

6.5 
A 

Glacio -tectonic implidations 
J 

The presence o:f inland draining valleys beneath 

the ice sheet margin o:f East Antarctica and the contention 

that early glacial deposits in the Reedy and Beardmore 

Glacier areas can only have been produced by local, wet-based 

ice caps, lead us to believe that a substantial highland 

zone existed along the line o:f the present-day Transantarctic 

Mountains at the onset o:f glaciation. The major problems, 

however, confronting the dating o:f upli:ft sequences or the 

amount o:f pre- and inter-glacial upli:ft arise :from the lack 

o:f geological evidence :for tectonic events since the Mid-

Jurassic. 

Gunn and Warren (1962) proposed the name Victoria 

Orogeny :for epeirogenic events sometime in the Tertiary 

(they :favoured the Upper Tertiary) which produced the 

Transantarctic Mountains. Webb (1972) has suggested that 

the Victoria Orogeny should include all movements in the 

Cenozoic affecting the mountains and he speculated that 

upli:ft may have comprised a number of' short vertical pulses. 

Grindley (1967) considers that the bulk o:f upli:ft dates :from 

the inception o:f continental glaciation in East Antarctica. 

He contends that in pre-glacial times the Transantarctic 

Mountains did not exist as a mount barrier but as a "subdued 

plateau landscape" (page 562) over which an ice cap , 

r ,, 
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expanding :from the interior o:f East Antarctica, subsequently 

spread cutting the· First Glacial Sur:face in the Miller Range 

at the head of Nimrod Glacier. Such events are compatible 

with Denton's model :for the development of the ice sheet in 

the central regions of Antarctica. The present elevated 

character o:f the mountains is attributed by Grindley to a 

response in the upper mantle to ice loading o:f the crust 

within East Antarctica which has caused an outward :flow of 

mantle material, up-bulging the continental margin. 

We reject this hypothesis on the basis of sub

glacial evidence o:f inland trending valleys on radio echo 

records. There are also reasonable theoretical grounds :for 

rejecting Grindley's suggestion. In their analysis of crustal 

loading and :flexure Brotchie and Silvester (1969) show that 

due to the sti:f:fness o:f the crust the zone o:f downward 

warping has a radius greater than that o:f the superimposed 

load. For uni:form loading the zone extends to -2-3 L (L 

is radius o:f relative sti:f:fness: see Chapter 5.1) beyond the 

edge o:f the load. In the case of ice sheets with variable 

loads, · where th9re is a signi:ficant edge ef'f'ect, the extension 

is - 1 L. If' we assume an ice sheet of' parabolic profile, 

3 OOO m thick with a radius o:f 1 500 m (similar to the East 

Antarctic ice sheet) the zone of do,~ward displacement 

according to Brotchie and Silvester extends to 70 km beyond 

the ice sheet edge . I:f an equilibrium profile is adopted 

the :figure is 95-100 km. The maximum amount o:f downwarping 

in this zone is 25 and 100 m respectively. The width 

o:f the exposed Transantarctic Mountains is rarely more than 

100 km and it would seem unlikely, therefore, assuming that 

the Brotchie model is realistic, that uplift could have 
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taken place within the mountainous zone as a result of' 

mantle displacements from ice loading - although we accept 

that such displacements do take place at greater distances 

from the ice edge. 

There is substantial support for the idea that the 

Transantarctic Mountains, although in existence well before 

the onset of glacial conditions, were, nevertheless, 

considerably lower than today and that uplift continued for 

some time after the continent became glacierized. In the 

Beardmore Glacier region, for instance, the faulting of' 

presumed early till sequences (Sirius formation of Mercer 

1971a) sugges~some tectonic dislocations. Furthermore, if' 

we assume that the advent of glacial conditions required 

temperatures in the warmest months to be 0 "'0 C, elevations 

of the mountain chain, equivalent to those at present, would 

give sea level temperatures far too high to be compatible 

with the palaeo-polar position of' the continent some 25 x 106 

a BP (see Smith et al. 1973). 
/W).. ~ a,. 

Following this argument it is possible to crud~ 

estimate the elevation of the Transantarctic Mountains at 

the onset of glaciation. Taking present-day sea level 

temperatures for the warmest month from areas with 

characterist"ics analagous to those which might have prevailed 

in the Transantarctic Mountains (e.g. elevated area 

supporting small, permanent ice fields and glaciers; close 

proximity to open ocean waters and in a polar location) 

we find a range of between +4 ° and +6° C for areas along the 

western margin of Davis Strait and Baffin Bay (i.e. Baffin 
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Island and Ellesmere Island), in West Spitsbergen and 

Novaya Zemlya. If' we consider that winds tracking in from 

over the open Ross Sea would have been moisture-laden before 

rising over the proto-Transantarctic Mountains, the 

saturated adiabatic lapse-rate is applicable and is taken as 

Calculations based on these rough-and-ready 

figures suggest that the mountains may have reached elevations 

between 500 and 1 500 mat the onset of' glaciation. 

The values quoted above would imply subsequent 

uplift of' about 1 500 - 2 OOO m since the Late Oligocene to 

bring the mountains to their present altitude. A figure of' 

1 500 m is in close agreement with that derived independently 

by Grindley (1967) for the uplift of' early glacial features, 

although he considered the time interval to be only of' the 

order of' J x 106a. Consequently his rate of uplift (J.3 x 

-4 -1) 10 ma is an order of' magnitude greater than than 

envisaged here (7.5 x 10-5 m a-1 ) and both substantially 

lower than movements reported f'or southern New .Zealand 

(6 -4 -1) -100 x 10 ma • 

If' we assume the rate of' uplift was constant and 

continuous (despite Webb's suggestion of' distinctive pulses), 

taking into account the continued partial isostatic 

depression of' the mountains and a reduction in mountain 

relief' by Late Cenozoic erosion, a suggested date for the 

initial vertical movement of' the Yictoria Orogeny in the 

Transantarctic Mountains is Late Eocene. This is 

contemporaneous with estimates for the separation .. of' · the 

Australian and Antarctic crustal plates with which major 

tectonic activity may be correlated. Deep sea drilling on 
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JOIDES Leg 29 has confirmed the geomagnetic and sea floor 

spreading separation age of' 50 x 106 a BP (Hayes et al 1973). 

Hence the upwelling of mantle material, subsequent ocean-floor 

spreading at a mid-ocean ridge migrating parallel to the coast 

of East Antarctica and the stress fields generated within 

the Antarctic continent may be related to neotectonic 

reactivation of the Ross Orogenic zone and uplift of the 

Transantarctic Mountains. 
l\.. 

There is some limited confirmation from parpllel 

events in Australia. In southern New South Wales, which in 

pre-drift times was the sensible continuation of the 

Transantarctic Mountains belt {although not the Ross Orogen), 

recent K-Ar radiometric dating of basalts has indicated that 
0 

uplift in south-eastern Australia is probably of Olig)(cene 

age and much older than previously imagined (McDougall 1972). 

6 •. 6 Was there a pre-glacial fluvial phase in the 
Transantarctic Mountains? 

The existence of a subaerial erosion stage prior 

to glacierization .in the Transantarctic .Mountains has been 

the centre of- speculation for well over half a century. David 

& Priestley (1914) and Priestley (1923) from work in southern 

Victoria Land advanced the view that this part of Antarctica 

had not experienced any considerable fluvial erosion before 

glaciation commenced in the Late .C:enozoic. Taylor (1922) and 

more recently Gunn and Warren (1962) suggest that the present 

topography of Victoria Land is entirely the result" of glacial 
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dissection 0£ block-fault mountains. Based on an examination 

of the physiography of the Queen Maud Mountains, Gould (1940) 

came to a quite different view. He con~idered that a period 

of profound sub-aerial weathering and £luvial activity must 

have occurred in order to achi~ve the substantial erosirin 0£ 

scarps and mountain features he observed in this area. 

From a consideration of the initiation and rate 0£ 

uplift of the Transantarctic Mountains in the previous section, 

it does appear that sub-aerial denudation may have had 

sufficient time to produce a distinctive fluvial relief during 

the pre-glacial phase of the Victoria Orogeny. Since there is 

little evidence to support the hypothesis that the Eastern 

margin of the Transantarctic Mountains underwent marine 

inwidation during the Early Cenozoic (e.g. lack of any Early 

Tertiary deposits and JOIDES results of subsidence in the Ross 

Sea only after the Late Oligocene) it is probable that sub

aerial fluvial erosion prevailed over East Antarctica, 

including any potential mountainous area on the margins 0£ 

the Ross Sea, and would have had sufficient time to develop 

major lines 0£ drainage. 

1) Glacier Network Geometry 

We require to test the assumption that during 

the initial stage 0£ uplift 0£ the . Transantarctic Mountains 

and prior to glaciation , a sub-aerial £luvial stage effected 

cons i derable erosion and developed distinc tiv e fluvial 

drainage patterns in the mountains. The analysis of glacier 
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network geometry may provide such a test. 

The apparent topological similarity between some 

mountain glacier networks and the pattern of stream channels 

has led to the limited application of :fluvial morphometric 

techniques to glacial phenomena (Woldenberg 1968; Graf 1970). 

Such investigations imply that the laws of stream numbers, 

stream lengths and the bifurcation ratio (Horton 1945; 

Strahler 1952; 1964) are equally applicable to glaciers. One 

of these studies (Graf 1970) also suggests that glaciers 

exhibit allometric growth similar to river systems. 

The application of the fluvial laws of morphometry 

to glaciers, however, appears to present substantial 

theoretical and practical difficulties. The behaviour of ice 

does not allow treatment of its deformational or morphological 

properties in terms of fluid concepts, however much alike 

their topographic modes may appear. Glaciological 

investigations of the laminar flow of the ice imply that only 

when constrained into pre-existing valleys in mountainous 

terrain does the outward configuration of an ice mass approach 

a connected network. Ice sheets and ice shelves, which account 

for approximately 94% of ice on earth, do not flow in channels 

but exhibit diverging sheet flow. If, however, we justi:f'y 

the use of the small percentage of mountain valley glaciers 

for analysis, we cannot be sure that we are examining anything 

other than a preglacial fluvial drainage pattern, subsequently 

used by the ice. The assumption that deglaciated valleys must 

have been produced by a single, linked valley glacier system 

is also questionable. Different valley segments may 

be the product of entirely separate glacial erosional 
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histories (see f'or instance Wright Valley, Victoria Land as 

described by Calkin et al. 1970). 

If any application of morphometric techniques is 

considered valid there are substantial practical difficulties. 

The cartographic identification of individual channel elements 

may prove impossible in localized areas of diverging £low or 

at the transition between valley glacier and ice field. Indeed, 

Woldenberg (1968} comments, "As one moves along the transition 

from mountain glacier to ice cap, perhaps Horton 1 s law will 

prove impossible to apply" (Page 2J). The use of deglaciated 

valleys or reconstructed ice masses are subject to considerable 

criticism. The measurement of channel segments therefore 

proves to be a subjective task dependent upon the solution of' a 

number·of glaciological problems. 

I£ we accept that theoretical and practical 

difficulties invalidate the application of network analysis 

to understanding the topology of' glaciers, we can use this 

reasoning to support the hypothesis that if' a glacial valley 

system, crudely analysed morphometrically, shows typically 

f'luvial characteristics it must reflect the existence of' a 

pre-glacial fluvial network. 

2) Netwo_rk geometry of' Antarctic glaciers 

A sample of 16 glaciers_ f'rom the Transantarctic 

Mountains was analysed in terms of' their network geometry. 

The practical difficulties of delimiting channels were met by 

testing three methods of channel definition on the USGS 

1:250 OOO maps of the Transantarctic Mountains. Glacier 
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boundaries, as indicated on the maps were used as well as 

examination of contour crenulations to yield a glacier network. 

In both these cases, a centreline along the resulting channels 

was used. A third technique divided channels into blocks 

rather than using lines. The three methods are shown in 

Fig. 6:8. Although the absolute number of channels given 

by these methods differed, there appeared to be only a small 

difference in slope of the resulting graphs of stream numbers 

(Fig. 6:9) - hence the bifurcation ratio (:f\,) was little 

changed. The definition adopted for general use was 

the USGS glacier boundary. 

Results for the 16 glaciers, extending along the 

length of the mountains from northern Victoria Land to the 

Wisconsin Range are shown in Table 6. III. It cannot be 

stressed too strongly that in many cases the determination 

of 'distinctive' networks was extremely difficult and 

substantial errors may be present. 

Waldenberg (1968) has indicated that a large 

spread of Rb values may be expected and that the order -

number relationship may not necessarily plot as a straight 

line on semi-logarithmic paper ,. - and a concave curve may 

be fitted. The same least-squares (or average) bifurcation 

ratio may, therefore, result from two widely different 

sample distributions. It is suggested that a better measure 

of the 'connectivity' of the channel network is the ratio of 

unbranched channels to those of the next highest order (~
1

). 

Haggett & Chorley (1969) suggest that well developed fluvial 

systems should possess bifurcation ratios of between J.O and 

5.0, although Horton (1945) had suggested between 2.0 and 4.o 
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TABLE 6:III BIFURCATION RATIOS OF ANT.ARCTIC GLACIERS 

BIFURCATION RATIO 
GLACIER TYPE LATITUDE 

~ Rb1 

Trafalgar Tb 72.5 4.2 4 . 1 

Borchgrevink Bb 73.2 ·3."1 4.2 

Aviator 0 73.5 4.3 3.6 

Priestley 0 74.3 5.2 8.1 

Wright o• 77.5 6.8 4.3 

Mulock 0 79.0 3.0 4.0 

Byrd 0 80.5 4.0 4.6 

Starshot Bb 81. 5 4.5 5.5 

Otago Tb 82.5 3.4 3.0 

Canyon Bb 84.2 3.5 4.4 

Kel tie · Te 84.9 3.8 6.0 

Ramsay 0 84.5 3.9 4.0 

Shackleton · 0 85.0 4.7 4.5 

Liv 0 85.2 2.9 2.8 

Coppellari Tb 86.0 3.2 3.5 

Bartlett Tb 86.5 3.5 5.5 

Ellen Bb 78.o 3.3 (from Rutford 
1971) 

KEY 0 = Outlet glacier c· deglaciated) 
T = Tributary glacier 
B = Independent glacier basin 

b . - Glacier network developed in basement 
e = Glacier network developed in sediments 

I 
1 
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It is obvious that elongate, narrow basins will favour high 

~ values as shown in Fig. 6:10 where there is a preponderance 

of first order channels. 

The results of Table 6:III are not easy to 

interpret. The bulk of' the average bifurcati_on ratios f'or 

Transantarctic Mountain glaciers £all within the limits f'or 

fluvial networks, although many lie near the upper limit 

(4 >~ > 5) and two are above 5.0. The values for ~i. are 
' 

all much higher with only four below 4.o. The figures taken 

together do not provide conclusive evidence of either a fluvial 

or non-fluvial geometry. There are, however, interesting 

spatial differences. The major outlet glaciers of the ice 

sheet tend to have higher Rb values than smaller glaciers 

contained entirely within the mountain zone, usually on the 

coastal fringe. Nevertheless, there are exceptions to both 

cases. 

In the Ellsworth Mountains, Rutford (1971) from 

a single sample and using a similar (although unspecified) 

analysis, obtained a bifurcation ratio of 3.3 for Ellen 

Glacier. He concluded that the present glacier system 

followed a pre-glacial fluvial drainage network. Table 6:III 

suggests that some of the glaciers in the Transantarctic 

Mountains, especially those independent basins in coastal 

locations, also exhibit a geometry consistent with a 

pre-glacial fluvial drainage pattern. ·Outlet glaciers and 

those parallel to the principal tectonic axis of the mountains, 

do not appear to exhibit ~l values strongly characteristic 

of fluvial systems and may, therefore, be entirely glacial 

in original or glacially modified structural features. 

It is possible to explain these .differences in 



Rb = 2 ~25 R =4 b Rb= 18 

' 
FIG. 6:10 Three glacier networks which yield a wide range of average bifurcation ratios. 
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l . 
terms of'. the uplif'.t history of' the Transantarctic Mountains. J : 

In the Ross Sea coastal zone, glacier networks are well 

developed in predominantly Proterozoic basement rocks. 

The majority of' glaciers with high~ values,cut through 

. . 

both basement and overlying Phanerozoic strata,are aligned 

parallel or transverse to the structural trends. It is 

argued that initial uplif't and slight tilting inland of' 

crustal blocks f'ollowed f'aulting along a major line of' 

weakness parallel to the present day coast. Vigorous 

f'luviai erosion towards the Ross Sea stripped the overlying 

Beacon Supergroup strata and superimposed a drainage network 

into the underlying basement and intrusive rocks. On the 

gentler backslo~ fewer networks developed to any great extent 

(being constantly beheaded by an encroaching scarp crest) 

and probably followed or f'ed into the major lines of' weakness. 

The events are shown diagrammatically in Fig. 6:11. 

With glacierization, the smaller but steeper basins 

in coastal areas would have been filled with glaciers which 

followed the strongly f'luvial drainage patterns. A f'ull

bodied ice sheet in East Antarctica would have developed outlet J 

glaciers through major breaks in the Transantarctic 

Mountains - pr_obably weaker zones between f'aul t-blocks. The 

principal features of' these outlets do not bear strong 

relationships to former f'luvial drainag~ basins since a) 

the drainage has been reversed and b) the glaciers follow 

mainly structural lineations. It is only tributary elements 

included in the outlet glacier catchments in the mountain 

zone that add some f'luvial characteristics to outlet drainage 

basins. A number of major discordant junctions occur on 
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FIG.6: 11 Evolution ot drainage basins in the Transantarctic Mountai!ls. 

Upper diagram indicates the pre-glacial situation following · 
upl.i.fj; ot the mountains. In the steep coastal zone (A) there 
is rapid tluvial rosion, th Beacon Supergroup sediments 
stripped away and tluvial networks superim~ed into the 
basement. On the leea steep inland flank tB) erosion is less 
vigorous, there is little stripping and few well-developed 
networks produced. 
With the onset ot glaciation (Lower diagram) · the much ~etmded 
coastal monee are occupied by valley glaciers following the 
fluvial drainage lines. Cut through the whole chain are major 
outlet gla~iers bearing littl relation to th fonner fluvial 
pattern. 

... 



174 

outlet glaciers, notably the Olenta.ngy tributary to Reedy 

Glacier, Mincey tributary to Shackleton Glacier, Marrick, 

Peckham and De Vries tributaries on Byrd Glacier. Although 

the present ice drainage pattern has probably been utilized 
6 . 

for 15 - 20 x 10 a B.P., these pronounced discordances, 

especially far inland, suggest old lines of interior drainage. 

3) Conclusions 

It is argued that the theory of fluvial network 

geometry has not been effectively demonstrated to apply to 

glacier systems. On the basis of this assumption, glaciers 

in the Transantarctic Mountains were analysed for the presence 

of characteristics which might suggest a pre-glacial fluvial 

erosion phase. The results as presented indicate that such 

a phase existed. Estimates for the length of time required 

to develop well-integrated fluvial drainage basins vary 
6 between 5-2.5 x 10 a B.P. (Thornbury 1954). This may indicate 

that the Transantarctic Mountains were , in places , in 

6 existence as a developing highland at least 5 x 10 before 

glaciation in the Late Oligocene. 



CONCLUSIONS 

Aspects of Antarctic geophysics, geology and 

glacial chronology have been reviewed and results of radio 

echo soundings applied to the investigation of specific 

problems. Some of the major conclusions of this study may be 

listed: 

1) Comparison of radio echo soundings in East Antarctica 

suggest that the technique possesses an internal 

consistency of measurement of better than 1%. Comparison 

of radio echo soundings and absolute ice thickness 

determinations from bore-holes shows an agreement to 

better than 1.5%. 

2) Comparison of radio echo soundings in East Antarctica 

with seismic-gravity measurements of ice thickness indicate 

that the two techniques usually agree to better than 10%. 

Where seismic measurements differ by more than this amount 

misidentification of reflected events on seismograms is 

probably the major cause of discrepancy. Three oversnow 

traverses are shown to exhibit such differences. 

J) The results of over 200 OOO km of radio echo profiling 

in East Antarctica have enabled the compilation of a 

detailed map of sub-glacial topography. This map shows 

important differences from previous maps based solely on 

seismic-gravity data. 

4) A quantitative analysis of terrain roughness in East 

Antarctica has been undertaken using continuous radio echo 

profiles. Different topographic areas of East Antarctica 

have been distinguished in terms of the degree and scale 
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of surface roughness displayed by the sub-glacial 

bedrock. The autocorrelation function and standard 

deviation have provided the most useful statistical 

measures for this study. Comparison with exposed surfaces 

suggest similarities between areas of East Antarctica and 

other Gondwana continents or heavily glacierized regions 

of the northern hemisphere. A pilot study of terrain 

anisotropy indicates the usefulness of' this technique 

for investigating sub-glacial or exposed topography. 

5) The application of' a model taking account of' the 

stiffness and flexural properties of' the crust has allowed 

the determination of' the isostatically compensated 

(pre-glacial) topography of East Antarctica. The 

resulting map indicates that the bulk of this part of' the 

continent would lie above 'adjusted' sea level. 

6) An empirical relationship between bedrock and depth 

to the Mohorovi~i~ discontinuity has allowed the use of 

extensive radio echo relief data in East Antarctica for 

detailed mapping the elevation of' the base of' the crust. 

7) Radio echo and other geophysi-cal measurements have 

enabled interpretation of some aspects of Antarctic upper 

crustal structure including: i) extent and nature of' 

the transition between the fault-block Transantarctic 

Mountains and the East Antarctic craton. The junction 

was found to be much more complex than previously 

envisaged, ii) the extent of' the topographically 

distinctive lithological province of the Beacon Supergroup 
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rocks in East Antarctica which are now considered to 

occur up to 700 km f'rom the Ross Sea Coast and f'orm part 

of' a number of' inland massif's. 

8) The use of' radio echo profiles and sub-ice relief' maps 

have enabled the delimitation of regional neotectonic 

zones of depression and uplift. Major highland blocks 

in central East Antarctica are recognized as well as deep 

trenches which may be rift-like structures. 

9) The combination of neotectonic studies, terrain 

statistics and other geophysical measurements have 

in obtaining a generalized outline of the tectonic 

pattern of central East.Antarctica. Interpretation is 

somewhat different to that of previous Russian 

investigators and includes changes to the inland boundary 

of the Ross Orogen and the identif'ica tion of' two new 

tectonic provinces. 

10) The detailed mapping of' sub-ice relief has allowed the 

identification of' certain glacial geologic features on 

radio echo records, especially sub-ice valleys. Evidence 

for inland trending valleys in areas adjacent to the 

Transantarctic Mountains suggests that glaciers once 

descended both flanks of' the mountains during a local, 

upland glacial phase, pre-dating the continental ice sheet. 

Such findings have assisted 1·n i) the evaluation of' 

proposed models for the development of' the East Antarctic 

ice sheet, ii) an approximate dating of' the uplift of' the 

Transantarctic Mountains and the relationship between ice 

loading and uplift. 
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11) Studies of glacier network geometry in conjunction 

with investigations of the development 0£ the ice sheet 

suggest that a pre-glacial fluvial erosion phase 

characterized the Transantarctic Mountains prior to 
~ 

glacierization in the Late Cet nozoic although the present 

topography is also the product of the diastrophism and 

glacial erosion. 



APPENDIX A 

Tabulation of radio echo and seismic-gravity 

ice thickness data (see Chapter 3.7). 

KEY 

G = Gravity station 

s = Seismic station 

y = Seismic-gravity ice thickness 

X = Radio echo sounding ice thickness 

p = ne Probable navigational error 

Mean differences between techniques are given at 

the bottom of each table. 

" 
',' 
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TABLE VII USA VICTORIA LAND TRAVERSE I 

TRAVERSE ICE R/E FLIGHTS 
STATION. LAT. LONG. THICK 

' ' No . Type 0 0 (Y) No. Time Pne 

76.5 G• 78 03 146 16 2890 11 2100 3950 

77~0 s 78 02 145 13 2903 15 0903 1929 

79.0 s 78 05 139 32 3234 7 1116 851 

80.0 s 78 03 136 26 3086 4 1844 · · 211 

82.0(1) s 78 03 131 43 2610 13th 2221 22680 

82 . 0(2) s · do. do. 2610 6 0001 1210 

"" 

• Scaled off profile (Crary 1963) 

ICE THICKNESSES 
X- Mean 

-30 s Point +30 s (X) 

3031 2949 2911 1963 

3030 3018 3066 3038 

2994 - - 2994 

2967 3142 3032 3047 

2675 , 2785 2765 2707 

2692 - 2575 2633 

X-Y ~ 0 

+73 2.5 

+135 4.4 

-204 8.0 

-39 1.3 

-97 3.6 

+23 0.9 

:t 95 · 3.4 

l
oo 
0 



TABLE VIII USA VICTORIA LAND TRAVERSE II 

TRAVERSE ICE R/E FLIGHTS ICE THICKNESS.ES STATION. LAT. LONG. THICK 
0 ' 0 ' X- Mean X-Y No. Type (Y) No. Time · Pne ·. -30 s Point +30 s (X) 

500.B G 77 57 153 56 2300 13 . 2251 298 2338 2383 2417 2379 +79 
506.B G 76 30 150 34 2385 15 1617 1244 - - 2991 2991 +606 

512.B G 75 07 146 34 1797 4 1941 244 3121 - . - 3121 +1324 

514.B/C G 74 33 144 36 1879 5 06 35 · 719 3391 . 3436 - 3413 +15 .4 
520.D G 73 16 ··142 43 2045 . 12 0711 1834 (value 6km from line)3007 +962 

536.E G . . 72 06 143 42 3596 8 0509 2462 (:!: 3km of traverse) 2985 -611 . 
239.c G 72 08 143 38 2831 12 0733 1949 2878 2883 2890 2888 +57 
552.B G 72 16 '155 10. 2803 _14 1448 5202 - 2973 2860 2916 +133 

553.A G 72 18 156 32 2506 13 1549 2553 2540 2527 2535 2534 +28 

:!:593 
Upper values from southern leg, lower values from northern leg 

. - . ·-. , 4 -~.:_ ~ a:. == - ~ ·- - - - ~-· - - -~-- - - ------~==-· -;';;;" ~-- ~ 

~ 0 

3.3 

20.3 

42.4 

45.0 

32.0 

20.5 

2.9 

3.8 

1.1 

19.0 

t..i. 
00 
~ 

-· r=T---- -
~ -~~- --~ 



TABLE IX USA McMURDO - SOUTH POLE TRAVERSE 

TRAVERSE ICE R/E FLIGHTS 
STATION. LAT. LONG. THICK 

0 I 0 
. I 

No. Type (Y) No. Time Pne . 

100.18 G 78 27 150 27 2450 6 2239.5 432 

100.22 G 78 31 149 51 2483 · 11 2114 6101 

101.14 G 79 00 145 31 2547 14 2138 753 

101.15 G 79 02 145 14 2769 7 1054 687 

101. 21 G 79 11 143 30 2899 1 1935 7752 

102.13 G ·79 45 140 49 2956 2 1726 3061 

103.2 G . . 80 15 138 36 2891 5 1242 2728 

104.8 G . 81 28 132 55 2342 1 1538 2490 

104.10 G 81 32 132 43 2280 ·12 0237' 547 

104.16 G 81 52 131 45 2419 13th 2326 30240 

105.10 G 82 50 128 20 2836 2 1159 902 

111.4 G 88 12 174 15 2168 9 0110 1919 

I • - ----= .. ___ .. ,,..l!l'\:r-8 ...... 

==- = 

ICE THICKNESSFS 
X-

-30 s Point +30 s 

2451 2526 2620 

- - 2714 

2555 2513 2612 

- 2603 · 2536 

2798 2867 2759 

2919 2982 . 2892 

2780 2849 2755 

2484 2482 2415 

- 2302_· 2278 

2260 2350 2295 

2755 - -
2591 2174 1929 

... 

Mean X-Y 
(X) 

2532 +82 

2714 +231 

2560 +13 

2579 -190 

2808 .... 91 

2913 -25 

2794 · '-96 

2460 +118. 

2290 +10 

2309 -110 

2755 -81 

2231 +63 

±92 

~ 0 

3.23 

8.51 

0.50 

7.36 

3.24 

0.85 

3.40 

4.79 

0.43 

4.76 

2.94 

2.84 

3.59 
... 
00 
Zl.:l 

. ·-~- =-==-- =>=1 



TABLE X USA SOUTH POLE TRAVERSE 

TRAVERSE ICE R/E FLIGHTS 
STATION. LAT. .LONG. THICK 

0 ' 0 ' (Y) Pne · No. Type No. Time 

117. 6• G 2050 9 0459 1425 
117.11• G 1904 9 0454 1334 
120.1 G 2318 26th 0606 29400 
120.2 G 2187 26th 0617 do . 
120.3 G 1829 26th 0618 do . 
120.4 G 1915 26th 0619 do . 
120.6 G 2181 26th 0621 do . 
121.1• G . 2499 26th 0625 do . 
123.2 G 1721 7th · 2300 . 20000 

,, 

123.2 G 1222 7th . do . -
- -

123.5 G 1867 7th do . 

125 .6 G 1789 7th do . 

• Only these values considered representative 

ICE THICKNESSFS 
x- Mean 

-30 s Point +30 s (X) 

2204 1741 2526 2157 

1885 1836 1523 1748 

, 1740 1740 

1778 1778 

1998 1998 

1559 1559 

2365 2365 

2542 2522 2442 2512 

958 958 

1388 1388 

.2268 2268 

1467 1467 

• only 

X-Y 

+107 

-156 

-578 

-409 

+169 

- 356 

+184 

+24 . 
- 763 

+166 

+401 

- 322 

:t 95 

~ 0 

5 . 0 

8.9 

33.2 

23.0 

8 . 5 

22.8 

7 . 7 

Q'.. 9 

80. 0 

12.0 

17,5 

22 . 0 

5.0 

... 
C20 
~ 

~~~ =~µ . 



TABLE XI USSR VOSTOK ~ SOUTH POLE TRAVERSE 

TRAVERSE ICE R/E FLIGHTS 
STATION. LAT. LONG. THICK 

0 ' 0 ' No. Type (Y) No. Time Pne -30 s 
. ' 

VOSTOK s 78 28 106 48 3700 1 1706 4448 3798 
VOSTOK s do. do. 3700 7 1728 0 3802 

VOSTOK s do. do. 3700 19th 3000 3000 3760 

3 s 79 27 106 43 3350 12 0435 1094 3225 

6 (1) S. 80 29 106 52 3480 16 0055 2010 2517 

6 (2) s . do. do. 3480 8 2358 855 2318 

7 S. 80 52 106 50 3450 16 0047 1998 2930 

8/9 s• 81 22 106 50 3350 4 1710 154 2041 

9 s 81 42 106 55 3387 12 0:,35 809 2172 

16/17 s•· 83 56 106 58 3305 4 1622 126 3030 

.. • Values scaled off published profile (Atlas Antarktiki, 1966) 

,~-·---- ===. 

ICE THICKNESSFS 
X- Mean 

Poirit +30 s (X) 

3801 3801 3800 

3802 3802 3802 

to 3810 3785 

3303 3193 3240 

·2873 - 2695 

2807 2594 2573 

2920 2648 2833 

2384 2495 2366 

2445 2631 2416 

.3152 3099 3094 

X-Y ~ 0 

+100 2.6 

+102 2.6 

+85 2.2 

-110 3.4 . . 
-785 29.5 

-907 35.2 

-~17 ~1.8 

-1044 . 45.3 

-971 40.0 

-211 6~8 

±493 19.0 

l
oo 
~ 



TABLE XII USSR KOMSOMOLS~AYA - VOSTOK TRAVERSE 

TRAVERSE ICE R/E FLIGHTS ICE THICKNESSES 
STATION. LAT . LONG. THICK x-' ' No . Type 0 0 (Y) No. Time Pne -30 s Point +30 s 

KOMSOMOLSKAYA 3360 7 1517 2742 (at+ 60 s 3337) 

A (1) s• . 76 08 100 53 3360 7 1603 3079 - . 3481 2999 

A (2) s• do. do. 3360 · 8 0107 1212 3018 - 3392 

• Values scaled off published profile (Atlas Antarktiki, 1966) 

Hean X-Y 
(X) 

3337 -23 

3240 -120 

3205 -155 

-99 

i?166 

0.7 

3.7 

4.8 

3.0 

t-i. 

00 
~ 



TABLE XIII COMMONWEALTH TRANSANTARCTIC EXPEDITION 

TRAVERSE ICE R/E FLIGHTS ICE THICKNESSFS 
STATION. LAT. LONG. THICK X- . 

0 ' , 0 ' No. Type (Y) No. Time Pne -30 8 Point +30 s 

109 s 84 18 139 07 1090 4 1510 82 1909 1985 2036 

113 G 83 40 140 43 473 16 2255 1172 2650 - 2688 

122 s 83 . 09 144 04 460 16 2245 1064 1743 1875 1889 

125 G 82 49 146 03 542 16 2237 982 1833 1875 1838 

130/ 1 G• 82 00 146 07 681 2 1123 673 1605 - -
.. 

140/ 1 G• 80 37 145 31 1015 1 1507 1784 2108 2234 2292 

142 G 80 26 145 38 1061 8 2116 86 2096 . . 2244 2370 

146 s 79 51 148 00 1020 5 1311 . 2886 2061 2135 2124 
:;., 

151/2 G 79 21 150 13 946 ·- 2 1755 3267 2024 1962 2277 

• Scaled off published profile (Pratt 1960b) 

~ ---·-~·-- .. - ~.-- -~. -=---~----'="'~ ~ -- ·.=.:c .. ~~-.:.-· - - - · _ - - - . __ .. _.-

.. 

Mean X-Y 
(X) 

1977 +887 · 

2669 +2196 

1836 +1376 

1849 +1307 

1605 +924 

2211 +1196 

2237 +1176 . 
2107 +1087 

2088 +1142 

+1254 

ffiU 0 

44.9 

82.3 

75.0 

71.0 

57.5 

54.0 

52.5 

51.6 

54.7 

60.3 

1--

00 
O';) 

·--------- ·--- - - -- --··-.. -. . !. 



TABLE XIV AUSTRALIAN WILKES - yosTOK TRAVERSE 

TRAVERSE ICE R/E FLIGHTS 
STATION. LAT. LONG. THICK 

' ' No. Type 0 0 (Y) No. Time Pne 

315 G 72 20 111 07 4457 5 0934 1675 

323 s 72 ~8 110 59 4790 5 0941 1740 

340/1 G 73 20 110 38 4488 7 1403 2143 

364/5 G ·74 18 110 06 3973 2 1430 1900 

391 G 75 24 109 25 3457 8 0147 1382 

. 412 G ·76 19 108 47 3076 2 1348 1627 

.. 
·., 

ICE THICKNESSES 

x- Mean 
-30 s Point +30 s (X) 

4033 4011 4100 4033 

4435 . 4395 4278 4367 

4006. 4212 416'.'1 4126 

- 3608 3604 3606 

3507 3507 3570 3528 

3021 - 2964 2993 

X-Y 

-425 

-423 

-362 

-367 

+71 

-84 

:t2s2 

~ 0 

10.50 

9.80 

8.77 

10.20 

2. 00 

2. 80 

7.20 

,... 
00 
..J 



TABLE XV SOUTH POLE MEASUREMENTS 

Electromae;netic Tx DELAY TIME µs 

S.P.R.I. (1 971) 0530 34 . 414 
0530 .5 34-568 
0531 34.533 
0531 .5 34.095 
0532 34-462 

JIRACEK (1964) 

Seismic 
REFL.TIME ICE THICK. 

(s) (m) (Y) 

LINEHAN (1967) 1.400 2529 

PRATT ( 1958) - 1.013 1990 

ROBINSON & THIEL('59) 1.508 2880 

KAPITZA (1960) 1.468 2810 

WEIHAUPT (1961) 1.552 2905 

ROBINSON (1961). 1.467 2820 

BEITZEL (1964) ? 2778 

ICE THICK. MEAN DELAY 
(m) µs 

2908 
2921 
2918 
2881 
2912 34.494 

33.000 

'P' VELOC. 
km / s 

? 

3.936 

? . 
? . 

3.925 

3.850 

3.770 

MEAN THICK. 
(m) 

X 

2915 

2800 :!:20 

X-Y 
(m) 

+386 

+925 

+35 

+105 

+9 

+95 

+137 

WAVE 
VELOCITY 

-1 
m µs 

169 

h68.6:...170.7 

(X-Y ) 
X/100 

13.2 

31.7 

1.2 

3.6 

0.3 

3.3 

4.7 i,.. 

00 
00 



APPENDIX B 

Computer program for the calculation 

o:f terrain statistics from radio echo sounding 

data. Program is written in Titan Autocode 

(modified version of Fortran IV). See also 

Chapter 4 • .5.5 

189 



<DJU2113/51 ATS-A,{2) 

c-------------------------- -----------------~---------c F.EAD U DATA, SJ"T !.HJ 2,' VAI..UE SEG,'IE.flS OF L.ESS 
C lH,d I,•,' ,{,,, Sl:.G,1E.•T 1..E.• GTri 

c-----------------------------------------------------

l 'l i.' 

~ '\ .. '\ 

21..i :t 

~\.' 6 

211 

Dl.1E.• S 10 .~ D<3,'>,S<3,'>,Tri<3,'>,BC3,'>,1T(30> 
DlA E.• 510~ tC30>,A(30f,BD( 100l,AUT0<20l,I..AG<20l 
D!.11:..• Slu .• , , , 5,'>,,U< 5,' >,AAI~( 5c)),ttt<5c)) 
nEAD<l,10lG 
h EALJ( l, 11 >1 FLT 
1=1 
J=I 
hEADC 1, 2,' > DS, SE, T, BE, TCL, l T,1 
H 'Cl,C.,f,l>GO TU 2,,., 
Dl =u s 
lf' CC DS -Dll,GTol,','.JGO TO 211 
l F'< T • c.,r·. 2,,, >'GU TU 2c'd 
BD< 1 > =t..1 • 

!al+ l 
W TU 2,,,, 
DCJ> =D S 
SCJ>=SE 
TH.CJ>:aT 
b(J>=bE 
lT<J> a lT,1 
BD<l >= b E 
1F<~ • GE • 20>GO TU 300 
J=J+ l 
I=!+ 1 
GO TV 21..1 1..' 
lo hl '! E. ( 5, }'I) 

lohl l E< 5,21 l !, DliDS 
W TU 1~,, .· 

c---------------------------------c CA..1.. hU UT !.•ES, C0,'1•1A.•DS ETC, 

c---------------------------------
31,."1.."' 

3<.' 1 

32 1 

C 

.• u.1= 1 
1, ;,1 n :< 5, 22> 
[JO '.J1,,.I 1 l :a 1, 2 ... 1 

whl T E l 5, 2 3 J DI l l , S< l l, Tri< l l, B< l l, l T< l l 
1,1-:l TE< 5, 7,'> 
DO 321 l=l,.\JU,'I 
l, hl 1 E<5,4l>BD<l> 

CAi..1., AUTO CO nnEL.A Tl 0 .\1 hU UT l.\J E 

GU I U o,'6 

C CAL.I.. ,\JA,'IE Swl TCrl 

311 GO TU 4c'c' 

C CALL. Sl'AT1STICAL. 1-'AC,{AGE 

3c'2 Gu TO 4<' l 

C CALI.. SuhTl.\JG huUTl.\JE 

310 GO TO 504 

C 
C KA.•Dl.E STATS UUTl-'UT 

C -------------------

3,,4 

3<'3 
3c'-J 

3,,7 

~,,5 

3,,0 

. 3,,6 

333 

32c' 

330 

C 

1 F'< J r • EU• 3> GO TO 3,'7 
S2=h 
wHl TE< S, 24> 
DU 3'-"" l=i 1., 21.." 
l.i<l I E< S, 25) t< ll ,A<l) 
wH!TE< 5,'a12l 
wld TEI 5, 26 l A.•ll, VAkt, 51 C.'lt, h, STUD, S,{Elo t 
Jl-'=Jl-'+ 1 
GU W 45<' 
wRl TE< 5,271 
S3=h 
Gu TO 3c'3 
wHl TE( 5, 2d) 
OU 3..._1d l=t.21..1 
wRl TEI 5, 2cJ l !'< l), A( 1 l 
whl TE< 5, 31 l 
wHl TE( 5, Jc') Al'! I, VARt, SI C.'11, fl, STUD• s.{E\. t • ERR 
SDEI/• 51 G,'1 t 
Sl=H 
Ji-=Jr+ 1 
(;Q TO 7,,,, 
lFCJl-',GT,4lGO TO 32c' 
wF. l TE( 5, 6c'> 
DU 333 l = 1, 2c' 
wr<l TE( 5, 2:i) t< 1 l ,A( 1 l 
I.HI TEI 5 , 32> 
i,,HlTEl5,33>H,STUD 
S4=H 
Jr=Jr+ 1 
cu ru 45,, 
Ir' CJr,GT,5lGU TO 33c' 
i.Rl TE< 5, 34 l 
wHl fE( 5, 33lH, STUD 
55= H 
Ji-=JI-+ 1 
GU TO 4 5c' 
wl, l TEC 5, 35) 
wRITEC5,33lR,STUD 
56=H 

DfiAw OUT CORREI..AT!O,~ 1~ATHlA 

wril TE( 5, 6d l 
CC=""' • '-"'1.."'1.."0 
•Hl TEC 5, 5,'> 
li.i<l TEC 5, 51 > CC, 5 I• S2, 53 

I-" 
c.o 
0 



C 

~0 

:1 1 

6 6 

63 
6 7 

C 
C 
C 

701.." 

1 ........ ~ 
7ll\ 

'"-\ l 
'/1......,2 

7,'3 

71.1 4 

716 

71:1 

7,'5 

i. ;111 r.c s .. 5 2 > 
wk1TE<5,5l>CC,CC,56,S4 
I. id T E.< 5, 53) 
I.Fil T E< 5, 51 l CC, CC, CC , SS 
wrt l 1 E< 5, 54> 

L.l ST L.AG, AU TUCOrtkE.i. ATlO.~ A,~D ST•DEVIATIO·.~ 

'w rd TE.(5.,6 1> 
£;\.' 
EE.;;I..• 
DO 66 l = l, h' 
1 F < h U1U < 1 > > 'll1, 'i1..' 1 ·J l 
AUTU(lJ•AUTJ<l >• <-1 • 0> 
E=E·+A IJTU < l I 
EE•t~•<AUTu<ll•AUTU(l)I 
G0 TU 66 ' 
E= E•/.\U1 !JC 1 > 
EE=~t+<AUIUCi l •AUTO(lll 
cu., r 1.;ui,; 
E...'"1 . ..J == i:./ l\..'• 
E.1• < < EE/ l ,' • J - < E.1.,• E.1., I J 
1.nlTE< "> , 6 "/JL.AG< ll,A UTOC ll,&1N,&1,SDEV 
00 63 1= 2, I,' 
l.k lTE < S,6 <1ll.AGCll,AUTOCll 
,o.-.1t.rc 111,4,11.4> 
GO 'I() J1..1 \.' 

f" iiEaUE~ Ct DlSTklbUTIO~ 

CI-A SS::;- 145'-'• 
1*rt1TE<S .. 4t.'> 
OJ ·11.•-J 1= 1 .. 20 
t < I J • b i l J 
.JI.'1:a\."\ 
l = 1 
lF<t<!J.L.E•Cl..ASS•A.,D•t<l>•GT•<C1..A"SS - 5,'•0>>GO TO 7,,3 
1=1 + 1 
lFll• GT 0 2 ,' JGO TU '/('4 
c;,) r,; ·1<· 1 
.J1.1 •JL"l+-1 
G'J T!J '/l..1 't:!.. 

l.k!TE<S,4i JCL.A5S 
IFIJl~•Ll• l>GO TO 71 -J 
l f" CJl.1-c.Y -llGO ro 7,,5 
1.r.l TH 5, 46 J 
J.1= 1 
"l.,k!TF.< 5,4 -; J 
.J.1» .J .1 + 1 
li--<,M • Gl"•<Jl,1-lJlGO TO 71-J 
GO T•J ·11 o 
C~A~~=C~ASS+50•0 
lFICL.ASS•!c:"'•3,'50.JW TO 45,' 
Gu TO 71,' 
lo.kl TE< 5, 46 J 

C 
C 
C 

4t..1 0 
45,, 

5\.11,,.1 

506 

S<.' I 

5,,7 

5,,2 

S,'<l 

5,,3 

S()-J 

510 

511 

512 

·513 

C 
C 
C 

51.'4 

5,,5 

6,'2 

GU TO 71-J 

.~A,"lE Sid TCrl 

JI-= I 
l f" CJI-. EQ•llGO TO 500 
l FI J I- • EC>• 2 l l,U ro 5,, I 
1 F <Jl-• EW•3 >GO TU 502 
lf"CJ,..£ c, .4JGO TO 503 
lFCJ,.•EW•5lGO TO 510 
IFIJ,..i,:,,.6lGJ TO 512 
DO S,'6 I= I, 20 
tCll•BCll 
AC I l=D< l I 
GO TO 4,11 
DO 5,' 7 I = I , 2,' 
t< l l=Trl< l I 
.-cl l=DI ll 

GO TO '"' I 
DtJ 51.."'d 1::::1 1 .. 21."\ 
tC l )=5( ll 
.-Cl >=DC l J 
GO TO 4,'I 
DO 5,,,1 l • l , 2,, 
t C l J = SC l ) 
ACl )•tl( 1) 
GO TO 4,'I 
DO 51 I l = I , 2,, 
tC l >=SC 1 > 
A:C l >=Tri< l > 
GO TU 4,'I 
DO 51 3 l = l , 2,, 
t< l >= BI l l 
.-cl l=TrlC l l 
GO TO 4,' I 

SOHT !.HU ASCE.~D!.~G OHDER 

DO 5,, 5 I l = I , I 'i 
lr•ll+I 
DO 5,'5 JJ=li',2,' 
IF<t<l!J.L.E.t<JJ))GQ Tu 5,,5 
n."l,.= te 11, 
t<lll•t(JJ) 
t < JJJ =TE.•11-
CO.nl.~ui,: 
GO TO 6,'2 
DO 6,' 5 l l = l , I 'i 
l ,.•l l+ l 
DO 6,'5 JJ• l h 2,' 
H - <,,( Ii J ... i,: •• ,(JJ))GO ro 6,'S 
TF.:.11-'=.-C 11 J 
h( ll )•A( JJ) 

i,.. 

c.o 
1--1. 



JlCJJ>=TE.1t' 
6'.'5 co.n 1.~uE 

GO T:J 61."'1."' 

c-------------------------------c AUTUC·Jifr<EL.AT !U.~ F-U.vCTlO,v 

c-------------------------------
c UBTA!~ ARi'.At S ~!Tri St'ECIFIED LAG<~> 

006 Du 020 ~=1~10 
o,•7 DO o,•cS 1=1,.vu.1-n 
606 hJlACll=BDCl> 

w o (•, 1 = 1 , .,.i u~1- i< 
1.1::at{+l 

601 ttt(ll•l:lD(lM> 
CJ.J TO d h• 

C EL.1,11.vATE GAl'S l,v AlikAtS 

dh' 

cSII 

612 

did 

di/ 

C 
C 

dl4 

dl5 

J•l 
I • I 
IF'<AAJ(C!>,Eu,,• .. Uk,ttiC ll,EGl,,•,>t;O TO dl2 
J\J\C J> •JlJ\J\ C l > 
t((J>•t{t(j) 

J•J+l 
l•l•l 
.\J.1a .J- l 
IFCl,t;T,,vU,1-n)(;.J l'U did 
GO '1u di I 
J. • l + l 
lr' Cl.C.iTdU.1 -nlGU 1'U did 
w 1 ,; ol 1 
iok l 'JU 5, 71 > 
00 d 1 -J I• I, .v,1 
lokl !EC S,2~11\AC l >, ttCI > 

C0,1rUH. l'hUDIJCT MU.1E.vT CORREL.ATIO.v CUEFFI Cl E.'JT 
A.ID ,,UiY1Ai..lt.C:D AIJTOCORHEL.AT!U.v !•U,vCHU.v 

A.'M•ri..UAH.v,1) 
SU,11\= ,, 
SU,1 t ;;!'.1.1 

!:,,1,S i a li 

~1.SA=1.1 

.su.1 1.;::111.1 

00 c I S 1...= I , .1.1 
. SIJ.11(= SU,1A+Ah ( L> 
Su,1 c = :.U.1' + t tc L.l 
5.1 SJ\= ::><151\+ CAA( I..) •J(J({ I.)) 

5.1:., t:. S.1 Sf• < t t < L > • t t C t... > > 
E:b=.<1\(1...)•tt(L.) 
.SlJ.1C:= !:;U11l.;+ bi:s 
A.11\= SU,11\/ A.v,1 
A.1 t • 5 U,1 t I A:M 
VAF.h::a C S,1.Sh / A.J.1>-< A.1X.• A.1.10 
VAi'.c= C 5.15 t IA.v,11 -< A.1t•IM t) 

SlGMA=S~HTCVAnA> 
SlGMt=SwHTCVAHt) 
cc= SUmY A.~ .1 
DD= CC-( A.1.HA.'I t) 
AH= DD/ C Sl l>1h• Sl c;.1 t > 

dl6 AUTUCnl=Ali 
L.AGCnl=n 
wlil lE< S, ·12> 

o2,• \.HlTE< S,65>1..AGCnl,AUTUCrO,.v,'1 
GU TO 311 

65 FO lii1AT C l I I, F 11 , 4, I 11 > 

c------------------------
c STATISTICAL. 1-ACnAGE 

c------------------------
c CUHHEI..ATIO~ 

4,• I S U,'lJl= ,, 
SU,1 t = ,, 
S1.1SA::1.."'I 

Si•lSl=i.."' 
SU1"JB.:::::\..1 

402 
404 

C 

61.."\.' 

C 

DU _q..._"'12 L:::a 1, 21.."'I 
SU:'1A::r SUi"lh+h( l.. > 
!>Ui~ll' =SU,~l' +tC ~> 
Si1SA= S,15,{+ C.H l.) •JlC L.>) 
S,1St• S,•lSt + C t C 1..HiC l. > > 
J;;J;;=,{CL>*tci..> 
sumJ=su,•1 b +L<B 
A.'lJ\= SU,'IA l 2,•, 
Al1 r.., SUl'1 l / 2 1,.1. 

VAt\ ,\= < 5:15.-{/ 21..1 • > - C Ai'1h•A,"ih) 
VAi<¥• C S,1St 12,,, > -c Al"lt•A."10 
Sl u•"lh • ScJIH ( VAKA) 
SIGMt=SQrlT<VAHt) 
C=SU,1Bl2,•, 
DD= C- C A,1,;• A,1 t > 
H• DDI < SI G,"IJ\* S l G."1¥ > 
STUD• CH• C S..lh re 2,•, > I SQRT( I,,•-< R•R> > > > 
GO TO 31'' 

SnE~.vESS 

lFCJhuT•3>Gu TO 3,•6 
SnEwt=<A~t-¥( 10))/SlG~r 
l F< Uh GT, I> GU TO 3,•4 

Ei..EVATILJ.v HEL.lEF RATIO 

&'I t D= t < 2,, > - tC I l 
r.~=A,1¥-t< I> 
E:nn=t,UtD 
Gu TU 3,•s 

c----------------------c fU1«1AT STATE.1E.HS 

c----------------------

1-1. 
co 
l'l:l 



"' II 
2,, 
l,i 
21 
22 

FOH.1ATC F4, I J 
/iQH.'1ATC I4J 
FU lu1 AT< FI I• 2, 4r' I I•,,, l I I J 
FU h,1 ATC IH0, • SA.11'1..E NU. FlkSl'DlST 
Fclh.'1ATC 15, 2Vi 5• 2J 
F\.lrt.1AT( lril ~ ' 

I bED EL.V 
DI STA,IICE, 

TI 11E: ') 
F\J l1,1AT< r ' l 1•2, 31''11,0, ! I I J 

SU11FEL.V 

FUh,1AT(' lCETrllCK DlSTA,IICE:'> 
},' U11,1 ATC 2FI I• 2> 

I.ASTDl ST'> 

l CETlil CK 

23 
24 
25 
,;2 F'O h.'1ATC ' MEA,11 VAk STDEV CRCOEF 

T TEST Sr<Ew.llESS'J 
26 FOlu1AT(IFllo2,IEll,2,IFllo2,IFll•4,IFll•4,IFll•2> 
27 F'Oru•; ATC ' SUhFACE Dl STA.IICE' J 
2d FU ru1ATCIH,,,' BEDEI.V D!STA.IICE'J 
2Y F0 fu1ATC 2 FI I. 2) 
3,' F0fo1AT< IFll,2, IEI l,2, IFll•2• IF! l,4, lr'll•4,2FI 1,3> 
31 F0n,1ATC ' MEA.11 VAH STDV 

ICCO E F TTEST SKEI. EREI.R'J 
32 FU ru1ATC 'SU h F-BED CCUEF TTE5T'> 
33 FO k11ATC I FI 5. 7, I i,· 15. 5l 
34 F0ru1ATC 'SUHF-Trl!CK CCOEF TTEST') 
35 F0ti,1AT< ' B ED-THICK CCOEF TTEST'l 
4,' FO ru1 ATC ' Cl.ASS TOI' ,IIU,1BER' > 
41 FU R,1ATC F I I, ,,J 
5<.' 

51 
52 
53 
54 
60 
4d 
4,; 
61 

6 2 
64 
6d 
70 
71 
72 

901,."\ 

•••• 

FOIMA T< In,>,' DlSTA,IICE BEDEI..V 
I SU hFAC E 'J 

F0 fu1AT( lrl,',4FI 1,4) 
FOtMATC Id+, 
FO fu1ATC I H+, 
FOR11 AT< IH+,' 
FO!u1ATC ' SUHFACE 
r' UJMAT( Iii+, 
FOh,1ATC Id+, 'A') 
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Subglacial Morphology between the Transantarctic Mountains and 

the South Pole 

DAVID J. DREWRY 
Scott Polar Research Institute, Cambridge, England 

Abstract. Preliminary results of airborne radio-echo sounding in Antarctica, 
undertaken by the Scott Polar Research Institute-National Science Founda
tion during the summer of 1969- 70, have revealed a complex sub-ice topo
graphy between the Transantarctic Mountains and the South Pole in the 
sector long. 165 ° E . to 90 ° W. Ice 500- 3,000 m in thickness covers an ir
regular mountainous land surface with relief amplitude of the order of 
500-1 ,500 m extending in a zone from a series of intra-montane embayments 
in the southern Transantarctic Mountains to about lat. 88 ° S. Beyond this 
latitude the amplitude and absolute relief are reduced to undulations of about 
200--400 m with wave-lengths between 4 and 6 km at 1,000-0 m a.s.l. High
standing ridges penetrate farther inland than !at. 88 ° S. between long. 169° 
and 140° W. Echo-sounding results indicate a generally uniform transition 
between the mountainous margin and the continental interior and evidence 
of major structural discontinuities is absent. In areas where there is sufficient 
data control, the sub-ice terrain reveals a pattern of ridges and troughs, some 
of which trend plakauwards indicating earlier drainage lines. It is thought 
that these troughs, together with those penetrating the Transantarctic Moun
tains, are a function of earlier local glaciation, in which active more temperate 
ice streamed down both sides of the mountains. With the onset of full-scale 
continental glaciations, the structurally lower inland region became submerged 
by progressive ice build-up in the interior, reversing the drainage on that side 
with litile modification of the earlier topography. 

Airborne radio -echo sounding in Antarctica was un 

dertaken by the Scott Polar Research Institute in con

junction with the U.S. National Science Foundation dur
ing the austral summer o f 1969-70 (Evans and Smith, 

1970). A number of flights were concentrated onto the 

east Antarctic plateau adjacent to the southern Transant

a rtic Mountains and extending inland to the South 

Pole. T he sector long. 165 ° E. to 90° W. is shown in Fig. 
l with the various fiight lines indicated. 

Soundings suggest a pattern of tectonic fault blocks 
extending along the plateauward side of the Transant

arctic Mountains, tilted inland and reaching as far as 

lat. 89° S . L ocal outliers reach elevations of > 1,000 m 
at this latitude. 

E vidence is presented of an early, local mountain glac
ia tion consequent upon, but not responsible for, the ini

tial epeirogenic uplift of the Transantarc tic Mountains, 

a nd proba bly occurring in the mid-Cenozoic. Glacial 

valleys, now submerged beneath Polar Plateau ice, indi

cate glaciers descending both flanks of the mountains. It 
is argued that landforms of this early active erosion 

phase, when ice was temperate and wet-based, have sub
sequentl y been httle modified . 

Aircraft navigation 
Prior to analysis of ice depths, a considerable amount of 

navigational data must be processed to locate aircraft 

flight tracks. Where detailed correlation between adja

cent close-spaced flight lines demands navigational accu

racy within 2-3 km, the level of navigational instrumen

tation installed in the U .S. -Navy Hercules C130 was 

insufficient without substantial improvements by the 

addition of control from other sources. T he presence of 

the Transantarctic Mountains provided control for air
craft positioning and locational error was greatly re

duced. SFIM flight-recorder data were used to interpol

ate alterations of aircraft heading and ground speed 

between control points. Photogrammetric resectioning of 
high oblique and vertical air photographs from a 

trimetrogon system added significantly to accuracy (error 

< 1,000 m) when within sight of known surface features 

for which the U .S.G.S. Reconnaissance Series Topo

graphic maps at scale 1 : 250,000 provide the ultimate 

source of control (Whitmore a nd Southard, 1966). Over
all errors of navigation in this sector lie between 100 

and 4,000 m: 

Ice-surface elevations 
Ice-surface elevations in the area investigated have been 

determined by altimetry on a number of oversnow 

traverses (Woollard, 1962; Crary, 1963; Robinson, 1964), 

and Bentley (1964) has summarized the methods and 
error functions for terrestrial altimetr y in the A ntarctic. 

In more accessible localities, against the mountains, the 
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Fig. 1. Radio-echo sounding flight tracks across the Polar Plateau between the Transantarctic Mountains and the South 
Pole, 1969-70. (Circled numbers refer to glaciers listed in Fig. 2. Numbered heavy lines indicate the positions of profiles in 
the respective figures.) 

U .S.G.S. has contoured the ice surface at a 200 minter
val from trimetrogon photography and ground control, 
with varying degrees of accuracy (Whitmore and Sout
hard, 1966). 

Regional relief elements comprise an elongate dome 
or pericline, its crest at about lat. 88 ° S. and long-axis 
running from long. 150° E. to 140° W . An extension 
eastward between the Thiel and Horlick Mountains pro
vides an ice shed separating poleward and interior ice 
drainage from that flowing towards the mountains {Bent
ley, 1962; Giovinetto, 1964) . Inland of the pericline, 
elevations decrease and the regional surface slope is 
towards the Filchner Ice Shelf. 

Bedrock topography 
Previous ice-thickness soundings on the Polar Plateau 
were conducted by traverses during and since the I.G.Y . 
(Imbert, 1959; Kapitsa, 1960; Pratt, 1960). Crary (1963) 
published a map of the sub-ice surface of Victoria Land 
based on seismic and gravity data then available. A 
more detailed bedrock map was produced by Robinson 
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(1964, 1966) and covered an area extending to lat. 87° S . 
between long. 45 ° and 165 ° W . 

Radio-echo (R/ E) soundings have shown good corres
pondence with seismic results in areas of overlap. 
Depth values of 1,277 and 775 m were recorded at 
points within 4 km of stations 123 and 124 of the 1962-
63 U.S.A. Pole traverse where depths were 1,230 and 
840 m, respectively. A R / E crossing of the U .S.A. 
McMurdo-Pole line at approximately station 11 1.16 
gave 600 m compared with a depth of 675 m from 
gravity observations. At other points, divergences of 
± 200 m occurred. Such discrepancies may arise from 
errors in R /E navigation or poor seismic reflections. An 
agreement to within 3 % seems reasonable when posi
tional errors are eliminated (Robin and others, 1970). 

Combining the results of over 5,500 km of continuous 
or semi-continuous R/E profiling with those of earlier 
traverses, a general statement can be made about the 
subglacial morphology of the region. Fig. 2 shows bed
rock elevations at 500 m contour interval and Fig. 3 is 
a morphological sketch map based on the detailed char· 
acter of the records. 
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Fig. 2. Sub-ice topography between the southern Transantarctic Mountains and the South Pole. 

Two major relief zones are distinguished. Adjacent to 
the exposed Transantarctic Mountains the sub-ice sur
face is characterized by an irregular mountainous topo
graphy between 500 and 2,500 m a.s.l. This zone is cap
able of sub-division. The terrain types indicated are not 
exclusively defined but rather used . as broad regionaliza
tions to assist discussion . The other major sector is the 
gently undulating interior lowland of east Antarctica, 
encountered about 350 km from the mountains and 
lying near to sea-level. 

INTERIOR SECTOR 

This zone extends beyond lat. 89° S . and the South Pole 
into the interior of east Antarctica as a surface of faint 
relief between -200 and +200 m a .s.1. , providing the in
land boundary of the area of investigation. T here are 
local incursions of lowland into the transition belt to the 

north. Within the northern lowland border, the ampli
tude of relief varies between 200 and 400 m, and has 
wave-lengths between 4 and 6 km. Agreement with Kap
itsa (1960) indicates the sensible continuation of this low 
undulating plain further inland. Many further R /E 
soundings are needed in the interior of east Antarctica 
before we can fully assess its morphology, structure and 
history. From seismic refraction shooting the geological 
character of the northern plainland fringe appears to 
comprise thin layers of sedimentary strata overlying the 
basement complex (Kapitsa, 1960; Crary, 1963; National 
Academy of Sciences, 1970) . 

TRANSITION ZONE 

The transitional zone lies between the interior lowlands 
and the mountain zone to the north, and ranges in alti
tude from O to 1,000 m a.s.l. Soundings support a gener-
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Fig. 3. Morpholog ical elements of the sub-ice surface between the southern Transantarctic Mountains aad the South Pole. 

al conclusion that the exposed and sub-ice mountains 
form a number of distinctive fault blocks. Differential 
tilting and possible further dislocations along secondary 
faults have produced a · variety of transitions between 
the mountain belt and the ea,st Antarctic craton along a 
front of less than 500 km. 

In the vicinity of the Thiel Mountains a regular in
land slope characterizes the transition belt, indicating 
the presence of a steep southerly tilted block. Surface 
investigations, however, have revealed a more complex 
geology in the Thiel Mountains than adjacent areas of 
the Transantarctic Mountains (Ford, 1964a). Analyses 
of further R / E soundings may assist in obtaining a 
greater understanding of the structure of the region. 

To the west the transition zone is· complex, with alter
nations of ridges and depressions, and overall elevations 
are considerably reduced. A n abrupt junction occurs 
between this zone and the upland plains to the west 

(probably developed upon dolerite intruded Beacon 
Supergroup sediments) both in morphology and altitude, 
emphasizing a fundamental geological change. It is 
thought that the region represents an area of severe ero
sion perhaps assisted by partial (?) down-faulting in the 
west, involving the removal of much of the overlying 
sedimentary strata. 

Between long. 140° W. and 175° E. the transition 
zone is pinched out by the incursion of a broad upland 
spur from the north. Beyond long. 175° E . the belt re
appears as a steeper but more regular inland slope. De
tails of regional structure are here precluded by lack of 
sufficient data. 

UNDULATING UPLAND PLAINS 

Restricted to the sector long 140° W. to 175° E., this 
region lies at > 1,000 m and is less dissected than the area 
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immediately adjacent to the exposed mountains. Locally, 
the surface comprises an elevated tableland. One notice
able subglacial platform at about 1,800 m a .s.l., extending 
about 80 km from east to west, lies south of Mount 
Howe and D'Angelo Bluff at the head of the Robert 
Scott Glacier (Fig. 4). The surface has an amplitude of 
< 100 mat its western end but it becomes more undulat
ing to the east, attaining 2,000 m at long 147° W. It 
seems likely that this feature is structurally controlled by 
the sub-horizontal Beacon Supergroup and associated 
dolerite sills, the latter providing a resistant band with 
the stripping away of the softer overlying sediments. 
Equivalent platforms exist directly north in Nilsen Plat
eau and the La Goree Mountains. 

An area of similar terrain is found as a rolling plat
form in frorrt of the Thiel Mountains but it is not con
sidered here in any detail (Fig . 5). 

The upland plains, excluding the Thiel Mountains sec
tor, form an integral part of a much larger, more fun
damental region - the extension of the mountains as a 
wide upland spur 350 km inland (Fig. 3). The 
McMurdo-Pole traverse indicated the presence of an iso 
lated highland at> 1,000 m beneath the surface pericline 
between the mountains and the South Pole (Crary, 1963) . 
Robinson (1962, 1964) showed high ground of 1,000-
1,600 m farther eastwards. R IB soundings confirm such 
elevations in the eastern sector but indicate these isolat
ed highs form part of an extensive upland block, gently 
tilted inland to at least lat. 89 ° S., with possible steep 
flanking fault scarps . The massif found by Crary (1963) 

698 

A 

B 

Fig. 6. Profiles along the west
ern flank of the upland block 
between the Transantarctic 
Mountains and the South 
Pole. Three valleys can be 
distinguished in section. Steep 
walls and regular floors are 
recognizable. Compare these 
forms with those in Fig. 10 

at station 111 appears as a small outlier of this upland 
tract. Further discrete ((?) faulted) outliers were dis
covered with elevations of 1,200 m a.s.l. only 60 km 
from the SoU'th Pole (Fig . 2), probably resulting in a 
localized structural discontinuity against the low east 
Antarctic craton. 

The western flank of the upland region is steep, prob
ably faulted, being bounded by a major lowland - a 
salient of the interior plainland - at elevations ranging 
from 1,000 m in the north to O m inland near !at. 89 ° S . 
Ri E profiles suggest that there may be a number of val
leys issuing from this western slope into the lowlands 
(Fig. 6). 

Sedimentary rocks are thought to exist in part of the 
upland , indicated by the absence of any steep magnetic 
anomalies (Robinson, 1962) . 

LINEAR DEPRESSIONS 

Three such features were found and they are shown in 
Figs. 2 and 3. They are approximately orthogonal to the 
main axis of the exposed mountains . 

Between the T hiel and Horlick Mountains, a deep 
trough extending about 100 km inland and reaching 
- 300 m a.s.l. was found. The trough slope is southerly 
and probably has its headward termination south of the 
Ohio Range. There appears to be no connection with 
the deep channel against the northerly edge of the Hor
lick Mountains (Bentley and Ostenso, 1961; Crary and 
Van der Hoeven, 1961). 
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Fig. 7. Sub-ice topography in the Queen Maud Mountains salient, southern Transantarctic Mountains. 

The second feature lies farther west, running south
east from the highland at the head of Robert Scott Glac
ier then turning to extend southwards. Its lowest eleva
t ion is at least - 200 m . 

The third depression is more extensive and extends 
inland from the Queen Maud Mountains. Near the 
mountains there are a number of separate tributary val
leys which probably merge farther south. 

These depressions could represent structurally down
faulted zones at right-angles to the major tectonic axis . 
A more likely possibility, however, is that they represent 
earlier drainage lines towards the_ continental interior. 
Evidence for such a conclusion is considered later. 

DISSECTED UPLAND 

Adjacent to the exposed mountains, this sector com
prises a series of intramontane embayments from Beard
more Glacier to Reedy Glacier. A further area is 
centred on the Thiel Mountains . Emphasis is concentrat
ed, however, upon the Queen Maud Mountains where 
data control is high (Figs. 2 and 7) . 

Behind the coastal ranges of the exposed Transantarc
tic Mountains, comprising early Palaeozoic basement 
crystalline rocks and metasediments, a higher group of 

mountains extends capped by Upper Palaeozoic and 
Lower Mesozoic strata of the Beacon Supergroup. There 
is a large-scale intrusion of the continental sediments by 
dolerite sills and dykes, whilst more locally tholeiitic 
flood basalts provide a capping (Gould , 1935; Grindley 
and others, 1964; McGregor, 1965; Wade and others, 
1965). Often the peaks capped by sills and the Beacon 
Supergroup stand out as distinctive tabular mountains 
or mesas. T he general dip of the Beacon Supergroup has 
been determined by McGregor (1965) on Mount Nansen 
as 5° to the south-south-west. Doumani and Minshew 
(1965) found an 18 ° dip to the south-west at Mount 
Weaver. Along Robert Scott Glacier, strata are essential
ly horizontal. 

Results of R /E soundings show a continuation of this 
pattern under the ice: Certain morphological elements 
are easily recognizable, especially submerged mesas ac
companied by steep scarp faces. Such landforms are 
shown in Fig. 8. F urther simple elements of relief ridges, 
upland and valleys can be outlined .(Fig . 7). The central 
part of the area covered in Fig. 7 comprises a dissected 
upland at about 1,500-2,000 m with peaks locally reach
ing 2,500 m, in places penetrating the ice cover as nuna
taks (F ig . 9). To the eastward these high mountains give 
way to the transition zone and inland depression . To the 
south-east the mountains a but upland plains and the 
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wide tablelands indicated earlier; the latter commences 
with a steep scarp face and isolated mesa-like outliers 
(Fig . 4) . 

The central and western sectors are distinguished by a 
number of valleys originating in the highland. Two prin
cipal types can be recognized: first, those tributary to 
existing outlet glaciers, e.g. Beardmore, Shackleton and 
Amundsen, and which extend the bedrock catchment of 
these glaciers . The catchment of the latter glacier ap
pears to be particularly large (Figs. '.l and 7). Ice, 
governed by the surface slope, flows into the main chan
nel of Amundsen Glacier assisted by, but over-riding, the 
subglacial valley system. This reflects the findings of 
Giovinetto and others (1966), who found that Amund
sen Glacier has the third highest discharge for the whole 
of the Transantarctic Mountains at 3.3 km" yr-1 ( ± 
1.7). Many of the other major outlet glaciers do not 
possess a broad encircling upland on their headward 
sides. The effect is two-fold: the highland topography in 
part determines surface slopes and hence the basic ice
drainage pattern, but it also enables a more extensive 
bedrock-channel network to develop that is focussed in
to the main outlet valley, hence assisting in some 
measure guidance of the ice flow. 

The second valley type consists of those channels 
which drain a general southerly direction towards the 
continental interior (F igs. 3 and 7) . Evidence of val
leys with a plateauward trend comes from R /E profiles 
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Fig. 8. Mesa-like landforms 
submerged beneath Polar Plat
eau ice adjacent to the south
ern Transantarctic Mountains. 
Gently sloping lowland sur
faces at about 1,000 m are 
seen in Fig. 8A abruptly 
terminated and replaced by a 
higher, less extensive, reflect
ing surface at 1,800 m a.s.1. 
The steep scarp faces of this 
supposed mesa are absent 
from the record, since the 
R/ E technique fails to detect 
reflections from slopes steeper 
than 34 ° under the most fa
vourable condit ions of an
tenna configuration, echo 
strength and maximum system 
sensitivity in deep polar ice. 

across the region. Fig. 10 is a part of R /E film showing 
sections across two 'tributary' valleys which trend 
along the line suggested in Figs. 3 and 7 (see south-west 
corner). It is thought that after confluence these valleys 
form a large system whose dimensions may be compara
ble to the Beardmore Glacier outlet. Other similar valley 
features with inland orientations are shown in Fig. 7. 
The western flanks of the upland block, extending to
wards the South Pole, also contains evidence of valleys 
issuing from the highland into the adjoining lowland 
sector (Figs. 3 and 6). 

Such valley networks are not difficult to establish 
from the careful integration of continuous R /E sound
ings. The nature and origin of such features are, how
ever, less easy to determine. The cross-profiles in Fig. 10 
provide a clue. Sections of the upper Mill and Mill 
Stream Glaciers are shown. There are strong similarities 
in morphology and dimensions to those of the adjacent 
'tributary' valleys and those in Fig. 6. Channel mor
phometry and regional location (valleys issuing from 
highland known to be the source of early local glacia
tion - see next section) suggest that inland-trending 
valleys are also glacial troughs . The major trough south 
of the Grosvenor Mountains extends for at least I 00 km 
south-west and has an average gradient of between 0.9 ° 
and 1.0° . Deglaciated valleys of similar size in the 
Northern Hemisphere are comparable (e .g. Yosemite: 
length 150 km; gradient l .l 0 ). 
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Submerged landforms: discussion 
T he existence of glacial landforms, especially glaciated 
valleys with interior orientations and now submerged 
beneath ice of the Polar Plateau, provides evidence for 
the further understanding of the glacial history of Ant
arctica. 

Work in the Reedy Glacier region (Mercer, 1968a, b) 
has shown that the earliest permanent snow and ice 
cover was pre-Pleistocene, probably Pliocene in age. 
Climatic deterioration established a local, temperate ice 
cap restricted to the higher levels of the Transantarctic 
Mountains . Hollin (1962, 1970) also assumed a pre
Quaternary ice sheet whilst Antarctic oceanic sediments 
suggest glaciation was initiated prior to 4 m yr ago 
(Hays and Opdyke, 1967). Rutford and others (1968) 
found evidence for glacial activity in the Jones Moun
tains 10 m yr ago. Hollin (1969) has reviewed further 
work in this field. Glaciation probably commenced upon 
a land surface undergoing the final stages of epeirogenic 
uparching that generated the present fault-block struc
ture (Hamilton , 1963; Ford, 1964b; Anderson, 1965; 
Mercer, 1968a). 

Similar conclusions concerning glaciation were 
reached in Victoria Land (Bull and others, 1962), where 
ice is thought to have accumulated on the high coastal 
ranges with the lowering of annual temperatures, and it 
has been further suggested that glaciers flowing inland 
from these ranges coalesced to produce the interior ice 
cap. Equivalent ideas have been applied to the develop
ment of the Greenland ice sheet by Cailleux (1952). 

R /E evidence of inland valley systems originating in 
the southern Transantarctic Mountains confirms ideas 
of a local mountain glaciation, possibly equivalent in 
age to Mercer 's early and mid-Horlick phases. The fresh 
and distinct morphology of the submerged features indi
cates that they have been little modified during subse
quent expansion of the east Antarctic ice sheet, and 
their existence is thus related to an early and active ero
sive sequence. This is in agreement with work elsewhere 
on the continent. 

Denton and others (1969, 1970) considered valleys in 
Victoria Land were actively eroded and moulded in ear
ly glacial phases by temperate wet-based glaciers ap
proximately 4 m yr ago. Bull and others (1962) attrib
u ted to their first and second glaciations (absolute dates 
undetermined) the major valley-cutting period , whilst in 
the Wisconsin Range, Mercer (1968a) found that by late 
Horlick times (early Pleistocene) the bulk of the erosive 
epoch had ended and that temperate mountain glaciers 
were replaced by cold polar ice. The expansion of the 
inland ice to sufficient dimensions to utilize Reedy Glac
ier {and others?) as outlets was penecontemporaneous. 

It is probable that similar events took place in the 
Queen Maud Mountains . The broad upland block inland 
of the exposed mountains may also have supported local 
ice, but possibly accumulating at a slightly later stage 
due to lower elevations and a more continental position. 

The valleys discovered on the flanks of this upland are 
consequently smaller but genetically similar. 

Conclusion 
Evidence from radio-echo soundings has indicated a 
sub-ice topography which is essentially the product oi 
diastrophism and glaciation. The role played by any 
pre-glacial denudational sequence is conjectural and sub
ject to continuing investigation. The regional tectonic 
fault-block character of the inland flank of the southern 
Transantarctic Mountains has been outlined. 

Much of the sub-ice morphology described here may 
be attributed to an early phase of active glacial erosion, 
a pre-Pleistocene, local and temperate mountain glaciat
ion. The subglacial pattern of relief, with distinctive 
channel networks, is discordant in part with present 
ice drainage which, governed by the surface slopes, has 
been reversed relative to the bedrock pattern in those 
areas with interior outlets and has over-ridden the bed
rock divides elsewhere thus extending catchments. There 
appears to have been little modification to this relict 
topography by later cold polar ice, for much of the relief 
retains a sharp dissected character, whilst glaciological 
investigations (Wilson and Crary, 1961 ; Bentley, 1962; 
Giovinetto and others, 1966) show that drainage from 
the Plateau to the Ross Ice Shelf is small and that the 
'cold-based' and localized ice flow is unlikely to have 
achieved much effective erosion. 
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ABSTRACT. Continuous radio echo profiling of the ice/bedrock interface in Antarctica has been undertaken from an 

airborne platform by the Scott Polar Research Institute and the National Science Foundation of the United States 

during the austral summers of 1967-68 and 1969-70. 
The method utilizes a pulse-modulated 35MHz radio sounding system having a resolution of 10 m in ice. The 

system is many times more rapid and is probably more accurate in deep polar ice than determinations of thickness by 

seismic shooting. The profiling technique has provided new evidence of the recent diastrophic and glacial history of 

Antarctica. 
Radio echo soundings along the inland side of the Transantarctic Mountains from Victoria Land southwards 

to the Q!ieen Maud Mountains confirm recent surface geological investigations and indicate a complex pattern of 

differentially tilted fault-blocks. Some of these blocks, possibly comprising Beacon Supergroup rocks, extend up to 

600 km from the Ross Sea coast. Variations in the magnitude of tilting and secondary longitudinal and transverse 

faulting within the blocks combined with varying amounts of erosion have produced a complicated transitional zone 

between the epicratonic mountain belt and the lowland shield of the East Antarctic craton. 

On the inland side of the mountains, valleys of probable glacial origin, but now submerged beneath the ice 

sheet, indicate that glaciers once descended both flanks of the Transantarctic Mountains. It is thought that these 

troughs, together with those at present penetrating the mountains, were eroded by local mountain glaciers during the 

mid-Cenozoic, following the initial uplift of the Transantarctic Mountain belt. With the onset of the full-scale con

tinental glaciation the lower, inland sector became submerged by the progressive accumulation of ice in the interior. 

The present ice-flow pattern of the East Antarctic ice sheet is consequently discordant with much of the sub-glacial 

relief. This buried relief may have been little modified by recent cold-based ice. 

CONTINUOUS radio echo sounding from aircraft has been developed in recent years by a 

team at the Scott Polar Research Institute (S.P.R.I.), Cambridge. It has made possible the 

rapid profiling of the ice/bedrock interface over vast areas of Antarctica (J. T. Bailey, 

S. Evans and G. de Q. Robin, 1964; Evans and Robin, 1966; Evans, 1967; Robin, C. W. M. 

Swithinbank and B. M. E. Smith, 1970; Robin et al., 1970). The data used in this report 

were obtained during the austral summers of 1967-68 and 1969-70 by teams from the 

S.P.R.I. with the logistic support of the National Science Foundation (N.S.F.) of the 

United States. The author participated in the field during the 1969-70 Antarctic season 

but several other people have contributed substantially to obtaining the echo records used 

here, in terms of the development and operation of equipment. 

Geomorphological interpretation of the data obtained from soundings inland of the 

Transantarctic Mountains between the Byrd Glacier. and the ~een Maud Mountains 

reveal enough detail to evaluate and partially to reconstruct the sub-ice structure of this 

part of Antarctica. In addition, the detailed morphology of the sub-ice reflections provides 

details of the incipient stage of Antarctic glacierization. 
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THE RADIO ECHO SOUNDING SYSTEM 

Continuous radio echo profiling is not only more rapid but may surpass in accuracy con
ventional geophysical techniques, such as gravimetric and seismic methods (the for~er 
usually being tied to the latter), in determining depth to bedroc~ through ~old.' polar ~ce. 
This is primarily a result of the fact that both radio echo. sounding a~d seism_ic shooti~g 
are sensitive, in contrasting ways, to temperature changes in the sounding me?mm. Ro~in 
(1958) and A. P . Crary (1963) have shown that, in Polar seismic exploration, cold ice 
( > - 30° to - 40°C) can result in substantial noise from incoherent sur~ace _waves. The ec?oes 
then become extremely difficult to identify and to interpret. Many seismic results obtained 
on early traverses in East Antarctica suffered in this way and many of the seismograms 
showed no unambiguous reflections (C. R. Bentley, 1964). . 

The performance of radio echo sounding is also strong~y depe?dent_ upon _but invers~ly 
related to temperature (Robin, 1972). This is caused by increasing dielectric absorption 
per metre path length as ice temperatures approach the melting point. Laboratory ~xperi
ments on ice obtained from a Greenland core show that losses at - 1 °C are approximately 
0·05dB m-1 and 0·001dB m-1 at -60°C (Robin, Evans _and_ Baile~, 1969). The p~rfor
mance of the system in respect of power losses by absorption is considerably better in the 
very cold ice of the East Antarctic plateau, just where seismic shooting encounters the 

greatest difficulties. Seismic refraction profiles, how-
/1\ · ever, are still invaluable in providing information on 

,A,l'-0'-.. ,i-~--=~~-='-=W Transmitted Velocity ZOnation in bedrock Sections. 
~-- --~---- ! pulse at 'f 35 MHz 

Ice surface 

1
, 

echo~ 
Bedrock i f 

echo'-' \ J 
, V 

Ice surface 

t 
ICE 

FIGURE 1. The Scott Polar Research Institute 
35MHz, airborne radio echo sounding 
system. Electromagnetic energy is radiated 
downwards from antennae mounted in the 
tail of a U.S. Navy Hercules C-130B 
aircraft. The polar diagram indicates a 
beamwidth of 25° in the fore-and-aft direc
tion and 10° in the transverse direction. 
Echo returns are obtained from ice/air, ice/ 
rock, and ice/water interfaces 

Description of the system 

Similar to marine echo sounding techniques, the 
S.P.R.I. radio echo sounding system directs a pulse of 
transmitted energy downwards to the ice surface 
from an oversnow vehicle or an airborne platform 
(Fig. 1 ). The delay of the returning echo indicates 
the range to the reflecting surface (Fig. 2). 

Radio frequencies between 30MHz and 500 
MHz have been used since dielectric absorption 
increases very rapidly beyond 500MHz reaching rndB 
per 100 m path length at 1000 MHz. The S.P.R._I. 
Mark IV system operates at 35 MHz and ranges in 
ice to an accuracy of I o m can be resolved. Pulses 
returning from the ice surface and sub-ice reflectors 
are displayed on an intensity modulated cathode-ray 
tube (Fig. 2) and integrated on a single record by a 
continuously moving photographic film. Calibration 
marks are inserted electronically every minute and 
identified by an independent character string (see 
Figure 7 as an example). 

Several factors have been shown to be important in 
the performance of radio echo sounding (Robin, Evans 
and Bailey, 1969): system performance (ratio of trans-
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ICE SURFACE 
REFLECTION 

8011• 

Twice range to bedrock 

BEDROCK 
REFLECTION 

TRANSMITTER 
PULSE 

FIGURE 2. An A-scope display indicates salient features during ice-thickness measurements. The S.P.R.I. 
Mark IV System has a delay of 80 µs between transmitter pulse triggers. Returning reflections from ice or 
sub-ice surfaces are shown. The irregular echo tail results from scattering of energy over rough reflecting 
surfaces 
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1!1itted power to the minimum detectable power at the receiver); dielectric absorption of 
radio waves in ice; geometrical factors (size and configuration of the antennae, spreading 
of radio waves from a point and refraction effects at the snow surface) and finally reflection 
losses (ratio of incident energy to the reflected energy from the sub-ice surface). Calculations 
of echo strength have been made for several locations in Greenland and Antarctica (Robin, 
Swithin bank and Smith, 1970). They show that good echoes should be obtained over most 
of the Antarctic ice sheet excluding parts of Marie Byrd Land and the deepest areas of East 
Antarctica. 

Ross Ice 
Shelf 

SOUTH POLE 
90°E 

Key 

(l sub-icelerre in>lDOOm 

J..L.L Su, p > 300m 

---+ T, e nd of s ub -ice wa lleJ 

_,ooo m con1ou, 

FIGURE 3. Sub-glacial structural elements between the southern Transantarctic Mountains and the South Polar 
plateau. Sub-glacial terrain above rooom is indicated and the trend of sub-glacial valleys is shown. The 
numbered outlet glaciers are: I. Reedy Glacier; 2. Robert Scott Glacier; 3. Amundsen Glacier; 4. Liv 
Glacier; 5. Shackleton Glacier; 6. Beardmore Glacier; 7. Lennox-King Glacier; 8. Marsh Glacier; 9. 
Nimrod Glacier. W = Wisconsin Range; D = D'Angelo Bluff; 0 = Otway Massif 
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Radio echo sounding in Antarctica 49 
Operations and data reduction 
During the 1967- 68 and 1969-70 seasons, a joint S.P.R.1./N.S.F. programme of radio 
echo sounding concentrated several flights through and adjacent to the Transantarctic 
Mountains into East Antarctica, from southern Victoria Land to the Q!ieen Maud Moun
tains (Fig. 3) (M. Forbes, 1968; Evans and Smith, 1970 ; Robin et al., 1970). 

There are considerable problems in analysing the results obtained during these flights. 
Flight tracks of the aircraft are obtained from the reduction of SFIM flight-recorder 
traces. A graphic output of aircraft track is produced by computer. The track is updated 
with independent fixes derived from the photogrammetrical resection of high oblique and 
vertical aerial photographs, obtained with a Trimetrogon System. This method of fixing 
aircraft position can only be undertaken when within sight of known topographical features 
but is accurate to within ± 2 km. 

Radio echo film records of ice thicknesses are reduced by converting t4e echo time 
delay to ice depths. A propagation velocity for radio waves in ice of 169 m µs - 1 is used in 
this conversion. The determination of this value from laboratory and field experiments is 
discussed in Robin, Evans and Bailey (1969) and J. W. Clough and C. R. Bentley (1970). 
The error introduced by variations of temperature between 0°C and -60°C and by the 
effects of crystal orientation in an ice sheet is of the order of ± 3 m µs - 1• 

Ice-surface elevations are obtained from single airborne altimetry corrected to ground 
control altitudes determined by multiple altimetry during oversnow traverses, and photo
grammetry (with primary ground survey) in the vicinity of the Transantarctic Mountains 
(as depicted on the U.S.G.S. 1 : 250 ooo Reconnaissance Series Maps). 

SUB-GLACIAL RELIEF AND STRUCTURE 

The results of the lengthy data-handling process have been used to build up a picture of 
the sub-glacial relief between the Transantarctic Mountains and the South Pole from the 
Byrd Glacier to the Thiel Mountains, in the sector between longitude 145° E and 90° W 
(Fig. 3). Preliminary contour maps of sub-glacial relief have been produced at scales of 
1 : 2 200 ooo and 1 : 500 ooo, with contour intervals of 500 m and 300 m respectively (Drewry, 
1972). These maps and details of radio echo profiles have been used to interpret sub-glacial 
bedrock structure and geomorphology. 

The sub-glacial relief is complex but two major relief zones have been distinguished. 
Ice, 500---2000 m in thickness, covers an irregular mountainous area whose relief amplitude 
is of the order of 300 m to 1500 m (at 500 m to 2500 m above sea level) and which extends 
from a series of intra-montane embayments in the southern Transantarctic Mountains to 
about 145° E. Beyond this the other major zone is encountered-the undulating interior 
lowland of East Antarctica where the amplitude of the relief is reduced to about 200-400 m, 
with wavelengths between 4 and 6 km and at heights of 0-1000 m. High-standing ridges 
and outliers penetrate farther inland between 169° E and 140° W, and a discrete sub
glacial mountain range, divorced from the main belt of the Transantarctic Mountains, is 
located in the region around 88° S, 120° E (Fig. 3). 

The transition between these two provinces appears to be very variable. In places 
there is a gradual transition from the mountains to the lowland with a gradual reduction of 
amplitude and absolute relief inland (Fig. 5, D-D'). Elsewhere, escarpments (300-1000 m 
in height) mark the inland termination of the mountain zone (Fig. 4, B-B'). Probable up
faulted outliers, beyond the transitional zone, exist as mountain blocks (Fig. 5, C-C'). 



D.J.DREWRY 50 . . . d a result of the differential inland tilting of tectonic These variations are mterprete asl d 'de of the Transantarctic Mountains. 
1 bl k h' h xtend along the p ateauwar si 

1 11 fau t-. oc s w i~ e fil' data are considerably assisted by the remarkab y_we -Such mterpretations of the prof ml~ f . h ntains which has resulted, where it has developed structural control o re ie m t e mou b'. t. of Mid- to Late Tertiary . d . h sed sectors from a corn ma ion been determine m t e expo ' . b d' · 0 a thick (3ooo m) sub-horizon-block faulting and extensive intrusion bi dolerite o(;er;arrett et al. 1972). The exposed 
tal sedimentary sequence-the ~eacod\ u~erg:o~~l b~n~hes mesas t~blelands and single relief is, in consequence, dommate y s rue u , , 
and multiple escarpments (V·t· f~G;gor, 11~J~rgroup succession extend well out into 

It is tho_ught that the roe s o t e ::~o;ea coast at latitude 82030' S. Here radio ec~o East Antarctica, up to 600 km from the R . ted near-horizontal surfaces developed m 
evidence i~dic~tes that there a~e scarp-ter:m:tee' -walled valleys (Fig. 6), indicative of 
bedrock with. httle surface rehef and cut y le evidence available also suggests that a 
Beacon rocks. In~erpre~atio!1 of ~he meagrhmig~~ti is probably only thin (E. S. Robinson, 
sedimentary section exists m this are~, a ~ o g b bly been preserved by vertical uplift of 1962) In this case the Beacon succession as pro a . F' d 5 (C-C') . f 1 . t in ranges shown m igures 3 an . the strata in the form o out ymg moun a d . t E st Antarctica where the fault-blocks of 

In other are~s the Bea~on rocks exrntil:;/inl:nd and hence outcrop as large ridge~. the Transantarctic Mountams are gent y M . d the South Pole A crustal block is . . b th "ueen Maud ountams an . This is the case etween e ~ d ds from the head of the Robert Scott tilted a few degrees to the south-;est an 1 :xt~~y beyond the 1800 meridian. The fault
Glacier to about 88030' S. It also ies ou~. \)ra ·ts northern and eastern margins (shown 
block has a steep scarp face (100~

1
t5°f ; 11 ;;:ars as a small exposed section of the in Figure 3 adiacent to D). D nge O u ah 2000 m in height but in places the 

northern block-edge. Parts of the upland r;ac ov:th surface relief l~ss than 100 m in 
surface comprises a regular _tablelandd at lb o~l m fleets structural control by the Beacon amplitude (Drewry, 1972; Fig. 4), an . pr_o a / r; profiles indicate an upper layer in Supergroup. Near the South Pole, se~smic re rac 10~ to . km s-1) were interpreted 
which !he velocities f~r the compress10n;l z::vt~1/flobins~i, 1964; Clough and Bentley, 
as passmg t_hrough sedu~en~ary s~rata orh;l~gy of the bedrock in this region (Fig. 4, AA'), 
1972). In view of the atti~u ~ an ;11or~ Th bsence of steep magnetic anomalies further a sedimentary interpretation is pre1erre . ea k 1 R b' 1962) f h' d' ntary roe ayer ( o mson, . suggests the presence o a t m se ime . 1 t . c model for the inland flank of the In general terms it appears that a simp de htec on} T W E David and R. E. Priestley 
Transantarctic Mountains, such as the _fabu~tde orst o) d. R . L. Nichols (1966 1969), can T 1 ( )RWFairnge(1952an . . , (1914), G. T. af ord l;f'ii° , . d and the sub-glacial relief indicate that there has been a no longer be ad~itte . e expose f lt roducin a series of major crustal blocks main axis o~ uph~t along a coastal ( eastern) ;u W~de l 6:). In some cases the magnitude 
which _are tilt~d mland (McGre_g~r and A. ·a rad~al ;eduction of absolute relief towards 
of v~rtic~l uplift and degree of tiltmg leads tohaJe been less severely tilted, more uplifted or 
:~~:~~\::·s I;e~~h;::i·o:~;;:e~h:s~::;~:~is characterize the transitional zone. 

GLACI AL IN VE STI GA TIONS . 
. da ex osed Transantarctic Mountams has Investigation i_n areas adhJ_acent to ~he PJ:si~tglachl a~tivity in the mountain zone. helped to elucidate the 1story an mo 
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Radio echo records have indicated the presence of sub-glacial valleys in this area. They 

appear to be of two types. There are those which are tributary to existing outlet glaciers 
(for example, Reedy, Robert Scott, Amundsen, Liv, Shackleton and Beardmore Glaciers) 
and which extend the bedrock networks of these glaciers (Fig. 3). The second type of valley 
consists of those channels which are entirely sub-glacial, independent of the outlet systems, 
and which drain in an inland direction (Fig. 3). These valleys appear to be distributed on 
the plateauward side of several upland blocks beneath the ice sheet. Figure 7 shows a radio 
echo photograph across three of these valley features, in this case flanked by nunataks. 
The origin of these valleys is thought to be glacial for the following reasons: 
( 1) The shape of the valley in cross-section is similar to the morphometry of known glaciated 
valleys. The shape of the sides of the left-hand valley in Figure 7 is approximated by the 
following equations: 

y = 6·988 x 10 - 1 xz,m (right flank) 
y = 4·307 x ro-4 xi-629 (left flank) 

H. Svensson (1959) found that an exponent, n,;::;;2 (n = 2 represents a regular parabola) 
fitted certain glacial valleys in Sweden. W. L. Graf ( 1970) has given values of n between 1 ·6 
and 2·0 for curves fitted to glaciated valleys in the U.S.A. The much smaller pre-exponent 
constant for the Antarctic case reflects its greater width. 
(2) The long profile of the major trough south-west of the Otway Massif extends for at least 
100 km and has an average gradient of 0·9° to 1 ·0°. Deglaciated valleys of similar dimensions 
in the northern hemisphere possess similar gradients (for example, Yosemite: length 
140 km; mean gradient 1·1 °). 
(3) The regional location of these valleys indicates that they originate in highland zones of the 
Transantarctic Mountains known to have been the source of early local glaciation (J. H. 
Mercer, 1968a-Reedy Glacier area; Mercer, 1972- Beardmore region). 

The existence of inland-oriented sub-glacial valley networks has several implications.
The valleys, whatever their origin (fluvial or glacial), must be related to a drainage system 
older than the continental ice sheet in East Antarctica. If they are glacial, and more detailed 
reduction by deconvolution techniques (C. H. Harrison, 1970) may further assist in deter
mining the character and origin of these features, then they may be related to an early, 
mountain phase of glacierization. In such circumstances, temperate valley glaciers and small 
local ice caps with basal ice temperatures at the pressure melting point and with abundant 
free-water in the melt season, would have been capable of substantial erosion. Such an epoch 
of intense local glacial erosion has been suggested elsewhere in the Transantarctic Moun
tains. G. H. Denton et al. (1969, 1970) consider that the ice-free areas of southern Victoria 
Land were actively eroded by temperate, wet-based glaciers more than 4 million years ago. 
Mercer (1968a) found that by early Pleistocene times most of the erosive sequences in the 
Wisconsin Range had ended. Further investigations by Mercer (1972) in the Beardmore 
Glacier area indicate a similar early phase of intense glacial erosion. 

The continental ice sheet developed from the lengthening and thickening of these in
land-flowing glaciers. Once the growing ice sheet had developed sufficiently steep surface 
gradients the ice-flow pattern would have been drastically modified, the inland-trending 
valleys being submerged by the seaward-moving ice sheet. A change in the thermal regime 
of the ice cap must have accompanied this accumulation, basal ice temperatures fall ing 
progressively to below the pressure melting point. 
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A corollary to such a sequence of events would b~ that the early erosional relief was 

little modified during the later stages of glacierization. Indeed present-day glaciological 
investigations (C.R. Wilson and Crary, 1961; Bentley, 1962; M. B. Giovinetto et al., 1966; 
E. S. Robinson, 1966) show that ice flow from the plateau to the Ross Ice Shelf is small and 
that between the South Pole and the ~een Maud Mountains calculated basal shear 
stresses are low (0·2 to 0·4x I05 N m-z: from W. F. Budd et al., 1971) and calculated 
basal ice temperatures approximately - I0° to - 20°C (ibid.). This confirms the view that 
the cold-based and localized ice flow in this region is unlikely to have achieved much effec
tive erosion. 

A further implication of radio echo findings is that there must have been a highland 
zone substantial enough to develop drainage systems and provide local centres for perma
nent snow accumulation (i .e., a proto-Transantarctic Mountain belt adjacent to the open 
water of the Ross Sea). In accordance with recent estimates for the initiation of glaciation 
in Antarctica (J. D. Hays and N. D. Opdyke, 1967; S. V. Margolis and]. P. Kennett, 1971; 
R.H. Rutford et al., 1968; W. E. LeMasurier, 1972) such a highland must date from at 
least the Mid-Tertiary. Although a proto-Transantarctic Mountain belt has been implied in 
previous investigations (C. Bull et al., 1962; Mercer, 1968a, 1968b; P. E. Calkin and R. L. 
Nichols, 1972) the new evidence of plateauward drainage pre-dating the ice sheet and 
effecting considerable erosion, strengthens the argument against the alternative chronology 
proposed by G. W. Grindley (1967). He suggests that in pre-glacial times the Trans
antarctic Mountains did not exist as a mountain barrier but as a 'subdued plateau land
scape' (p. 562) over which the interior continental ice subsequently spread cutting the 
First Glacial Surface in the Miller Range at the head of Nimrod Glacier. The present 
elevated character of the mountains is attributed by Grindley to a response in the mantle to 
ice loading in the interior of East Antarctica which caused the marginal zone of the con
tinent to rise. Mercer ( 1972) has shown that there has been some tectonic dislocation to early 
till sequences which indicates that glaciation probably commenced upon a surface under
going the final stages of epeirogenic uplift. Whether in later stages movement was continued 
in response to ice loading is unconfirmed but possible. 

These tentative concepts of diastrophic and glacial interaction may thus provide 
further evidence of the denudational history of the Transantarctic Mountains. If this belt is 
essentially a Mid-Tertiary relief feature and was rapidly submerged beneath an expanding 
ice sheet, then the primary relief elements of the mountains are tectonic and glacial. Any 
pre-glacial phase of sub-aerial erosion must in consequence have been extremely restricted 
or even absent (a hypothesis suggested by David and Priestley in 1914 and reiterated more 
recently by B. M. Gunn and G. Warren, 1962). Further investigations based on sub-glacial 
data may help to resolve !hese fundamental problems. 

CONCLUSIONS 

(1) Airborne radio echo sounding techniques now provide a rapid method of continuously 
profiling the ice-bedrock interface over large areas of Antarctica. (2) Radio echo soundings 
have indicated that the sub-glacial structural configuration inland of the Transantarctic 
Mountains is considerably more complex than previously envisaged. Steep scarps are found 
in some localities at the transition between the mountainous province and the lowland 
continental shield. In other areas the mountains become progressively lower and die out 
gradually towards the interior. Further complications are generated by discrete up-faulted 
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blocks or massifs found up to 600 km from the coast yet structurally part of the mountain 
zone. (3) A general model for the tectonic framework of the Transantarctic Mountains is pro-posed in which there has been a main axis of uplift along a coastal fault producing a series of major crustal blocks which are tilted inland. Variations in tilting, faulting, igneous intrusion 
and subsequent erosion have produced the complex transition into East Antarctica. (4) Evidence has been presented to suggest that Beacon Supergroup rocks may extend as far as 135° E (600 km from the Ross Sea coast at latitude 82°30' S), confirming suggestions that the northern plainland fringe of the East Antarctic plate may comprise thin layers of 
sedimentary strata overlying the basement complex (A. P. Kapitsa, 1960). (5) Radio echo soundings have indicated a pattern of sub-glacial valleys, some of which extend the bedrock network of present-day outlet glaciers in the Transantarctic Mountains. Others, however, with inland orientations are attributed to an early Mid-Tertiary mountain glacier phase. Such inland-flowing glaciers must have been, in part, responsible for the initial accumulation of the continental ice sheet but subsequent reversal of ice flow has submerged these valleys which appear to have been little modified by the re-
stricted and cold seaward ice flow. 
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RESUME. La contribution des sondages par radio a /'investigation des tectoniques du cenozoique et de la glaciation en 

Antarctique. Le Scott Polar Research Institute et Ja D.S. National Science Foundation ont entrepris un sondage par 

radio continue! de Ja ligne de demarcation entre Ja glace et le socle rocheux en Antarctique depuis une station aerienne 

pendant l'ete austral de 1967-68 et celui de 1969-70. On a utilise un systeme de sondage radio a 35 MHz ayant une 

resolution de rnm dans Ja glace. Ce systeme est beaucoup plus rapide et probablement plus exact dans Ja glace polaire 

profonde que Jes determinations d'epaisseur par sondages seismiques. La technique d-~ profil a donne de nouvelles 

preuves de la recente histoire diastrophique et glaciaire de I' Antarctique. Les sondages par radio le long du cote 

interieur des Montagnes Transantarctiques depuis Terre Victoria et vers le sud jusqu'aux montagnes de la Reine Maud 

confirment de recentes investigations geologiques sur la surface, et indiquent un motif complexe de blocs causes par 

des failles et inclines de fa~ons differentes. Quelques-uns de ces blocs, comprenant probablement de roches du 

« Beacon Supergroup ", s'etendent plus de 600 km depuis Ja cote de Ja mer de Ross. Des variations dans !'amplitude 

d'inclinaison, et des failles secondaires Jongitudinales et transversales a l'interieur des blocs, combinees avec de prob

ables differences spatiales dans !'erosion, ont produit une zone transitoire compliquee entre la ceinture montagneuse 

epicratonique et Jes plaines du bouclier du craton de l'antarctique orientale. Sur le cote interieur des montagnes, des 

vallees probablement d'origine glaciaire, mais maintenant gisant sous la glace, indiquent que des glaciers ont descendu 

les deux flancs des Montagnes transantarctiques. On considere que ces vallees, et aussi celles qui penetrent Jes mon

tagnes aujourd'hui, sont dues a la glaciation locale des montagnes pendant le mi-cenozoique, et sont la consequence 

du soulevement initial de Ja ceinture des Montagnes Transantarctiques. Au commencement de la grande glaciation 

continentale, le secteur des basses terres interieures fut submerge par entassement progressif de la glace dans I'inter

ieur. Le systeme de drainage actuel dans l'Inlandsis oriental n'est consequemment pas en accord. avec la plupart 

du relief sub-glaciaire. II est possible qu'il se soit produit de petites modifications dans cette topographie enselevie 

dues a la glace a base froide plus recente. 

FIG. 1. On peut voir le systeme 35MHz de sondage par radio et par air du Scott Polar Research Institute sur !'illus

tration ci-dessus. L'energie electromagnetique rayonne vers le bas a partir d'antennes montees dans Ja queue d'un 

avion U.S. Navy Hercules C-130B. Le diagramme polaire indique une largeur de rayon de 25° de !'avant a l'arriere 

et de 10° transversalement. Des retours d'echo sont obtenus a partir de la ligne de demarcation entre des moyens de 

permitivite contrastes: glace/air; glace/roche ou glace/eau 

FIG. 2. Un arrangement« A-scope» indique les traits saillants pendant Ja mesure de l'epaisseur de la glace. Le systeme 

S.P.R.I. Mark IV a un delai de 80 µs entre les pouls transmis. On peut voir des reflections retournant des surfaces 

glaciaires ou sous-glaciaires. La traine irreguliere de !'echo est causee par le dispersement de l'energie sur des surfaces 

reflectives qui ne sont pas Iisses 

FIG. 3. Des elements morphostructurels sous-glaciaires entre Jes Montagnes Transantarctiques du su det le plateau 

du pole sud. Le terrain sous-glaciaire au dessus de 1000m au dessus du niveau de lamer est indique et on peut voir 

la direction des vallees sous-glaciaires. Les Jangues glaciaires externes numerotees sont: 1) glacier Reedy, 2) glacier 

Robert Scott, 3) glacier Amundsen, 4) glacier Liv, 5) glacier Shackleton, 6) glacier Beardmore, 7) glacier Lennox

King, 8) glacier Marsh, 9) glacier Nimrod. W = montagnes Wisconsin, D = D' Angelo Bluff, 0 = Otway Massif 

FIG. 4 & 5. Des profils obtenus par sondage par radio continue! entre le plateau de I' Antarctique oriental et les 

Montagnes transantarctiques. L'emplacement des profils est montre sur Ja Fig. 3 

FIG. 6. Enregistrement photographique filme de sondage par radio de la topographie qui se developpe probablement 

sur Jes roches du" Beacon Supergroup » dans I' Antarctique oriental et caracterisee par des surfaces horizontales et 

des escarpements raides. Le film, realise pendant Jes operations de 1967- 68, est imprime avec l'echelle horizontale 

compressee et l'echelle verticale elargie. On y montre des echos retournant de la ligne de demarcation entre la glace 

et le socle rocheux 
FIG. 7. Film photographique de sondage par radio (saison 1969- 70) le long du profil (f-f'). Des vallees sous la glace 

se montrent separes, dans ce cas, par des nunataks. L'eclairement intense du film immediatement sous la surface de 

la glace represente I'eparpillement de I'energie a partir d'une surface irregul.iere (une reflecteur qui n'est pas lisse). 

Sur un terrain rugeux, des echos separes peuvent provenir d'endroits favorables (ex. des surfaces doucement courbees). 

On peut les observer sous une grande variete d'angles de !'avant a l'arriere au moment ou passe l'avion, et !'echo 

trace une forme caracteristique sur l'enregistrement, approximatiYement hyperbolique. De telles hyperboles apparais

sant sur Jes enregistrements ne representent pas des pentes ou des surfaces rcalistes, surtout vers l'arriere. Dans la 

vallee centrale (en dessus) les echos hyperboliques, sous la surface, pres du nunatak, sont probablement des echos 

second.aires, engendres par des pies d'une autre surface, mais avec une plus grande ampleur, en dehors du chemin 

de vol 
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ZUSAMMENFASSU_NG. Der Beitrag des Radio-Echolotungens zu der Er/ors . .. . . 57 
Vergletscherung m der Antarktis Das Scott Polar R . h I . :hung des Kanozo1kum-Tektomks und der 

.. h d . · esearc nst1tute und die u s N t' 1 S . 

wa ren den siidhchen Sommern 1967-68 und 1969 . . FI ·. · a iona c1ence Foundation haben 

verwendet, um ununterbrochene Profile der Grenze z-~o hem IE~ udgzeug emgebautes Radio-Echolotungssystem 

E · d · wise en 1s un Felsgru d · d A . 

s w1r em 35 MHz Radio-Echolot mit Impuls-Ampli'tud d I . . n m er ntarkt1s zu bekommen 

I d · fi · . . enmo u at10n und m1t Aufl ·· . . · 

n_ em tie en Polare1s 1st d1eses System sehr vie! schnelle d hi h osu?g von 10m m Eis verwendet. 

D1ese Profilierenstechnik hat neue Beweise iiber d1'e n r '. ul? h wdo. auc ~enauer' als se1smische Eisdickemessungen 

h ffi . euzett 1c e 1astrophische d I · I G . · 

verse a t. Rad10-Echolotungen welche di'e 1·n1·· d' h S . d un g az1a e esch1chte der Antarktis 

V. · ' an 1sc e ette es Transa t kt' h G b' 
von 1ctona-Land bis zu dem Konigin-Maud-G b. d h f·h n ar 1.sc en e 1rges entlang, siidwiirts 

Oberfliiche unternommene geologische Untersuch:~rge, urJ Je u rt worden smd, bestiitigen vor kurzem an der 

geneigten verschobenen Schollen hin Einige dieserg~'nh u~ eutf~ auf_ eine komplexe Struktur von verschieden 

einschliessen, reichen bis 600km von .der Kii t d .;,c o ~n, we c e _v1~1Ieich~ Felsen der ,Beacon-Supergroup' 

Sek~n~iirverwerfungen in Iongitudinaler und ~r:ns::rs:iss-R.e~es. V~nat10nen m der Grosse der Neigungen und 

schemhchen riiumlichen Unterschieden i'n de E . er h1cb_ tun~ mnerhalb der Schollen, zusammen mit wahr-

'k , . r ros10n a en eme ver · k Jt U" b 
epi rat10mschen Gebirgskette und dem flachen S h 'Jd d ' k . wic e e ergangszone zwischen der 

s · d B . · c I es ostantar t1schen Krato h A . 

e1te e~ erge w~1sen Tiiler von wahrscheinlich glazialer Herkunft I h ns verursac t. n ~er mliindischen 

darauf hm, <lass s1ch Gletscher vormals an beiden S 't d T ' we c ~ nun aber unter der Eiskalotte liegen 

nimmt an, <lass diese Vertiefungen zusammen m·t d e1 end. es. ransantarkt1schen Gebirges weiterbewegten. Ma~ 

G b. , 1 enen 1e s1ch gege ·· · fd B 
e 1rgsvergletscherung wiihrend dem mittler K·· 'k .. nwartig au en ergen befinden auf Iokale 

d T . en anozo1 um zuruckzufohre · d d d r·· . ' 
~s . rans~ntarkt1schen Gebirges nachfolgten. Am Anfan d n_sm , un er an anghchen Erhebung 

m_edngere mliindische Sektor von progressiver Aufhiiufu/ v;: r,os~en kontmen.talen Vergletscherung wurde der 

Eisentleerungssystem des Inlandeises der Ostant kt' . g is im Inneren uberschwemmt. Das gegenwiirtige 

allgemeinen nicht iiberein. Diese unterglaziale T: OIS st1:m.t da~~r ?1it der Struktur des unterglazialen Reliefs im 

veriindert worden. P grap ie ist vie eicht von neuerem kaltbasiertem Eis ein wenio-
" 

ABB .. I. Das im Flugzeug eingebaute Scott Polar Research In . . 

geze1gt. Elektromagnetische Energie wird von A t . H ~1tute 35MHz Rad10-Echolotungssystem wird hier 

u~ten ausgestrahlt. Das polare Diagramm zeig; ~::e~t~~le~~re~::e:;'·S. ~~vy I:ercu_les C-130B Flugzeugs nach 

R1chtung. Echos werden von Grenzfliich . h . n 25 m K1elhme und IOo in transversaler 

Eis/Fels ?de~,Eis/Wasser) zuriickgeworfen en zw1sc en Med1en von kontrastierender Durchliissigkeit (Eis/Luft; 

ABB. 2. Eme A-Scope" Ausstellung zeigt hervorra e d M k . . . 

Mark IV System hat eine Verzogerung von 80 g n_ eh erSmale im Laufe der E1sd1ckemessungen. Das S p R I 

· µs zw1sc en ende J z ·· k · · · · 

vom Eis oder von unterglazialen Fliiche d . rpu sen. uruc strahlungen von der Oberfliiche 

d E . n wer en geze1gt Der unregel ·· · E h h · 
er nerg1e iiber unebenen Reflexionsfliichen · massige c osc we1f resultiert aus Streuung 

A~B. 3. Unterglaziale morphostrukturelle Elemente zwisch d .. . . 

sudpolaren Plateau. Unterglaziales Terra1·n m h I en .. bem sudhchen Transantarkt1schen Gebirge und dem . 

d . e r a s rnoom u er dem M · I d · . 

er unterglaz1alen Tiiler werden gezei·gt Di'e . GI eeressp1ege un die allgememe Richtung 

S 
· numenerten etsch t ·· · d ) R 

cott-Gletscher, 3) Amundsen-Gletscher 4) L' GI h ers rome sm : I eedy-Gletscher, 2) Robert-

7) Lennox-King-Gletscher, 8) Marsh-Gietsche:v-) :.c erd 5) Shackleton-Glets_cher, _6) Beardmore-Gletscher, 

Bluff, 0 = Otway-Massif ' 9 imro -Gletscher. W = W1sconsm-Geb. , D = D'Angelo-

ABB. 4 & 5. Profile, die <lurch ununterbrochene Radio-E h I . . 

dem Transantarktischen Gebirge erhalten word . d D~ ~otungen zw1sch_en _dem ostantarkttschen Plateau und 

ABB. 6. Radio-Echo-Film der Topographie d1'e enhlsmf.F lie dage der Profile 1st m Abb. 3 gezeigt 

u d I h f·· · • wo au e sen er Beacon-Supe , · d O . 

n we c e ur 1hre horizontalen Oberfliichen und steile L d ' r~r~up 1.n er stantarktts entstand, 

den Forschungsarbeiten von 1967 68 ent t d . n an stufen charaktenst1sch 1st. Der Film der wiihrend 

.. - s an en 1st wurde m·t kl · h · ' 

vergrossertem vertikalen Massstab abgezog E . 'E h . 1 ver emertem onzontalen Massstab und mit 

zuriickstrahlen en. r zeigt c os, die von der Grenzfliiche zwischen Eis und Felsboden 

A~B. 7. Radio-Echo-Film (Saison 1969-70) dem Profil (f- f') . . 

d1esem Falle von Nunataks getrennt sind D'e . t . A fh entlang. Man ~ieht, dass die unterglazialen Tiiler in 

fliiche sichtbar ist, stellt Streuung der En. e 
1 

· m ensi~e u ellung auf dem Film, die unmittelbar unter der Eisober-

k rg1e von emer unebenen Ref! · · b ft·· h d 
ann man von giinstigen Orten (z B von Ob fl .. h . . exwnso er ac e ar. In unebenem Terrain 

das Flugzeug vorbeifliegt werden .s1·e· von . el r aAc enkmlt I_e1chter Welligkeit} verschiedene Echos bekommen Wenn 

· h . . vie en spe ten m Kiell' · h d d . · 

eme c araktenst1sche Gestalt die ungefiihr h b J' h . d mie gese en, un as Echo ze1chnet auf den Film 

aber nicht realistische Neigu,ngen oder Fliichper i isc dm er Kontur. ist. Solche Hyperbeln auf dem Film bedeuten 

mittleren Tai (oben) unter der Obe t1·· h end, esbon ers an der Hmterkante. Die hyperbolischen Echos in dem 

· . ' r ac e un ne en dem Nu t k · d hi S . 
we1teren Spttzen, an der Oberfliiche und zu S 't d FI na a , sm wo e1tenechos, von anderen, aber 

r ei e es ugwegs, verursacht 



Polar Record, Vo! 16, No 104, 1973, p 724-735 
Printed in Great Britain 

DEEP-SEA DRILLING FROM GLOMAR CHALLENGER 
AND ITS IMPLICATIONS FOR POLAR AREAS 

[By David J. Drewry, Scott Polar Research Institute.] 
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Since late summer 1968, the United States oceanographic research vessel Glomar 
Challenger has completed nearly 30 highly successful drilling missions in the 
world's ocean basins. During each of these cruises, an average of 10 drill sites 
has been occupied, and cores containing sea-floor sediments and oceanic crust 
have been retrieved. Table 1 lists the areas of operation for the first 25 drilling 
legs. Many of the early cruises were concentrated in the equatorial zones of the 
Atlantic and Pacific oceans, but deep drilling during Phase Two of the Deep 
Sea Drilling Project (DSDP) has produced important results for subpolar regions, 
too. This review first examines the general scientific scope of DSDP, then 
describes some of the results from the north and south subpolar areas and their 
implications. 

The sampling of sediments on the ocean floor is not a recent development. 
During the 18th century, natural scientists collected samples from shallow waters 
with crude grab-and-tackle devices. Today, most conventional oceanographic 
vessels are equipped with piston-coring apparatus for obtaining shallow cores, 
usually less than 30 m in length. The principal advantages of the drilling oper
ations conducted from Glomar Challenf?er are t,hat core samples can be retrieved 
by rotary drilling from much greater depths (up to 1 OOO m) and deep drilling 
permits the retrieval of hard igneous crustal rocks from beneath the sediment 
cover. A complete stratigraphic column from the ocean floor is theoretically 
obtainable. 
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TABLE 1. LOCATION OF DRILLING SITES DURING JOIDES LEGS 1-25. 

Leg No Area Number of 
sites drilled 

Gulf of Mexico and western 
North Atlantic Ocean 10 

2 New York to Dakar 10 
3 Central South Atlantic Ocean 10 
4 West-central South Atlantic Ocean 9 
5 Pioneer-Mendocino Ridge (from 

40°N to 0° along 140°W) 12 
6 North-west Pacific Ocean 12 
7 Guam to Honolulu 7 
8 Southward extension of Leg 5 to 

Tahiti 8 
9 Tahiti to Panama 9 

10 Gulf of Mexico 12 
11 Western North Atlantic Ocean 11 
12 North Atlantic Ocean 9 
13 Mediterranean Sea 15 
14 Off coasts of north-west Africa and 

north-east South America 10 
15 Caribbean Sea 9 
16 East-central Pacific Ocean and Panama 

Basin 9 
17 Central Pacific Ocean 8 
18 Off west coast of United States and in 

Gulf of Alaska 11 
19 Bering Sea and North Pacific Ocean 9 
20 Yokahama to Fiji 8 
21 South-east Pacific Ocean 8 
22 Eastern Indian Ocean 8 
23 Arabian Sea and Red Sea 8 
24 North-west Indian Ocean 8 
25 Western Indian Ocean 12 

The Joint Oceanographic Institutions for Deep Earth Sampling (JOIDES) 
Project was formally instituted in 1964, when the Mohole Experiment was on 
the verge of political and financial collapse, and its aims were, consequently, 
modest and its funds limited. The first hole was successfully drilled in August 
1968, and the project has not looked back since. Glomar Challenger, operated by 
the Scripps Institute for Oceanography, is the main instrument in the DSDP 
programme, which now involves considerable international participation. The 
vessel, a modified ocean-going drilling ship of 10 500 tons, is 122 m long, with 
a beam of 20 m. Amidships is a 43 -m derrick, and the ship carries approximately 
7 OOO m of 0.14-m-diameter drill piping, which is handled automatically from 
racks positioned forward of the drill hoist. Drilling can be carried out in water 
up to 6 OOO m deep, and 9-m cores can be recovered from the ocean bed beneath 
to a depth of 1 OOO m. When operating in soft sediments, a recovery efficiency of 
about 50-75 per cent of the total cored hole can be expected. Drllling hard 
nodular bands, such as chert, causes special problems because some of the 
previously cored sediments may be washed out by the water that circulates to 
maintain a clean drill-bit and a free drill-string. The problems of re-entry into the 
drill-hole have been overcome successfully. 

The precise navigation required during drilling operations is achieved with a 
· dynamic positioning system, a technique developed in the petroleum industry. 

Positioning beacons are placed on the sea-bed to emit acoustic signals. The 
signals are picked up within the ship, then transferred to a computer on board 

.!. 

FIELD WORK 726 

for processing to provide instructions that keep the ship within a radius of 30 m 
of a beacon. · 

Geophysics. The JOIDES project began when the conceptual revolution that has 
affected the earth sciences during the past decade was only a few years old, and 
geologists and geophysicists were seeking evidence for and further confirmation 
of new ideas regarding the behaviour of ·the earth's outer layers. Although a 
number of new techniques have been developed, deep-sea drilling is perhaps the 
most spectacular and the single most important means of providing such evidence. 

The theory of continental drift, first postulated early this century, was con
siderably strengthened by the concept of ocean-floor spreading (Hess, 1962), 
whereby the continents are considered to be the core areas of much larger 
lithospheric plates, which make up the earth's outer shell. These plates are 
thought to move along slip-zones within the upper mantle as new oceanic crust 
is continuously being created at mid-ocean ridges by an upwelling of mantle 
material and is continuously being consumed by the downthrusting and melting 
of crust in ocean trenches. The recording and interpretation of linear magnetic 
anomaly patterns on the ocean floor by Vine and Matthews (1963) provided the 
first confirmation of these ideas. The second and equally significant verification 
of ocean-floor spreading has come from the cores drilled from Glomar Challenger. 

If the oceans have developed by the creation of new crust at mid-ocean ridges, 
it is reasonable to expect that the oldest oceanic crustal remnants should be 
found farthest from the ridge crest that forms the spreading axis. The older the 
crust, the older will be the sediments lying immediately above it . The ages of the 
oldest sediments found on JOIDES Leg 3 in the South Atlantic Ocean have been 
plotted in Fig 1 against the respective distance of the drill site from the Mid
Atlantic Ridge . The graph indicates symmetrical spreading of the ocean floor on 
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FIG 1. Symmetrical ocean-floor spreading from the Mid-Atlantic Ridge at 30°S (data 
from JOIDES Leg 3). The bars indicate estimated error in the age and distance 
determinations. 
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both sides of the ridge, in this case at a half-spreading rate of 0.02 m a - 1. This 
rate is in close agreement with that derived from palaeomagnetic studies. Radio
metric datings of crustal igneous rocks, such as basalts and serpentenites, retrieved 
from JOIDES cores show a pattern that also agrees with the palaeomagnetic and 
marine stratigraphic data. Ocean-floor spreading and global plate tectonic evo
lution also imply that ocean basins must be relatively juvenile geological features. 
The oldest crust found to date by deep drilling is Middle Mesozoic, about 160 x 
10• a BP (that is, 160 million years before present), which supports this idea of 
relative youthfulness. 

Sedimentolo'gy. Orte important result of the JOIDES programme is the recovery, 
in aggregate, of every major time-stratigraphic boundary from the Holocene to 
the Lower Cretaceous (135 x 10• a BP) and the assembly from the cores of an 
almost complete geological column. This information forms the basis of many 
new studies of deep-sea sediments and sedimentary processes. 

The rate of accumulation of sedimentary material on the ocean floors reflects 
a variety of processes, such as circulation patterns and deep-water chemistry1 

within the oceans themselves and of denudational activity on adjacent continents. 
The JOIDES cores provide an accurate method of determining rates of sedimen
tation and of the evolution of marine sedimentary rocks at particular locations 
and over large oceanic areas. Fig 4 shows typical records from the North Pacific 
Ocean of sedimentation rates that extend back into the Upper Cretaceous (70 x 
10• a BP). Often the whole history of an ocean floor as it moves from a ridge 
crest to a continental margin is documented by the changing pattern of 
sedimentation. 

It appears that turbidity currents (bodies of sea water that originate on 
continental shelves and carry clouds of terrestrial sediment in suspension down 
continental slopes to the ocean plains) are · of much greater importance in oceanic 
sedimentation than had previously been thought. Turbidite samples have been 
recognized from cores obtained on ocean plains far from the continental slope 
in both the North Atlantic Ocean and in the Gulf of Mexico. JOIDES sediment 
samples have also indicated that many minerals are formed in deep-sea sediments 
after deposition, primarily by enrichment resulting from chemically active 
solutions rising from igneous crustal rocks . Ferromanganese nodules of potential 
economic importance are abundant in some locations on the ocean floor, but 
are found less frequently in samples taken at depth. 

Palaeoenvironments. Micropalaeontological analysis of JOIDES cores, especially 
of the Cenozoic sections, has produced ecological evidence for and detailed zonation 
of some of the calcareous nannoplankton and radiolarians and has improved the 
biostratigraphic record for much of the era. Statistical examination of microfossils 
contained within cores has led to some estimates of climatic changes. Such 
analyses can be of two kinds: one may count the proportions of "warm" and 
"cold" taxa within various horizons to yield generalized temperature data, or 
one may use the dependence of the oxygen isotopes 160 and 180 on temperature 
during · secretion in biogenic ~arbonate in the shells and tests of planktonic 
foraminifera. Although a number of factors complicate a simple relation between 
0 values in secretions in shells and global air temperatures, the technique is, never
theless, a useful tool in exploring past climatic fluctuations, as Emiliani (1955 ; 
1966) has demonstrated with cores from the Caribbean Sea and Atlantic Ocean. 
More recent work has been done on isotope analysis of sea-floor sediments but, 

. whereas conventional means can recover only shallow cores, which go back at the 
farthest to the Mid-Cenozoic, the much deeper sections retrieved from Glomar 
Challenger provide a palaeodimatic history that extends into the Mesozoic. Fig 2 
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shows a record of o"O values determined from Pacific cores for the last 80 x 10• 
a BP. Although only very generalized trends are indicated on this particular 
diagram (eg, two major climatic optima during the Paleocene- Early Eocene and 
Middle Miocene), the potential for detailed studies of all or of specific parts of a 
core is obvious. 
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FIG 2. Generalized temperature and cl imatic data for the Cenozoic based on oxygen 

isotope measurements of planktonic foraminifera in JOIDES cores from the 
central Pacific Ocean (Douglas and Savin. 1971). Column A indicates periods of 
subglacially erupted volcanic rocks from Marie Bryd Land (solid). the incidence 
of ti ll ites in Ellsworth Land and glacio-volcanic events in the McMurdo Sound 
ice-free valleys (ruled). Column B shows the occurrence of significant quantities 
(> 10 per cent) of ice-rafted debris in Eltanin sub-Antarctic deep sea cores 
(Margolis and Kennett, 1971). 

Changes in environmental conditions can be detected from the nature of the 
sediments themselves. The existence of widespread Eocene chert and ·silicified ash 
horizons in the North Atlantic Ocean and north-west Pacific Ocean (initially 
detected on seismic refraction profiles) is probably due to a major environmental 
change in the global oceanic circulation pattern in which the bottom-water 
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chemistry .altered to favour the rapid deposition of opaline skeletons of micro
organisms, which in turn . silicified into the observed chert layers. This change, 
referred to as the diatom explosion, occurred after a long period during the 
Early Tertiary that was characterized by very slow rates of sediment accumu
lation. 

Deep drilling in the sub-Arctic. Leg 12, completed in summer 1970, extended 
to 60 °N in the Atlantic Ocean, where sites were drilled in the Labrador Sea, 
on the Reykjanes Ridge, an.d in the Rockall Basin. In 1971, Legs 18 and 19 
occupied sites in the Gulf of Alaska, off the Aleutian Arc, in the Bering Sea, 
and in the Kamchatka Basin (see Fig 3). Cores from basement rocks at sites 113 
and 115 in the North Atlantic Ocean were wanted to confirm the ages of linear 
magnetic anomalies and to yield further detail on the evolution of the Atlantic 
Ocean but, owing to technical difficulties, the crust was not reached at either 
site. However, penetration of the crust at other sites and interpretation of the 

Pm 3. JOIDES drilling sites in the North Pacific Ocean and the North Atlantic Ocean. 

sedimentary record have assisted in reconstructing the complex Tertiary palaeo
geography of the North Atlantic Ocean (Laughton, 1972). Results from the 

. Rockall Basin show strong tectonic subsidence of about 2 OOO m and rapid sedi
ment accumulation during the Cenozoic. Interpretation of regional magnetic 
anomaly patterns by Vine (1966) had suggested that the Rockall Plateau was above 
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sea level and joined to south-east Greenland some 60 x 10• a BP, based on a 
half-spreading rate of 0.01 m a- '. Rapid subsidence at sites 116 and 117, 
dated to about 55 x 10'; a BP, is related to the opening of the North Atlantic 
Ocean and confirms the geomagnetic evidence for sea-floor spreading. Other 
sediments in these cores suggest periods of tectonic instability at 39 and 15 x 10 6 

a BP. Evidence of a period of strong erosion in the fceland area during the 
Quaternary is preserved in cores from site 115. Here, hard volcanogenic sand
stones were encountered below about 60 m. The deposits are considered to be 
turbidites derived principally from the volcanic rocks of southern Iceland. 

In the North Pacific Ocean, five sites were occupied in the Gulf of Alaska 
during Leg 18, and nine sites in the Bering Sea on Leg 19. The western flank of 
the Alaskan continental margin was found to be a typical subduction zone, a 
region where Pacific Ocean crust is being forced down to depth and destroyed 
under the North American continental plate. Core analysis indicates rapid 
subduction off the Aleutian Islands in the Late Pleistocene, probably following 
a long Middle Cenozoic quiescent period, as postulated by Pitman and Hayes 
(1968) and allows for a rate of underthrusting of about 0.06 m a- ' . Eariier 
estimates for the movement of Pacific Ocean floor have suggested a 3 OOO-km 
displacement since the Middle Eocene (50 x 10• a BP) . The sediments found in 
the Gulf of Alaska, which are derived mainly from continental North America, 
were, according to microfaunal l;!Vidence. deposited in a high-latitude environment. 
This suggests a period of moderate stability up to the Pleistocene, with later plate 
motions of probably no more than 1 OOO km . 

Cores from the Bering and Kamchatka seas show that there the Miocene 
period was characterized by widespread ·and very intensive continental erosion. 
Typical high rates of sedimentation are indicated in Fig 4. From Late Pliocene 
times turbidites become prominent in these cores, an indication of another rapid 
increase in continental denudation, probably induced in this case by sea level 
changes following the commencement of glaciation. A period of major volcanic 
activity, also dated to the Late Pliocene, may be partly responsible for the 
increase in sedimentation, for there is abundant pyroclastic and volcanoclastic 
materials within the cores (Fig 5). A much earlier volcanic period has also been 
detected during the Miocene (between about 10 and 20 x 10' a BP) . 

In both the North Atlantic and North Pacific cores, there is abundant evidence 
of Tertiary glaciation, and examination of the sediment samples has given 
important data concerning the onset of glacial conditions and the subsequent 
chronology of glacial events in the Northern Hemisphere (Berggren, 1972). 

Sites 111-13, in the Labrador Sea, have revealed a succession of Pliocene
Pleistocene glacial sediments comprised of terrigenous clays and silts containing 
striated pebbles as well as deep-sea foramin iferal oozes. At sites 111 , 112, and 
I 16, the preglacial-glacial interface, which is identified by microfossil assem
blages, lithology, and a sharp increase in gamma-ray activity, indicates the on~et 
of glacial conditions in th-e Middle Pliocene, D bout 3 x 10" a BP. These were 
the first deep-,ea cores to document thi~ important junction in detail. Below the 
Middle Pliocene zones, a subtropical microflora and microfauna suggest the 
presence in this region of a branch of the proto-North Atlantic Drift (Laughton 
and others, 1970). Pre-Pleistocene sediments from site 11'2, especially those of 
Eocene and O li gocene age, also indicate deposition by active bottom currents . 

Cores from the Gulf of Alaska and the Bering Sea contain abundant ice-rafted 
clasts (see Fig 5). The first of these glacial sediments is detected in the Late 
Miocene (10 x 10' a BP), much earlier than for the North Atlantic, although 
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FIG 5. Generalized stratigraphic columns for nine North Pacific sites occupied on 
JOIDES Leg 19. Volcanic ash and ice-rafted debris horizons are indicated. 
Sediment ages (inl0 6 a BP) shown on extreme right. 

ice-rafted material is more abundant after the Middle Pliocene. The earlier dates 
are probably due to the siting of drill holes near the mountainous Alaskan 
continental margin. The Late Miocene dating, however, ties in well with estimates 
of initial glacierization by Bandy and others (1969), which are based on a transition 
from warm-water to cold-water planktonic foraminifera in exposed Tertiary rocks 
from the Yakataga district of southern Alaska (Fig 3). Denton and Armstrong 
(1969) have also ascribed glacial deposits on the northern flank of the Wrangel 
Mountains to a stage 10 x 10• a BP, based on the radiometric dating of volcanic 
rocks interbedded with tillites. 

Later Quaternary glacial episodes are reflected in some of the Pacific and 
Atlantic cores. Sediments in the Aleutian trench, for , example, point to .two 
glacial maxima with high sedimenta'tion rates. More detailed analysis of Atlantic 
data (Berggren, 1972) points to successive glacial episodes, increasing in intensity 
and reaching a climax during the Mindel (0.4 x 10• a BP) glaciation. In general, 
it is possible to correlate the deep-sea core sequences with North American and 
European continental and mountain glacial stages, but it becomes difficult to 
correlate directly , detailed glacial cycles because the terrestrial stages are not true 
time-stratigraphic units. ' 

Deep drilling in the Antarctic. Ewing and Hayes (1970) called attention to the 
important geophysical results that could be obtained if Glomar Challenger drilled 
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in Antarctic waters. Their ideas were later expanded and a programme of five 
56-day cruises was supported by the United States National Science Foundation 
(Fig 6). This map includes JOIDES sites already occupied in the Australian 
region to 35°S and some of the Eltanin shallow-core sites in the Bellingshausen 
Sea. The drilling programme began south of Australia and off the coast of 
Wilkes Land during the 1972-73 season. Although no results are yet available, the 
basic aims of this work can be outlined (Hayes and Edgar, 1972) . 

A primary objective is to chronicle the separation of the ancient supercontinent 
of the Southern Hemisphere, Gondwanaland, by detailing the absolute ages and 
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FIG .6. Deep-sea dri ll ing in Antarctic waters 

sediment stratigraphy of the ocean floor around Antarctica. The importance of 
documenting this break-up history has been demonstrated from _the interpretation 
of cores from JOIDES Leg 21 taken in the Coral and Tasman seas. The existence 
of a widespread unconformity in the Early Oligocene sedimentary record from 
this area has been interpreted to be the result of intensive deep-marine erosion 
induced by changes in palaeocirculation of the proto-South Pacific Ocean. It is 
thought that the northward drift of Australia, following its separation from 
Antarctica in the Middle Tertiary, and the development of the Antarctic ice sheet 
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altered and intensified oceanic circulation patterns (Kennett and others, 1972). The 
postulated modifications to the South Pacific oceanography in the Late Cenozoic 
are shown in Fig 7. 

Other geophysical investigations will include the search for ancient oceanic 
crustal remnants, which are thought to be preserved around the Antarctic coastal 
margins, and drilling at sites in the Scotia Sea, on the Macquarie and Balleny 
ridges, and on the Kerguelen Plateau to examine tectonic problems associated 
with sub-Antarctic island areas. Analysis of cores from the Southern Ocean will 

EOCENE RECENT 
FIG 7. Tertiary changes in the circulation pattern of the circumpolar current in the 

Australian-Antarctic sector of the Pacific Ocean (after Kennett and others, 
1972, with modifications to the Eocene reconstruction from Smith and others, 
1973). 

considerably assist in evaluating the very complex details of the volcanic, glacial, 
and climatic histories of Antarctica (Gonzalez-Ferran, 1971 ; Denton and others 
1971). The lack of any terrestrial fossiliferous sediments younger than the Jurassic 
in Greater [East] Antarctica makes this work particularly important. Cores from 
the Ross Sea region would be especially valuable, because their results could be 
combined with data from the Ross Ice Shelf Drilling Project* and the Dry Valleys 
Drilling Project. 

Investigations on the Antarctic continent itself . have already indicated the 
onset of glacial conditions in the Miocene (Rutford and others, 1971) and possibly 
as early as the Eocene in Marie Byrd Land (LeMasurier, 1971) (Fig 2). Shallow 
cores taken from Eltanin 1n the Bellingshausen Sea (Fig 6) suggest major cooling 
phases in the Southern Ocean during the Early Eocene, late Middle Eocene, and 
Oligocene times (Margolis and Kennett, 1970; 1971) (Fig 2). Hopefully, the 
JOIDES drilling programme will give a much more detailed picture of these 
events and will clarify both the temporal intensity and spatial extent pf Early 
Tertiary glaciation in Antarctica. 

* See Polar Record, Vo! 16, No 103, 1973, p 650-51. 
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DEEP-SEA DRILLING FROM GLOMAR CHALLENGER 
AND ITS IMPLICATIONS FOR POLAR AREAS 

[By David J. Drewry, Scott Polar Research Institute.] 
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Since late summer 1968, the United States oceanographic research vessel Glomar. 
Challenger has completed nearly 30 highly successful drilling missions in the 
world's ocean basins. During each of these cruises, an average of 10 drill sites 
has been occupied, and cores containing sea-floor sediments and oceanic crust 
have been retrieved. Table 1 lists the areas of operation for the first 25 drilling 
legs. Many of the early cruises were concentrated in the equatorial zones of the 
Atlantic and Pacific oceans, but deep drilling during Phase Two of the Deep 
Sea Drilling Project (DSDP) has produced important results for subpolar regions, 
too. This review first examines the general scientific scope of DSDP, then 
describes some of the results from the north and south subpolar areas and their 
implications. 

The sampling of sediments on the -ocean floor is not a recent development. 
During the 18th c~ntury, natural scientists collected samples from shallow waters 
with crude grab-and-tackle devices. Today, most conventional oceanographic 
vessels are equipped with piston-coring apparatus for obtaining shallow cores, 
usually less than 30 m in length. The principal advantages of the drilling oper
ations conducted from Glomar Challenf,?er are that core samples can be retrieved 
by rotary drilling from much greater depths (up to 1 OOO m) and deep drilling 
permits the retrieval of hard igneous crustal rocks from beneath the sediment 
cover. A complete stratigraphic column from the ocean floor is theoretically 
obtainable. 
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