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ABSTRACT 

The results of a comprehensive three-year study of the Marr Ice 
Piedmont, Anvers Island, Antarctica are presented. 

The piedmont steinds on a low coastal platform ranging from s l i ­
g h t l y below sea l e v e l to 200 m, a . s . l . Ice thickness ranges from 60 
to 80 m, at the coastal c l i f f s to more than 600 m, inland. 

Annual accumulation i s high. There i s a strong relationship 
between elevation and accumulation rates and a marked varia t i o n of 
acctunulation rates from year to year. 

Surface ice v e l o c i t i e s range from 14 m/year to 218 m/year and 
there i s considerable ice streaming as a resxilt of the subglacial 
topography. 

The mass balance of a representative part of the piedmont i s 
considered to be i n equilibrium or possibly, s l i g h t l y p ositive. A 
study of a peripheral ramp shows annual fluctuations of beilance and 
i t i s hypothesised that there may be a long-term tendency towards a 
pos i t i v e regime. 

Ice core studies indicate that there i s no dry snow facies but 
a l l other facies are i d e n t i f i e d . The saturation l i n e l i e s at approx­
imately 600 m. a.s. l . and the equilibrium l i n e ranges from 60 to 
120 m. a.s. l . 

Englacial ten-metr^; temperatures range from -0.8 near the 
coast to -4.9 *C inland. 

Deformation v e l o c i t i e s have been calculated and basal s l i d i n g 
v e l o c i t i e s i n f e r r e d . I t i s hypothesised that basal conditions are 
not eyerjrwhere the same and that parts of the piedmont are frozen 
to bedrock. 

I t i s suggested that basal s l i d i n g and erosion are related and 
that the piedmont i s selectively eroding i t s bed and accentuating 
the subglacial topo^:raphy. Evidence of erosion, debris-rich ice, 
exists i n the piedmont but i s below sea le v e l at the coastal c l i f f . 
The piedmont i s not a "Strandflat Glacier" which i s cutting a planed 
surface at a le v e l controlled by the sea. 
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CHAPTER Om 

OTTRODUCTION 

Anvers Island i s located o f f the western coast of the Antarctic 

Peninsula between la t i t u d e s 64̂ * and 65* south and longitudes 62" 30' 

and 64* 30' west. I t i s the largest and most southerly member of the 

Palmer Archipelago and i s rectangular i n shape, approximately 60 Icra 

long i n a northeast-southwest dire c t i o n and 45 km wide. I t has an area 
2 

of about 2,700 km (fi g u r e 1). 

Physiographically, Anvers Island can be divided i n t o tvro d i s t i n c t 

parts. The eastern side consists of heavily glacierized mountainous 

t e r r a i n , which i s dominated by Mt. Francais, which rises to 2,750 m. 

The Achaean, Trojan and Osterreith Ranges trend northward and eastward 

from t h i s point and form a discordant northeast coastline. From Mt. ' 

Moberly (1,660 m,)", a fourth range trends southwards. Within t h i s mountain 

system are several valley glaciers, the most notable of which i s the 

I l i a d Glacier which flov/s northward from Mt. Francais to Lapayrere Bay 

(f i g u r e 1 ) . 

The entire ler^-th of the western side of the island i s occupied by 

an xmbroken ice cover, known as the Marr Ice Piedmont ( f i g u r e 2). This 

piedmont ranges i n width from 7 to 25 km and accounts f o r approximately 

h a l f of the t o t a l island area. Prom i t s terminal ice c l i f f s on the 

western and southwestern coastlines, the snow surface rises tov/ard the 

mountain walls and reaches a marcimijun elevation of some 850 m. 

1 
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m.g, 2. Marr Ice Piedmont. View looking east. Note: Sharp physiographic 
division between moiintain ran^s and the piedmont, the peripheral 
ice c l i f f s , crevasse fields and ice ramps, photo) 



The surface of the piedmont i s not unifoimily planar or convex but 

shows quite pronovmced topography. This i s p a r t i c u l a r l y evident i n the 

Perrier Bay area and i n the southwestera part, i^^ere pronounced swells 

and hollows are frequent. These topographic features, though evident to 

some degree close to the mountains, are p a r t i c u l a r l y prominent i n the 

central and coastal areas of the piedmont. To a considerable degree, 

they r e f l e c t the subglacial topography, especially i n areas where the 

ice thiclcness i s less than 300 m. The peripheral 2 to 5 km. are heavily 

crevassed ( f i g u r e 3) and -vehicular access to the inland regions i s 

d i f f i c u l t . I n many instances, the pattern of the crevasses i n t h i s 

peripheral zone can be related to the d i r e c t i o n of ice movement. 

For the most part the ice piedmont terminates i n c l i f f s ranging 

i n height from 20 to 80 m. above sea l e v e l . These c l i f f s pass into small 

ice ramps i n only a few isolated locations whore the piedmont terminates 

on land promontories (figures 2 & 5). 

Within the general descriptive framework of the west coast piedmonts, 

the Marr Ice Piedmont i s a good example of i t s type, though a precise 

morphological c l a s s i f i c a t i o n according to Ahlman (1948 p 67-69) i s not 

possible due to the lack of topographic information. However, from the 

l i m i t e d information which i s available from t h i s study, i t i s probably 

of Ahlmann's type "A" with an area-altitude graph of the general shape 

•shown i n Figure 4-

Ice thiclmess measurements published by Dewart (1971) and discussed 

by Rundle (1971) indicate that i t i s i n fact an ICH. PIEDMONT, defined 

by Armstrong et a l (1966) as follows: 



Pig, 3. Heavily crevassed peripheral i c e t y p i c a l of 
much of the piedmont. Vie» i n v i c i n i t y of 
Wylle Bay, looking ME. 

" I c e covering a coastal s t r i p of low l y i n g land backed hy motmtains. 
The surface of an i c e piedmont slopes gently seawards and may be any­
thing from 1 to 50 km wide, fringing long stretches of coastline with 
i c e c l i f f s . I c e piedmonts frequently merge into i c e shelves. A very 
narrow i c e piedmont may be c a l l e d an i c e fringe". 

GEOGRAPHIC CONTEXT OF ANVERS ISLAND 

The Antarctic Peninsula, because of i t s l a t i t u d i n a l extent and 

el e v a t i o n range, exhibits a va r i e t y and progression of glac i o l o g i c a l 

conditions and forms an important l i n k between the temperate g l a c i e r 

category i n the north and the t r u l y cold polar West Antarctic Ice Sheet 

to the south. I t contains an almost complete range of morphological 

types from small cirque g l a c i e r s and large v a l l e y g l a c i e r s to i c e caps 

i c e piedmonts and i c e shelves. 
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F i g . 5. View of Biscoe Bay showing peripheral c l i f f s , crevasses 
and Biscoe Point i c e ramps (center r i g h t ) . 

(US Na?y photo) 



I t s position r e l a t i v e to the cold '^eddell Sea i n the east and the 

warmer Bellingshausen Sea i n the west, give i t characteristics pecul­

i a r to i t s e l f from the point of view of climatic as well as l a t i t u d i n a l 

influences on glaciological regimes. For 1,300 km. the eastern shore­

l i n e borders the Weddell Sea, which with i t s massive concentrations 

of pack i c e , acts as a "resewir of cold" (Linton 1964) and profoundly 

influences the nature of the east coast g l a c i e r i z a t i o n . Thus, the^ice 

shelves which characterize and dominate the eastern seaboard begin 

as f a r north as 64* S. and culminate i n the massive Larsen Ice Shelf. 

By contrast, the Bellingshausen Sea i s warmer than the Weddell 

Sea by as much as 5 C. at similar l a t i t u d e s , and along the 1,100 km. 

western coastline ice shelves are not evident u n t i l about l a t i t u d e 

69** S; and the Wordie Ice Shelf i s reached. North of t h i s l a t i t u d e , 

i c e caps, ice piedmonts and sea-calving glaciers are characteristic 

and none of these extends f a r , i f at a l l , beyond t h e i r individual bed­

rock coastlines. An important, c l i m a t i c a l l y controlled boundary l i n e 

has been suggested by Robin (1964) to exist along t h i s coast and rep­

resents the l a t i t u d e at which sub-polar glaciers are able to terminate 

on land. This location i s l i k e l y to be extremely sensitive to climatic 

v a r i a t i o n and change. 

The southerly penetration of the Antarctic Convergence below 60̂ ^ S. 

i s a dominant climatic influence and meteorological and associated 

d i s t r i b u t i o n s xvoa generally p a r a l l e l to i t . The a i r temperature along 

the entire western coastline can r i s e above the freezing point i n a l l 

months of the year. 

8 



The l i m i t e d p r e c i p i t a t i o n records from the peninsula also indicate 

contrasts between the two coastlines. On the eastern side, as l i t t l e 
2 

as 10 g/cm / year i s suggested by Linton ( 1 9 6 4 ) while on the western 

side 10 to 20 times t h i s amount i s not uncommon. The highest value on 

record can now be reported from Anvers Island, where the average value 

f o r the three-year period 1965-T968 reached over 230 g/cm / year at 

850 m. above sea l e v e l (Ruhdle 1967 , 1 9 7 0 ) . A pre c i p i t a t i o n gradient 

i s evident from northwest to southeast and Linton ( 1964) suggests a 

r i s i n g snowline from northwest to southeast which i s generally opposed 

to the normal r i s e of the snowline with decreasing l a t i t u d e . The dep­

o s i t i o n o f rime by condensation i s common throughout the peninsula and 

reaches proportions large enough to be an important factor i n glacier 

budgets i n T r i n i t y Peninsula. 

Thus the Antarctic Peninsula emerges as a complex geographic 

province i n which the interaction of glacio-climatic factors must be ' • 

considered i ^ i t s overall geographic description. Many individual glac-

i o l o g i c a l and climatological problems await solution i n the area and 

the underlying inte n t of the. work described i n t h i s thesis i s to shed 

l i g h t on some of the answers. 

Pm''I0U3 GLACIOLOGICAL WORK IIT THE AJITARCTIC PEIJIIJSULA 

Before the turn of the present century much descriptive material 

had been collected by whaling and sealing ships and by exploratory 

voyagers but the f i r s t g laciological observations i n the Antarctic 

Peninsula were made during the Belgian Antarctic Expedition and Arc-



towski ( 1 9 0 0 ) b r i e f l y described the glaciation of the area. This was 

followed by the Charcot expeditions, 1 9 0 3 - 1 9 0 5 , and Gourdon ( 1908 ) made 

detailed g l a c i o l o g i c a l observations and, from Anvers Island, described 

"vast f l a t glaciers descending from Mt. Francais and the Osterreith 

Range • " (p 1 0 8 ) . I n the following decade the B r i t i s h Imperial 

Expedition v i s i t e d the Banco Coast (Lester Ti923), and during the Nor­

wegian Antarctic Expedition, Holtedahl ( 1929 ) examined the physiography 

and glaciology of the region an.d concluded that many of the ice features 

of the peninsula's west coast were "strandflat"'glaciers. 

During the B r i t i s h Graham Land Expedition, 1934 -1937 , the glaciology 

o f the western coast of Graham Land was further investigated by Fleming 

( 1 9 4 0 ) ijho believed that the present ice caps and "fri n g i n g " glaciers 

had been reduced to t h e i r present form from a previously more extensive 

ice sheet. From observations at Argentine Islands he believed that 

ablation f a r exceeded accuiuulation and concluded that the present ice 

caps and glaciers were ephemeral features, out of phase with the prevEdlin^ 

c l i m a t i c conditions and would fast disappear. 

Following the second world war, the Falkland Islands Dependencies-

Survey established the s c i e n t i f i c station at Argentine Islands i n 1947 

and a continuous meteorological record has been kept to the present 

time. Glaciological work was carried out by Roe ( 1960 ) from 1958-1960 

on Galindez, Winter and Uruguay Islands. He suggested that the formation 

of superimposed i c e , even during a warm summer, i s important i n the 

maintenance of the Argentine Islands' ice caps. From measurements between 

June 1958 and Februarj'- 1960 , he concluded that ice accumulated at the 
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r a t e of 5 . 0 - 7 . 5 cm/year but because t h i s period covered anamolous met­

eorological conditions, he believed his observations were not l i k e l y 

to be t y p i c a l and that i f the observations were made over a longer 

period (10 years) the "picture - - - would probably be much modified". 

Measurements over a.five-month period showed ice movement rates of 20-

50 cm./year, 30 meters from the edge of the ice c l i f f . 

I n the South Shetland Islands, the establishment i n 1948 of a. base 

at Admiralty Bay, King George Island, led to glaciological observ'ations 

by Hattersley-Smith. ( 1 9 4 8 , 1949) who concluded, from the very low 

movement rates observed, that "Camp Glacier" i s very inactive. Pour 

accumulation poles set out by Chaplin ( 1949 ) showed snowfall of 186' cm. 

between May and October 1949 . Similar observations by Stansbury (1961a) 

i n 1959 showed accumulation of 140 cm. during the winter. Noble (1-959, 

19S5) assessed the biidgets of Flagstaff Glacier and Stenhouse Glacier 

from March 1957 to March 1958 . The budget of Stenhouse Glacier was 

almost balanced but Flagstaff Glacier had a decidedly negative budget. 

High movement rates were observed on Stenhouse Glacier; 1 meter/day 

near the terminal c l i f f s and 0.5 m/day up-glacier. Movement of Flagstaff 

Glacier was too slow f o r short-term measurement and the results of ann­

ua l movement studies are regarded as unreliable (Noble 1965, p 9). 

Stansbury (1961b) studied the Hodges Glacier, South Georgia, from 

November 1957 to September 1959 and concluded that t h i s glacier had 

a markedly negative budget, continuing a slow trend of galcfer shrink­

age of the past few years. Movement rates were high f o r t h i s cirque 

g l a c i e r ; 0.5 cm/day near the snout and 62 cm/day on the steep back 
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walls. From Signy Island, South Orkney Islands, Haling (1948) reported 

that rime formation above the cloud base i s an important accumulation 

factor and because i t also forms on rock outcrops, i t increases the 

albedo and retards ablation. 

I n T r i n i t y Peninsula, extensive glaciological work was carried out 

by Koerner between December 1957 and A p r i l 1960 (Koemer 1961, t964). 

He concluded that the glaciers i n T r i n i t y Peninsula have shown few 

signs of recession during t h i s century. Prom a study of the regimes 

of Depot Glacier aad the ice piedmont between Hope Bay and Trepassy 

Bay, he concluded that accumiilation exceeds ablation by sublimation, 

evaporation and runoff and that calving of the ice front i s responsible 

f o r maintaining equilibriiim. Accumulation by rime deposits i s import­

ant on the ice piedmonts of the west coast of T r i n i t y Peninsula and 

on J o i n v i l l e Island. 

Thomas (1963) carried out more detailed glaciological observations 

on Galindez Island between August 1960 and January 1962, Snow depth and 

density were measured every few months at a rectangular stake pattern 

and the study showed that over a number of years the budget state of 

Galindez Island was one of equilibrium with minor o s c i l l a t i o n s i n sur­

face l e v e l related approximately to the cyclic v a r i a t i o n i n the ajinual 

mean temperature. Continuation of t h i s work by A.J. Scharer (see Sadler 

1968) to March 1963 showed that mean annual net accumulation from 1958-
2 

1953 was 20 g/cm at one s i t e . 

Sadler (1.96S), continuing the work on Gaiindez and Skua Islands, 

showed that GSfo of the gross accumulation was removed by ablation and 



that 2 2 ^ of t h i s was the re s u l t of calving at the ice c l i f f s . A net 

accumulation of approximately 19 cm. of water equivalent was recorded 

from which i t i s apparent that these islands' ice caps are not i n equi­

l i b r i u m but have s l i g h t l y positive budgets. I n the Argentine Islands 

the very small annual ice movement iS: too low to allow calving to> create 

equilibrium, 

Bryan ( 1 9 6 5 , 1968) and Dewar ( 1967 ) have conducted glaciological 

investigations on Adelaide Island and i t appears that the Puchs Ice 

Piedmont i s at or close to equilibrium. Whether i t i s a r e l i c from a 

formerly more extensive ice sheet i s not known but from the high rates 

of accumulation and the apparently active state of the regime, that ice 

piedmont seems, capable of independent existence. 

PREVIOUS WORK ON THE ICE PIEDMONTS AND THEIR GEOMORPHOLOGICAL SIGNIFICANCE 
F i r s t serious attention was drawn to the ice piedmonts by F o l t -

edahl ( 1 9 2 9 ) who, a f t e r investigating the Marr Ice Piedmont on Anvers 

Island, suggested that the masses of foreland ice on the exposed coast 

of Graham Land are strandflat glaciers that have cut and are s t i l l 

c u t t i n g planed surfaces or "strandflats" at a le v e l controlled by the 

sea. He regarded the Marr Ice Piedmont, the Fuchs Ice Piedmont, the Handel 

and Mozart Ice Piedmonts as mat-ure strandflat glaciers which have eroded 

a l l nxjnataks they m^ have surrounded and have almost completely cut 

away t h e i r mountain headwalls i n areas such as north Adelaide Island, 

Ho believed the strandflats v/ere not cut on the less exposed coasts 

because the f j o r d s were f i l l e d with stagnant ice where f u l l c u t t i n g 
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power was not developed. 

He suggested that the Marr Ice Piedmont was once more extensive 

and that i t may at some time i n the past have been supported by the 

sea i n places ('i,e, l i k e an ice shelf J. The Puchs Ice Piedmont i s thought 

by Dewar (1967) to have been thicker and more extensive and to have 

reached seaward fo r at least 11 miles (18 km.) to the Amiot Islands. 

Fleming (1940) concluded that the present ice piedmonts and ice 

caps along the western coastline were the remaining land supported 

margin of a former coastal ice shelf and that the seaborne area had 

broken away and been l o s t i n comparatively recent years. He did not 

however, discuss the o r i g i n of the sea level platforms on vrtiich the 

ice piedmonts rest except that he found no evidence that these " f r i n ­

ging" glaciers eroded t h e i r own platforms. I n f a c t , he reported that 

they had been found resting on, but not eroding, unconsolidated beach 

deposits (p 98). 

A s i g n i f i c a n t feature of the ice piedmonts and other " f r i n g i n g " 

glaciers i s that they generally terminate i n sea-calving c l i f f s at 

t h e i r own individual bedrock coastlines and bedrock i s generally 

v i s i b l e at the base of the ice c l i f f s . Englacial moraine has ra r e l y 

i f ever been reported i n the ice c l i f f sections even wiiere bedrock 

between ice and the sea can be safely examined at close quarters 

( f i g u r e s ) . This point has been stressed by Dewar (1967). 

I t has been suggested by Koerner (1i961, 1964) that the ice piedmonts 

i n T r i n i t y Peninsula rest on pre-glacial pavements because he consid­

ered that the regular l i n e a r i t y of the mountain headwalls behind the 
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Pig. 6, I c e c l i f f i n Lowdwater Cove on the northern 
side of Palmer Station, showiog clean, 
debris-free i c e resting on bedrock. 
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ice piedmonts could not have been produced by a strandflat cutting 

glacier -which had eroded i t s pavement f o r as great a distance as 6,2 

miles (10 km) from the coast. Prom his observations on the Puchs Ice 

Piedmont, Dewar (1967) regarded t h i s point as even more sig n i f i c a n t 

because i n places the mountain headwalls are 10 miles (16 km) from 

the coast. On Anvers Island the distance i s even greater though the 

l i n e a r i t y of the mountain headwall i s not so strongly defined. 

The degree of a c t i v i t y of the piedmonts and other f r i n g i n g glac­

i a l features appears to vary from one part of the peninsula to another, 

but the sea-calving type generally seems to-be close to an equilibrium 

condition. This was Koerner's (1961, 1964) conclusion regarding the 

piedmont between Hope Bay and Trepassy Bay where the positive side 

of the budget i s compensated f o r by calving at the ice f r o n t . Photo­

graphs taken by Bodman i n 1903 and a sketch map by Duse ( i n Norden-

skjOld & Andersson 1905) showed no signific£int difference i n elevation 

and areal extent and suggested support f o r the equilibrium hypothesis. 

The r e l a t i v e l y inactive regime of the piedmont between Hope Bay 

and Trepassy Bay led Koemer (1961, 1964) to conclude that the pied­

mont i s a r e l i c t feature and that "as such i t i s a survival from the 

most recent g l a c i a l recession" and emphasised the s i m i l a r i t y with 

"Baffin-Tjrpe" glaciers which are postulated as survivals from before 

the post-glacial climatic optimum, since " i t i s d i f f i c u l t to reconcile 

t h e i r reappearance since t h i s time i n the l i g h t of present-day precip­

i t a t i o n " (Baird 1952, p 9 ) . Thomas (1963) and Sadler (1968) suggest 

a r e l i c t nature f o r the ice caps of Galindes and Skua Islands i n the 
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Argentine Island group because t h e i r very low elevation should not 

support the ice cover at present i n existence. A similar argument 

might be given f o r the Wauwermann Islands i n Bismarck S t r a i t (figure 6 ) . 

From these considerations i t i s apparent th a t , even though much 

work has been accomplished, basic glaciological information about the 

Antarctic Peninsula i n general, and about i t s middle latitudes i n part­

i c u l a r , i s l i m i t e d and i n some respects almost completely lacking. 

From the point of view of the so called " f r i n g i n g glaciers" and the 

ice piedmonts i n p a r t i c u l a r , four major questions arise and are the 

main subject matter of t h i s thesis. These questions relate to the mass 

balance, state and a c t i v i t y of regime, the o r i g i n of the subglacial 

"platforms", the age and o r i g i n of the present ice cover and the degree 

of protection or denudation caused by the ice at present i n existence. 
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f i g , 7. The low-elevation, permanently ice-covered WauwenBsnn 
Islands i n Bismarck S t r a i t . Possibly these are r e l i c s 
of a former more extensive i c e cover. Note the "Roches 
Moutonnes" form suggesting east-west (1. to r , ) i c e 
movement. 
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CHAPrER T\TO 

NATURE OP THE. INVESTIGATIONS 

Introduction 

I n January 1965, Arthur Harbor, on the southwest coast of Anvers 

Island, was the construction s i t e of "Palmer Station", a research 

i n s t a l l a t i o n of the United States Antarctic Research Program (USARP). 

Palmer Station served as the base of operations f o r glaciological 

investigations on the Marr Ice Piedmont by personnel from the I n s t ­

i t u t e of Polar Studies, The Ohio State University. 

The work i n t h i s thesis i s the outcome of that fieldwork carried 

out while the author was Principal Investigator of glaciological and 

meteorological research at Palmer Station, between February 1965 and 

January 1967. I t also draws on information obtained by I l r . R.A. Honkala, 

the author's siJccessor, and h i s collegues, who continued some of the 

f i e l d measurements u n t i l January 1968. This work, sponsored by the 

National Science Foundation, Washington DC, formed a part of the over- • 

a l l United States Antarctic Research Program. 

No previous work had been carried out on the Marr Ice Piedmont 

so the i n i t i a l e f f o r t was a p i l o t project with no foundation of prev­

ious data on which to b u i l d . Thus, as a f i r s t consideration during 

the course of preparation f o r the fieldwork, a comprehensive invest­

i g a t i o n or "case study" was regarded as warranted. The program was^ 

therefore^ directed f i r s t toward obtaining basic f i e l d data and other 

, supplementary information f o r a detailed study of the mass balance and 
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regime of t h i s (probably sub-polar) ice piedmont and to correlate 

these observations w i t h present knowledge of glac i o l o g i c a l conditions 

throughout the Antarctic Peninsula. Particular emphasis would be given 

to surface v e l o c i t y determination, an aspect inadequately covered i n 

many previous gla c i o l o g i c a l studies i n the area. An ultimate goal was 

to apply and relate these data to current glaciological theory which 

might assist i n establishing the position and significance of the ice 

piedmont w i t h i n the wider spectrum of glaciological problems i n the 

Antarctic Peninsula. 

I n i t i a l l y , i n the absence of first-hand knowledge, i t was proposed 

to extend the study over the entire piedmont. The naivete'of t h i s plan 

quickly became apparent. Foul weather, equipment and vehicle break­

down, together with time spent on l o g i s t i c matters and the necessities 

of s t a t i o n operations, severely r e s t r i c t e d the amount of s c i e n t i f i c 

work that could be accomplished i n the f i e l d . 

CtoonQlQgy of Field A c t i v i t i e s 

F i e l d work was begun on February 3 1965 and except f o r two short 

i n t e r r u p t i o n s , due to personnel change-over i n January 1966 and January 

1967, was continuous u j a t i l January 1968. 

Soon a f t e r a c t i v i t i e s began i t was realized that the extremely i n ­

hospitable climate would prevent a detailed study of the entire piedmont 
2 

which i n area amounts to approximately 1,350 km . Consequently, the 

southwestern "lobe" wais selected as a feasible study area, probably 

representative of the whole piedmont, and which was readily accessible 

by surface vehicle from Palmer Station. This area i s bounded by the 
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coastline from Cape Monaco to Cape Lancaster, the mountains from Cape 

Lancaster to the v i c i n i t y of Mt. Francais ( a c t u a l l y to the unnamed 

"Big Mountain" i n figure 1) and by the high divide from t h i s mountain 
2 

to Cape Monaco and amounts to approximately 380 km . This area appears 

to be a d i s t i n c t drainage basin, with i c e flo^dng outward into ^ylie 

Bay, Bismarck S t r a i t and the Neumayer Channel (figure 1). 

Accumulation Stake Networks 

During ea r l y 1965, two p r i n c i p a l l i n e s of bamboo poles were set 

to measure snow accumulation and i c e ablation. I n Figure 8, these are 

shown as the Main and Mountain l i n e s and the Neumayer and Top-21 l i n e s . 

The l a t t e r extended northward as the Top Line T r a i l . They were designed 

to obtain representative data from the low coastal areas to the higher 

i n t e r i o r parts. I n addition, f i v e stake farms, of 25 stakes each set 

100 m, apart i n f i v e l i n e s 100 m̂  apart were set to measure areal var­

i a b i l i t y of snoTT accumulation. These are marked A, B, C, D and R i n 

Figure 8. 

Late i n 1965, the number of poles was increased to over 600 as 

shown i n Figure 9. Measurement of t h i s network, with the exception of 

the stalce farms, which were cannibalised for replacement stakes, Tras 

made several times a year u n t i l January 1968. 

I c e Movement Stations 

F i f t e e n i c e movement stations were established during A p r i l and 

May 1965. Nine were i n the peripheral i c e around Arthur Harbor and 

s i x were further inland. 

Beginning i n l a t e September 1965, the number of stations was i n c ­

reased to 68 and extended over the study exea as shown i n Figure 9. 
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Most of these stations were re-surveyed during l a t e 1966 and early 1967 

and a t h i r d survey was carri e d out by Honkala, l a t e i n 1967. Intermed­

i a t e surveys were made at several of the stations i n the peripheral area. 

Associated Investigations 

Snow p i t studies to depths up to 3 meters were made throughout 

the period of f i e l d investigation to obtain data on snow density, acc­

umulation, i c e temperature and f a c i e s zonation. I n addition, deeper 

investigations were made by coring to depths of 10 to 12 m. 

On the steep i c e ramp behind Palmer Station, a detailed study was 

attempted of superimposed i c e formation and i c e ablation. This was 

augmented during 1966 by investigations of the micro-climatic regime 

of the ramp and i t s correlation with the ramp's internal structure. 

Associated with t h i s study was a small meteorological station at 300'm. 

elevation on the piedmont, which was o r i g i n a l l y established i n A p r i l 

1965. 

Attempts were also made to produce a topographic map of the study 

area but proved abortive. Poor f i e l d working conditions, limited equip­

ment and personnel and lack of available time, prevented t h i s . However, 

the magnitude and direction of surface slope and the position of the 

contour was obtained at most of the ice movement stations. 

A standard program of meteorological observation was established 

at PaJ.mer Station on February 1 1965 and was continued throughout the 

ent i r e period of investigation, 

L.E. Brown engaged i n geological investigations, with emphasis on 

the g l a c i a l aspects and G. Dewart, worldLng on an independent National 
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Science Foundation Grant, conducted an investigation into i c e tliickness 

and "bedroclc configuration. 
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CHAPTER THREE 

PHYSICAL CHARACTERISTICS OF THE STUDY AREA 

Surface Confi|guration and Elevation 

The surface of the piedmont has not "been adequately surveyed 

and mapped and the only a e r i a l photographs were taken by the Falk­

land I s l a n d s Dependencies Survey (noTJv B r i t i s h Antarctic Survey) i n 

1956 and by United States Navy and Coast Guard aviators, i n support 

of USARP, bety/een 1963 and 1967. Tvro map sheets showing the south­

western coastline and peripheral crevasses have been produced by the 

B r i t i s h A ntarctic Survey (1964) but no detailed topographic maps of 

the i n t e r i o r are available. 

Spot elevations, accurate to an estimated - 3 meters^are however 

av a i l a b l e from the i c e movement survey. The surface p r o f i l e from the 

base of the Korsel Point ramp behind Palmer Station, to a distance 

inland of about 5 km, was obtained by l e v e l l i n g during the winter of 

1966. I n addition, rovigh elevations were obtained by altimetry during 

Dewart's gravity and magnetic survey i n Janua2:y 1967. An attempt to 

produce a plane table map, by L.E. Bro^vn during 1966, proved to be 

too large a task. 
I c e Thiclaiess and Bedrock Confi,?uration 

There have been no seismic investigations on any part of the Marr 

I c e Piedmont and attempts to measure i c e thickness using radio-echo 

sounding equipment, by Dr. Charles Swithinbank of the B r i t i s h Antar-
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c t i c Survey, during January 1967, were largely \mproductive. The 

performance of the radio-echo sounder i n "warm" i c e i s poor and the 

main cause of the f a i l u r e of the equipment on Anvers Island i s a t t ­

ributed to the r e l a t i v e l y high englacial temperature. However, some 

ic e thickness information was obtained from poor but readable film 

on one short f l i g h t traverse (figure 10), 

Ice thickness over the r e s t of the study area was detearmined by 

G. Dewart, using gravimetric techniques (Dewart 1971). These thick­

ness values are based upon Boiagyeir^ice anomQlies, that i s , the grav­

i t y anomcU-ies due to assumed density differences between average rock 

and i c e . The author i s grateful for the following information on the 

project. 

The surface of the piedmont was taken as e s s e n t i a l l y f l a t and i t s 

depth small i n r e l a t i o n to i t s l a t e r a l extent. The assumption was 

made that at each observation point (for the most part, observations 

were made at the i c e movement stations) the ice consisted of an i n f ­

i n i t e slab resting- on an i n f i n i t e horizontal rock surface. The d i f f ­

erence i n t ^ e Bourgoer gravity anomaly between a point on the i c e and 

a base s t a t i o n on bedrock (Palmer Station), a f t e r certain corrections, 

was assumed to be due to the presence of the i c e and rock layers under 

the observation point. With values assumed for the i c e and rock, the 

height of the rock surface with respect to the elevation of the base 

s t a t i o n and the thiclcness of the i c e cculd be found: 

hsj g/0,04185( r - i ) , Ts*iere h e i c e thickness, g i s the difference 

i n Bourguer anomalies and r and i are the densities of rock and i c e 

r e s p e c t i v e l y . 

27 



r 
M . 9 9 o £ 9 

_(/) 

o 

§ 5 
to • 

rO 

to 
x 

cvj in 

CO 
(VJ UJ 

"id 

to 
•M.20ol79 

Pig. 10. Ice thickness values (meters) from radio-echo sounding 
f l i g h t traverse, January-1967. (Prom an or i g i n a l , courtesy 
of Dr. C.W.M. Swithinbank). 
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Station elevations were measured by altimeter. Pressure variation 

control was provided by the barograph records at Palmer Station, Press­

ure gradient e f f e c t s were probably small due to the fact that the most 

distant g ravity station was only 25 km, from Palmer Station, Dewart 

estimated altitudes, as accurate to -.10 meters 

The regional gravity anomcxly was estimated from the data i n f i g ­

ure 11, Unfortunately, the only bedrock stations were those along the 

coast. I n the i n t e r i o r of the piedmont, especially near the massif, the 

regional gradient may change s i g n i f i c a n t l y . 

The topographic effect of the i c e surface was regarded by Dewart 

to be nAgligible but an estimated correction (using the Hammer zone 

method) was made on the r e l a t i v e l y steep slopes near the coast. The 

subglacial t e r r a i n effect was also estimated where there appeared to 

be s i g n i f i c a n t bedrock features. The topographic effect of the mountains 

covild also be only roughly estimated i n the absence of a detailed topo­

graphic map. 

The density of the i c e was assumed to be 0,9 g/cm , The mean 

density of f o ^ t y specimens of rock collected along the southwest 

coast was 2,67 i 0,12 g/cm^. Samples from the altered assemblage and 

from the Andean Intrusive Suite (see p a r t i c u l a r l y , Hooper 1962) had 

dens i t i e s near t h i s mesm. These rocks apparently underlie much of the 

section of the piedmont under investigation, so a value of 2.67 g/cm^ 

was assumed for the rock density. From the standai'd deviation Dewart 

expected an error of 5 percent due to density va r i a t i o n . Furthermore, 

some of the area may be underlain by Cape Monaco Granite, the few 
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specimens of which were available having densities i n the range 2.4 

to 2,6; g/cm . 

As the gravimeter d r i f t became more si g n i f i c a n t during the work on 

the piedmont, i t was necessary to frequently re-occupy stations to 

make corrections. For the main period of the f i e l d investigation, 

January 30 to Pebruaiy 22 1967, the mean d r i f t rate was 0.02 mgal/hr. 

and double t h i s rate was experienced for periods of one day or l e s s . 

Overall, Dewart estimated that the ice thickness values he repor­

ted could be i n error by as much as - 20 percent, though he did 

concede that the accuracy i n the f l a t region between the coastal slope 

and the proximity of the mo^mtains was probably better than t h i s . 

Dewart's assessment of accuracy could however, be s l i g h t l y pessim­

i s t i c . Swithinbank'3 radio-echo analysis obtained a se r i e s of i c e 

depths i n the coastal region arotmd stations HI to H6, shown i n Figure 

10. His assessment of acc^xracy (personal communication) was i 24 meters 

i n i c e averaging about 250 m. thick, or about 10 percent. Dev/art's 

r e s u l t s are quite s i m i l a r ; a difference of 30 m. i n i c e almost 300 m. 

t h i c k . Unless the echo-sounder was functioning very badly, i t would 

seem that the gravimetric error could be appreciably below 20 percent. 

The gravimetrically derived thiclcnesses do therefore, appear to be 

r e l i a b l e . 

The estimated i c e thickness over the study area i s shown i n Table I 

and i n Figure 12. Figure 13 i s a map of the underlying topography. 

Prom these data the subglacial sxirface of the study area appears 

to consist l a r g e l y of a narrow coastal p l a i n and a low inl.and plateau. 

The o v e r a l l slope i s gentle,being 2 to 3 percent, but the slope i n c r -
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Pig. 12. Ice thickness within the study area. Contour 
i n t e r v a l i s 50 meters. (After Dewart 1971) 
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eases on the approach to the plateau between 4 and 10 km from the 

coast and again at the foot of the mountains. The coastal plain i s 

indented by two hollows which represent the heads of Wylie Bay and 

Biscoe Bay. I n these bays the bedrock drops below sea l e v e l about 3 

to 4 km i n from the i c e front which marks the apparent coastline. 

However, the i c e front appears to be grounded and along the r e s t of 

the southwest coast, bedrock can be seen at the foot of the i c e front. 

These bays are separated by a low saddle vAiich reaches the sea i n the 

rocky' promontories of Norsel Point and Bonapart Point near Palmer 

Station. Bedrock i s v i s i b l e below the i c e front i n the northern part 

of Arthur Harbor buf not i n the southern part but i t seems probable 

that inland of the i c e front, much of the subglacial-surface inland 

for about 1,0 to ^,5 1̂ .? i s below sea l e v e l forming a smaller but rdm-

i l a r hollow to tiiat of Vfylxe Bay and Biscco Bay, 

The bedrock t e r r a i n hs^ an i c e cover which i s largely between 300 

and 1600 m, i n thickness. Greatest thic3caess i s reached j u s t below the 

foot of the mountains, then thins abruptly as the elevation r i s e s . 

Toward the coast the i c e thicknisss decreases over the plateau, then 

remains almost constant and even increases s l i g h t l y on the slope down 

to the coastal plsdn. On the ce*as|al plaik tlie Li\e thickness decreases 

rapid l y toward to the coast. 

The features described above are more cle.acly i l l u s t r a t e d i n the 

cross sections shown i n Figure 14. The position of the i c e movement 

stations along the p r o f i l e s are a].so shown. 
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Pig, 14. Longitudinal p r o f i l e s of bedrock and ice surface. 
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Along the Main p r o f i l e ( f i g u r e Ha) there i s no decisive topographic 

trend u n t i l movement st a t i o n L i s reached. Here there i s an abrupt 

change of slope and the suhglacial surface rises about 150 m. between 

points L and W. Beyond point N the surface levels o f f , forming the 

plateau which here has an elevation of about 200 m, above sea l e v e l . 

The plateau then slopes gradually upwards to the northeast, but at a 

lesser rate than the ice surface, which i n t h i s region reaches to 700 

-to 800 m. above sea l e v e l . Consequently, ice thickness gradually inc ­

reases toward the foot of the mountains. I n the v i c i n i t y of station V, 

another brealc of slope occiirs and i t i s clear that i n t h i s region the 

Achaean Range begins to emerge from the plateau. The greatest thickness 

of i c e , approximately 600 m, probably occurs i n the v i c i n i t y of Station 

V. 

Figure 14b i s a "transverse" section plotted from gravity readings 

taken at each of the accumulation poles on the "Parkway" (see figure 9) 

aoround Arthur Harbor. Considering the possible error i n the ice thickness 

values, the bedrock surface appears to be at or very close to sea le v e l 

below t h i s transect. The Parkway i s situated on the periphery of the 

crevasse f i e l d of Arthiu: Harbor and the shape emd line a t i o n of the 

crevasses together w i t h a sharp break of slope at the surface, suggests 

to t h i s author that the ice i s slumping into the harbor and that the 

head of the harbor i s i n the form of a hollow, smaller but similar to 

that at the head of Wylie Bay. The southern section of t h i s p r o f i l e 

appears to be d i s t i n c t l y lower than the northern part and represents 

positions on the flanks of Bonapart Point, On the surface i n t h i s area 
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there i s a d i s t i n c t depression which may r e f l e c t a small v a l l e y on 

t h i s side of the harbor head (figure 15). Unlike the northern side of 

the harhor at the i c e front, bedrock i s not v i s i b l e below the i c e 

c l i f f i n t h i s southern section. 

F i g . 15. Sxirface depression i n the i c e behind Arthoir Harbor 

On the Netunayer l i n e (figure 14c) the plateau also appears rather 

abruptly, here between stations N3 and N5. The exact configuration 

of the coastal p l a i n i n t h i s section i s not known because the heavily 

crevassed surface prevented access for gravity readings. However, i n 

the area below st a t i o n N7, the surface f a l l s away rapidly, causing 
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heavy crevassing, to form a w e l l defined depression. On the basis of 

these considerations i t seems probable that bedrock i n t h i s area i s 

s l i g h t l y , below sea l e v e l but rises again t a form the Biscoe Point 

promontory. 

Access i n the coastal region i n the \ ' l o i n i t y of stations H6 and 

Flag was good and a d i s t i n c t bottom p r o f i l e was obtained (figure 14d), 

Here a very pronounced subglacial basin occurs and suggests a former 

g l a c i a l overdeepening action. Whether or not the ice front i s grounded 

at the end of t h i s p r o f i l e could not be precisely determined as access 

was prevented by the calving c l i f f s . However, bedrock does r i s e to 

form small rock outcrops immediately i n f r o n t of the ice c l i f f . The 

ice f r o n t i t s e l f therefore, must rest on bedrock at or very close to 

sea l e v e l . The emergence of the inland plateau i s more d i f f i c u l t to 

recognise i n t h i s p r o f i l e . I t seems more l i k e l y , considering the place 

of emergence i n other areas, that the plateau begins very abruptly i n 

the v i c i n i t y of stations CI and C2, i n which case there i s no real 

coastal p l a i n here. However, the brealc of slope i n the area of station 

C5 may indicate the beginning of the plateau. I n t h i s case the coastal 

p l a i n has been heavily eroded below stations Flag and H6 and the t r a n ­

s i t i o n from the p l a i n to the plateau i s very gradual. The gravity 

survey did not extend in t o the T p r o f i l e but on the basis of surface 

observations, bedrock can reasonably be expected to be as indicated 

i n Figure 14d, 

To the north the surface above the plateau culminates i n a divide 

more or less coincident with the Skyline p r o f i l e (see figure 9 ) . Beyond 
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t h i s point the surface f a l l s away gradually. As the gravity survey 

did not extend into t h i s area, i t can only be speculated that the 

bedrock also f a l l s away s l i g h t l y . 

Figure 16 shows transverse sections moving progressively inland. 

Though speculative i n some parts they i l l u s t r a t e the low-lying char­

acter of the subglacial surface and the general form of the valley 

indentations. The bedrock p r o f i l e below station Linda however, does 

not strongly r e f l e c t the dominant ice stream i n which that station 

was placed (figure 17). The gravity survey i n that area was weak and 

a more pronounced "valley" might be detected through a more detailed 

g r a v i t y survey. 

Discussion 

The results of the bedrock survey do not describe a "strandflat" 

according to the classical d e f i n i t i o n , which, from Embleton and King's 

(1968) summaî i'-, i s essentially a horizontal cut int o the land mass 

and which encompasses only low elevations up to about 40 m. Holte-

dahl (1960) describes the stremdilat as often being made up of low 

islands and skerries which often continue below sea level before 

f a l l i n g abruptly to deeper water. Maximum height i s usually 40 to 50 

meters only and inland, the strandflat ends sharply against c l i f f s 

To the contrary, the subglacial surface of Anvers Island emerges 

as a r e l a t i v e l y massive platform, generally inclined seaward with a 

general elevation of 200 meters a.s.l, but reaching to over 400 m. 

at i t s inland terminus. I f any part conforms to the classical descr­

i p t i o n of the s t r a n d f l a t , i t i s the low coastal pl a i n , seawcird of the 
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Fig. 17. View looking east of the ice stream i n 
which movement station LINDA, was placed. 
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50 m, contour, which continues out to sea, like^skjaergard, to inc­

lude L i t c h f i e l d Island and the small islands of Arthur Harbor (see 

fi g u r e 2 ) , the rock promontories extending outward from the ice ramps 

and the scattered skerry islands and shallowly-submerged rocks o f f ­

shore ( f i g u r e 18). 

Recent Changes i n Siirface Level and Dimensions 

I n the absence of detailed topographic maps, i t i s not possible 

to compare the present d i s t r i b u t i o n of surface elevations with prev­

ious surface levels. Absolute elevations on the piedmont were deter­

mined at most v e l o c i t y stations on at least two occasions and the 

configuration of surface slope was also measured. I f the elevation 

of the ice surface i s stationary i n space f o r long periods, that i s , 

i n an equilibrium condition, the elevation of a velo c i t y station at 

a second determination (E^) should be: 

Egi E:j - d sin ot 

where d i s the distance moved down slope and«cis the angle of the 

surface slope. i s the f i r s t determination of absolute surface ele­

vation. I f the absolute elevation of the surface i s increasing by a 

factor equal to the accumulation then: 

E^s - d sinoc*Accumulation 

Evaluation of these parameters from the piedmont data gives i n ­

conclusive results and i t i s assumed that surface levels are approx­

imately stationary with regard to a fixed coordinate syStem i n space. 

Comparison of the B r i t i s h Antarctic Svjrvej a e r i a l photographs 
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a) Area around Biscoe Point 

Is) Offshore of Cape Monaco. 

Big. 18. Skaerjard-type topography offshore of Anvers 
Island, 
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taken i n 1'956 and subsequent photographs taken by US m i l i t a r y pers­

onnel and the glaciology working group show v i r t u a l l y no change i n 

the shape or position of the terminal ice c l i f f s and indicates that 

these are stable features. Thus the dimensions of the piedmont seem 

\inchanged over the past ten years at least. However, the ice boundary-

i s probably governed by sea l e v e l . I t i s uncertain as to how much of 

the peripheral ice i s a f l o a t . The B r i t i s h maps show grounded ice at 

a few scattered locations-but the oblique a e r i a l photographs talcen 

by the US Kavy show bedrock exposures along most of the coastline. 

Dewart, during his gravity survey, made similar observations (pers­

onal communication). I t seems that the heavily crevassed peripheral 

ice i s not s u f f i c i e n t l y cohesive to f l o a t l i k e an ice shelf or ice 

tongue (any consideration of ice temperature notwithstanding) and 

consequently, calves on reaching the sea. Any advance of the ice f r o n t 

would therefore, c a l l f o r a D.owering of sea l e v e l and conversely, a 

recession would r e s u l t from a r i s e i n sea l e v e l . The overall dimens­

ions of the piedmont, both horizontally and v e r t i c a l l y , seem there­

f o r e , to have been stable f o r a short time at least. 

Similar conclusions cdxi be drawn from the geological evidence. 

The physiographic features of L i t c h f i e l d Island, less than one 

kilometer from the present ice f r o n t , bear evidence of a former ice 

cover but there i s no evidence of very recent glaciation. Subaerial 

erosion has advanced tc the stage of talus and scree formation which 

i s already f i x e d by a luxuriant vegetation of mosses, lichens and 

scattered t u f t s of the grass J2StiC/i§̂ iiE.5A§. At^tarctica. A p r o l i f i c insect 
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fauna i s associated with t h i s . Nor do the smaller, Humble and Torg-

ersen Islands i n Arthur Harbor, bear evidence of a recent ice cover. 

On the Bonapart Point promontory, extending outward from the 

present ice edge f o r 10-20 meters, there i s evidence of a very recent 

g l a c i a l recession, but the area i s very small. Striated boulders and 

chatter marks are abundant and fresh rock f l o u r i s v i s i b l e on many 

of the larger boulders. The l o c a l i s a t i o n of t h i s retreat i s remarkable 

and suggests a l o c a l meteorological phenomenon as i t s possible cause. 

No such evidence exists at the edge of the Horsel Point ramp. 

On both promontories, extending outward f o r 100 to 150 meters, 

i s old evidence of g l a c i a t i o n . Most of t h i s i s f a i n t and though the 

degree of erosion has not reached that on L i t c h f i e l d Island, plant 

colonisation i s well advanced. K.R. Everett, i n a personal comrauni.cation, 

has suggested that these rock surfaces have been exposed f o r at least 

100 years and possibly f o r 150 years. There i s no evidence of a former 

ice cover beyond about 150 meters from the present ice edge. This 

paucity of evidence was remarked upon by Hooper (1962) who came to 

sim i l a r conclusions. 

Glacial History 

From these observations, l i t t l e can be said about the g l a c i a l 

h i s t o r y of the Karr Ice Piedmont. The evidence i n t h i s area i s not 

as widespread as i n the v i c i n i t y of Adelaide Island Trfaere the evidence 

reaches six to eleven miles from the present ice fr o n t (Dewar 1967). 

What l i t t l e evidence there i s , i s d i f f i c u l t to correlate with that 

from other parts of the Antarctic Peninsula because the r e l a t i v e l y 
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small amount of information currently available, f o r example, Nichols 

(1960), his summary of Antarctic g l a c i a l geology (t964), Adie's (1964a; 

1964b) summaries of the work of the B r i t i s h Antarctic Survey and Hobbs 

(1968) observations, together with the more recent work of Clapperton 

(1971), Everett (1971) and John & Sugden (1971), deals more so with 

sea l e v e l changes as recorded by raised beaches than with chronologj''. 

From f i e l d observations on Livingston Islemd, South Shetland Islands, 

Everett (1971) has suggested that at least three g l a c i a l events are 

recorded and John & Sugden (1971) have presented a tentative g l a c i a l 

chronology with three phases and Clapperton (1971) recognized four 

g l a c i a l stages i n South Georgia. 

However, none of t h i s evidence i s helpful i n formulating any 

kind of g l a c i a l h i s t o i y f o r the Marr Ice Piedmont. I t must simply be 

concluded that w i t h i n the general framework of present knowledge on 

the g l a c i a l history of the Antarctic Peninsula, there i s l i t t l e reason 

to doubt that the Marr Ice Piedmont could have been thicker and more 

extensive i n the past. The evidence however, as i s the case through­

out much of the peninsula, i s now below sea l e v e l . 

The obvious conclusions to be drawn at t h i s point therefore, are 

that investigations r e l a t i n g to the g l a c i a l history of the Karr Ice 

Piedmont shoul.d form a ma.jor part of future work i n t h i s area and 

that the g l a c i a l h i s t o r y of the Antarctic Peninsula as a whole i s f a r 

from being adequately understood. 

Climate and Meteorology. 
The meteorological f a c i l i t y at Palmer Station was operated i n 

conjimction with the g l a c i o l o g i c a l program and formed an i n t e g r a l 
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part of the overall s c i e n t i f i c investigation. However, though i t i s 

recognized that the relationship between glaciers and climate i s i n ­

timate, the present investigation was not designed as a glacio-^ueteor-

ological study. The meteorological record i t s e l f i s of i n s u f f i c i e n t 

duration to warrant any detailed analysis and discussion £ind i t i s 

inappropriate and beyond the scope of the main text of t h i s thesis to 

do so. Therefore, the salient features of meteorological conditions 

at Palmer Station from 1965 to 1967, together with the data obtained, 

are described separately i n Appendix I , Volume 2. 

Pertinent meteorological parameters and t h e i r implications r e l a t i v e 

to the main study are referred to i n the discussions to follow, and 

the main text of t h i s thesis w i l l r e s t r i c t i t s e l f simply to a. detailed 

discussion of p r e c i p i t a t i o n over the Marr Ice Piedmont. 
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CIIAl̂ TER FOUR. 

SNOW ACCUMULATION 

INTRODUCTION 

Af t e r an extensive search of the l i t e r a t u r e , i t appears that 

the f i r s t measiu'enients of accumtilation on the Marr Ice Piedmont are 

those reported on i n t h i s thesis;. The program of measurement was 

begun on Februar;;^ ' 3 - 1965 with the establishment of the Main-

Mountain and Neumayer-Top 21 li n e s (figare 19). As pointed out on 

page 21 these are regarded as "longitudinal"'profiles aimed at obt­

aining information r e l a t i v e to elevation and distance from the coast. 

The expansion of the stake network was begun i n November 1965 and was 

completed by the end of the year. A l l poles were v i s i t e d 3 to 4 times 

each year u n t i l January 1968 when the program was terminated. 

Generally, accumulation i s of a high order and i s comparable to 

that of nearby areas (Bryan 1965; Sadler 1968). The high rate of 

accumulation caused maintenance of some of the l i n e s to be extremely 

d i f f i c u l t and occasionally poles were buried before they could be 

v i s i t e d . The most inaccessible from t h i s aspect were the Monaco and 

Therese l i n e s , due to the high incidence of fog and low cloud i n 

t h i s area. Another hindrance and source of loss over most of the 

piedmont was the massive buildup of rime and ice on the poles which, 

coupled w i t h high wind, caused extensive breakages. Even though such 

losses were replaced there are several poles f o r which an uninter-

upted record i s not available f o r any one complete year. 
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I d e n t i f i c a t i o n of individuail poles was sometimes d i f f i c u l t even 

though distance between them was recorded and the poles were set at 

varying heights. Occasionally acciiraulation values were recorded which 

c e r t a i n l y seemed abnormal. Sinking of the poles i s not regarded as the 

cause of these anamolous readings because resetting was always d i f f -

i c x i l t and often impossible due to t h e i r freezing into the f i r n . Imp­

roper i d e n t i f i c a t i o n i s the most probable cause. I n such cases the 

records have been rejected and do not enter into the survey of acc-

lunulation. 

SNOW feSITY 

The densities used to convert snow accumulation to water equiv­

alent values have been derived from snow p i t measiorements and core 

samples talcen at each of the 14 ice movement stations along the Main 

and Mountain p r o f i l e s during the winter of 1965; (these studies are 

discussed i n Chapter 9, below). The density values represent the aver­

age density from the surface to a depth equivalent to the average 

accumulation as was ult i m a t e l y recorded by the stakes f o r the period 

1965-1368. Thus the average density of the snow cover from about Feb­

ruary 1965 and about 1,0 to 1'.5 meters of the previous year's accum­

u l a t i o n has been used. 

I n the highest parts of the accumulation zone, between about 650 m. 

and 850 ra. elevation, the average density f o r the year's accumulation . 

(assumed to be about August to August) was 0.453 g/cm^. From about 

450 m. to 650 m, elevation the density was 0,445 g/cm-̂ . At lower ele-
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vations the density was 0,429 g/cm^ (300-m. to 450 m.), 0.518 g/cm^ 

(60 m, to 300 m.), and 0.850 g/cm^ (20 m. to 60 m.). 

The v a r i a t i o n i n these values probably results from the degree 

of percolation and saturation of the f i m cover and the amoiint of 

compaction res u l t i n g from the overburden of accumulated snow. Sat­

urat i o n above about 300 m. elevation i s not severe but annual accum­

u l a t i o n of snow increases markedly with increase i n elevation, ranging 

from about 170 cm at 300 m, 230 cm at 450 m, 450 cm at 650 m and over 

550 cm at 850 m elevation. The s l i g h t increase with elevation of the 

average densities above 300 m i s probably due to the increase of the 

overburden. Below 300 m elevation the degree of percolation and sat­

uration increases and i s probably the cause of the increase i n the 

average density. The value of 0.85 g/cm^ between 20 and 60 meters 

i s used i n the superimposed ice accumulation and ice ablation zones. 

mm LIl^E: STATIONS E TO 

Detailed data are available from the Main l i n e f o r silmost three 

complete years from 102 stakes set at intervals of approximately 

100 meters. This was a heavily t r a v e l l e d t r a i l and was well maint­

ained throughout. The r e s u l t s have been broken down int o periods of 

more or less one year each and are shown as g/cm i n Table I I and 

i n Figure 20. Despite i r r e g u l a r i t i e s i n the lower part of the p r o f i l e , 

a d i s t i n c t increase of accumulation with elevation i s evident. 

The marked i r r e g u l a r i t y of accumulation i n the lower parts of the 

p r o f i l e i s possibly related to l o c a l sxorface topography. Each of the 
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TABLE I I 

TOTAL MP AVERAGE Alfl-nJAL ACCTJlfflLATIOU 

( 1) Februa]^ 
(2) December 

3 1965 to December 5 1965 
5 1965 to December 15 1966 ) 

(5) December 15 1966 to December 20 1967 ) 
(4) Average* 

) 
) (5) Average 
) 

Stake f1) (2) (A) 

1 73.4 54.5 86.2 70,3 71.4 
2 78.1 69.1 115.8 92.4 87.7 
3 88.8 69.9 116.7 93.3 91.8 
4 ( E ) 68.2 51.9 124.0 87.9 81,5 
5 82.4 53.6 91.8 72,7 75.9 
6 93.1 37.8 81.8 59.8 70.9 
7 100.8 33.9 72.1 53.0 68.9 
8 102.5 41.6 85.4 63.5 76,5 
9 123.6 57.1 97.0 77.5 92.6 

10 112.8 73.4 118.4 95.9 101.5 
11 109.4 83e2 136.9 110.0 109.8 
12 108.5 89.2 146.8 118.0 114.8 
13 94.8 73.8 134.3 t04.0 101.0 
14 101,7 67.8 142.9 105.3 104.1 
15 (H) 95.2 67.4 125.8 94.6 94.8 
1€ 103.8 60.9 114.1 87.5 92.9 
17 102.1 55.3 110.7 83.0 89.4 
18 95.2 62.2 108.5 85.3 88.6 
19 109.4 64.8 118.0 91,4 97.4 
20 115.7 69.5 121.8 95o6 101.7 
21 1117.5 76.4 136.0 101.2 110,0 
22 109.0 77.6 172.9 125.2 119.8 
23 121.8 84.0 160.9 122.4 122.2 
24 118.4 90.9 
25 119.3 74.2 147.6 110.9 113.7 
26 132.6 91.4 - — 

27 134.3 112.0 167.7 139.8 138.0; 
28 (K) 136.4 90.1. — . . ^ — — 

29 130.8 78.1 139.0 108,5 116,0 
30 125.3 67.4 155.1 101,2 109.3 
31 110.3 69.5 114-5 92.0 98,1 
32 111.5 • — 138.1 — — 

33 123.5 87.1 148.0 117.5 119.5 
34 123.1 86.2 164.3 125.2 124.5 

Contimaes 
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TABLE H (cont) 

Stake n v (7^ ('3) r4'\ f5") 

35 118.8 93.5 153.6 123.5 122.0 
36 119.7 74.6 146.3 110.4 113.5 
37 115.4 74.2 114.6 109.4 111.4 
38 116.2 71.6 142.8 107 .? 110.2 
39 126,1 87.5^ 131.0 109.2 114.9 
40 133.8 95.0 163.0 129.0 130.3 
41! 132.6 94.8 174.6 134.7 134.0 
42 129.5 84.1 145.4 114.7 119.7 
43 116.7 69.5 159.6 114.5 115.3 
44 126.1 78.1 149.7 114.9 118.0 
45 1!30.0 101.2 173.3 137.2 134.8 
46 151.4 105.5 182.3 143.9 146.4 
47 152.3 i:03.0 169.4 136.2 141.6 
48 163.0 118.8 172.9 145.8 151.6 
49 168.6 113.2! 179.3 146.2 153.7 
50 161.3 124.0 189.6 156.8 158.3 
51 I 6 r . 3 130.0 188.8 159.4 160.0 
52 170.7 104.7 182.7 143.7 152.7 
5J (M) 156.1 107.7 157.0 132.3 140.3 
54 167.3 104.7 163.0 133.8 145.0 
55 167.3 116.7 173.3 145.0 152.4' 
56 153.6 118.4 175,5 146.9 149.2 
57 166.0 119.3 182o0 150.6 155.8 
58 167.8 127.3 194.9 161.1 163.3 
59 173.1 112r.9 1B4.2 153.0 159.7 
60 162.9 t27.7 196.2 161.9 162.3 
61 172.7 120.2 194.5 157.3 162.5 
62 183.8 126.4 191.3 158.8 167'. 2 
63 173.6 132.2 189.6 160.9 165.1 
64 174.0 136.6 210.5 173.5 173.7 
65 178.0 118.8 191.8 155.3 162.9 
66 169.5 124.6 198.5 161.6 164.2 
67 166.4 121.0 198,5 159.7 162.0 
68 181.1 129.0 193.6 161.3 167.9 
69 

(N) 
194.5 1:33.5 201.6 167.5 176.5 

70 (N) 194.9 149.1 203.8 176.4 182.6 
71 194.5 146.4 212.7 179.5 184.5 
72 198.9 133.5 199.4 166.4 177.3 
73 195.4 138.8 206.0 172-.4 180.1 
74 187.8 122.4 189.6 156.0 166.6 
75 185.1 118.8 192.7 155.7 165.5 

Continues 
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^DABLEII. Ccont) 

Stake _ r n (2) (4) (5) 

76 187.3 1:42,0 202.5 172.2' 177.3 
77 195.4 138.0 201.6 169,8 178.3 
78 181.1 149,1 193,3 171,2 174.5 
79 182.0 1!33.9 198.9 r66 ,4 171.6 
80 179.8 145.5 207.8 t76,6 177.7 
81 194.5 T43.7 206.5 175.1 181.6 
82 208,3" 144.6 206.0 175,3 186.3 
83 211.4 147.7 209.2: 178.4 189.4 
84 206,5 151.3 206.5 178.9 188.1 
85 209.2 li52.2 221.2 186.7 194.2 

" 86 
(P) 

209.6 151.7 213.2 182,4 191.5 
87 (P) 208.3 1;62.9 2:19.4 191.1 r96 .9 
88 205.6 148.6 213.2 180.9 169.1 
89 205.1 149.5 214.0 181.7 1:89. 
90 205.1 147,7 — 

91 194.5 150,9 203.4 177.1: 182.9 
92: 206.9 i;45.5 216.7 181.1 189.7 
93 204.3 T.60.2 214.9 187.5 193.1 
94 207.4 142,0 213.6 177.8 187,7 
95 198.5 167,3 213.6 190.4 193.1 
96 203.4 T54,0 210.5 1:82.1 189.2 
97 212.3 152,2 223.4 187,8^ 196.0 
98 202.0 156.6 206.5 181 ,0 188.4 
99 205.1 154,9 214.5 184.7 191.5 

too 225.8 153,9 205.1 182,0 195.9 
101 200,7 165.5 213.6 189.5 193.3 
102 215 .8 168,7 225,2- 1:96 o9 203.21 

Average 153.7 109.4 ri69,8 

These figures represent: 
29fo decrease diirrng the second year over the f i r s t year 
10?o increase during the t h i r d year over the f i r s t year 
35fo increase during the t h i r d year over the second year 

* I s o l i n e d acciinralation map (Figure 2B) 
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movement stations was placed s l i g h t l y up-profile from a noticable 

break of slope and from the curves i n Figure 20 i t appears that the 

peaks of accumulation are j u s t below the crest of the breaks of slope 

and that the troughs are s l i g h t l y above i t . The very marked consis-

tancy of t h i s pattern over the study period leads to the conclusion 

that the e f f e c t s of the high snow-bearing frind. i s to deposit larger 

amounts of snow i n the lee of the slope than at the c r e s t . There i s 

no evidence to indicate scouring at the crest and redeposition of 

accumulation i n the l e e but t h i s possibly does occur. Above station 

M, where surface topographic i r r e g u l a r i t i e s are v i r t u a l l y absent, the 

accumulation pattern i s quite regular. 

The curves i n Figure 20 show a pronounced va r i a t i o n i n totail 

accvttnulation from year to year. During the f i r s t "year" from February 

3 to December 5 1965, a period of only 10 months, the average accum-

ulati o n was 153*7 g/cm , The second year, ea r l y December 1965 to raid-

December 1966, recorded an average for the p r o f i l e of only 109.4 g/cm 

which represents a decrease over the f i r s t " y e a r " o f 29 percent. The 

averaige of 169.8 g/cm , recorded during the t h i r d year from mid-Dec­

ember 1966 to mid-December 1967, represents an increase of 55 percent 

over the preceding year and ten percent over the f i r s t year. The 

difference of ten percent between the f i r s t and t h i r d years' values 

can probably be accounted for by the shorter length of the f i r s t 

period but the much lower second period value i s s i g n i f i c a n t l y reeil. 

The differences i n these values are not readily explainable from 

the contemporary meteorological records from Palmer Station (Appendix I 
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Vol 2) T ^ i c h show no greatly s i g n i f i c a n t anamalies from year to year 

but subtle variations i n the degree of winter climatic s t a b i l i t y or 

"continentality" seems a l o g i c a l explanation. 

The p r i n c i p a l snow-bearing winds are storm winds, associated with 

low pressxire systems moving through the area and are from the NE 

quadrant (Appendix I ) , Comparison of the 1965 and 1966 records shows 

that the mean speed of a l l winds from t h i s quadrant was 6.0 m/s (11,7 

k t s ) i n 1965 and 4 ,8 m/s (9 .4 k t s ) i n 1966. This might be taken to 

imply that 1965 was stormier than 1966 and therefore, that the higher 

1965 accumulation resulted from a greater incidence of storm a c t i v i t y . 

However, the frequency of a l l winds from the KS quadrant was about 

the same, di f f e r i n g by only 0,5 percent; 7,6^ i n 1965 and 7,355 i n 1966. 

Therefore, the incidence i t s e l f of the snow-bearir.g winds does not 

account f o r the accumulation differences. The most l i k e l y explanation 

i s probably similar to that suggested by Schy-tt (1964) for Spitsbergen 

and i s re l a t e d to loceil and widespread variations i n sea i c e conditions 

which, i n 1966 may have been more intense and imparted a more continental 

and therefore, cooler and diyer, character to the regional climate i n 

that year. Markedly lower winter temperatures and a lower mepji annual 

temperature were recorded at Palmer Station i n 1966, -vriiich seems to 

support t h i s suggestion (Appendix I ) , 

The cumulative curves of gross accumulation for selected stations 

(figure24 plS forvi'ai'd) indicate that the rate of snow accumulation 

i n the ea r l y part of 1966, I . e . about March to Jiuae, was not as great 

as during the same period i n the previous and following yeai's. This 

implies that t h i s period of r e l a t i v e deficiency accounts for the lower 
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t o t a l accvunulation for 1966. Again the temperature record appears to 

be supporting evidence; the 1966 autumn temperatures were markedly 

lower than i n the previous and following years, suggesting an e a r l i e r 

development of regional sea i c e and consequently a more rapid devel­

opment of dry winter s t a b i l i t y . 

From Figure 20, i t i s also evident that the rate of increase of 

accmtilation with elevation was more rapid i n 1965 than i n 1967; i n 

sp i t e of i t s being two months shorter, the 1965-period curve appr­

oaches that for 1967 with increasing elevation and at the highest elev­

ations, as can be seen i n Figure 21a below, becomes the dominant accu­

mulation year, 

MOOTTADI Ln^Ej STATIONS R TO IiITTLE z 

Completion of the Mountain l i n e was not accomplished u n t i l March 

15 1965. The l a s t measurements were made on December 20 1967 by R,A. 

Honkala's group. On an annual basis, the record cannot be divided as 

re a d i l y as that for the Main l i n e as the l a s t measurements made by 

t h i s author's party were on September 9 1966 and the records donated 

by Honkala cover the period September 9 1956 to December 20 1967 with 

a single, t o t a l value. 

The f i r s t annual period has therefore, been defined as March 15 

1965 to February 6 1966. The remaining record, February 6 1966 to 

December 20 1967, regarded as two years, has been averaged to give 

annual values. The t o t a l record (three years) has also been averaged. 

The r e s u l t s are shewn i n Tables I I I and IV and form Figure 21b. 
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i r i i B L S l I I . 

TOTAL ACCUIvIULATIOIT (rri/cm^) r.IOiriTTAIIT LDIE 
Morcfa' 15 1965 to February 6 1966 

StaJce fcta/cm̂ , Stake / 2 Sta,ke A-m/CH 

T 232.4 15(U) 248.2 29 256.4 
2 221,1 16 248.7 30 253.7 
"5 217.4 17 247,3 31 244.6 

233.3 18 241.9 . 32(W) 260.0 
5(S) 235.6 19 244.6 33 258.7 
6 233.3 20 245.1 34 261,4 
7 240.1 21 246.4 35 255.9 
8 224.2 22 246.4 36 250,0 
9 249.1 23 243 •3 37 253.2 
10(T) 251.0 2§ 245.9 38(x) 253.2 
11 253.2 25(V) 248.7 39 243.8 
12 243.8 26 243.3 40 239.2 
15 245.5 27 245.9. 41 236.5 
14 247,8 28 248.7 

'TABLE 27 •• 

2, £7TTRAag_ĵ n7tTAL ACGUI^inLATIQN f/nn/cm'̂ ') IIOUivTAIIT LINE 

(1) Februaix 6 1966 to Decenber 20 1967 
(2) March 15 1955 to December 20 1967 

Stalce ( 0 (2) StaJce (1) (2) . (1) (2) 

1 183,7 203.2 15 214.4 225 .7 29 199,7 218.6 
2 191,9 201,6 16 214.5 225.9 30 200.9 218.5 
3 183.0 197.8. 17 214 .3 225.3 31 211.3 222.4 
4 204.2 213.9 18 . 209.9 220.6 32 213.3 228.9 
5 195.1 208.6 J9 212.0 222.9 33 213,8 232.1 
6 205 .4 216.4 20 208.3 220.6 34 215.1 229.2 
7 203.0 215.4 21 213.4 224.4 35 214.0 228.0 
8 206.5 212.4 22 211.1 222.9 36 220.9 250.6 
9 200,5 216.7 23 203.4 216.7 37 220.8 231.6 
10 195.9 214.3 24 199.8 211,5 33 219.3 230,6 
11 193.5 213.4 25 197.2 214.4 39 219.2 227.4 
12 200.0 214.6 26 214.5 224.1 40 224,5 229.4 
13 194.8 211.7 27 210.5 222,3 41 230.5 232.5 
14 214.5 225.7 28 206.4 220.5 
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The curves i n Figure 21b are a direct continuation of those from 

the Main l i n e and the trends noted i n the upper parts of the Piain l i n e 

are evident. There i s but a very s l i g h t positive gradient to the curves 

i n s p ite of a steady increase i n elevation of about 200 meters between 

stations R and L i t t l e x. I t appears possible also that the to t a l acc­

umulation during the f i r s t period was greater, i n parts at le a s t , than 

during the t h i r d year even though the f i r s t was somewhat l e s s than a 

calendar year. This can be deduced from consideration of the upper 

Main l i n e curves (also the Top-21 stakes) where the values for the two 

periods run close together with the f i r s t period values eventually be­

coming the greater. The average for the f i n a l two years ranged from 

2 
180 to 230 g/cm , thus, unless the second year's value decreased con-

2 

siderably inland, say to 150 g/cm or l e s s i n places, the f i n a l year's 

value could not have reached as high as that for the f i r s t . This i s 

confirmed by the three-year average curve. 

As with the Main l i n e curves, i t i s notable that i n spite of the 

much lower accumulation i n the second year, the three-year and the 

tv/o-year averages are not widely separated though on the Mountain l i n e 

the separation i s generally the greater. Average accumulation along 
2 

the Mountain l i n e i n the f i r s t year was 245.1 g/cm and the average 
2 

for the remaining two yeeirs was 207.7 g/cm . Average annual accumul-
2 

ation, based on three year's data, was 220.2 g/cm . 

TOP 21 STAICES 

On February 16 1965, 100 bamboo poles were emplaced on a l i n e 

rmning northward for a distance of 35 km. from station R. I t was 5 
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to 6 km from, but generally p a r a l l e l to the Achaean Moxmtain Range. 

The l i n e terminated j u s t north of P e r r i e r Bay and Mt. Nestor (see 

figure 1) about 15 km. from the northern coast. The objective was to 

obtain accumulation data r e l a t i v e to latitude and aspect along the 

entire length of the piedmont as well as r e l a t i v e to increasing e l e ­

vation from station R to the l o c a l drainage basin divide. The divide, 

as w e l l as could be determined i n the f i e l d , was marked by the 21st 

pole from station R. The entire l i n e was calilTop Line T r a i l . 

Maintenance of the entire l i n e overtaxed the a b i l i t y of the f i e l d 

p a r t i e s and aJ.l but the f i r s t 21 stalces were abandoned or l o s t after 

September 2 1.965. Thus, a record for the entire l i n e i s available for 

only pai't of the f i r s t year (Table X V I I ) . A complete record i s a v a i l ­

able from the f i r s t 21 stakes and t o t a l and average accumulation i s 

shown i n Table V and Figure 21a. 

Immediately evident i n the curves i n Figure 21a i s the steady 

increase i n the rate of accumulation (with increasing elevation), i n 

notable contrast to the trend a l o r ^ the Mountain l i n e where the elev­

ation increase i s about the same (750 m, at station U and 744 ra. at 

T5 (see figure 19). The much lower t o t a l values during the second year 

are also strongly evident. For the f i r s t and f i n a l year's values how­

ever, the trend seen i n the upper Main l i n e i s more emphasised and the 

seqtience has generally reversed with the higher rate having been 

recorded i n the f i r s t year i n much of t h i s area. During the f i r s t year' 
2 2 the average acciKravlation was 265.3 g/cm ; i n the second, 196.4 g/cm 

2 
and 247.0 g/cm during the t h i r d year. Based on the three years' data, 

2 
average annual accumulation was 236.2 g/cra , In terms of percentage 



EABLE V. 

TOTAL. AID AYSRAGB AJWAL ACCULIULATIOK 
(gm/cm^l 'IKW 21"STJU{ES 

(1) February 16 1965 to December-21 1965 ) 
('2) December 21 1965 to November 29 1966) , . ) C5') Average 
(3) November 29 1966^ to Januar;5r 5 1968. ) average* y 

Stake (1) (2) (3) (4) (5) 
1 214.7 141.8 233.3 187,5 196.6 
2 235.6 162.0 215.2 188.6 204.3 
J 236.5 170.3 217.9 194.1 208.2 
4 228.7 173.0 222.0 197.5^ 207.9 
53 254.1 200.2 240.5 220,3 231.6 
6 246.9 184.2 252.8 218,5 228,0 
7 250.5 194.2 232.8 215.5^ 225.8 
8 267.3 185.2 232.8 209.0 228.4i 
9 265.9 197,5 228.3^ 212.9 230.6 
10 265,4 206.0 239.6 222.8 237.0 
11 268.2 208.3 243.7 226.0 240.1 
12 266,8 200,6 254.6 227.6 240.7 
13 270.4 213.7 251.9 232.8 245.3 
14 289.0 191.5 258.7 225 J 246.4 
15 294.4 203.2 259.6 231.4 252.4 
16 281.8 193.3 275.9 234.6 250.3 
17 282.2 214.3 264.5 239.4 253.7 
18 291.3 227.4 263.6 245.5 260.8 
19 299.4 222,3 262.3 242.3 261.3 
20 275.4 220.9 264.1 242.5 253.5 
21 286.7 215.2 274.1 244.6 258.7 

* I s o l i n e d accumiaation map (Figure 28) 
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v a r i a t i o n from year to year t h i s represents 26?J l e s s accumixlation i n 

the second year than i n the f i r s t and T/o l e s s i n the t h i r d than the 

f i r s t . The t h i r d year shov/ed a 265^ increase over the second. Overall, 

when compared vath the values from the entire Main l i n e , these l a t t e r 

two veilues show a t o t a l difference between the two l i n e s of \lfo between 

the t h i r d and f i r s t years and 19^^ between the t h i r d and the second. 

The reason for the reversal at these higher elevations i s obscure 

and the ava i l a b l e meteorological record i s not helpful toward an exp­

lanation. A i r temperatures i n 1967 were generally higher than i n the 

two previous years which could lead to the conclusion of decreased 

"continentality", lower sea i c e concentrations and consequently, i n c ­

reased p r e c i p i t a t i o n . This apparently v/as not the case. Mere specul­

ation suggests that the s l i g h t l y cooler summer of 1967 together with 

r e s i d u a l cold from the r e l a t i v e l y severe winter of 1966 (see Appendix 

I ) helped to maintain a degree of winter "continentality" somewhat 

out of proportion to the a i r temperatures recorded at Palmer Station. 

The basic conclusion i s drawn i n Chapter /3 (below); l o c a l p r e c i p i t a t ­

ion patterns cannot be s a t i s f a c t o r i l y explained on the basis of l o c a l 

meteorological data alone. The problem requires a regional approach, 

with a study of the interactionfl^sea i c e conditions, a i r temperature 

d i s t r i b u t i o n , l o c a l wind patterns and the changing position of depre­

ssion tracks, a l l of which a f f e c t the r e l a t i v e distribution of prec­

i p i t a t i o n throu^ho^^t the peninsula. 

Al^GilLA AITO ICERSTEIJ LIKES 
The Angela and ICersten l i n e s were established on December 11 1965 
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and were l a s t measured by Honlcala's group on January 7 1968. The 

record i s divided into tvro years at November 29 1966 (Tables VI & V I I ) . 

There i s v i r t u a l l y no gradient to the ciirves from the Angela l i n e 

i n s p i t e of an elevation increase of over 100 m, over i t s length. The 

Kersten l i n e however, exhibits a pronounced negative accumulation gra­

dient over the same increase of elevation. From both l i n e s the same 

pattern of accumulation rates emerges with the 1966 values being s i g ­

n i f i c a n t l y below those for 1967 (figures 21c & 21d). Average annual 
2 

accumulation i n 1966 was 155,9 g/cm at the Angela stations and 134.4 
2 2 g/cm along the Zersten l i n e . The 1967 rate was 185.3 g/cra and 179.5 

2 , g/cm f o r the two l i n e s respectively. The 1967 values represent an 185$ 

increase over 1966 on the Angela l i n e and 33?^ on the Kersten l i n e , 
2 

Average annual accumulation for the two-year period was 170,6 g/cm 
2 

(Angela) and 156.9 g/cm (Kersten). 

NEUMAYSR LINE 

The Neumayer l i n e was established on A p r i l 11 1965 and the l a s t 
measixrements by Honkala were made on December 26 1967, Thirty nine 
stakes were o r i g i n a l l y emplaced and the l i n e terminated at that point 
only because access beyond was prevented by the crevasse f i e l d s . Move­
ment of the p r o f i l e ultimately carried the lower stakes into the crev-
assed area and the l a s t three poles were abandoned after the f i r s t year. 
As the l a s t measurements by t h i s author's party were on September 19 1966 
and Honkala's f i r s t were on A p r i l 17 1967, the record cannot be divided 
into annual units s i m i l a r to most of the other l i n e s . Total accumulation 
from A p r i l 11 to December 21 1965 and average annual accumulation from 
December 21 1965 to December 26 1967 are shown i n Tables V I I I and .IX 
and form Figure 22a. 

There i s a steady decline i n accumulation rates with decreasing 
a l t i t u d e from station R. There i s tilso a correlation between the pattern 
of accumulation and surface topography. The surface slope between s t a -
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TABLE VI. .. 

T.0TAL AND 
A'TERAG^ i'jnmAL ACCUI-mATIOM (i?n/cg ) Al.̂ GELA LI?rB 

(1) December 11 1965 t o Hoveraber 29 1966. 
(2) November 29 1966 t o Jraiuary 7 1968 
(3) December i;i: 1965 t o January 7 1968 

Stake (1) (2) ( ! ) 3i.ake (1) (2) (3) 
1 151.7 187.1: 169.4 15 T54.0 196.2 175.1 
2 T60.4 183.4 171.9 16 150.8 182,6 166.7 
3 164.0 171,6 167.8 17 157.6 197.0 177.3 
4 164.9 188.9 176,9 18 147.7 182.9 165.3 
5> T67.6 185.2 176.9 19 151.3 171.7 161.5 
6 164.9 171.7: T6S.3 20 149.0 162.2 155.6 
T 157.2 186.2 171.7 21 150,4 172.6 161.5 
8 157.6 192,6 175.1 22 153.1 187.5 170.3 
9 154.9 187.1 171.0 23 150.8 189.2 170.0 

10 152.T 187.1 169.9 24 152.2 160.8 156.5 
i r 150.8 208.0 179.4 25 160.8 193.0 176.9 
12 149.5 158.5 154.0 26 161.7 202.5 182.1 
13 154.5 190.3 172.4 27 163.5 198.3 180.9 
14 145.9 189.3 167.6 28 165.8 203 > 2 134.5 

TABLE V I I 

TOTAL AND 
AVERAGE AiniUAL ACCUMULATION (m/cmn ORSTaT LINE 

(1) November 11 1965 t o November 29 T966 
(2) Noveiaber 29 1966 t o January 7 1968 
(3) November 11 1965 t o January 7 1968 

Sta3^e (1) (2) (3) Stake L l l _ (2) (3) 
1 151.7 192.1 171.9 11 136.8 190.8 163.8 
2 158.1 205, t 181.6 12 136.8 183.8 160.3 
3 150.4 193.4 171.9 13 137.7 172.7 155.2 
4 142.2 196.6 169.4 14 128.2 175.6 151.9 
5 139.5 184.5 161.9 15 140.9 176.1 158.5 
6 147.7 178.1 162.9 16 123.7 177.5 150.6 
7 140.4 183.4 161,9 17 107.8 161.2 134.5 
8 149.0 181.2 165.1 18 103.3 159.1 131.2 
9 132.7 193.1 162.9 19 105.1 135.5 120.3 
10 120.9 170.9 145.9 
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TABLE ̂ YIll 

AVERiVGE /L̂ nTUAL ACCin;ULATIOÎ  (^j/cn^) iflOT-IAYER LH-IE. 
December ?J 1965 t o December 26 1967 

/ 2 
CT/cm St.TJ--e / 2 

frra/cm 
1 173.3 19 131.0 
2 168.2 20 121.7' 
3 T69.0 21 ( M ) 134.0 
4 170.6 22 120.5 
5 167.3 23 96.3 
6 163.0 24 99.3 

158.8 25 106.1 
8. 157.5 26 114.7 
9 163.9 27 (N5) 101.0 
10 150.9 28 104.6 
IT 155.3 29 91.5 
12 159.3 30 95.0 
T5 (112) 158.1 31 (K6) 103.5-
r4: 140.8 32 104.0 
IS­ 139.2 33 101.8 
IS 127.3 • 34 92.0 
IT 140.1 35 (K7) 99.7' 
18 (113) T30.8 36 70.9 

TABLE IX 

TOTAL. AOCmnTL/vTIOH (f^/cn^) KEuIi\YSR LlliS. 
.April 11 l965.-tQ_ T)ffnGmber 21 1965 

Stake / 2 s:m/cm 3tal;:e CT/cm 

1 133»9 14 127.3 27 103.4 
2 146.8 15 113.5 28 90.5 
3 138.4 16 113.5 29 87.5 
4 136.6 17 114.4 30 83.2 
5 137.1 18 122.S 31 93.9 
6 131.3 19 113'.0 32 91.4 
T ' 154.4 20 101.9 33 90.1 
8 130.4 21 119-3 34 31.1 
9 T29.5 22 117.5 35 73 .8 
10 T29.9 23 95.7 36 37.9 
11 123.7 24 83.2 57 83.4 
12 122.4 25 90.5 38 . 58.3 
13 122.8 .26 87.9 39 34.3 
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t i o n s R and N3 was, f o r the most part, constant with no s i g n i f i c a n t 

topographic i r r e g u l a r i t i e s ; i n fact N3 was v i s i b l e (by theodolite 

telescope) from s t a t i o n R. DoTm-profile from N3 however, the sixrface 

was. undulating, more i n the form of steps than ridges and troughs and 

stations N3 through W7 were set near the edge of successive steps. In 

Figure 22a the evidence i s f o r s l i g h t l y greater accumulation i n the 

lee of the steps and less up-profile (up-mnd) of the break of slope. 

The cause seems similar to that i n the lower Main l i n e where the greater 

accumulation i n the lee i s att r i b u t e d to slackening wind speed and eddy 

effects and to possible scouring of the crest. Such evidence appears 

even more pronoxmced along the Central l i n e ( f i g u r e 22c), y^ere the 

movement stations were s i m i l a r l y placed r e l a t i v e to even more pronou­

nced surface topography. 

Total acc\imulation along the Neumayer l i n e between A p r i l 11 T965 
2 

and December 21 1965 was 107.2 g/cm . The two-year period, December 
21 1965 to December 26 1967 yields an average annual value of 130.2 

2 
g/cm 

RUTH, C M T R A L M D I I J G R I D LDffiS 

The record from the Central l i n e dates from November 11 1965 and 

was kept u n t i l December 28 1967. That from Ruth and I n g r i d began on 

December 5 1965 and ended on January 1 1968 and November 28 1967 res­

pectively. The record i s documented i n Figure 22b, c & d and Tables 

X, XI and X I I . 

Along a l l three p r o f i l e s there i s a close correlation between the 

rate of accumulation and the rate of elevation change. As noted above 
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TABLE X . 

T O T A L A N D 

Mg.RAGE mTUAL ACaUI;an^mOIj_(_£nn/cm^) RUTK. LUTE 

(1) December 5 1965 t o Soveraber 29 1966 
(2) Novenber 29 1966 t o .January 1 1968 
(3) December 5 1965 t o January 1 1968 

Stalce ( n (2) (3) Stoke (1) (2) (3) 
T 132.9 147.3 140.1 11 93.8 185.6 139.7 
2 131.6 163.8 147.7 12 87.6 148.2 117.9 
3 122.4 186.0 154.2 13 87.2 
4 133.0 192.2. 162,6 14 89.4 — _ — 

5 124.6 142.4 133.5 15 86.2 100.8 93.5 
6 ,120.6 156.6 138,6 16 88.0 116.2 102.1 
7 — _ — . IT 85.3 114.5 99.9 
8 100.6 .- 18 77.6 94.4 86.0 
9- 102.8 178.4 140.6 19 65.5 119.3 92.4 
10 99.7 167.3 133.5 

TiiBLE X I 

T O T A L A N D 

AYinRACrS AIHuIAL ACGUI-.IULATION (ay.i/cm'^) IHGRID LIII3 2x 

(1) December 5 1965 t o October 25 1966 
(2) October 25 1966 t o November 28 1967 
(3) December 5 1965 t o Hovember 28 1967 

Stak.G (1^ (2) ( 3 ) _ Stake (1) (2) (3) 
1 52.8 121,2 37.0 12 127.8 165.6 146.7 
2 76.8 m.mmmmm 13 132,6 17S.4 155.5 
3 89.2 122,6 105.9 14 129.5 183.5 159.0 
4 104.2 145,0 124.6 15 r23.3. 173.5 143.4 
5 82.8 136,0 109.4 16 121.0 201.6 161.3 
6 73.3 — 17 120.6 207.8 164.2 
7 97.4 151.8 124.6 18 — ~ — — — 

8 92.7 159.9 126.3 19 118,4 135.4 151.9 
9 mmnm 20 112.6 191.3 152.2 
10 105.1 • i i . i . . , . I I . . 21 150.4 199.8 175.1 
11 125.7 186,.1 155.9 22 139v3 204.3 171.8 
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TABLE, X I I , • 

T o ~ A L A H P 

AVETLAGB Axfl'iU^lL ACOUimATim j^i/cyri^) CF^TTRAL LUTE 

(1) llovember 1 r 1965 t o IToveraber 29 1966 
(2) November 29 1966 t o December 28 1967 
(3) Hovember I t. 1965 t o December 28 1967 

Stal-ce (1) (2) (3) Stale© (1) (2) (3) 
1 T30.0 15 109.4 152.2 130.8 
2 44.4 97.4 70.9 16 82,3 155.5 117.9 
3 53.1 131.3 92,2 IT 86.7 147.7 117.2 
4 63.9 126.5 95.2 18 — — 

CI 19 102o8 174.4 133.6 
6 51.1 158.3 104.T 20(04) 133.9 131.3 132.6 
T 98.4 165.2 131.8 21 112.1 155.7 133.9 
8 (02) 98.2 T80.0 139.1 22 139.6 180.2 159.9 
9- 63.5 140.3 101.9 23(C5) 130.3 177.1 r53.T 
10 96.0 r30.o 113.0 24 r i i .2 160.6 135.9 
11 96.1 153.7 127.4 25 138.2 196.2 167.2 
12 (C3) 26 153.9 210.5 132.2 
13 92.4 166.4 129.4 2T 147.3 198.9 173.1 
14 74.2 128.6- 101.4 28(C6) — — 

the relationship between siirface topography and the pattern of accum­

u l a t i o n i s markedly evident i n the lower parts of the Central l i n e , 

a relatio n s h i p which may explain the Vciriations on the Ruth and Ing r i d 

l i n e s (thoTigh no notes are available on topographic detedl on these 

l i n e s except that undulations were pronounced). The lengths of the 

in d i v i d u a l annual periods f o r these p r o f i l e s vary s l i g h t l y but gener­

a l l y are comparable and average accumulation during the f i r s t year 
2 2 2 was 101.6 g/cm (Ruth), 103.9 g/cm (Central) and 108.8 g/cm (Ingri d ) 

2 2 2 
During the second year, 147.3 g/cm , 160.6 g/cm and 171.7 g/cm res­
pect i v e l y , and average annual accumulation over the two-year period 
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2 2 2 was 125.5 g/cm (Ruth), 132,8 g/cm (Central) and 142.3 g/cm ( I n g r i d ) . 

Considered i n terms of percentage increase i n the second year over the 

f i r s t , these figures represent 455̂  on the Ruth l i n e , 55/5 on the Central 

l i n e and 58^ on the I n g r i d l i n e . 

These figures themselves are in t e r e s t i n g i n that they indicate a 

trend toward greater accumulation rates outward from the mountains 

(see Figure 19) and also an increasing percentage v a r i a t i o n between 

the two years. I n the absence of detailed topographic information, i t 

can only be speculated that the increase i n rate i s topographically 

determined but the p o s s i b i l i t y that t h i s results from a wide-ranging 

ef f e c t of the mountains and a resultant p r e c i p i t a t i o n shadow cannot 

be overlooked. The increasing difference between the two year's values, 

i f indeed s i g n i f i c a n t , i s d i f f i c u l t to explain. Possibly i t results 

from differences i n l o c a l climatological and meteorological patterns. 

MIDDLE LINE 

The record from the Middle l i n e i s sparse and of an o r i g i n a l 20 

stakes emplaced on December 23 1965, only 10 were recovered which 

provide an adequate record of accumulation. Heavy losses resulted i n 

t h i s area from ice buildup on the poles and subsequent breakage i n 

high winds. Also, many poles seem to have been buried i n the early 

parts of 1967. The record cannot be divided i n t o two years. The l a s t 

measurement by t h i s author were on September 7 1966 eind the f i r s t by 

Honkala's group was on A p r i l 11 1967. The f i n a l measurements were on 

December 19 1967. The data are i n s u f f i c i e n t f o r graphical discussion 
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and are tabulated below i n Table X I I I . The stakes are numbered from 

s t a t i o n Mul and elevation increases with increasing number. 

TABLE X I I I 

AVERAGE AlfflUAL ACCTMilATION (g/cm^) MIDDLE LDIE 
December'"23 1965 to December 19 1967 

2 2 2 Stake g/cm Stake g/cm"" Stake _ g/cm 
1 131.2 8 15 
2 125.2 9 — 16 198.0 
3 126.3 10 191.7 17 — 
4 157.0 11 172.9 18 — 
5 143.0 12 — 19 — 
6 150.2 13 164.9 20 
7 — 14 

An increase i n accumulation rates \7ith increasing a l t i t u d e i s 

evident and i s similar i n magnitude to other longitudinal p r o f i l e s . 

Thoiigh the data are sparse there are marked i r r e g u l a r i t i e s which might 

be re l a t e d to topographic i r r e g u l a r i t e s which i n t h i s area are pron-

oxonced. Possibly accuinulation rates vary more i n t h i s area than i^ the 

region of the Main p r o f i l e . Were more values available f o r graphical 

inspection, an accmulation pattern similar to that i n the lower 

Central l i n e might emerge. 

G LINE STAXE3 

Data from 15 of an o r i g i n a l 18 stakes forming the G l i n e are a v a i l ­

able from March 5 1966 to December 19 1967. The record has been divided 

i n t o two periods at March 24 1967 and i s shown i n Figure 23 and Table 

XTV. 
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TABLE XIV 

2y TOTAL Airo AVERAGE ANIMAL. ACCUI^IULATIOH {fr/c;m ) Gl LIHE 

(1) March 5 1966 to March 24 1967 
(2) March 24 1967 to December 19 1967 
(3) March 5 1966 to December 19 1967 

Stake (2) (3) Stake (1) (2) (3) 
1 78,2 90,1 84.1 10 117.1 141.4 129.2 
2 84.4 101.5 92.9 11 116.0 141.4 128.7 
3('Gy 79.8 ~_ 12 93.7 124.3 109,0 
4 77.7 91.2 84.4 13(G2) 112,9 130.0 121.4 
5 1:49.2 154.4 151.8 14 82,9 — 

6 131.6 129.5 130.5 15 76,1 95.3 85.7 
7(G1) 97.9 — 16. 102,0 103.6 102,8 
8 102.0 139.3 120.6 17 116.5 136.7 126,6 
9 106,7 1'44.5 126.1 18 

G3 
62,7 99.4 81,0 

This was a "transverse" p r o f i l e and was set mainly to investigate 

the e f f e c t s of pronoimced l o c a l topography on accumulation rates. An 

o r i g i n a l plan to survey the siirface p r o f i l e wj.th l e v e l and s t a f f was 

not realised due mainly to shortage of time. However, notations and 

sketches from f i e l d notebooks provide a q u a l i t a t i v e schematic of the 

p r o f i l e shape which i s included i n Figure 23. 

On the basis of these data there appears to be a strong influence 

on the pattern of accumulation rates by the s\ii"face topography. The 

pattern i s similar to that on the lower Main l i n e and Central l i n e 

w i t h the rate of accumulation being greater i n the troughs than on 

the higher, more exposed surfaces. 

During the f i r s t year the average accumulation from the eighteen 
2 

stalces was 99.3 g/cm . The 15 stalces remaining i n the second years 
2 

recorded an average of 121,5 g/cm md f o r the tv;o-year period an 
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2 average annual accumulation of 111,6 g/cm . Even though the second 
period was considerably shorter than the f i r s t , the 15 stakes with 
unbroken records recorded 20^ more accumulation during the shorter 
period. 

THERE3E LINE AIJD NORTH FORK 

On December 21 1965, 29 stalces were emplaced to form the Therese 

l i n e and 13 stakes were set to form North Fork. Both lines were succ­

e s s f u l l y maintained u n t i l January 5 1967 when t h i s author's party 

made i t s f i n a l measurements. The results from the Therese l i n e are 

tabulated i n column one i n Table X7. 

TABLE XV 
TOTAL AND AVERAGE AlfxrUAL ACCIBaJLilTION (g/cm^) THERESE LINE 

(1) December 21 1965 to January 5 1967 
(2) January 5 1967 to January 6 1968 
(3) December 21 1965 to January 6 1968 

Stake (2) (3) Stake (1) (2) (5) 
1 195.3 278,4 236.8 15 197.1 — 

2 193.1 271.5 232.3 16 200.7 
3 190.9 279.7 235.3 17 208.3 255.7 232.0 
4 202.4 290.0 246.2 18 195.3 265.5 230.4 
5 199.8 — — 19 195.3 252.2 223.7 
6 193.6 20 - — • 258.7 
7 203.8 292.6 248.2 21 209.3 233.4 221.3 
8 208.3 306.3 257,3 22 186.2 263.4 224.8 
9 214.0 — 23 175.9 234.7 205.3 
10 207.4 251:.4 229.4 24 179.7 231.7 205.7 
11 205.1 258,7 23U9 25 172,9 218.4 195.6 
12 202.9 270.3 236,6 26 168,2 216.2 192,2 
13 203.4 27 157.4- 222.2 189.8 
14 197.0 
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On A p r i l 11 1967, Honlcala's group made i t s f i r s t measurement of 

the l i n e s and snow accumulation amounting to 140-170 cm. was recorded 

f o r the three-month period. The poles were reset and were high, one 

standing 290 cm. On August 24 1967 the entire l i n e was missing. I t 

was replaced the following day and was maintained u n t i l January 6 1968. 

I f i t i s assumed that the o r i g i n a l poles were simply buried bet­

ween A p r i l and August and that t he snowfall was ju s t equal to the 

pole heights, the t o t a l snowfall recorded by the poles from January 

5 1967 to January 6 1968 yields the water equivalent vsilues shown i n 

column two of Table TI, Though i t i s not impossible that almost 3m. 

of snow f e l l i n t h i s area between A p r i l and August i t i s t h i s author's 

opinion that i t i s improbable; the emulative curves of snowfall f o r 

other areas (figure 24), though r e f l e c t i n g a sharp increase i n accum­

u l a t i o n rates between mid-July and eeirly September, do not bear out 

a snowfall of such magnitude. Stake niunber 14 of the Top 21 l i n e , 

closest to the f i r s t on Therese, recorded 203 cm. of snowfall i n the 

same period. The fate of the stakes between A p r i l and August i s the 

more l i k e l y explained by ice buildup, high winds and consequent brea­

kage - perhaps not the en t i r e l i n e but enough to mislead the f i e l d 

p a r t i e s . I n any case, should any have been located, i d e n t i f i c a t i o n 

would have been a monmental, i f not impossible task. The values i n 

Table XV (2) and (5) are therefore, suspect. 

The h i s t o r y of North Fork i s l i t t l e better. Of the o r i g i n a l 13 

stakes set i n December 1965, eight were recovered with complete rec­

ords by Jemuary 5 1967. The l i n e was reset with a f u l l complement of 
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stakes but when they were next serviced on A p r i l 1 1 1 9 6 7 , Honkala 

found only six and reset them, some of them high. Two of these six 

were l o s t by May 1 2 but were replaced. On August 1 1 f i v e remained 

and by august 2 4 only four remained. An unbroken record is.therefore, 

available f o r only 3 stakes. The other one has" a " l o s t " period of 

one month. Total accumulation from these stakes f o r the two years i a 

l i s t e d below: ( 1 ) December 2 1 1 9 6 5 to January 5 1 9 6 7 , ( 2 ) January 5 

1 9 6 7 to January 6 1 9 6 8 , (3) two-year average where available. 

North Fork Stakes 

Stake ( 1 ) ( 2 ) (?) Stake ( 1 ) ( 2 ) ( 3 ) 

1 1 4 0 , 0 8 1 4 2 . 0 — 

2 1 3 7 . 7 — — 9 1 3 7 . 7 1 7 3 . 3 1:55,5 

3 1 0 1 3 7 . 7 1 3 1 . 3 1 3 4 . 5 

4 1 1 1 4 6 . 7 1 4 3 . 7 1 4 5 . 2 

5 1 2 1 1 9 . 3 — — 

6 1 4 0 . 3 - — 1 3 1 0 6 . 4 — — 

I t i s notable that the three stalces with aai unbroken record, only 

one, number nine, shows, an increase i n 1 9 6 7 . This may be the resu l t 

of m i s - i d e n t i f i c a t i o n i n the f i e l d at some time. 

The data are int e r e s t i n g in. another respect. Neither p r o f i l e ex­

tended to p a r t i c u l a r l y low elevation (the f i r s t pole on North Pork 

i s estimated to be at about 3 0 0 meters a.s.l, or about the same as 

st a t i o n H on the Main l i n e - (G 5 i s at 2 8 1 m. a . s . l . ) . At about 3 0 0 m. 

elevation on the Main l i n e the annual accumulation rate was about 7 0 

2 2 g/cm i n 1 9 6 6 and about 1 1 0 g/cm i n 1 9 6 7 , considerably lower than 

the North Fork values. This may be due to the effect of aspect and 
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exposure to the snow-bearing wind i n that the lower Main p r o f i l e l i e s 

i n the "lee" of Anvers Island and receJ'ves less snowfall as a r e s u l t . 

North Fork on the other hand, stands i n f u l l exposure to the wind. 

Bryan (1965) proposed a similar argument to explain the lower accum­

u l a t i o n rates i n the southern part of Adelaide Island (the lee of the 

island) as compared with the northern,, windward end. 

SKYLINE AND MONACO LEffi 

The Skyline and Monaco l i n e follow, as closely as could be det­

ermined i n the f i e l d , the drainage basin divide and defined the north­

ern geographic boundary of the study area. The record from the Skyline 

i s extremely poor and regretably, no sensible record v/as recovered 

from the Monaco l i n e . 

The Monaco l i n e was f i r s t set with 48 poles on A p r i l 15 and 16 

1965 and was v i s i b l e on September 2 when the Top Line T r a i l v/as ser­

viced. The l i n e was l o s t i n a storm from September 3-7 (which i n the 

v i c i n i t y of Lapatrere Bay i n the north, deposited 97 cm. of fresh snow). 

I t was eventually reset with 32 stakes on December 21 1965. By January 

3 1967 only 5 stfikes remained. On that date i t was again r e b u i l t with 

28 stakes but was l o s t again, by Honkala's party, by August 11 1967 

(a s i m i l a r fate to the Therese l i n e ) . After being r e b u i l t , again with 

28 stakes, between /lUgust t6 and 18, Honkala's party maintained i t 

u n t i l January 6 1968. By that date only 17 remained to give a record 

of accumulation from mid-August 1967 to early Jaiuiary 1968. 

The Slcyline was established with 15 stakes on December 21 1965 
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and by November 29 1966, 12 remained with unbroken records. The l i n e 

was then maintained u n t i l January 5 1968, but only 7 stakes were rec­

overed w i t h complete records. The results are shown i n Table XVT and 
2 

r e f l e c t an average accumulation of 205.4 g/cm at the 12 stakes during 
2 

1966 and 281,9 g/cm at the 7 stakes i n 1967. The average annual acc-
2 

umulation at the 7 stakes with a continuous record was 242.6 g/cm . 

There was a 31?̂  increase i n 1967 over 1966. 

TABLE XVI 

T O T A L Mm AVERAGE ANNUAL ACCUJ^HJLATION (g/cm^) S K Y L H I E 

(1) December 21 1965 to November 29 1966 
(2) November 29 1966 to Januaiy 5 1968 
(3) December 21 1965 to January 5 1968 

Stake (1) (2) (3) Stake (1) (2) -121^ 

1 204.7 9 202.0 — 

2 212.0 10 210.6 288.1 249.3 
3 „ , 11 216.5 — 

4 205.2 279.4 242.3 12 208.8 286.3 247,5 
5 — 13 205.2 280.7 242.9 
6 197.9 283.2 240.5 14 205.7 — 

7 _ — 15 197.5 274.1 235.8 
8 198.4 281.3 239.-3 
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TOP LINE TRAIL 

The Top Line T r a i l discussed here existed f o r less than one year. 

The l i n e was established on February 16 1965 with 100 stakes and a l l 

100 were remeasured on A p r i l 14. On September 2, 88 were measured 

before a heavy storm halted work and buried the: remaining 12 stakes. 

Most of the stalces.vwere l o s t by mid-December and i d e n t i f i c a t i o n of 

those remaining was impossible. The l i n e was then abandoned. 

The 21st stake marked the drainage divide and from t h i s point to 

the region between Mt. Nestor and Mt. Achilles (see figure 1) the 

surface was generally qiiite l e v e l . The l i n e then gradually entered 

a deep depression i n the Perrier Bay-Mt. Achilles area then, after 

turning at stake number 69, climbed again to a level of about 750 m. 

a . s . l . From the end of the l i n e northward, the surface, as f a r as 

could be judged i n the f i e l d , appeared qtdte l e v e l . 

Total accumulation along the l i n e f o r the 198-day period i s shown 

i n Figure 25 and i n Table XVII. For comparison, the f i r s t "year" t o t a l 

values (308 days) from the f i r s t 21 stakes, are also shown i n Figure 

25. 

There i s a close correlation between accumulation rate and elev 

a t i o n w i t h the rate gradually increasing toward the drainage divide 

and then becoming remarkably constant f o r about 12 km. across the 

high, l e v e l plateau. The depression i n the Perrier Bay area apparently 

has a marked effec t on the accumulation rate which here may be addit­

i o n a l l y influenced by wind erosion as south and southeasterly winds 

(not heavily snow-laden) blow through the low saddle between Mt. Helen 
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and Mt. A c h i l l e s , North of Perrier Bay the rate of accumulation again 

increases with increasing elevation and reaches values similar to 

those to the south. These results appear to be a departure from cond­

i t i o n s on the Fuchs Ice Piedmont on Adelaide Island, VThere Bryan (1965) 

reported considerably higher rates of accumulation i n the north of the 

island than i n the south, and may r e f l e c t the more northerly and poss­

i b l y more maritime position of Anvers Island. However, the trend of 

accumulation rates from the southern part of Anvers Island to the 

most northerly point {the Neiaiayer l i n e and Top Line T r a i l ) do in d ­

i c a t e that the lee slope of the island receives lower p r e c i p i t a t i o n 

than the higher windward plateau. 

STAKE FARI'/IS 

Stake farms- record accumulation rates at one location rather than 

at each of several stalces set close together, and detect areal varia­

t i o n s of acctimulation. Tids yields an average value f o r that p a r t i c ­

u l a r l o c a t i o n and provides a more r e a l i s t i c and r e l i a b l e assessment 

of accumulation than would a single stake. This form of measurement 

i s mandatory when measuring stations are widely separated (as may be 

the case on the Antarctic Mainland), or where acciunulation rates are 

very low and where wind action produces a pronounced micro-relief 

( s a s t r u g i ) . 

Five stake farms v/ere established on the piedmont i n early 1965. 

Their locations are shown i n Figure 8 above. The largest was R with 

30 stakes and the four others were o r i g i n a l l y set with 25 stakes each. 



TASLE X7II 

Febiaiary l6 1965 to SeDteraber 

sia/ cm 

1 150.4 46 184.2 
2 157.5 47 195.1 
5 146.8 48 188.2 
4 146.4 49 190.0 
5 155.1 50 194.5 
6 145.7 51 185.8 
7 156.6 53 185.8 
8 160.6 55 t84.7' 
9 157.9 54 176.2 

10 159.3 55 175.8 
i:i 159.7 56 178.0 
12 165,1 5T 186.9 
13 169.5 58 171.8 
14 179.5 59. 169.1 
15 172.2 60 177.1 
16 168.2 61 165.1 
17 178.9 62 172.7 
18 175.5 65 157.1 
19 179.8 64 150.0 
20 180.2 65 138.4 
21 185.8 66 165.5 

67 157.9 
22 175.5 68 159.5 
25 184.7 69 145.5 
24 187.5 70 150.0 
25 190.9 71 149.5 
26 188.2 72 155.7 
27' las .T 71 152.2 
28. 182.9 74 155.T 
29 187.8 75 158.9 
50 194.0 76 156.6 
51 185.6 77 158.9 
52 186.0 78 158.0 
55 195.1 79 166.9 
54 191.5 80 169.1 
55 189.6 81 165.5 
56 1.38.7 82 174.9 
57 190.0 85 184.7 
58 189.6 85. 170.0 
59 186.0 85 182.9 
40 192.7 86 189.1 
41 185.1 8T 195.6 
42 188.7 88 185.1 
43 185.1 
44 185.6 
45 186.0 
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Farms B and C were l o s t i n the storm of early September 1965, vrhile 

A, D, and R were cannibalised to extinction by l a t e 1965. Available 

data are p l o t t e d as cm. of snow accumulation i n Figxires 26 and 27. 

The v a r i a t i o n about the mean i s generally constant at about 7 to. 

10 cm wit h no r e l a t i o n to the magnitude of the snowfall, which leads 

to smaller percentage v a r i a t i o n f o r larger snowfall. The value f o r 

each stake has been plotted i n the same sequence throughout and ind ­

i c a t e no systematic areal v a r i a t i o n w i t h i n the arrays. The magnitude 

of the v a r i a t i o n i s a f a i r r e f l e c t i o n of the amplitude of the prev­

a i l i n g surface mi c r o - r e l i e f , which over the entire piedmont i s rem­

arkably small. 

The scatter of values cannot be ertended as a direct possible or 

probable error i n a single stake measurement because a single meas­

urement i s r e a l at the time i t i s taken. I t does indicate that i f a 

single stake had been placed at a d i f f e r e n t position i n the same gen­

e r a l area, or i f i t had been measured at a s l i g h t l y d i f f e r e n t time, 

i t would have recorded a d i f f e r e n t value simply as a re s u l t of redis-

r i b u t i o n of accumulation over the surface. The va r i a t i o n therefore, 

allows an assessment of the v a l i d i t y of a f i n a l value as being rep­

resentative. of the general location. Over most of the piedmont the 

stalces were set close enough together to overcome the problem raised 

by large-area variations but the farm results are useful i n assessing 

the worth of the Top Line T r a i l stalces and those i n the Monaco, Ther-

ese l i n e s and Skyline where l i m i t e d data were obtained and measure­

ment stations were more widely spaced. 
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AREAL VARIATION OF ACCUMULATION 
(cm OF SNOW) 
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At stake farm R the t o t a l readings f o r the period of measurement 

show a maximum v a r i a t i o n of 57 cm. or 17 and 20 cm. about the mean. On 

a percentage basis of the t o t a l accumulation recorded, t h i s reduces 

to about v a r i a t i o n about the mean. On the basis of the two years' 

data which generally have been evaluated, the var i a t i o n amounts to 

about 2fo, The average accumulation recorded by stake farm R from 

February 16 to November 11 1965 was 211,5 g/cm . The f i n a l stake on 

the Main l i n e recorded 215.8 g/cm over a similar period (February 

3 to December 5 1965) in d i c a t i n g that an individual stake record i s 

representative of accumulation rates i n i t s general v i c i n i t y and that 

few i f any anamolous results have been incorporated i n t o the overall 

survey of accumulation on the ice piedmont. 

STOtt-IARY AND CONCLUSIONS 

Total annual accumulation values from February 1965 to January 

1968 are available f o r the t\TO longitudinal lines only. Values f o r 

the entire stake network are available from November 1965 to January 

1968 and provide a comprehensive survey of annual accumulation rates 

over the southwestern lobe of. the Marr Ice Piedmont. 

Figure 28 i s a summary of a l l data obtained from the stake meas­

urements during the l a t t e r two years and presents the areal d i s t r i b ­

u t i o n of average annual accumulation f o r the two-year period. The i s o -

line..interval i s 10 g/cm / y r . I n the area north of the dotted l i n e 

on t h i s map, the isolines are l i k e l y to be less accurate than those 

t o the south because they are based on more scattered absolute values. 
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Fig. 28. Summary of a l l accumulation data taken from stake network 
between November 1965 and January 1968. Isolines are average 
annual accimulation i n g/cm 
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I n the south, the isolines have been drawn on the basis of a gener­

alised curve f o r each p r o f i l e , obtained from the three-point running 

means of the absolute vsilues. 

The survey shows that accumulation rates are high, among the highest 

on record f o r the Antarctic Peninsula, and are t y p i c a l of the western 

coast of the peninsula. There i s a very pronounced relationship between 

elevation and rates of acctunulation but over the small l a t i t u d e range 

of the piidmont there appears to be l i t t l e change i n the rate of accum­

u l a t i o n due to differences i n l a t i t u d e alone. A l l data, p a r t i c u l a r l y 

that from the Top Line T r a i l and the Neumayer l i n e , show a marked 

influence of aspect on accumulation rates, with less t o t a l accumulation 

being received i n the lee slope of the piedmont. 

The four sets of curves shown i n Figure 21 show an interesting 

pattern and are strongly suggestive of a pr e c i p i t a t i o n shadow i n the 

eastern part of the study area res u l t i n g from the prevailing direction . 

of the p r i n c i p a l snow-bearing winds. Along a l l the lines i n question 

there i s a d i s t i n c t l y positive elevation gradient outward from station 

R ,f>ufebi!Jalong the Top 21 line^the rate of accumulation aJ-^e?-markedly 

p o s i t i v e . The Mountain l i n e exhibits only a s l i g h t positive accumulation 

gradient while the Angela values have v i r t u a l l y no gradient at a l l . 

Along the Kersten l i n e , the accumulation gradient i s decidedly negative. 

This pattern can probably be explained i n large part by position and 

aspect r e l a t i v e to the mountains and the snow-bearing winds. 

This area of the piedmont has a cirque-like form with the mountains 

forming an arc around the four p r o f i l e s . The major snow-bearing winds 
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are from the NE quadrant, p a r t i c u l a r l y from ME and E (see Appendix I , 

Volume 2) and approach the p r o f i l e s from the mountains. Thus the pro­

f i l e s are situated i n an increasingly protected position, moving east­

e r l y from the Top 21 stakes which are clearly exposed to the winds, to 

the Kersten l i n e which i s most protected. The varying pattern of acc­

umulation i n t h i s area appears to result therefore, i n the fact that 

the accumulation l i n e s l i e , to a varying degree i n a p r e c i p i t a t i o n 

shadow. 

The effects of t h i s sheidow may i n fact be more widespread, extending 

westward toward the coast and may explain the variations i n accumulation 

rates along the Ruth, Central and Ingrid l i n e s . The rate of accumulation 

along the Skyline however, i s quite constant with no indication of the 

p r e c i p i t a t i o n shadow e f f e c t . This may be due to increased elevation 

toward the mountains, as suggested f o r the Angela l i n e or i t may simply 

be that the Skyline i s s u f f i c i e n t l y exposed and l i e s outside the shadow. 

Ihjring the period of the survey, there was a marked va r i a t i o n of 

average annual accxunulation rates from one year to the next which most 

probably i s related to variations i n l o c a l and widespread sea ice 

conditions and to differences i n the climatological pattera ef f e c t i n g 

the Antarctic Peninsula as a whole. The record of past accumulation 

which i s discussed i n Chapter 9 below, does not emphasise t h i s v a r i ­

a t i o n because of the d i f f i c x i l t y of stratigraphic interpretation and 

because the record i t s e l f i s r e l a t i v e l y short. 

At higher elevations on the piedmont where topographic i r r e g u l a r ­

i t i e s are small or absent, there are no widespread areal variations 
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of accxmulatmon. The surface of the piedmont i s generally smooth, i n ­

dicating that t h i s i s a deposition surface more so than an erosion 

surface. 
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CHAPTER. FIVE 

SURFACE VELOCITY OBSERVATIONS 

raTRODUCTION 

A network of stations was established on the piedmont f o r the 

determination of absolute surface v e l o c i t i e s and to investigate the 

p o s s i b i l i t y of seasonal variations i n surface v e l o c i t y . Velocity 

stations generally consisted of 12* x 2" OD alttminum pipe pushed 

f i r m l y i n t o the snow. 12' x 2" x 4" timbers were used at some loca­

t i o n s and i n three cases the sta t i o n was marked by three 12' x 1" 

bamboo poles t i e d together. Sighting was always made to the center 

of the bottom of each stake where i t entered the snow surface. Stakes 

were p e r i o d i c a l l y reset to prevent b u r i a l by snow accumulation. 

O r i g i n a l l y 67 stations were set and surveyed but only 54 were 

adequately recovered f o r v e l o c i t y determination. Station LINDA was 

l o s t i n the crevasse f i e l d and dangerous vehicular access prevented 

the maintenance and recovery of stations K4, K5, H5̂  and H6. The survey 

was incomplete on FLAG and recovery of KAPPA, I and LAIffiDA 1 and 2 

wa^ not attempted as the f i r s t survey of these stations was regarded 

as wealc. Station V was buried during the winter of 1966 and because 

of the survey technique employed, so prevented the recovery of s t a t ­

ions W and L i t t l e x. 

The nomenclature and location of each ve l o c i t y station are shown 

i n . Figure 29. This network was set to obtain v e l o c i t y data from a wide 

range of locations i n the study area. P a r t i c u l a r l y , the Main-Moimtain 
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Fig. 29. Location and nomenclature of ice velocity stations. 
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line,.Neumayer l i n e and Central-T l i n e x/ere designated "longitudinal" 

p r o f i l e s , while the G and H lines were peripheral, f o r mass discharge 

information. 

Normally an ice movement survey would be made using triangulation 

techniques from the ends of f i x e d , measured baselines preferably par­

a l l e l to the general d i r e c t i o n of ice flow. This system i s ty p i c a l of 

studies on valley glaciers. This S5''stem was attempted f o r the ve l o c i t y 

stations around Arthur Harbor and was t i e d to a hydrographic t r i a n g -

ula^>ion carried out f o r the US Navy Hydrographic Office during 1965. 

This t r i a n g u l a t i o n was not extended to the stations further inland 

because l o c a l topographic features made i n t e r v i s i b i l i t y of stations 

d i f f i c u l t to achieve over any appreciable distance and the number of 

intermediate points would have become too large f o r occupation by the 

the small working group. The triangulation would also have ertended 

from a r e l a t i v e l y weak setup ?/here the o r i g i n a l baseline ( L i t c h f i e l d 

Island to Norsel Point) was short, perpendiculsir to the general ice 

flow d i r e c t i o n and s l i g h t l y offset from the main axis of the survey. 

The only bedrock i n the area on which baselines could be e s t a b l i ­

shed are the small islands around the periphery of the piedmont. Any 

baseline established on these islands would be perpendicular to the 

ice flow dir e c t i o n and the desired accuracy could not be obtained. 

For the remaining stations therefore, other methods were employed. 

The inland v e l o c i t y stations were established using a system 

of distance and angle measurement i n open traverse l i n e s . Distances 

were measured with a Tellurometer system and the angle between the 

l i n e s of measurement was determined with a Wild T2 theodolite. 
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This system was an adaptation of techniques which had proven succ­

essful i n previous glacier surveys (Hoffman 1960; Hoffman and others 

1964) and the main body of t h i s text w i l l not dwell upon the technical 

d e t a i l s of the system but w i l l r e s t r i c t i t s e l f to the discussion of the 

r e s u l t s . The te c h n i c a l i t i e s together with pertinent data tabulations are 

presented i n Appendix I I . Coordinates and v e l o c i t y values are shoTm i n 

Table X V I I I . 

SURFACE VELOCITY DATA 
The pattern of surface v e l o c i t y , shown i n Figure 30, exhibits 

remarkable differences from one part of the study area to another but 

there i s a d i s t i n c t s e n s i b i l i t y to the overall d i s t r i b u t i o n and t h i s 

c l e a r l y r e f l e c t s the subglacial topography (Chapter 3). I n magnitude 

the v e l o c i t i e s f a l l i n t o two d i s t i n c t ranges. 

1) The Pi l i n e , Neimayer l i n e and Central l i n e have velocities which 

are closely comparable with those of some valley glaciers. The velo­

c i t y at stations G2, G3 and. Mul i s of similar magnitude. 

2) The remaining stations a l l have v e l o c i t i e s which are lower than 

might be expected under these conditions of ice thickness, surface 

slope and a c t i v i t y of regime. 

The subglacial topography as revealed by Dewart's gravity survey 

(f i g u r e s 13, 14 & 16) can be deduced from the v e l o c i t y vectors and 

there i s clear l y a high degree i f ice channeling which greatly en­

hances the rate of movement i n certain areas. The stations along the 

Netimayer and Central lines apparently l i e somewhat on the walls of 

the submerged valley and are creating a convergent flow r e s u l t i n g i n 
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Fig. 30. Horizontal component of surface velocity vectors. Vector 
scale i n meters per year. 
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a rapid v e l o c i t y increase doTOi-valley. The stations at Pi2' and Pi3 

l i e over the l o c a l v a l l e y bottom while Pi4 and Pi5 are being chann­

eled into the valle y head. The gradual southward swing of the vectors 

alon^.the T l i n e and the Mountain l i n e emphasise t h i s channeling 

e f f e c t and points up the significance of the configuration of the 

piedmont-mountain botindary. The s l i g h t l y curved • configuration of 

the l i n e through Ht. Rennie, Mt, Agamemnon and "Big Mountain", to­

gether with the steeply ri3i33g subglacial bedrock, i s strongly sugg­

est i v e of a cirque, which i s forming the i n i t i a l accumulation area 

for an i c e stream or submerged v a l l e y g l a c i e r . 

The d i r e c t i o n of movement of stations M, H, P, K2 and K3 c l o s e l y 

follow the direction of maximum surface slope and suggest that the 

"platform" i n t h i s area i s gently dipping southeeistwards. The vectors 

at stations C6 and C5» which indicate a movement direction westward 

across the main axis of the Central l i n e , c l e a r l y r e f l e c t the small 

secondary v a l l e y outlined by the 150 meter subglacial contour on 

Dewart's map (figure 15). The extension of t h i s feature northeast of 

s t a t i o n R i s re f l e c t e d by the i c e movement at stations S, T1, R and 

P, The foot of t h i s v a l l e y , trending northwestwards leads to the 

sudden change i n direction of movement of the stations beginning at 

03, and f o r the more southerly direction at K3 compared with K?, I n 

t h i s part of the study area there can therefore, be discerned two 

streams of flow; one i s bringing i c e from the end of the Mountain 

l i n e , through the eastern part of the Pi l i n e and then through the 

lower pai'ts of the Meumayer 3,ine into the deep v a l l e y basin i n the 
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v i c i n i t y of FLAG and H6. The other stream brings i c e from the middle 

and lower portions of the T l i n e through stations R, P, 05, 06 and 

N1 with s t a t i o n W l y i n g on i t s western edge. This stream then swings 

southwards into the v a l l e y basin, with station K3 on i t s western edge, 

to meet the easterly i c e stream. 

The marked change i n the direction of movement along the Main 

l i n e at s t a t i o n L i s also explained by the bedrock configuration. 

Station L l i e s a l i t t l e below the 50 meter contour on Dewart's map 

(figure 13). Here there i s a gently curving stream passing through 

st a t i o n s L, K and G with s t a t i o n H on i t s eastern edge. In t h i s 

area the "platform" i s gently dipping to the northeast and forms a 

shoulder to the v a l l e y foot arovmd % l i e Bay, The high v e l o c i t i e s at 

the three stations G2, G3 and Mul r e s u l t from the channeling effect 

of the deeper parts of t h i s v a l l e y and form part of the heavily 

crevassed i c e stream seen i n the a e r i a l photograph (figure 17). No 

surface slope measurements were accomplished at stations G4 and G5 

though the vectors do appear to be following the general direction 

of maximum sxirface slope as i t i s . recorded by t h i s author. A very 

sharply southward curving i c e stream can be anticipated i n t h i s area. 

Stations E, HI and H2 together with K1 l i e over the central part 

of the "platform" and r e f l e c t another ice-flow system. Station E, 

diverging s l i g h t l y away from the axis of the Main l i n e , obviously 

forms part of the main stream ^ i c h discharges through Arthur Harbor. 

The i c e flowing through stations HI, H2 and K1 forms a subsidiary 

stream and probably discharges into the bay to the east of the Arthur 
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Harbor promontories. K2 more probably forms part of the larger ice 

stream flowing into Biscoe Bay. 

Discnssion . 

There i s then a highly complex configuration to the sxirface v e l ­

o c i t y f i e l d which i s controlled almost wholly by the configuration 

of the subglacial topography. The vector d i s t r i b u t i o n erplains the 

v a r i a t i o n i n magnitude of the measured surface movement and permits 

i n i t i a l speculation on the mechanisms of flow operating i n the i c e 

piedmont. 

I n an i d e a l i s e d s i t u a t i o n , as might be found on a model v a l l e y 

g l a c i e r , whose bedrock i s formed by a gently sloping surface, the 

v e l o c i t y would gradually increase from the head of the accumulation 

zone u n t i l i t reached a maximum at the equilibrium l i n e . This would 

r e s u l t from the gradual increase of mass which has to pass through 

the cross section i n unit time. Below the equilibrium l i n e , where 

mass i s gradually l o s t by ablation processes, the surface velocity 

would gradually decrease and be at or close to zero at the terminus. 

Varia t i o n s of v e l o c i t y along the longitudinal p r o f i l e of such a 

g l a c i e r would be caused by changes i n the surface slope or increase 

or decrease i n i c e thickness. 

This s i t u a t i o n however,, as can be seen from Figure 31, i s app­

roached only along the Tiine-I^eumayer l i n e and T line-Central l i n e . 

The lowest rate of movement recorded i n the study area, 1'5.9 meters 

per year at T5, gradually increases through a l l the T stations through 

R and then into the Central l i n e stations. This acceleration i s main-
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tained u n t i l i t drops off at CI. 

The sudden deceleration at CI can be related to the increase i n 

i c e thiclcness over the deep basin below t h i s station, FLAG and H6. 

A s i m i l a r pattern i s evident on the Neumayer l i n e . Almost a l l the 

remaining stations i n the study area l i e on p r o f i l e s which cut, at 

varying angles, the p r i n c i p a l flow l i n e s . Their v e l o c i t i e s therefore, 

do not r e f l e c t the i d e a l i s e d situation, as can be seen from Figure 32. 

Station E. for example, from the point of view of i t s position within 

the: study area, l i e s near the terminus of the i c e piedmont but well 

above the equilibrium l i n e . I t s rate of movement i s a mere 20 meters 

per year. This i s compared with some inland stations, for example, 

s t a t i o n N whose ve l o c i t y i s approximately twice t h i s value. Station E 

i s i n f a c t at or near to the head of i t s own accumulation area; i t i s 

not receiving, and therefore does not have to handle a massive volume 

of i c e from the hinterland. This has already been discharged i n other 

d i r e c t i o n s through stations L and K. The accumulation passing through • 

s t a t i o n H does not reach to E because i t i s swept southwards and prob­

ably flows c l o s e r to stations K1 and K2 and discharges eventually into 

the bay to the east of Arthixr Harbor. 

The v a r i a t i o n of v e l o c i t y along the main l i n e as well as the r e l ­

a t i v e l y low values recorded, probably also restilts from divergent 

flow upstream. The Main l i n e , as can be seen from the v e l o c i t y vector 

pattern (figure 30), i s tangential to the major direction of i c e s t r ­

eaming. There are several shallow ridge-and-trough features (though 

these are not reflected i n the bedrock map prepared by Dewart) i n 

the large area occupied by the Middle p r o f i l e , and the v a l l e y whose 
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foot l i e s i n the region of stations G2 and G3, may extend futher into 

t h i s area. Unfortunately, no ve l o c i t y stations were established i n 

t h i s part of the study area, but from the r e l a t i v e l y low v e l o c i t i e s 

alon^ the Main l i n e , i t seems probable that the ic e i n the v i c i n i t y 

of.' the Middle p r o f i l e i s streaming towards the Wylie Bay area rather 

than crossing the Main l i n e . Compare for instance, the velocity at N 

(39.4 m./yr) and C5 (81.1 m./yr) or 06 (65.5 m./yr), which l i e at 

approximately the same distance from the i c e divide of the Monaco-

Skyline p r o f i l e s . I t seems obvious that the i c e accumulating to the 

north of station W does not flow through t h i s station. On the other 

hand, the i c e i n the v i c i n i t y of the T-line does pass through 06 and 

C5 and greatly enhances the the v e l o c i t y of those stations. 

ARTHUR HARBOR SURVEY 

Triangulation was used to obtain velocity data from the i c e imm­

ediat e l y behind Arthui' Harbor but because the te r r a i n prevented the 

establishment of idea l baselines, the network setup was weak. Cons­

equently, to strengthen the survey, distances were also measured to 

some of the. i c e stations. Figure 33 i s a schematic of the network. 

Four surveys were made; April-May 1965, September 1965, May 1966 

and December 1966-January 1967. As with the main traverse-surveys, the 

data obtained were reduced to da i l y rates, then extrapolated to common 

epochs. Three epochs were se t ; May 17 1965, May 2 1966 and January 6 

1967, each representing approximately the mid-point of survey a c t i v i t y . 

Table XIX gives station coordinates at each epoch, t o t a l movement and 
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extrapolated average annual v e l o c i t y between each epoch and the aver­

age annual v e l o c i t y based on the t o t a l epoch time of 599 days. Figure 

34 shows the vectors plotted from these data. 

With the exception of Gamma, the s l i g h t change i n azimuth i n these 

vectors can probably be accounted for by f i e l d errors i n the survey. 

At Gamma, survey error may also account for the azimuth change but at 

t h i s s t a t i o n , azimuth change could be r e a l as the station flows into 

the mainstream of i c e i n the harbor. 

A l l f i v e stations show channeling of the i c e into Arthur Harbor, 

probably r e f l e c t i n g a subglacial basin between the Norsel and Bona-

part Point promontories. These "Parlcway" stations were emplaced imm­

ediately inland of the crevasse f i e l d and i t i s probable that a sharp 

break of slope i n the subglacial surface occurs i n t h i s area and that 

much of the basin floor i s below sea l e v e l . The crevassing occurs at 

the break of slope. 

Three of the stations, Alpha, Big X and D, have similar v e l o c i t i e s 

which are generally consistant with the velocity pattern immediately 

inland. At Alpha and Big X the extrapolated annual v e l o c i t i e s show 

l i t t l e v a r i a t i o n , suggesting consistant movement throughout. I t i s 

known that a crevasse formed immediately inland of station D and sea­

ward of Big X sometime between May and September 1965. Part of the 

movement of D therefore, was probably r e l a t i v e l y rapid with the dev­

elopment of the crevasse and may account for the s l i g h t l y higher v e l ­

o c i t y between epochs 2 and 3 . ̂ 'he very low velocity of Delta and the 

r e l a t i v e l y high velocity of Gamma are not readily explainable and 
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TABLE XIX 

STATIOM COORDDIATES; 
HARBOR SURVEY 

May 17 1965 

Station 
Alpha 
Big X 

D 
Delta 
Gamma 

TOT MOV 

11847.666 
12523.623 
.12961.902 
12970.485 
12389.209 

10595.033 
10766.824 
10286.527 
9224.223 
8865.369 

129.558 
187.643 
191o142 
1:50.830 
112.127 

AVG 
KOV {J^/YT) 

May 2 1966 

Alpha 
Big X 

D 
Delta 
Gamma 

11835.129 
12504.129 
12942.300 
12963.771 
12364.415 

Jan 6 1967 

Alpha 11824.946 
Big X 

D 
Delta 
Gamma 

12489.830 
12926.736 
12958.060 

10586.343 
10757.159 
10276.294 
9221.274 
8884.522 

10580.142 
10750.473 
10267.400 
9217.434 

t27.190 
185. t78 
1:87 o760 
148.473 
108.370 

126.651 
184.044 
186.512 
146.956 

17.2: n 
21-.6 m 
22.1 m 
7.3 m 
31.3 m 

12334.338 8894.978 116.195 

12.1 m 
15c9 m 
18.0 m 
6.9 m 

31.9 m 

17.9 
22.5 
2%0 

7;6 
32,6 

17.7 
23.3 
26,4 
^0,1 
46.7 

AVG MOV 
(m/y) . 

599 Days 
1i7o8 
22,8 
24.4 
8.6 

38.5 
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crevassing does not account for the differences. No crevasses are 

knomi to have formed near Delta. I t s very low v e l o c i t y may simply 

r e f l e c t insubstantial mass from i t s hinterland or, unlike the other 

stations, the subglacial surface there, i s above sea l e v e l . Though 

Gamma was never occupied as a'velocity station, i t was frequently 

v i s i t e d for the accumulation sijrvey and no crevasses existed i n the 

v i c i n i t y . The ov e r a l l v e l o c i t y of Gamma was much greater than the 

other s t a t i o n s and showed a pronounced increase between epochs 2 and 

3. A markedly sub-sea-level bedrock, re s u l t i n g i n "lubrication" at 

the base, may account for the greater overall velocity at that s t a t ­

ion and the increased v e l o c i t y during 1966 may have resulted from the 

sta t i o n entering the main "stream" of i c e flowing into the harbor, as 

suggested by the asimuth change i n the vector, 

Coacluslons 

The only i c e entering Arthur Harbor i s probably that from the 

v i c i n i t y of stations E and HI. A l l other i c e from inland "shears" past 

the i c e of the two promontories. The velocit y f i e l d within the Harbor 

i c e i s probably complex and er r a t i c as a res u l t of crevassing. More 

information on the subglacial topography and frequent, short-terra mov-

ment surveys are needed before t h i s v e l o c i t y pattern can be completely 

elucidated. 

SEASONAL VARIATION OP VELOCITY 

Introduction 
There are several reports of seasonal and short-term variations i n 
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g l a c i e r movement and i n some cases the r e s u l t s have been regarded £is 

in d i c a t i v e of geophysical c h a r a c t e r i s t i c s of the ic e mass. I n an a t t ­

empt to detect any variations i n the movement of the piedmont, stations 

E through N were surveyed on four occasions and stations P and R on three 

occasions. I t would have been desireable to include more stations i n 

these extra surveys but time and conditions prevented t h i s . 

The Surveys 

The f i r s t survey of stations E through N was completed diiring A p r i l 

and May 1965. Distances were measured to P and R but the angle measure­

ment was not accomplished. The second survey, which did include stations 

P and R was made i n la t e September 1965, while surveys three and four 

were completed i n May-June 1966 and October 1966 respecjiively, with the 

exception of tying E to datum ( L i t c h f i e l d I s l a n d ) , which was not poss­

i b l e (due to sea ic e i n the harbor) u n t i l January 1967. The movement 

between surveys 1 and 2 and surveys 3 and 4 - i s therefore regarded as 

winter movement while that between surveys 2 and 3 i s summer movement. 

To obtain the t o t a l movement and da i l y rate of movement between the 

siirveys, three different time spreads are available. These are the time 

between the individual measurements of the traverse angle (called / 3 time), 

the time bet"iTeen distance measurements ( c a l l e d LF time) and the average 

of these two times (AVG time). Calculation of coordinates for each 

sui-vey (Table XX) and the movement values derived (Table XXI) are based 

on the average time spread. The remaining time spreads for each sxirvey 

and the respective v e l o c i t i e s derived are included i n Table XXI. Figure 

35 shows the t o t a l movement between surveys (based on average time) 

and 'figure 36 i s a plot of the v e l o c i t i e s from a l l the time spreads. 
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Resxxlts 
The r e s u l t s are not p a r t i c u l a r l y convincing. From the plot of daily 

movement rates (figure 3 6 ) , i t appears that at E and H as well as at 
station L, winter movement i s s l i g h t l y i n excess of simmer movement. 
The magnitude i s so small however, a matter of a few millimeters a day, 
that i t can probably be discounted. The higher velocity at K i s anoma­
lous but c l e a r l y evident. The r e s t of the data, moving up-profile i n ­
land, show a steady decline i n the rate of movement throughout the 
surveys. 

The v e l o c i t y of the other stations r e l a t i v e to E i s plotted i n F i g ­

ure 37 and numerical values are tabulated i n Table XXII. An almost iden­

t i c a l pattern emerges. I n a l l cases the s l i g h t l y higher velocity of K 

r e l a t i v e to H and L. i s evident. The reason for t h i s i s not clear but i t 

may r e f l e c t the position of K r e l a t i v e to the ice flow l i n e s or i t may 

be the r e s u l t of a l o c a l i s e d difference i n the conditions at the base. 

The gravity survey did not reveal s u f f i c i e n t bedrock d e t a i l to explain 

the movement at station K. 

However, the nature of the survey technique probably renders t h i s 

study i n v a l i d . The derived v e l o c i t i e s depend on two types of f i e l d 

measurement; the distances and angles i n the traverse. Rairely was i t 

possible to measure these at the same time or complete the traverse i n 

a single day (which i s true of course, for the epoch surveys). I t i s poss­

i b l e therefore, that i n the time between the measurement of the two 

factors, a s i g n i f i c a n t event .ocurred, rendering the averaging of the 

time spread i n v a l i d . 

Thus i t i s concluded that these observations provide no firm evid­

ence of seasonal variation of surface velocity. 
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COORPIMATES: FOR SHORT-TERIil SORVSYS: 

Survey 

E 
X 

1 
2: 
5 
4- ( Jan) 
4 (Oct) 

1 4 1 7 7 . 0 
1 4 1 2 9 . 0 
1 4 1 1 7 . 0 
1 4 1 0 4 . 2 
1 4 1 0 9 . 2 

JL 
1 0 6 4 6 . 6 
1 0 6 4 4 . 1 
10640.11 
1 0 6 3 6 , 0 
10637 .5^ 

Survey 
1 
2 
3 
4' 

M: 

1 8 8 S r . 6 
1:887t.11 
t 8 8 5 7 . 5 ; 
1 8 8 4 9 . 2 ! 

1 2 3 8 5 . 4 
1 '2378.f f 
t 2 3 6 6 . 9 
1 i2361 .4 

1 
2 
3 
4 

1 4 7 3 0 . 4 
1 4 7 1 9 . 5 
1 '4703.7 
1 4 6 9 3 . 9 

ff If 
1 1 3 2 8 . 3 
1 1 3 2 6 . T 
11324 .1 ; 
1;1!323eO 

T 
2 
3 
4 

2 1 1 1 5 . 9 
211103.6 
2 f :085 .6 
21:076.2: 

1 2 9 5 4 . 2 
1 2 9 4 0 . 4 
1 2 9 1 8 . 8 
12907.11 

1 
2 
3^ 
41-

1 6 0 2 6 . 2 
1 6 0 1 4 . 6 
1 5 9 9 7 . 3 
1 5 9 8 6 , 9 

1 1 6 6 1 . 2 
111 6 5 9 . 2 
1:1655.4 
111654.21 

1 
2 
3 
4 

2 3 2 7 1 . 8 
2 3 2 4 8 . 1 
2 3 2 3 6 . 2 

1348(7.6 
113454.3 
23440.4 

1 
2 
3 
4 

1 6 8 4 2 . 6 
16830- .9 
1 6 8 1 4 . 6 ) 
1 6 8 0 4 . 9 

1.1866.61 
1 1 8 6 4 . 5 
1 1 8 6 0 . 5 
1 1 8 5 9 . 5 

1 
2 
3 
4^ 

2 4 8 0 2 . 7 
2 4 7 7 7 . 4 
2 4 T 6 4 . 9 

113889.5 
1 3 8 6 3 . 0 
1 3 8 5 0 . 2 
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SABLE XXI 

mOCITIES CQtCTTSD FROM SHOET-TEM SURVEYS'-
~ ^ATIOHS E - R. 

Survey 
Time Spread i n Days 
B LF AVG 

Movm't 
(m) 

1 - 2 145 149 1;47 8o4i 

•ri 2-5 252: 252: 232 1'2o55 

5 - 4 (Jan) 2 3 5 2 5 5 2 5 5 1 i5 .4 

5 - 4 (Oct) 141 141 141 8 . 2 

1 » 2 157 161 149 II0O 
m 2 - 5 2 5 0 2 5 ? 2 4 5 t 6 . 2 

5-4 1 4 2 1:15 T28 9 . 5 

1 - 2 156 161 1;49 1:1,8 
K. 2 - 5 2 2 8 2 5 7 242 2 0 . 0 

5-4 1:44 117 150 1 0 . 5 

1 - 2 1i34 m 147 1 1 . 9 

2 - 5 2 2 9 257 2 4 5 1'6.9 

5 - 4 145: 1il7 150 9.5 

1^2 155 161 148 1 2 . 6 

E 2 - 5 2 2 8 2 5 9 2 4 5 T 8 . 7 

5 - 4 170 1 1 5 142 9 08 

1 - 2 135 160 146 1:8.5 
E 2i-5 2 2 9 2 5 8 2 4 5 2 7 . 9 

5 - 4 169 115 142 1:5o0 

1 - 2 mm —•1 

I 2 - 5 2X3 2 5 4 256 3 5 . 4 

5 - 4 156 115 135 1 8 . 5 

1 - 2 _ — — 

I 2 - 5 2 1 8 2 5 4 256 5 6 . 6 

5 - 4 171 115 1 4 3 T7o9 

Average VelocityCcm/d) Epoch Tei 
AVG B LF cm/d 
5.71 
5 .58 
5o75 
5.81: 

7 .59 
6 .67 
7.46 
7,91 
8 . 2 6 
8.05"> 

8 . 1 2 
6.97: 
7.55 
9 . 5 7 
7.69 
6.94 

3o79 
5 . 5 8 
5 . 7 5 
5 . 8 t 

8 , 0 4 
7 . 0 4 
6;.72 

8 . 6 7 
8 , 7 7 
7 . 2 7 ' 

8o91 
7 . 4 0 
6 . 6 8 

7 . 8 6 
8 , 2 0 
5 . 7 9 

1:2.66 15.89 
ir.50' 12.20 
1:0.57/ 8 . 8 8 : 1!5.05 

5 ^ 6 5 
5 . 5 8 
5.75^ 
5 .81: 

6.84^ 
6 . 5 0 
8 . 5 0 

7 . 3 2 
7 . 7 8 
8 . 9 5 

T . 4 2 
6 , 5 9 
8 . 1 6 

8 . 5 4 
7 . 2 2 
8 . 5 6 

1 1 . 5 5 
1 0 . 8 5 

1 5 . 0 0 1 6 . 2 3 1 3 . 9 4 
1 3 . 5 5 M 1 . 7 5 1 5 . 9 1 

1 5 . 5 2 1 6 . 8 0 1 4 . 4 2 
1:2.52 1:0.47 15-.56 

5 . 6 0 

7.11 

To74 

7 . 5 8 

7 . 4 0 

1:0,811 

1:5.4fr 

115.67 
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VARIATION OF ABSOLUTE VELOCITY 
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Fig. 3 6 . Variation of absolute velocity between epoch and intermediate 
surveys based on times of angle measurement, distance 
measurement and average of both time intervals. 
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V A R I A T I O N O F V E L O C I T Y R E L A T I V E TO 'E 
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TABLE XXII 

VELOCITIES RELATIVE TO STATIOM E 
C0I.CPUTBD FROM SlQRT-TExlJ.L.SURVgYS. 

Velocity Ccm/day) 
Sv^rvev AIG: B LF 

1 - 2 2 .1 2 . 2 1 . 9 

Hi 2 - 5 1 . 9 2 . 0 i;.8 

5 - 4 11,8 1i.6 2,0^ 

1 - 2 2 . 6 2 . 8 2 , 4 

K 2 - 5 2 . 5 2 . 7 2 , 4 

5 - 4 2 .1 T:.9 2 , 5 

1 - 2 2 . 6 2 . 8 2 . 4 

L . 2 - 5 2 . 2 2 . 4 2 .1 

3 - 4 1 . 8 1'.6 1 , 9 

1 - 2 5 . 0 5 . 5 2 . 7 

M- 2 - 5 2 . 5 2 . 4 2 ,1 

5-4- 2 . 4 2 , 0 2 . 8 

1 - 2 7 . 8 8 .5^ 7;o 
N 2 - 5 6 ,1 6 , 6 5 . 8 

5 - 4 6 .1 5.1 7 ; 5 
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CHAPTER SIX 

THE MSS BALMCE OF THE ICE PIEDMOHT 

INTRODUCTION 

The mass balance of a glacier i s the algebraic sum of incoming 

and outgoing mass. The mass balance of small cirque and valley glaciers 

can be treated rigorously, because they have clear l y defined boundaries 

and because they are r e l a t i v e l y easily mapped using modern photogra-

mmetric techniques and aeri a l photography (LaChappelle 1962) or normal 

topographic mapping proceedures. Changes i n ice volume can therefore 

be quite accurately determined. On a small feature i t i s also possible 

to obtain accumulation and ablation data from closely spaced locations 

either from stakes set i n the surface or by probing to the level of 

the previous year's i c y surface (Schytt 1962). The velocity f i e l d can 

be more precisely determined, not only from the point of view of con­

centration of v e l o c i t y stations, but also because topographic condit­

ions allow more accurate measurement of the ve l o c i t y . Thus, f o r a small 

glacier i t i s possible to use precisely defined parameters (eg Meier 

1962) i n the mass balance treatment and talce a more sophisticated 

approach to the problem. 

As with meteorological data, mass balance measurements increase i n 

value and significance the longer the period over which they have been 

gathered. Logistic a c c e s s i b i l i t y i s therefore an important consider­

ation to a program of mass balance determination. Though there are 

several notable exceptions from mass balance studies i n the Arctic 

(eg Paterson 1969; Hattersley-Sraith and Serscn 1970) i t i s not surprising 

therefore, that the best loao'wn glaciers, from the mass bslance aspect, 
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are small, easily accessible valley and cirque glaciers, usually 

temperate and generally i n the northern hemisphere (eg. LaChappelle 

1965; Meier 1965; Hoinkes & Rudolph 1962; f a l l e n 1948; Schytt 1962). 

The significance of size and access was summed up by Schytt (1962) 

i n answere to Dr. Hoinkes, frho v/as impressed by the density of accu­

mulation stations on Kebnekajse, and doubted that "one could go on f o r 

50 years l i k e t h a t!" 

Dr. Schytt: "You can i f you choose a small glacier and have the 
men to work on i t " . 

(Jour, of Glac. Vol 4 No 5 p 286) 

The mass balance of ice sheets, ice shelves and other larger 

features i s more d i f f i c u l t to determine primarily because of t h e i r 

size and the problems presented by that alone. Without an extremely 

mobile working force of almost army size, the number of accumulation 

and ablation measurement stations must be l i m i t e d and i t may not be 

possible to deliberately locate stakes where anamolous values might 

be expected, f o r example i n an area of pronoimced surface topography. 

Changes i n surface elevation are more d i f f i c u l t to detennine because 

of the manifest problems of detailed surveying over lairger areas. 

L o g i s t i c a l l y , these areas are often remote and aerial photography 

and photograrametry are not feasible. I t i s frequently the case that 

data cannot be collected systematically year af t e r year, so long-term 

averages are not available. Usually therefore, a small section must 

be treated i n d e t a i l and assessed as representative of the whole. On 

the Antarctic Ice Sheet t h i s i s the oiily p r a c t i c a l method and, as 

pointed out by Cameron (l9o4), the main d i f f i c u l t y i s the unknown 
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quantity of ice entering the study area from the^^ inland regions. 

This i s the obvious problem when a study area does not have sensible 

boundaries. On the Ross Ice Shelf t h i s problem was overcome to some 

degree by f i r s t assessing the contribution to the shelf by the glaciers 

flowing from the Antarctic Plateau (Swithinbank 1963) and then at a 

l a t e r date, assessing the coastal discharge at the northern coastline 

(Hoffman &" others 1964; Dorrer 1970). 

On the ?Jarr Ice Piedmont, mobility of the work party was assured 

by the use of Polaris and Poxtrack motor tobogans which provide rapid 

transportation over a smooth snow surface. Thus i t was possible to 

establish the extensive and r e l a t i v e l y intensive network of accumu­

l a t i o n stakes, which i n length amounted to over 90 km. A t o t a l of 

1,200 bamboo poles were used to maintain the measurement program at 

over 600 separate locations, and^though the density of stations f a l l s 
2 

f a r shoi't of the 120/km obtained by Schytt (1962), the network does 
provide good coverage of the study area. 

The pattern of ice v e l o c i t y vectors (figure 30) confirms that the 

study area does i n fact reasonably approximate a d i s t i n c t nosrphologicsil 

u n i t from the point of view of drainage. However, in.<3ufficient data 
2 

E i r e available f o r a mass balance evaluation of the entire 380 km area 

defined i n Chapter two, p 20-21. Access to the Cape Lancaster promont­

ory by surface vehicle was prevented by crevasses and regular small 

boat operations were hindered by sea ice. Thus no data have been obt­

ained from t h i s area arrian unknown quantity of ice may be entering 

the region from the f o o t h i l l s of Mt. Moberly and Mt. V/illiam. Ice 
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movement st a t i o n LINDA was l o s t i n crevasses during the early stages 

of the f i e l d work and (she) was not replaced. This station had been 

established i n \Aat appeared to be a d i s t i n c t and probably fast-moving 

ice stream (see fi g u r e 17) and would therefore have provided important 

information f o r the calculation of ice discharge. 

The section of the acctimulation zone believed to discharge between 

stations G5 and G5 (on the basis of the v e l o c i t y vector d i s t r i b u t i o n 

and surface topographic configuration) i s that to the north of the 

dotted l i n e on the accumulation map shown i n Figure 28 (p 91 above). 

For the calculation of the mass balance, t h i s section of the accumu­

l a t i o n zone has therefore been omitted. 

BUDGET YEAR 

A time framework i s required f o r the calculation of glacier mass 

balance. This i s the "budget year", defined as the i n t e r v a l between 

the time when new accumulation exceeds ablation and the close of the 

following summer:̂ s ablation season, when acciomulation again exceeds 

ablation. This i s the "classical" budget year and on the Marr Ice 

Piedmont, i t begins i n l a t e March to early A p r i l . 

On Anvers Island t h i s concept i s not easy to apply, because the 

Marr Ice Piedmont l i e s almost exclusively above the f i m l i n e and the 

accumulation of mass i s an almost continuous process, ^ a t l i t t l e 

a blation (by melt) there i s , i s confined to very small areas on the 

peripheral ramps and i s miniscule compared to accumulation. For the 

calculation of the mass balance described i n t h i s chapter, a "calendar" 

budget year has therefore been used. This i s appropriate as i t maslm-
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ises the use of a l l available accumulation data, which, as i s evident 

from chapter 4, were obtained on a calendar year basis, a shedule which 

did not coi^^ncide with the "classical" budget year. I n a study of the 

mass balance of the Norsel and Bonapart raraps, described i n Chapter 7, 

i t i s however, possible to discuss the "classical" budget year. 

MSS INCOME 

With the exception of nine stalces which were situated on the Norsel 

and Bonapart ramps, every stake i n the network recorded a net gain of 

mass during the period of investigation. 

Annual accmulation values f o r the entire stake network are a v a i l ­

able f o r the two-year period November 1965 to January 1968. The average 

of these values was used to prepare the accumulation map (figure 28). 

As explained i n Chapter 4, the isolines on t h i s map have been drawn at 

i n t e r v a l s of 10 g/cm /yr. and i n order to arrive a t the following figures, 

the area bounded by each i s o l i n e was obtained Tdth a polar planimeter 

and the volxime of water represented was calculated. 
2 

The t o t a l area of the'^southern lobd' amounts to about 380 km and 
excluding the Cape Lancaster promontory, the area to which the accumu-

2 

l a t i o n map applies i s about 338 km.. The t o t a l positive balance averaged 

over the two-year period f o r t h i s area i s 516 x 10^ metric tons. However, 

because of the uncertainty of the ice discharge between stations G3 and 

G5, t h i s t o t a l area cannot be used, so when the area to the north of 

the dotted l i n e on the accumulation map i s excluded, a t o t a l positive 

balance f o r the remaining area above the equilibrium l i n e was c a l c u l ­

ated as 407 X 10^ metric tons. However, the equilibrium l i n e i s s i t u -
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ated at approximately 60 ra. elevation and closely follows the c l i f f 

edge. Therefore, i n order to assess the mass balance for the entire 

area from the c l i f f s to the foot of the mountains, i t would be nece­

ssary to calculate the throughflow at the c l i f f face i t s e l f , but move­

ment and thickness at the c l i f f face are not known. The closest "pro­

f i l e " to the c l i f f face, f o r which throughflow can be sensibly calcu­

l a t e d , i s defined by the l i n e G3 through the "G" stations to E, then 

to H1, H2 and JI3 passing through K5 and CI to station N7. The t o t a l 
2 

posi t i v e balance above t h i s l i n e , over an area of 520 km , was calcu­

l a t e d as 580 X 10^ metric tons. 

VOLUME OP THROUGHFLOVf 

The surface area of ice passing annually through t h i s p r o f i l e has 

been calculated, using the measured surface v e l o c i t i e s and the computed 

values of the azimuth of ice flow at each ice movenent station. To 

obtain the volume of ice passing through the p r o f i l e , t h i s area has been 

m u l t i p l i e d by the measured ice thiclcness and a reduction factor of 0.95 

to account f o r the v a r i a t i o n of vel o c i t y \7ith depth. This factor i s 

based on values obtained by B u l l and Camein (1970) from calculations 

made from borehole data from the Meserve Glacier, Antarctica and else­

where. 

Assuming an average ice density of 0.90 g/cm throughout, the t o t a l 

mass flowing annually through the p r o f i l e has been calculated as 560 x 

10^ metric tons. 
The r e s u l t i n g mass balance equation i s ; 
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Total positive balance above 
the throughflow p r o f i l e 

Total throughflow at 
the p r o f i l e 

Excess of positive balance 
over throughflow 

380 X 10 metric tons 100.0?5 

360 X 10 metric toras 94.7?^ 

20 X 10 metric tons 5.3?̂  

DISCUSSION OF THE MSS BALAJICE EQUATION 
The excess of positive balance over throughflow i s the eqiiivalent 

2 

of approximately 8«8 g/cm d i s t r i b u t e d evenly over the surface area 

of the accumulation zone considered here and could represent a r e a l 

p o s i t i v e balance f o r the entire study area. However, with the data 

available, i t i s not possible conclusively to show t h i s . 

I f t h i s i s a positive balance, then the surface elevation should 

be increasing, I5iis i s the "velocity of thickening described by Meier 

(1960). I n the present survey the v e r t i c a l angles were not simultan­

eously reciprocal and are subject to an unknown error ^siiich would 

render any calculation of the ve l o c i t y of thickening rather suspect. 

Therefore, i t i s not proven that a positive balance i s reflected by 

elevation change. The t o t a l lack of any kind of accurate topographic 

map of the ice piedmont i s also a hindrance to further consideration 

along these l i n e s . 

CONSIDERATION OF ERRORS 11̂  THE laSS BALANCE EQUATION 
Several pai^ameters used f o r the calculation of the mass balance 

are subject to possible errors. Snow accumulation was measured against 
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the stakes using a two-meter long " t a l l y rod" and an error of - 1.0 cm. 

at each reading can be estimated. Some stakes were measured as many 

as nine times a year and a l l stakes were measured at least three times 

a year. 

I t i s d i f f i c u l t to assign a possible error to the densities der­

ived from the snow p i t and ice core studies. Almost invariably the 

snow p i t samples were of w e l l consolidated material and the density 

tubes were most c e r t a i n l y f i d l . A possible error of * 0.01 g/cm^ i s 

probably the l i m i t of error 7*ich can be applied to these measurements. 

Er r o r - i n the core density i s l i k e l y to be greater though not exce­

ssively so because, imless i t was obvious that the core was t h i n , which 

often resulted from b r i t t l e , f r i a b l e material, the core was assumed 

to be 76 mm. i n diameter. When t h i s was not the case the specimen was 

measured and i n no case was the diameter fcimd to be less than 74 mm. 

The length of each specimen i s a l i k e l y source of error but i t again 

i s not l i k e l y to exceed about 2-5 mm. Thus an estimated error f o r the 

core sample densities of * 0.02 g/cm^ can be considered as the upper 

l i m i t . However, a small change i n the density values used could sign­

i f i c a n t l y a l t e r the mass balance equation. 

Annual accumulation rates vary considerably from year to year. 

The records f o r positive balance presented i n Chapter 4 show that the 

annual t o t a l s f o r the two years considered i n the mass balance equation 

are considerably d i f f e r e n t . Furthermore, the v e l o c i t i e s used f o r the 

throughflow calculation did not cover a period (1967) when accuuralation 

was being measured f o r the mass balance calculation and i t i s therefore. 
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s t r i c t l y an average v e l o c i t y which has been applied. 

Meteorological records also are l i m i t e d , both f o r Palmer Station 

and f o r the surrounding area as a whole. Thus i t i s not possible to 

assess the s t a b i l i t y of meteorological conditions and therefore, of 

snow accumulation conditions, over Anvers Island. The differences bet­

ween the three annual positive balance records from the Jiain p r o f i l e 

( f i g u r e 20) are not readily explainable from the contemporary Palmer 

Station meteorological records (Appendix I ) . The difference i n these 

f i n a l values i s cer t a i n l y not the result of greater or lesser ablation 

from year to year as i s suggested by Sadler (1968) on the Argentine 

Islands, but results d i r e c t l y from differences i n t o t a l snowfall from 

one year to another. The most l i k e l y explanation f o r the annual snow­

f a l l v a r i a t i o n i s probably related to differences i n local sea ice 

conditions during the winter. 

The errors i n the v e l o c i t y determination and ice thickness mesisur-

ement have been considered elsewhere (Appendix I I and Chapter Three 

respectively) but fu r t h e r comment i s warranted. A large proportion 

of the mass discharging from the study area occurs through the major 

ic e stream between the Central l i n e and the Neumayer l i n e (see figure 

30). The discharge v e l o c i t y used i s i n e f f e c t , the average v e l o c i t y 

of stations CI and N7. This v e l o c i t y may not i n actual f a c t , be rep­

resentative of the v e l o c i t i e s of stations K4 and K5 f o r which second-

survey data are not available. These stations l i e i n the mid-section 

of t h i s ice stream and possibly have greater v e l o c i t i e s than stations 

CI and N7. The discharge through the ice stream may therefore have 

been underestimated. 
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I t has also been assunmed that the section of the accumulation area 

•vrtiich discharges between stations G3 and G5 has been accurately iden-
2 

t i f i e d . This area, which amounts to approximately 62 km showed a 

t o t a l positive balance of 108,5 x 10^ metric tons which, to be disch­

arged through the ice stream i n which station LDIDA was placed, would 

require of that station a v e l o c i t y i n the order of 170 m/yr. This 

value i s reasonable when" compared with. the other ice stream v e l o c i t i e s 

and p a r t i c u l a r l y the nearby stations G2 and G3. A very si g n i f i c a n t 

error i n the f i n a l mass balance evaluation has probably not therefore 

occurred as a result of t h i s particular assumption. 

The reduction factor of Oo95 used to account f o r the v a r i a t i o n 

of ice v e l o c i t y with depth i s estimated and i s based on the findings 

of Bull, and Camein (1970) f o r Meserve Glacier, which i s cold. From 

t h e i r borehole data they found that a reduction factor f o r that glac­

i e r was between 0.83 and 0,92, Temperature measurements on the Marr 

Ice Piedmont and discussed i n ChapterlO" below and consideration of 

the average temperature condition w i t h i n t h i s ice from surface to 

bottom, indicate a much warmer condition. Sliding v e l o c i t i e s are high 

(Chapter 11 below) i n the ice streams and i n other areas, where the 

i n t e r n a l deformation v e l o c i t i e s and the surface v e l o c i t y are about 

the same, the ice could be moving as "plug flow". Under plug flow con­

d i t i o n s , the reduction factor v;ould be 1.00 and under conditions of 

high s l i d i n g v e l o c i t i e s , the factor might well be i n excess of 0,95. 

V/ith regard to these parameters of average englacial temperature and 

flow characteristics, the factor used i n the mass beilance calculation 
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may be low. I t i s not l i k e l y however, to be 1.00 f o r the entire study 

area. 
3 

An ice density of 0,90 g/cm has been assumed f o r the throughflow 

ca l c u l a t i o n . Maximum density of ice (0.917 g/cm^) has been used by 

some workers, though the average density may be less than t h i s . The 

value used i n the present calculation could be high by 2.0%. 

This study has not been able to assess the contribution to the 

p o s i t i v e balance by ice and snow movement from the southwestern flanl:s 

of the Achaean Range because no accumulation, thickness or movement 

data are available. I t i s probable that the snow cover of these flanks 

i s t h i n and that because the s i g n i f i c a n t positive balance to the pie­

dmont i s by deposition d i r e c t l y on i t s surface, the contribution from 

the mountain walls i s r e l a t i v e l y small and i s not l i k e l y to s i g n i f i c ­

a n t l y e f f e c t the mass balance equation presented. 

The major error i n the en t i r e mass balance study l i e s with the 

i s o l i n e d accximulation map, from which toteil positive balance veilues 

were derived. Such a map i s obviously subjective to a greater or 

lesser degree. The position of each i s o l i n e i s accurate only at the 

points of measured accumulation. I t i s between these points that the 

l i n e s become subjective. The inaccuracy cannot be quantitatively ana­

lysed but i s l i k e l y to be greater i n the northern part of the study 

area where known positive balance values are more scattered. Fortun­

ate l y , much of t h i s area has been omitted as i t would discharge through 

s t a t i o n LINDA into Wylie Bay. 
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CONCLUSIONS 

The possible errors i n the mass balance evaluation are s u f f i c i e n t 

to account f o r the apparent positive balance f o r the study area. The 

physical dimensions of the ice piedmont do not appear to be changing 

s i g n i f i c a n t l y ; the coastal boundary seems to have been stable for at 

least the past ten years. The mass of the study area i s i n the order 

of 90 z 10^ metric tons, and i f the 20 x 10^ metric tons i s real 

p o s i t i v e balance, i t would represent a gain to the study area of less 

than one tenth of one percent annually, which i s an i n s i g n i f i c a n t 

departure from equilibrium. 

This conclusion i s drawn from a study of only part of the Marr Ice 

Piedmont and i t i s not known whether t h i s part i s t r t i l y representative 

of the piedmont as a whole. There i s no evidence that p r e c i p i t a t i o n 

i n the northern parts i s higher than i n the southern section consid­

ered here. I f i t were i t would require higher ice v e l o c i t i e s to give 

equilibrium conditions. There are no vel o c i t y data available from the 

northern area so i t must be concluded that i f the study area i s indeed 

representative of the whole, then the Marr Ice Piedmont i t s e l f i s i n 

or i s very close to equilibritim. There i s l i t t l e reason to imagine 

th a t the piedmont could have a negative regime. 

Such a conclusion i s not surprising. I t was suggested above i n 

Chapter 3, p 45, that the horizontal dimensions of the piedmont are 

governed by sea l e v e l ; a r i s e i n sea lev e l would cause a recession of 

the ice f r o n t and a f a l l i n sea level would cause an advance. Therefore, 

because equilibrium i s maintained by sea level-controlled calving, a 
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p o s i t i v e or negative regime would not be detected. Any change i n the 

a c t i v i t y of the regime would be refi;'lected by changes i n velocity 

which would change the amount of calving and probably reestablish 

equilibrium i n a r e l a t i v e l y short time. Only on the land based areas 

of the ice terminus (the ramps) would the true picture of the regime 

be revealed. 

From studies on the Norsel Point and Bonapart Point ramps, t h i s 

matter can be further porsued and the mass balance equation presented 

above (pi30) can be elaborated upon and refined. The discussion follows 

i n Chapter -7. 
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CHAPTER SEVEN 

THE PJJGIMB OP 
NORSEL PÔ T̂ AND BONAPARl' POEIT RAIIPS 

On January 20 1965, 26 poles were emplaced on the Worsel Point 

ramp ( f i g u r e 38) i n a t r a i l f i n d i n g operation but the measuring 

program was not begun u n t i l February 3 when a safe t r a i l through 

the crevasse f i e l d had been establislied. At that time the remaining 

1964 winter snow was probed to the previous year's ice level or ice 

layer and depth was established. Depth ranged from 75 era. to 129 cm. 

The lowest values were not at the foot of the ramp but some way up-

slope, suggesting a tendency f o r snow to d r i f t at the foot - a s i t u ­

a tion l a t e r confirmed by measurements i n 1965 and 1966, On January 28 

a 125 cm.-deep p i t was excavated near pole number 2 and average snow 

density proved to be 0.532 g/cm^. The content of the p r o f i l e was com-

puted to be 66.5 g/cm . Gradual ablation and subsequent surface low­

ering resulted i n bare ice by March 3 at poles 1, 3 to 5, 7-11 and at 

number 14. At numbers 2, 6, 12 and 13 and a l l above number 14, heavily 

iced f i r n remained. 

Steady ablation continued t m t i l A p r i l 8 and the resultant lowering 

of the ice surface ranged from zero at stake number 14 to 23 cm. at 

niimber 11 with an average of 12.2 cm. I f the ice surface exposed on 

March 3 was old glacier ice and not superimposed ice formed d-uring the 

winter of 1964, t h i s surface lowering I'epresents not loss of mass from 

the ramp. At an estimated ice density of 0.85 g/cm , the average net 
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Pig. 38. Study area around Arthur Harbor. 
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2 loss at the nine stalces recording negative balance was 10.4 g/cra . 

Positive balance was recorded at stake number 2 where 8 cm. of iced 
2 2 f i m remained (4.2 g/cm ) and at number 6 with 7 cm. (3,7 g/cm ) . 

At numbers 12 and 13 mere i c y patches remained; 2 cm. (1.1 g/cm ) at 
2 

number 12 and 3 cm, ( 1.6 g/cm ) at nmber 13, At number 14 no s i g n i f ­

icant surface lowering occurred after March 3 resul t i n g i n e q u i l i ­

brium at that point. No information i s available on t o t a l accumulation 

during the 1964 winter and as the previous year's iced surface was not 

r e l i a b l y located, i t i s not possible to establish the balance above 

stake number 14. However, i t seems reasonable to assume that i t was 

po s i t i v e . 

On A p r i l 8, 15 to 20 cm. of fresh snow remained on the surface 

and therefore, defined the beginning of the 1965 "classical" budget 

year. Frequent measurements were made throughout 1965 and the results 

from several representative stations are shown i n Figure 39. These 

are cumulative cur\'-es of change i n surface l e v e l (or snow accumulation 

trends i n cm, of snow) because though density determinations were f r e ­

quently made*, they rar e l y coincided with the time of actual stake 

measurement, therefore the exact water content of the p r o f i l e at many 

specif i c times i s not accurately knowii. The results of the density 

studies, most of which were made on the lower part of the ramp, are 

given i n Table XXIII and extrapolating the density values produces a 
2 

generalised graphical summary of accumulation rates, i n g/cm , at 

stake number 2, shown i n Figure 40. 
The curves i n Figure 39 d i f f e r s l i g h t l y from one another i n d e t a i l 
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TABLE m i l 

SlIOW DSiTSITY: liORSEL K > E T RAMF. MI) FERIEHERiiL. ARE/lS. 

Bate 
1965 

Depth of 
P r o f i l e QVJC3" , . , 

P r o f i l e 
Content 

Jan 28 125 ca 0.532 66.5 
Hay 23 42 cm 0.354 14.9 
JZay 31 35 cm 0.364 12.7 
Jtm 5 49 cm 0.396 19.4 
Jun 9 41 ca 0.395 16.2 
Jvn 15 39 cm 0.360 14.0 
Jun 21 38 C3 0.576 14.3 
Jun 26 72 cm 0.533 24.0 
Sep 16 90 cm 0.554 31.9 
Oct 27 113 C!a 0.408 46.1 
JIOV 19 114 cm 0.453 . 49.4 

1956 
Apr' 8 40 cm 0.518 20.7 
Jun 2 30 cm 0.553 10,6 
J u l 22 56 cm 0.301 16.9 
Aug- 13 131 ca 0.333 50.2 At St alee Nr. 18, 
Sep 12 156 cm 0.366 57.1 At Cormorant Point. 
Sep 23 116 CT3 0.375 43.3 
Kov 19 122 en 0.401 48.9 At Station Big X. 
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but i n general they a l l record nearly the same pattern of accumulation 

and ablation. The effect of d r i f t i n g i s clea r l y evident at the lower 

stalces but i t i s notable that the lower 1966 accumulation recorded 

over a l l the study area i s not strongly evident on the ramp. With the 

exception of two heavy snowfalls i n mid-July and early September, the 

rate of snow accumulation i n 1965 was generally steady and reached a 

peeik on November 13. At that time gross accximulation based on a density 

of 0.408 g/crP recorded on October 27, had reached approximately 40 
2 2 2 g/cm at stake number 5, 51 g/cm at stake 11, 73 g/cm at number 22 

2 

and 72 g/cra at number 25 at the top of the ramp. 

Slow ablation a f t e r November 13 caused surface lowering of between 

20 and 30 cm. by December 22, and by February 27 1966 almost a l l of 

the 1965 winter accumulation had been removed at the lower stakes. Prom 

then u n t i l March 28 the surface was generally stable under l i g h t snow 

and sleet conditions but from March 28 to A p r i l 7, ablation was heavy 

under high a i r temperatures and heavy r a i n f a l l and the surface was 

lowered below the previous year's level at six stakes; numbers 1 and 

3 to 7. 
The net loss at these s i x stakes rajiged from 4 cm. of ice , density 

3 2 2 0.85 g/cm"̂  (3.4 g/cm ) at stake 7 to 24 cm. (20.4 g/cm ) at number 5, 
2 

The average negative balance was 12,0 cm of ice (10,2 g/cm . Stake 

number 2 recorded a positive balance (probably due simply to the d r i ­

f t i n g e f f e c t ) of 25 cm. of very wet snow -.vith a measured density of 
3 2 0.518 g/cm giving 12.9 g/cm . Fresh snowfall on A p r i l 7 remained on 

the surface and by A p r i l 24 had reached an average depth of 15 cm. 

ranging from 6 cm. at stake 7 to 22 cm. at number 18, Thus, the 1966 
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budget year (by remarkable ooi'^cidence) began one day e a r l i e r than 

i n the previous year. 

A l l the stakes above number 7 recorded a positive balance during 

the 1965 budget year. The res u l t s , based on the A p r i l 8 1966 density 
•z 

of 0.518 g/cm are shown i n Figure 41, For comparison, the net budget 

f o r 1964 at stakes 1 to 14 i s included i n Figure 41. 

Meanwhile, on the Bonapart Point ramp, six stakes had been empl­

aced below v e l o c i t y station Gamma (see figure 38) on December 23 1955, 

when prev a i l i n g snow depths ranged from 71 cm. at stake number 5 to 

52 cm. at number 2, By February 27 1966, bare ice was exposed at the 

f i r s t two stakes and 1965 winter snow remained at the other stakes, 

ranging from 5 cm, at number 3 to 30 cm, at niunber 6, 

As on the Norsel Point ramp, the surface le v e l was generally 

stable u n t i l March 28, a f t e r which heavy ablation lowered the surface 

to below the previous year's l e v e l , but at three stakes only; numbers 

1, 2 and 3. The re s u l t i n g negative balance at these three stakes was 
2 2 36 cm (30,6 g/cm ) at stake 1, 25 cm, (21,2 g/cm ) at number 2 and 
2 2 23 cm, (19.5 g/cm ) at stake 3. Average net loss was 23.8 g/cm , This 

i s twice the value from the Norsel Point ramp and might be a result of 

the more northerly facing aspect of the Bonapart ramp emd i t s s l i g h t l y 

greater exposj^ure to direct summer radiation. 

At stake number 5, the old surface was exposed but not ablated 

i n d i c a t i n g equilibrium at that point, while stakes 4, 6 and 7 (Gamma) 
2 2 

recorded positive net balance of 6 cm. (3.1 g/cm ) , 15 cm. (7.8 g/cm ) 

and 8 cm. (4.1 g/cm ) respectively. The results from the Bonapart 

ramp are shown i n Figure 42. 
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At the end of the 1965 budget year, the equilibriiom l i n e was s i t ­

uated at approximately 60 m. elevation on the Norsel Point ramp (sta­

t i o n B i s at approximately 80 m. elevation) and at about 80 m. elev­

ation on the Bonapart Point ramp (Gamma l i e s at 112 m. elevation). 

However, as i s evident from Figure 41, t h i s l i n e was considerably 

higher at the end of the 1964 budget year on the Norsel Point ramp 

in d i c a t i n g considerable mobility of the equilibrium l i n e from year to 

year. From the si t u a t i o n of the curves i n Figure 41, i t seems reason­

able to speculate that the equilibrium l i n e fluctuates generally bet­

ween 60 m. (stake 7) and 100-110 m. (stake 14) elevation on the Norsel 

Point ramp. On the Bonapart ramp i t may reach to higher elevations i n 

some years; a B r i t i s h f u e l cache at station Gamma was l e f t on the 

surface,(reportedly) i n 1963, by F.I.D.S. personnel on or about December 

26. There are no si g n i f i c a n t signs of accumulation or ablation around 

t h i s cache indicating that i t must l i e close to the equilibrium l i n e 

i n frequent years. However, from information supplied by Honkala's 

party, i t appears that i n some years the equilibrium l i n e does not 

esist on either ramp. 

During the 1966 winter, the pattern of snow accumulation was much 

the same as i n the previous year, except that pealc accumulation was 

recorded on October 22, three weeks ea r l i e r than i n the previous year. 

On September 23, average snow density on the lower part of the ramp 

was computed to be 0.373 s/ovP and using t h i s as a basis, the peak 
2 _ 2 accumulation was approximately 40 g/cm at stake 5, 54 g/cm at stake 

? 2 11, 63 g/cm at number 22 and 72 g/cm at number 25; much the same as 

i n the previous year. 
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Gradual ablation and surface lowering were recorded u n t i l Decem­

ber 31, when th i s author's party made i t s f i n a l measurements, by which 

time approximately ha l f the 1966 winter acctiraulation had been removed 

(54 cm. of snow then remained at stake 5 and the snow density on Nov­

ember 19 was 0.401 g/cm^). Unfortunately, Honkala's party did not 

maintain a close record of the ramp stakes and budget figures for 1966 

are not available. However, I.M. TThillans i n a personal communication, 

reported that at no place on either ramp was bare ice exposed i n the 

early part of 1967. Thus, a l l stakes recorded positive balance during 

the 1966 budget year, though the magnitude i s not known. I t i s probable 

however, that at the lower stakes at least, the balance was small sifter 

continued ablation beyond December 31 1966 and that the cu3rves dipped 

somewhat as shown i n Figure 39. 

The record from only two stakes, numbers 22 and 25, are of sign­

i f i c a n t value i n assessing conditions of regime during the 1967 budget 

year. At most stakes, measurements were made on September 7 1967 and 

January 9 1968, but the more important lower stakes were l a s t measured 

on July 30 1967. Studies by I.M. '.'/hillans, who recorded snow accumulation 

rates i n d e t a i l at stalces 22 and 25 between September 7 1967 and January 

9 1968, indicate that peak snow accumulation was reached on November 3 

1967 but that the siirface l e v e l remained stable i m t i l December 9, a f t e r 

which, heavy ablation rapidly lowered the surface u n t i l January 9 when 

hi s l a s t measurements were made. However, much of the 1967 winter snow 

remained on the ramps when Honkala's party l e f t Palmer Station i n early 

January 1968. This can be seen i n Figures 39 and 42, Thus, unless met­

eorological conditions i n early 1968 were extremely favoidable f o r abi-
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ation (high a i r temperatures and heavy r a i n f a l l , f o r example) i t 

appears highly probable that a positive net balance resulted i n the 

1967 budget year. 

DISCUSSION 

On the basis of these studies i t i s clear l y evident that the sign 

of the net budget of the ramps varies from year to year, i n some years 

being s l i g h t l y positive, i n other years s l i g h t l y negative. Both gross 

accumulation and ablation are strongly influenced by elevation. lear 

to year variations i n the magnitude of the net budget are not strongly 

emphasised by t h i s study and net ablation i n the 1964 and 1965 budget 

years wets almost i d e n t i c a l . However, net ablation occurred over a much 

wider area i n 1964 than i n the follov/ing year. I t i s possible that 

t h i s resulted because of lower gross accumulation during the 1964 

winter, though the probed depths of January 1965 only p a r t l y support 

t h i s hypothesis. The positive budget of 1966 was probably small and 

unless ablation factors were particxilarly strong i n early 1968, the 

net budget f o r 1967 most probably was positive and greater i n magnitude 

than the previous year. Gross winter accumulation i n the 1965 and 1966 

budget years was generally similar but the negative budget of 1965 was 

reversed the following year. On t h i s basis, ablation rather than accu­

mulation factors appear to have been the determinant of the sign of 

the regime. I f the 1967 budget year was strongly positive, i t resulted 

from a combination of high accumulation and, possibly, weak ablation 

f a c t o r s . 
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OTiiARY MD CO.NCLUSIONS FROM ALL MSS BALANCE DATA 

The ramp study was of too short a duration to allow f i r m conclu­

sions to be dravm concerning mass balance, but taking the limited data 

at face value one might J u s t i f i a b l y assume, that even though the sign 

of the regime changed from year to year, there was no serious departure 

from equilibrium during the period of investigation. Furthermore, i t 

can be concluded that the true state of balance of the ice piedmont as 

a whole, w i l l more l i k e l y be revealed by an understanding of the condit­

ion of the ramps rather thsin by such a study as was described above i n 

Chapter 6. However, neither that study nor the ramp study are p a r t i c ­

u l a r l y h e l p f u l i n determining or deducing the state of balance on a 

long-term basis; that i s , over a long period of time, has the piedmont 

experienced a generally positive or negative regime? Circumstantial 

information r e l a t i n g to t h i s problem i s discussed b r i e f l y i n Chapter 

8 below. 

Meanwhile, i t i s obvious that two mass balance studies were made, 

the "ice stream" balance and the ramp balance and because they u t i l i s e d 

d i f f e r e n t time frameworks, they cannot be combined*. However, the data 

obtained from the two studies are helpful toward an tmderstanding of 

the r e l a t i v e significance of the various processes of mass gain and 

loss i n the overall regime of the ice piedmont. 

The net balance figures recorded by the stakes i n the study area 

accovint f o r a l l processes of accumulation and ablation. I n the equa­

t i o n presented above (p150), the t o t a l positive balance above the 

* See Joiimal of Glaciology. Vol. 8. No. 52. 1969. p 5-7. 
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throughflow p r o f i l e was equated, with the throughflow at the p r o f i l e 

and approximate equilibrium was concluded. However, that equation i s 

derived e n t i r e l y from the accumulation zone and i t remains to be con­

sidered what processes contribute to the positive balance and the imp­

ortance of processes other than calving i n the loss of mass from the 

piedmont. 

Prom the study i n Chapter 6 above i t was assumed that on the average, 

360 X 10^ metric tons i s the annual net ah^lation from the study area. 

I n r e a l i t y , t h i s i s an oversimplification because that figure refers to 

throughflow and mass i s being added to the area below the p r o f i l e bec­

ause v i r t u a l l y a l l of the study area l i e s above the equilibrium l i n e . 

However, t h i s does not detract from the relative importance of the var­

ious processes of loss. I n the case of accumvilation, the processes oper­

ating above the p r o f i l e are r e s t r i c t e d to snowfall and rime formation. 

Accumulation below the p r o f i l e occurs i n other forms but has not ent­

ered the preceding equation (pl30). Thus the discussion which follows 

concerns the entire study area and i s , i n some respects merely q u a l i t ­

a t i v e . 

Acciimulation 

To summarise on accumulation (Chapter 4 ) , snowfall i s the major 

source of mass. Ra i n f a l l i s a source of mass below the 200 m, elevat­

ion contour, but above t h i s l e v e l , sleet rather than r a i n has been 

recorded. 

I n the higher parts of the study area, accumulation occurs i n the 

form of rime as t h i n surface deposits (figure 43a). The remains of 
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a) 

b) 

Fig. 43. Rime formation, a) Surface deposit; depth approximately 2 cm. b) Formation on elevated objects. View looking ESE 
indicating southerly wind aided rime buildup. Deposit on 
stakes about 7 cm thi c k . 
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these layers, often up to 1,5 cm. t h i c k , were seen i n snowpit walls but 

were too t h i n to sample i n d i v i d u a l l y . I t i s estimated that t h e i r cont­

r i b u t i o n to the t o t a l accumulation as exposed i n the p i t walls, i s not 

l i k e l y to exceed one tenth of one percent. 

D r i f t i n g snow causes a r e d i s t r i b u t i o n of accumulation over the 

surface and i t s contribution to the positive balance may vary from one 

location to another. I t has not been possible to i d e n t i f y t h i s contr­

i b u t i o n q u a n t i t a t i v e l y i n the study area though i t must be assumed that, 

snow did d r i f t into the area from the northern part of the piedmont. 

However, an equal amount of snow may have been blown from the study area 

int o the sea. Again, as i n the case of surface rime, d r i f t e d snow dep­

osi t s are not l i k e l y to constitute a major source of mass income to the 

study area. 

Core studies on the Norsel Point ramp, discussed below i n Chapter 

8, indicate that superimposed ice forms between about 50 m. and 150 m. 

elevation, C.C, Plummer, who did the work dviring 1965, showed that 

"with the exception of one centimeter of f i n e grained ice that evide­

n t l y formed during the winter" (Pluramer's unpublished report to t h i s 

author), there was no superimposed ice at 50 m. elevation but that i t 

was 512 cm, thick at 150 m, elevation. Above t h i s l e v e l the upper 134 cm. 

of ice contained iced f i m . Later core studies at the same locations i n 

1956, and weekly stake measurements, f a i l e d to show any further super­

imposed ice formation. Either the accumulation by t h i s process was too • 

small to detect or i t did not occur at a l l during that year. Similar 

work carried out by I.M. ^^fhillans i n 1967 was also inconclusive (pers.com) 
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On the basis of these considerations, a more refined statement of 

po s i t i v e balance f o r the study area can be w r i t t e n thus: 

Positive Balance 

Snowfall and R a i n f a l l Approximately 100.005^ 
Surface Rirae Trace 0.10^ 
D r i f t i n g Snow Not definable - i n s i g n i f i c a n t 
Superimposed Ice Did not occur during investigation -
Total Positive Balance 100.00?^ 

Ablation 

Ablation i s not as readily deailt with as accumulation but the f o l l ­

owing ablation processes are known, or can j u s t i f i a b l y be assumed to 

be operative i n the study area: 1) Calving, 2) Surface Melt, 3) Basal 

Melt,and 4) Evaporation and Sublimation, 

Net ablation by surface melt occurred i n only two of the four summer 

seasons f o r which data are available, namely, 1964--1965 and 1965-1966. 

The average surface lowering i n those two melt seasons was 12 om/year 

on the Norsel Point ramp and 20 cm/year on the Bonapart Point ramp. 

These records show that the equilibrium l i n e l i e s at about 60 m, elev­

at i o n . Over these two ramps, the area l y i n g below 60 m. elevation, ob-
2 

tained by planiraeter, amounts to 312,000 m . Assuming that the stake 

measurements of surface lowering are representative of a l l t h i s area, 

then the mass l o s t would have been 0,045 x 10^ metric tons.. Other parts 

of the study area below 60 m. elevation and occurring as ramps and not 

calving c l i f f s , again obtained by planimeter, accounts f o r 0,600 x 10^ 

metric tons. Total loss by surface melt, when i t occurred, i s therefore, 
6 * 

estimated as 0.645 x 10 metric tons. * See footnote at end of chapter. 
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Snow stratigraphy studies (Chapter 9 below) indicate that surface 

melt occurs over much of the piedmont above the eqtiilibrixun l i n e . How­

ever, the resul t i n g mcltwater percolates downward and refreezes and 

though there may be a s l i g h t lowering of the surface i n svimmer (see 

Figure 24, p79 ) t h i s process does not constitute net ablation from 

the piedmont. 

Melting at the base of the piedmont may also occur though outwash 

streams at the base of the c l i f f s have not been recorded. More inform­

a t i o n i s needed regarding the amount of ice that i s af l o a t , i f any, 

before a sensible estimate can be made. 

Evaporation and sublimation probably occur over the entire piedmont 

throughout the year, though i t i s not possible to i d e n t i f y these para­

meters i n the present study. The accximtilation values derived from the 

stake measurements must i n effec t be regarded as net positive balance 

values. They probably are not representative of the true gross positive 

balance which has been reduced to the measured values by such ablation 

processes as evaporation and sublimation. Detailed studies of the energy 

exchange at the surface are needed before these processes can be iden­

t i f i e d q u a n t i t a t i v e l y . 

Calving i s the dominant ablation process and may latimately acco\int 

f o r almost a l l of the 360 x 10^ metric tons passing through the through-

flow p r o f i l e . 

I t i s not possible to relate d i r e c t l y a l l the ablation data and the 

accumulation data and create an equation. Also, because of the difference 

i n time framework and the fact that net ablation by surface melt occurred 
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generally outside the time when accumulation was recorded, i t i s not 

possible to enter- a l l the ablation data into the mass balance equation 

presented above on page 130 . I n that equation calving i s the ablation 

process. Quantitatively therefore, i t can simply be said that ablation 

processes detected at some time during the period of investigation, 

accounted f o r negative balance as follows: 

Calving Approximately 360.000 x 10^ m.t. 
Surface melt - Arthur Harbor 0.045 x 10^ m.t, 
Surface melt - a l l other ramps 0.600 x 10^ m.t, 
Bottom melt Trace? 
Evaporation/sublimation Not definable 

Paradoxically however, and allowing f o r the s l i g h t overlap i n the 

time fraineworks, a l l data appear to point towards a s l i g h t l y positive 

mass balance during 1966 and 1967 when there was no net ablation from 

the ramps and the main study suggested a possible 5.3^ excess positive 

balance. This i s sig n i f i c a n t i n view of the discussion to follow i n 

Chapter 8. 

* Footnote: 
During the 1969-70 austral summer, Honkala** measured the flow of 

135 melt streams at several locations along the Anvers Island coast. 
The t o t a l length of coastline studied was estimated at 30 km. Over the 
54-day period December 18 1969-February 12 1970, 3.01 x 10° metric tons 
was discharged aa water from the piedmont. This i s six times the amount 
estimated by Rundle ( 1 9 ^ ) and t h i s thesis but i t s t i l l represents less 
than. 1?5 of the 560 x 10 metric tons throughflow. 

Honkala did not control his experiment with snow stake measurements 
and i t i s probable that much of his measured discharge was loss of the 
1969 winter's gross accumulation and not net loss from the piedmont. 

I t seems probable therefore, that VA i s the upper l i m i t f o r loss 
by surface melt and runoff. 
** Honkala,R,A, (1971). Melt as a Factor i n Ice.Loss at Anvers Island, 

Antarctica. Unpublished report, National Science Foundation, 
l/ashington DC. 
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CHAPTER EIGHT 

STRUCTURE OF NORSEL POINT RAMP 

As emphasised above the land-based ramps are probably the more rep­

resentative indicators of the piedmont's regime, which from the ramp 

study i s s l i g h t l y p ositive i n some years and s l i g h t l y negative i n 

others. This raises an important question concerning the recent historj"-

of the piedmont. On a long-term basis, i s there a greater frequency of 

positive regime or of negative regime? C.C. Plummer's study of the 

structure of Norsel Point ramp i s helpful i n approaching t h i s question. 

Ice samples were studied both raacroscopically and i n t h i s section 

between crossed polaroids and the d i s t i n c t i o n between superimposed ice 

and "old glacier i ce" was made on the basis of several c r i t e r i a . The 

follo w i n g information comes from Plummer's report to t h i s author. 

Superimposed Ice 

1) . Grain Size:- Although there were minor variations v e r t i c a l l y i n 

grain size w i t h i n the core sections, grain size was essentially constant 

i n a horizontal di r e c t i o n . The mean diameter of grain cross section was 

nearly alv/ays 1 mm to 5 mm. Rarely, the grain size was as small as 0.5 

mm or as large, as 15 mm. The ice was generally very bubbly and exhibited 

a pronounced banding of the bubbles. The bubble banding however, did not 
necessarily correspond to grain size banding. 

2) . Texture:- The texture was very regular, a sugary mosaic which 

was obvious even i n the newly extracted cores. 
3) . Bubble-Banding:- The most prominent feature of the superimposed 

ice was the concentration of bubbles into bands, which varied both 
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i n the concentration of the bubbles and i n actual bubble size. The 

majority of the bubbles were near-spherical and most had a diameter i n 

the range 1 ram to 5 mm. Isolated bubbles were as large as 10 mm i n 

diameter while bubbles of less than 1 mm were common but accounted f o r 

only a small volume of the a i r i n the samples. 

Glacier Ice 

1) . Grain Size:- Generally the grains were very large with mean 

diameter ranging from 5 mm to 20 mm. Grains with 50 mm diameter were 

not uncommon. Some f i n e grains were dispersed throughout the glacier 

i c e . 

2) . Texture:- The grains were i r r e g u l a r l y shaped with ciirved and 

embayed i n t e r - g r a i n boundaries. There was a tendency f o r the grains to 

be elongate v e r t i c a l l y . 

3) . Structrires:- The glacier ice i n places showed evidence of 

fract u r e i n the form of small cracks. The ice f i l l i n g these cracks 

had the same texture and grain size as the surrounding glacier ice 

but was almost bubble-free. 

4) . Bubbles:- There were abundant bubbles but these were not 

banded or s t r a t i f i e d . Most were elongate with the long axis inclined 

at about 20* from the horizontal. 

5) . D i r t : - Several globules of cryoconite were observed i n the 

upper part of the glacier i c e . Under certain l i g h t i n g conditions t h i s 

part of the ice had a darker appearance than the superimposed ice, 

which i s believed to result from microscopic dust pa r t i c l e s dispersed 

the sample. This d i r t and dust suggests that the glacier ice surface 
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was at some time exposed at the surface pr i o r to the superimposed ice 

being formed upon i t . 

Thickness of Superimposed Ice 

The cores showed a rapid increase i n the thickness of superimposed 

ice through a r e l a t i v e l y short distance up the ramp. A core taken from 

between stakes 10 and 11 (see Figure 44) contained no superimposed ice 

(with the exception, as mentioned above, p.^53 of 1 cm of fine-grained 

ice which had evidently formed diiring the winter). At pole number 12 

the superimposed ice was 52 cm t h i c k . At pole 13 i t was 312 cm thick 

and by pole niwiber 14 i t was 519 cm t h i c k , but here the upper 134 cm 

contained f i n e layers of consolidated iced f i r n . 
Thus, a large wedge of superimposed ice restes on the glacier ice 

i n t h i s area and from these observations can be inferred a general 

structure as shown i n Figure 45. 

Discussion 

Though somewhat circumstantial i n nature, these results are prov­

ocative and the cryoconite concentrations and the dusty glacier-ice 

s^^^face are i n t r i g u i n g . They allow a tentative hypothesis on the recent 

h i s t o r y of the piedmont. I t i s possible that the d i r t and dust may have 

washed downward from a prevailing snow surface to concentrate on the 

o l d ice surface but i t seems equally probable that the old ice surface, 

below the superimposed i c e , was at some time exposed as an ablation 

surface. This leads to the futher hypothesis that at some time i n the 

past the ramp ice surface was i n recession and that l a t e r a positive 

regime, r e f l e c t e d by the superimposed ice, was i n i t i a t e d . On a long-

term basis, with variations between s l i g h t l y positive and s l i g h t l y 

159 



O liJ 

UJ Q 

Fig. 44. Study area around Arthur Harbor. 

160 



I l j 

< 
o 

o 
N 
OC 
O 
I 

(UJ) 31V3S 1V0lia3A 

Fig, 45. Schematic diagram of Norsel Point Ramp. Longitudinal 
p r o f i l e , Y.E X5 

161 



negative annual budgets, an overall positive regime has been maintained 

r e s u l t i n g i n the gradual buildup of the superimposed ice. Indeed, such 

at suggestion i s supported by the observations between 1965 and 1968 

when, during two summer seasons net loss resulted by surface melt, while 

i n the remaining two summers a positive budget existed. Observations 

over a long period of time might reveal a s l i g h t l y higher frequency of 

po s i t i v e budget years. 

The suggestion of a long-term positive regime f o r the (land-based 

peirts) of the I/Iarr Ice Piedmont-accords with that of Bryan (1965) f o r 

the Puchs Ice Piedmont on Adelaide Island vhere " i t appears probable 

that the regime of the ice piedmont i s ei'ther s l i g h t l y positive or i n 

equilibrium" (p. 62). Sadler (1968) came to similar conclusions from 

studies on the ice caps of Argentine Islands. The Anvers Island study 

also confirms the inaccuracy of Fleming's (1940) observation that the 

" f r i n g i n g glaciers" are temporary features, out of phase with the. 

present climate, and w i l l disappear i n a few years. Bryan (1965) sugg­

ested that "temporary" deglaciation i n the Marguerite Bay area was 

contemporaneous with long periods of negative regime of the Puchs Ice 

Piedmont and that a s h i f t i n the depression tracks over the Antarctic 

Peninsula had resulted i n increased p r e c i p i t a t i o n over Adelaide Island 

and the restoration of positive regime conditions. At Anvers Island, 

there i s only circumstantial evidence to support the idea of a prev­

io u s l y negative regime and t h i s i s a question which warrants further 

i n v e s t i g a t i o n . I t i s possible therefore, that Anvers Island l i e s w i t h i n 

the supposed area of recent climatic and p r e c i p i t a t i o n change. 
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CHAPTER. NINE 

ENGLACIAL STUDIES I : SNOW FACIES ZONATION 

INTRODUCTION 

A knowledge of the physical conditions w i t h i n a glacier i s fundam­

ental to a complete understanding of the glacier's characteristics and 

behavior and i s a prime prerequisite to detailed glaciological invest­

i g a t i o n and analysis. Therefore, investigations of the f i m and ice on 

Anvers Island to shallow depth formed an important part of the over­

a l l study program. 

S t r a t i f i c a t i o n of the f i m cover, as revealed by snow p i t excavations 

and ice cores, results from variations i n the conditions of deposition 

and subsequent change. Physical changes wi t h i n the f i m cover with time 

can be d i r e c t l y observed and the causes of these changes often deduced. 

However, though differences bet\7een f i m layers are frequently easy to 

see or f e e l , sometimes they are only detected by measured variations i n 

density, hardness and grain size. Stratigraphic work i n f i m , t h e r e f o r e , 

consists of i d e n t i f y i n g and describing these variations i n a given layered 

sequence and i f possible, extending recognisable features l a t e r a l l y by 

cor r e l a t i o n w i t h other measured sections. The primary problem however, 

i s to determine the conditions Tritiich prevail at present i n the glacier. 

The i d e n t i f i c a t i o n of annual units of accumulation i s one of the 

most s i g n i f i c a n t results derived from the study of f i r a stratigraphy 

and may allow an extension of accumulation records, back i n time, often 

w i t h reasonable certainty. 
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I t i s also possible to recognise and describe physical differences 

i n the f i m cover i n terms of 'diagenetically • produced facies , which 

i n turn allows a greater resolution of glacier characteristics than 

does Ahlmanji's more straightforward geophysical c l a s s i f i c a t i o n . I n part­

i c u l a r , a "facies c l a s s i f i c a t i o n " permits a subdivision of large glaciers 

which span the entire range of environments from temperate to polar. 

The objectives of the englacial studies of the Marr Ice Piedmont 

were^ therefore, to obtain information on the division of the ice cover 

i n t o diagenetically produced facies and the magnitude and v a r i a t i o n of 

past accumulation. Concurrently, information on the in t e r n a l temperature 

d i s t r i b u t i o n , a l b e i t to shallow depth, was also obtained and i s discussed 

below i n Chapter 10. 

THE CONCEPT OF DIAGENETICALLY PRODUCED; FACIES 
The concept of facies as applied to f i m stratigraphy became f i r m l y 

established a f t e r the work of Benson (1959)» who formulated several 

basic d e f i n i t i o n s which have since been almost universally employed. 

Reference to these d e f i n i t i o n s i s made i n t h i s thesis. 

The ablation facies extends from the edge of the glacier to the 

f i m l i n e . The f i m l i n e i s the highest elevation to which the snow 

cover recedes during the melt season. I n t h i s facies the accumulation 

of the current budget year i s removed by ablation to reveal glacier ice 

or the accumulation of the previous budget year. 

The soaked facies. '̂ hen a mass of snow i s at O-̂ '̂c and wet through­

out, i t i s said to be water-saturated or "soaked". The soalced facies 

i s defined as that i n which wetting reaches to the l e v e l of the prev-
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ious year's surface. I t extends from the f i r n l i n e to the uppermost 

l i m i t of complete wetting, the saturation l i n e . The saturation l i n e 

therefore, i s the maximum elevation at which the 0* C isotherm penet­

rates to the melt surface of the previous year. Ice temperatures at a 

depth of 10 to 12 meters below the surface often r e f l e c t the mean ann­

ua l a i r temperature above the saturation l i n e . Below the satxiration 

l i n e , t h i s i s not the case. 

The percola,tipn facies occurs ^ e n the degree of wetting i s not 

s u f f i c i e n t l y strong to penetrate to the previous year's surface. Local­

ised percolation i n t h i s facies permits the downward penetration of 

melt water through part of the current year's accumulation. The pro­

cess can occur i n snow with negative temperature and has been observed 

by Benson (1959) to be taking place i n snow wj.th ambient temperature 

of -7^ C.to -18® C. The downward penetration i s along r e s t r i c t e d cha­

nnels, s l i g h t l y slushy when active, which may expand l a t e r a l l y on 

c e r t a i n layers. Only the percolation channels are at the melting point 

and they refreeze to form ice glands, ice lenses and layers. Ice layers 

extend over large areas with only l i m i t e d interruptions, while ice 

lenses can be seen to obviously pinch out l a t e r a l l y . Both layers and 

lenses are peirallel to the s t r a t a . Ice glands are discordant pipe-like 

masses extending v e r t i c a l l y downward and which occasionally spread l a t ­

e r a l l y to form lenses and layers. When the f i r n temperature i s not app­

reciably below COC. at the onset of melt, the penetration of melt water 

i s more even and v/hen refrozen produces only iced f i r n . The uppermost 

l i m i t of the percolation facies i s t he dry snow l i n e above which l i e s 

the dry _3npw facies i n which negligible sujmner melt and percolation 
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occur (Benson 1959). Prom studies at altitudes i n excess of 3,000 m. 

on the Bast Antarctic Plateau, t h i s author prefers that by d e f i n i t i o n 

the dry snow facies should involve absolutely no t r a n s i t i o n of the snoT7 

cover to the mobile l i q u i d phase and that radiation crusts are the only-

acceptable "melt" features i n the dry snow facies. On t h i s basis, the 

dry snow facies has not been recognised on the Marr Ice Piedmont proper. 

A frequently useful d i v i s i o n i n the lower parts of a glacier i s the 

superimposed ice facies where net accumulation occurs only by the re-

freezing o f melt water on the old ice surface and Ts^ich i s separated 

from the net ablation fa.cies by the equilibrium .line. Thus the e q u i l ­

ibrium l i n e separates the area of net accumulation from the ablation 

zone and i s therefore the most important datum l i n e on a glacier since 

i t divides the glacier into areas of net mass gain and net mass loss. 

SNOW FACIKS ZOKATION 

Most of the deep p i t work was carried out during August 1965 when 

p i t s , one to three meters deep were excavated by the author at each of 

the 14 stations along the Main and Moxintain l i n e s . Messrs. Ahrsnbrak 

and Plummer followed one or two days behind talcing a core through the 

bottom of the p i t and then transporting the core sections to Palmer 

Station f o r l a t e r examination by the author. Regrettably, the cores 

taken from the stations between H and R were destroyed during a sudden 

r i s e i n a i r temperature at Palmer Station i n early September 1965 (cold 

storage was not then available at the station) and only at stations H 

and K were cores l a t e r recovered and adequately studied. Snow p i t s and 
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shallow-depth cores were studied i n the f i e l d at other times during 

1965 and 1966 but no data of t h i s kind were obtained by the 1967 working 

party. 

Standard SIPRE. 500 cc, snow-sampling tubes were used f o r density 

measurements i n the snow p i t s and the 7.6 cm, diameter, ice cores were 

recovered w i t h a standard SIPRE coring auger. An Ohaus Corporation t r i p l e 

beam balance, recording wieght to 0.1 gm., was used f o r a l l weight det­

erminations . 

Studies above the Saturation Line 

Station L i t t l e x;- The highest elevation at which a complete study was 

accomplished was at station L i t t l e x i n the lee of the moxmtains (see 

fi g u r e 9, p. 23). I n t h i s area t o t a l snowfall during the year, as rec­

orded by the stake networks, amounts to over 5 meters and i s equivalent 

to some 230 cm. water. I n August 1965 at t h i s station, a p i t was ecav-

ated to a depth of 3.20 meters and which penetrated the entire snowfall 

since the height of the 1964-1965 summer. A continuous core was l a t e r 

recovered from a t o t a l depth of 13.00 meters below the surface. Core 

recovery at t h i s point was almost perfect. 

The observations at t h i s s t a t i o n are shown i n d e t a i l i n Figure 46. 

The stratigraphy throughout the entire section i s remarkably uncompl­

icated and the general absence of ic y features indicates that t h i s 

s t a t i o n l i e s close t o , but not i n , the dry snow facies. The homogeneity 

of the p i t wall stratigraphy down to about two meters depth suggests 

f a i r l y uniform conditions of deposition since about early A p r i l and 

r e l a t i v e l y l i t t l e subsequent winter-time diagenesis. However, i t must 
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Fig. 46. F i m stratigraphy at station L i t t l e x. 
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be borne i n mind that the excavation was made close to the time of 

maximum s t a b i l i t y and that increasing s t a b i l i t y would have taken place 

as t h i s snow cover was l a i d down since the height of the previous 

summer. 

The onset of re a l s t a b i l i t y appears to have been about early A p r i l 

and the only s i g n i f i c a n t features seen i n the p i t wall were the buried 

bands of surface rime and a t h i n ice crust which was at the surface 

on A p r i l 1i3. Prom the f i e l d records, t h i s crust can be related to 

heavy fog prevailing over much of the piedmont on that date. The lower 

parts of the p i t stratigraphy record some diagenesis of the snow cover 

and the conditions of increasing i n s t a b i l i t y can be traced towards 

the height of the 1964-65 summer at a depth of approximately 3.5 m. 

This summer surface of 1964-65 i s interpreted to be at about 3.5 m. 

depth on the evidence of the r e l a t i v e l y large grain size of 2 ,0 -2 .5 mm. 

On the same basis, the 1963-64 summer surface i s interpreted at 

about 7<»5 meters depth with the 1962-63 surface at about 11,25 meters 

depth. 

Within the l i m i t s of these surfaces, there appears to be a s l i g h t 

v a r i a t i o n from one year to the next i n the degree of diagenesis that 

has taken place. I n the f i m of the 1964 winter there i s evidence of 

diagenesis i n the early part of the winter and i n the l a t t e r part bat 

i t i s not notably severe. This evidence i s not apparent i n the 1963 

winter f i r n and suggests colder conditions throughout that year than 

i n 1964. The stratigraphy also suggests that the period of" maximum 

i n s t a b i l i t y and diagenetic change was prolonged and r e l a t i v e l y severe 

during the 1964-65 summer, whereas i n the 1962-63 summer i t was short 
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and r e l a t i v e l y i n e f f e c t i v e . 

The presence of the large grains i n the summer surface f i r n and 

the existence of the small i c y features i n the stratigraphy prevent 

the inclusion of t h i s station i n the dry snow zone. The i s no evid­

ence of actual downward percolation of surface raeltwater i n the form 

of ice glands but t h i s station does represent the upper reaches of 

the percolation facies. 

Station W;- Station W l i e s at approximately 800 meters a.s.l, or 

about 20 meters below L i t t l e x but i n spite of so small a difference 

i n elevation there i s , as can be seen from Figure 47, a notio4<ble d i f f ­

erence i n the stratigraphy. Icy features are generally more prominent 

and the severity of the 1964-65 summer i s more pronounced. I n certain 

parts of the core section there i s evidence of downward percolation of 

meltwater i n the form of small ice glands, which i n places extend l a t ­

e r a l l y as ice lenses and layers and indicate that t h i s station l i e s i n 

the true percolation facies. 

The difference i n iciiness w i t h i n so small an elevation change . • 

i s probably the r e s u l t of aspect r e l a t i v e to direct solar radiation i n 

summer. I n t h i s region the mountains of the Achaean Range form an arc 

generally surrounding station L i t t l e x and t h i s configur­

a t i o n tends to protect L i t t l e x from direct radiation - i t l i e s i n 

the shadow of the mountains f o r a]jnost a l l the year. Station W however, 

i s f a r enough removed from the base of the mountains to be out of the 

shadow f o r much of the year and consequently experiences considerably 

more of the r e l a t i v e l y intense direct summer solar radiation which 
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Fig, 47. F i m stratigraphy at station W. 
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r e s u l t s i n s l i g h t l y more summer surface melting. I n some years t h i s i s 

strong enough to cause downward movement of the meltwater. 

Apart from the generally grater iciness of the f i m at W, the s t r a t ­

igraphy at the two stations i s basically the same. The more severe dia­

genesis of the f i m i n the 1964-65 summer i s very pronounced and the 

general lack of diagenetic change during the winter of 1963 i s clearly 

evident, as i s the diagenesis of the f i m i n the early and l a t t e r parts 

of the 1964 winter. 

Though there i s a s l i g h t v a r i a t i o n i n degree, these features are 

strongly evident i n the stratigraphy from other stations(eg. station U, 

f i g u r e 48) moving outward from the base of the mountains but the s t r a t ­

igraphy becomes increasingly complex and more d i f f i c u l t to int e r p r e t 

and r e f l e c t s the gradual change from the percolation facies to the tme 

soaked facies zone. 

s t a t i o n S;- From the stratigraphy shown i n Figure 49 , i t appears that 

s t a t i o n S (elevation 677 meters a.s.l. or about 150 meters below L i t t l e x) 

l i e s i n a t r a n s i t i o n zone between the two facies but the recent history 

of the f i m cover at t h i s s t ation compares well with that at the higher 

a l t i t u d e stations. 

At s t a t i o n S the onset of winter s t a b i l i t y , from the evidence of 

the very fine-grained, r e l a t i v e l y unaltered wj.nter snow, appears to 

have taken place at more or less the same time as at L i t t l e x and 

but the i n t e n s i t y of the metaBorphism i n la t e March to early A p r i l 

1965 apparently was greater than at higher elevations. The height of 

the summer of 1964-65 seems to have been l a t e r (around mid-March) than 

173 



STATION U 
AUGUST 1965 

GRAIN SIZE TEMPERATURE 
DENSITY STRATIGRAPHY (mm) . (°C) 

.2 3 4 .5 .6 .7 fl 0 2 4 6 - 5 - 4 - 3 - 2 -I 0 
I I I I I I I AIIG25 

ICH 

i f e ^ .1965 

m mm 

J965 
JULY 4 
1965 

MAYS 
.1965 
APRIL 13 

1965 

n 

1964 

.1963 

h e 

rO 

hl l 

h l2 

Fig, 48. F i m stratigraphy at station TJ. 
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Fig, 49. F i m stratigraphy at station S. 
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at L i t t l e x (probably about mid to lat e February). This may be a r e f ­

l e c t i o n of the difference i n elevation but i s probably also a t t r i b u t ­

able to the r e l a t i v e effects of the a l t i t u d e of the sun and the d i f f ­

erence i n receipt of solar radiation by the two stations. 

The most remarkable feature of the stratigraphy at station S i s 

that the entire 1964 f i m cover has imdergone marked diagenetic change. 

This i s i n contrast to W and L i t t l e x which showed sig n i f i c a n t change 

only i n the early and l a t t e r parts of that year. Also si g n i f i c a n t i s 

that the upper layers of the 1963 f i r n cover (representing. the l a t t e r 

part of that winter) have been severely changed and contain f a i r l y 

massive layers of ice , again i n contrast to the higher a l t i t u d e sta­

t i o n s . I n t h i s particular core no ice glands were seen to have been 

feeding i n t o these ice layers but t h e i r o r i g i n probably i s the result 

of pronounced percolation of the 1963-64 summer meltwater. I n f a c t , the 

degree of metamorphism during that summer prevents a conclusive ident­

i f i c a t i o n of the 1963-64 summer surface and that shown i n Figure 49 

i s based not only on grain size but on data subsequently obtained from 

the accumulation stake network. 

Despite the uncertainty as to the actual position of the 1963-64 

horizon, there can be l i t t l e doubt, i n the absence of fin e grained, 

T i n a l t e r e d f i m , that station S was situated i n the soaked facies i n 

1964. The middle p o r t i o n of the 1963 section of the core does contain 

about one meter thickness of unaltered or almost unaltered f i m , ind­

i c a t i n g that i n that year t h i s station lay i n the percolation, not the 

soaked facies zone. From t h i s evidence, which generally spans a three-
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year period, and assuming that any diagenetic change i n l a t e 1965 did 

not penetrate to the depth of the early A p r i l stirface, t h i s station 

was i n the soaked facies during one year but i n the percolation facies 

f o r the other two. Thus the saturation l i n e shows mobility from one 

year to another. I t s general position however, i s i n the v i c i n i t y of 

the 600 meters a.s.l. contour. 

Studies Below the Saturation Line 

Station K:- There can be no doubt that station K i s situated well into 

the soaked facies ( f i g u r e 50). Throughout almost the entire core there 

i s evidence of severe melting and metamorphism of the f i m and the strat­

igraphy i s complex. There i s however, a half-meter thickness of r e l a t ­

i v e l y f i n e grained and unaltered f i r a at 2,5 to 3oO meters depth which 

i s puzzling. Grain size i n t h i s piece was generally 1 mm. and the den-
3 3 

s i t y varied between 0,514 g/cm and 0.548 g/cm but i t was not p a r t i c ­

u l a r l y i c y . Above, the grain size was 4 mm. and below, i t was 2 mm. 

I t s o r i g i n i s not clear, but i t may r e s u l t from being protected from 

percolating meltwater by the heavily iced f i m above. 

The p i t stratigraphy indicates that real s t a b i l i t y was not a t t ­

ained u n t i l about l a t e May to early June and that there was consider­

able metamorphism of the f i m up to that date. This probably r e f l e c t s 

the comparatively low elevation of t h i s station and the greater i n c ­

idence of r a i n and sleet i n t h i s area. 

Though the stratigraphy of the whole core i s highly complex, i t 

i s possible to make a rough correlation with the stratigraphy at the 

higher elevation stations and the siunmer horizons have been t e n t a t i v e l y 
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Fig. 50. F i m stratigraphy at station K. 
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i d e n t i f i e d on the basis of grain size and data from the accumulation 

stakes. There are some notable differences however, i n the K s t r a t i g ­

raphy. 

The grain size data suggest that the 1964-65 summer was not part­

i c u l a r l y intense and very large grains were evident i n only a small 

portion of the core. This i s contrary to the evidence from higher 

elevations, which suggests that that stunmer was more intense than any 

other recorded i n the core. The K station core also suggests that the 

summer of 1962-63 was very intense whereas at the higher stations i t 

was the least s i g n i f i c a n t i n terms of diagenetic metamorphism. The 

possible reasons f o r these differences however, are not clear. 

Station Big X;- This was the lowest a l t i t u d e station at which a com­

plete stratigraphic analysis was accomplished to si g n i f i c a n t depth. 

The stratigraphy i s shown i n Figure 51 and clea r l y shows an i n t e n s i f ­

i c a t i o n of the soaked facies characteristics evident higher up at 

s t a t i o n K, Throughout the section there has been severe a l t e r a t i o n of 

the f i m and a buildup of massive ice features. I n places the develop­

ment of nodular ice masses, with grains up to 5 mm. diameter, was obs­

erved. The results of percolating surface meltwater are more strongly 

evident i n t h i s core than i n the one from station K and there i s more 

evidence also of surface leaching vrtiich i s reflected i n the density 

atirve. The leached surfaces, which t y p i c a l l y are associated with large 

and very large grain sizes, are porous and f r i a b l e with densities of 

about 0.4 to 0,5 g/cm . The meltwater derived from these surfaces forms 

the ice layers below and raises the density to about 0,7 to 0,85 g/cm . 
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Fig. 51. F i m stratigraphy at station Big X. 

180 



Past Accumulation 

She p r i n c i p a l c r i t e r i o n used i n interpreting the annual horizons 

i s grain s i z e , based on the premise that the r e l a t i v e l y intense solar 

radiation and higher a i r temperatures i n summer allows rapid grain 

gro-srth at the time of minimum s t a b i l i t y . Data from the accumulation 

stakes has also been used to determine the general depth at which a 

horizon should be, and at station Big X, the variations i n the density 

were taken into account. The horizons shown i n Figures 46 through 51 

therefore, are interpreted as l a t e February to ea r l y March. 

On the basis of t h i s interpretation, accumulation i n the previous 

two years at stations L i t t l e x, W, U and S, and the previous three 

years at K have been calculated. At station Big X annual rates of acc-

lunulation are comparatively much lower and the ten meter core penetrated 

an eight-year period. The r e s u l t s are set out below. Coliimn 2 shows 

the depth range of the year's accumulation, column 5 i s the average 

ic© density (g/cra^) within the depth range and column 4 i s the calcu-
2 

lated t o t a l accumulation i n g/cm . 

L i t t l e X - 1 i 
1964 510 cm - 760 cm 0.540 243*0 
1963 760 cm -1120 cm 0,564 203.0 

Station 17 
1964 320 cm - 830 cm 0,541 275,9 
1963 830 cm -1240 cm 0.583 239.0 

StationJQ 
1964 360 cm - 790 cm 0.556 239.1 
1963 790 cm -1160 cm 0o574 212,4 

Station S 
1964 270 cm - 680 cm 0.544 223.0 
1963 680 cm -1010 cm 0.626 206.6 
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s t a t i o n K 
1964 
1965 
1962 

240 cm - 540 cm 
540 cm - 800 cm 
800 cm -1070 cm 

Station Biff X 
1964 190 cm - 300 cm 
1965 500 cm - 440 cm 
1962 440 cm - 585 cm 
1961 585 cm - ? cm ) 
1960 ? cm - 780 cm ) 
1959 780 cm - 880 cm 
1958 880 cm - 990 cm 
1957 990 cm -1090 cm 

0.528 
0.576 
0,590 

0.551 
0.557 
0.556 
0.604 
0.614 
0.626 
0.624 

158.7 
149.8 
159.5 

58.4 
75.2 
80.6 

117.8 
61.4 
68.9 
62,4 

( 58.9 
( 58.9 

Comments 

I n any stratigraphic interpretation there are l i k e l y to be errors 

and tmcertainties i n deducing annual horizons. At the four high a l t i t ­

ude stations i t . appears from t h i s interpretation, that the 1963 accum­

u l a t i o n vras s i g n i f i c a n t l y l e s s than i n the following year. This could 

be a r e a l difference or i t could r e f l e c t a faulty interpretation. From 

an analysis of contemporary accumulation records discussed i n Chapter 

4 above, annual variation i n accumulation rates, of sig n i f i c a n t prop­

ortion, are concluded and on the basis of that record, t h i s s t r a t i g ­

raphic interpretation may well be sound. At station K however, there 

i s no annual v a r i a t i o n evident unless the 1965 horizon has been i n t e r ­

preted at too great a depth. This could well be the case and which 

would r e s u l t i n lower accumulation i n 1965 and much higher.rates i n 

1962. The record from Big X suggests that 1962 was a high accumulation 

year, but t h i s record also indicates that 1965 was a higher accumulation 

year than 1964. 

The stratigraphy at Big X however, i s so complex that possible 
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horizons: span 50 cm. to 40 cm., a variation which s i g n i f i c a n t l y eiffects 

the calculated values of annual accumulation. This complerLty i s part­

i c u l a r l y evident between 5 and 6 meters depth where i t i s impossible 

to conclusively identify the true position of the 1960-61 and 1961-62 

summer surfaces and the general horizon shown i n Pigiire 51 i s arbitrary. 

Despite uncertainties about s p e c i f i c horizons, there can be l i t t l e doubt 

that t h i s core spans the period from March 1957 to March 1965 and the 
2 

average ajonual accumulation for t^he 8-year period i s 65.6 g/cm which 

i s very close to the observed value i n 1965 (Chapter 4 above). 

SIBaiARY AND CONCLUSIONS 

I t i s d i f f i c u l t to correlate these observations with those from 

other areas as very l i t t l e information i s available, on faci e s d i s t ­

r ibution i n p a r t i c u l a r , from other parts of the Antarctic Peninsula. 

Nowhere does the subject appear to have been approached s p e c i f i c a l l y 

by previous workers and much of the limited information there i s emer­

ges i n c i d e n t a l l y from determinations of past accumulation and mass bal ­

ance. 

From Koerner.'s (1961; 1964) reports, the glac i e r s and piedmonts 

of the T r i n i t y Peninsula area have extensive ablation fac i e s and the 

superimposed i c e fac i e s i s often of s i g n i f i c a n t s i z e ; i n places of lee 

accumulation i t becomes extensive. On Depot Glacier the equilibrium 

l i n e l i e s at approximately 75 meters a . s . l . i n the lee accumulation 

area duo to the formation of superimposed i c e from the freezing of melt 

water at the end of the ablation season. Kenny Glacier, flowing into 

Depot Gl a c i e r , has no loe accumulation area and. the equilibrium l i n e 
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reaches to as high as 270 m. elevation. The climatic f i m l i n e i n t h i s 

area i s at 150 meters but l o c a l lowering r e s u l t s from shade and aval-

anching snow. 

From the Anvers Island study s i m i l a r conclusions can be drawn. By 

d e f i n i t i o n the percolation f a c i e s ex i s t s only i f surface melt water 

does not percolate to the depth of the previous siunmer surface and on 

the Marr Ice Piedmont i t e x i s t s only by virtue of the massive annual 

acciiraulation rates rather than of temperature conditions alone. Under 

present conditions the saturation l i n e l i e s at about 600 meters a . s , l , 

and a l l the snowfield above t h i s elevation l i e s i n the percolation 

f a c i e s . With lower annual accumulation rates over the piedmont, i t i s 

l i k e l y that the percolation f a c i e s would not e x i s t at a l l , the satur­

ation l i n e would disappear and the f i m l i n e and equilibrium l i n e would 

be at considerably higher elevation. I n f a c t , both the equilibrium and 

f i r n l i n e s on Anvers Island l i e close together and occur, with s l i g h t 

fluctuations from year to year, between 60 and 100 meters a . s , l , v/hen 

positive balance i s recorded, as the ramp studies showed, neither l i n e 

e x i s t s . On the Karr I c e Piedmont the soalced f a c i e s i s by f a r the largest 

but there i s a s i g n i f i c a n t percolation f a c i e s above 600 m. elevation. 

The net ablation f a c i e s , when i t e x i s t s , i s small and i s probably r e s t ­

r i c t e d to. the small coastal i c e ramps and though information on the 

superimposed i c e f a c i e s i s limited, i t i s known to e x i s t on the upper 

parts of the ramps. 

Thus i t i s apparent that though there may be a general trend along 

the length of the Antarctic Peninsula, the prevailing distribution of 
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f a c i e s and associated parameters i s not simply determined on the basis 

of l a t i t u d i n a l effects alone. Local causes and conditions are important 

fa c t o r s . On Deception Island, where atmospheric temperature conditions 

are not s i g n i f i c a n t l y different from those at Anvers Island (Burdecki 

1957), the f i r n l i n e and equilibrium l i n e l i e close together at about 

250 meters a . s . l . (Orheim 1970a) but. the winter balance i s only 70-100 

g/cm (Orheim 1970b; KlSy and Orheim 1969) and there i s a low albedo 

as a resixlt of volcanic a c t i v i t y . Both the dry and the percolation 

f a c i e s are absent and the soaked f a c i e s reaches to the highest parts 

of the g l a c i e r s at 450 m, elevation. 

On Livingston Island, about 65 km. northward i n the same isla j i d 

group, the same f a c i e s zonation e x i s t s but the equilibrium l i n e reaches 

down to 100-1''50 meter a . s . l , , with a superimposed i c e f a c i e s extending 

through about 20 m. of elevation (O, Orheim, personal communication). 

This i s s i m i l a r to the elevation of the f i r n l i n e on Depot Glacier 

(Koemer 1964) to the east suggesting that i n t h i s area the elevation 

of the" regional climatic f i m and equilibriiim l i n e i s about 150 meters. 

To the south, the i c e piedmont between Hope Bay and Trepassey Bay (S.oe-

rner 1964) had a winter balance of only 0,5 m. (snow cover) resulting 

i n an average elevation of 500 m, for the f i m l i n e , with the ablation 

and superimposed i c e f a c i e s being dominant. 

Prom p i t digging and v i s u a l observations Koemer (1964) placed 

the f i m l i n e somewhere below 150 meters a . s , l . on the west coast of 

T r i n i t y Peninsula, between 230 m, and 270 m, a , s , l , on the east coast 

south of Duse Bay, at 500 m. a . s . l . on Tabarin Peninsula and above 500 
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meters.aoS.l, on the east coast islands (p.29). On Russel East Glacier 

the f i r n l i n e l i e s at about 230 m, elevation and the satiiration l i n e 

ranges between 610 and 760 meters a . s . l . On Louis-Phillipe Plateau 

i c e existed i n the p i t stratigraphy at more than 1000 m. elevation 

and i t can be concluded that i t i s unlikely that the dry snow f a c i e s 

e x i s t s anywhere i n the T r i n i t y Peninsula area. The variation i n the 

elevation of the f i m l i n e i n t h i s area was attributed by Koemer 

(1964) to several factors including deflation by cold southwesterly 

vands which r a i s e s the height of the f i m l i n e i n the Hope Bay area. 

I t i s notable however, that the f i m l i n e i s higher on the east 

coast than the west coast i n t h i s area. The reverse appesirs to the 

true to the south. No information i s available from the eastern side 

of . Anvers Island but on the eastern side of Adelaide Island, the f i r a 

l i n e was placed at about 77 m, a . s . l , by Bryan (1965) and 190 m, a . s . l . 

on the western coast near Adelaide station. This i s considerably higher 

than on Anvers Island and probably r e s u l t s from a lower accumulation 

rate at Adelaide Island; compare about 25 g/cm on Adelaide Island 

with about 60 g/cm at s i m i l a r elevation on Anvers Island. 

On the eastern side of the island the r e l a t i v e l y low elevation of 

the f i m l i n e seems to r e f l e c t the lower temperatures of the Weddell 

Sea coast and possibly the dry snow f a c i e s e x i s t s at high elevation 

on that side of the islan d . I t appears to be absent on the Fuchs Ice 

Piedmont proper as the dry snow l i n e i s tentatively set at 850 m, a , s . l . 

(Bryan 1965) and much of the piedmont l i e s between the saturation l i n e 

(below 370 m. elevation) and the dry snow l i n e and i s therefore i n the 
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percolation f a c i e s . Thus the soaked f a c i e s i s comparatively smaller 

than on the Marr Ice Piedmont and probably r e s u l t s from the more 

southerly and s l i g h t l y colder position of the Fuchs Ice Piedmont; the 

mean annual a i r temperature at Adelaide station i s -6,2* C. (Bryan 1968) 

compared with -5.5** C. at Palmer Station (see Appendix I , t h i s t h e s i s ) . 

Prom the observations of Thomas (1965) and Sadler (1968) i t app­

ears that the i c e caps of Argentine Islands l i e exclusively below the 

saturation l i n e and that the f a c i e s present are; soaked, superimposed 

i c e and ablation, the low elevation of these i c e caps being the primaiy 

cause. 

A general trend can be tentatively discerned from these observ­

ations. Prom the north to the south of the Antarctic Peninsula there 

i s a gradual lowering of the various boundary l i n e s which can be r e l ­

ated i n part to a i r temperature factors but also to increasing rates 

of annual acctimulation, which probably reach t h e i r maximum i n the west 

cen t r a l region near Palmer Station, towards the south. On the basis of 

currently available information alone, i t appears that the dry snow 

f a c i e s does not e x i s t on any of the g l a c i e r s and piedmonts of the west-

em peninsula and may be r e s t r i c t e d to the moxmtains of the eastern 

side. The ablation, superimposed i c e and soaked fac i e s e x i s t through­

out the western peninsula but the percolation f a c i e s , on the west coast, 

does not e x i s t north of about 64* S. lati t u d e . 

The data are extremely limited and considerably more observations 

are needed before the overall distribution of fa c i e s can be explained. 
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CHAPTER TEN 

EKGLACIAL STUDIES I I : ICE TEfJPERATURE 

INTRODUCTION 

The d i s t r i b u t i o n of temperature within a g l a c i a l body i s governed 

by the climate at the surface, the geothermal gradient of the bedrock 

over which the g l a c i e r flows, the rate of movement, the shear s t r e s s 

at the base and the rate of accumulation at the surface. Thus, the 

study of temperatures within a g l a c i e r can provide a great deal of 

information on the themal properties of the f i r n and i c e , the dyna­

mics of the g l a c i e r and the climate at the surface. 

On the Marr Ice Piedmont i c e temperature observations were made at 

each of the v e l o c i t y stations along the Main and Mountain l i n e s i n 1'965 

i n conjunction with the snow p i t £ind i c e core studieso Electronic or 

thermo-electric instrumentation was not available and a l l ice temper­

atures were obtained from mercury-thallium liquid-in-glass thermometers 

graduated to 0.1® C. A l l the instruments used had previously been checked 

and calibrated by i>!y the U.S. Bureau of Standards. No s i g n i f i c a n t errors 

were reported by the Bureau and the temperatxires reported below are direct 

f i e l d observations. 

Temperatures recorded i n the bore holes were obtained from i n s u l ­

ated thermometers; the insulation consisted of approximately 1 cm. thick 

coating of candle tallow botind with medical adhesive tape. The thermom­

eter was lowered to the newly d r i l l e d l e v e l , the hole was capped and 

allowed to s t a b i l i s e for 45 to 60 minutes. Experiments at Palmer Sta t -
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ion indicated that the lag time of the thermometers was 8 to 12 minutes, 

Temperatures obtained from the snow p i t walls were recorded with unin­

sulated thermometers placed d i r e c t l y into the p i t wall to the immersion 

l e v e l as the excavation progressed. They were allowed several minutes 

to s t a b i l i s e and read i n s i t u . The reading i n t e r v a l i n the p i t s ranged 

from 5 cm, near the surface to 20 cm. near the floor. I n the bore holes 

the i n t e r v a l was approximately 1 meter. Temperatures were obtained from 

depths up to 15 m. below the prevailing surface, 

ICE TEIffERATOREa 

The observations are given i n Table XXIV and are included i n the 

stratigraphy diagrams (figures 46-51) but for emphasis are shown graph­

i c a l l y to larger scale i n Figure 52, The cmamtxlous curve from station H 

r e s u l t s from the d r i l l having been frozen i n and subsequent cooling of 

the hole i n the lower ambient a i r temperature. I t should be discounted, 

though the lowest reading from 11 meters depth may be credible. 

These are t y p i c a l winter temperatxxre curves with the prevailing 

winter cold wave much i n evidence. I n d e t a i l they d i f f e r subtly from 

one another and indicate a gradusQ. change i n temperature regime with 

elevation. They a l l show that by August the winter cold wave had pen­

etrated to about 6 or 7 meters depth. The warming effect of storms and 

the subsequent recovery of the temperature :profiles are evident i n some 

of the temperature curves i n the upper f i m . The d r i l l i n g operation was 

interrupted on two occasions by storms; on August 12 and 13, when at 

Palmer Station, the temperatiire changed from -18.6 ̂ C on the 10th to 

-6.1 *C on the 15th and back to -18.4 *C on August 16. I n the second 
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TABLE XXIV 

FIRIT MD ICE TE;.iPSRATUIiS3:_.MMJjnTO,?W:IT.̂ Jjl LEG STATIONS 

eT>thf cm) Depth(c n) Depth(CE) *C 

BIG X E 

74 -5.0. 195 -5.4 226 -5.4 
180 -3.6 506 . -5.2 545 -2.2 
278 "Z.l 599 -2.4 466 -1.2 
393 -2.5 511 -1.4 582 -2.2 
497 -2.1 610 -0.8 712 -1.0 
600 . -1.4 702 -0.6 790 -0.9 
700 -1.3 796 -0.8 915 -0.8 
798 -0.8 924 -0.5 1018 -0.7 
905 -6.9 1052 -0.6 1150 -0.8 
1008 -1.0 

207 -5.2 270 -4.8 300 -4.8 
325 -2,7 592 -5.2 405 -5.8 
456 -2.4 525 -1.8 510 -2.2 
555 -1.4 652 -1.1 610 -1.6 
676 -1.2 755 -1.0 709 -1.2 
790 -1.0 857 -0.8 815 -1.0 
891 -0.8 965 -0,5 905 -1.2 
1021 -0.6 1070 -0.5 1005 -0.8 
1106 -1.2 1171 -0.7 1112 -1.5 1106 

1214 -1.2 

R 3 

282 -2.0. 595 -2.7 551 -4.6 
389 -2.2 499 -2.1 417 -4.0 
496 -2.0 605 -2.1 551 -2.2 
595 -1.7 706 -1.6 656 -1.2 
694 -1.6 799 -1.6 751 -1.6 
789 -1.5 912 -1.4 859 -1.6 
888 -1.5 1012 -1.5 941 -1.6 
995 -1.6 1111 -1.6 1042 -2,4 
1101 -1.2 1208 -1.0 1157 -2,4 
1205 -1.5 1246 -2,5 
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TABLE XXIV (cont) 

Depth( cm) C Depth(cm) *C Depth(cm) -c 

1 U V 

558 -2.4 580 -5.5 382 -2.6 
483 -1.4 485 -2.5 476 -2.2 
578 -1.1 588 -1.7 587 -2.5 
675 -1.2 689 -1i.6 686 -2.5 
780 -1.4 786 -2,1 795 -2.5 
887 -1.6 895 -2.4 894 -5.0 
1000 -1.6 989 -2.9 991 -3.4 
1091 -2.4 1095 -5.5 1097 -5.8 
1187 -5.6 1200 -5.7 1201 -4.1 
1294 -4.1 1299 -4.4 1299 ^ . 6 

W LITTLE X 

576 -2,8 587 -3.6 
475 -1.9 495 -3.6 
587 -1,2 589 -3.5 
687 -1.4 699 -5o4 
790 -1,6 800 -5.7 
897 -2.0 894 -5.9 
1001 -2.4 1006 -4.0 
1105 -2.8 1109 -4.5 
1205 -5.4 1204 -4.6 
1512 -5.6 1500 -4.9 
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storm which halted work from August 19 to 22, the temperature jumped 

from -20.4 *C on the 17th to plus 1.2 *C on August 21 and back to 

-5.5 on the 25th. 

The upper f i m temperatures at stations N through S and stations 

T through L i t t l e x r e f l e c t these conditions v^en the negative temp­

eratures were supressed by higher a i r temperatares and the deposition 

of warm fresh snow during the storm. The restoration of lower a i r temp­

eratures under clear sky after the storm, resulted i n the slow recovery 

of the ori g i n a l f i m temperature curves(the anatomy of t h i s p a r t i c u l a r 

storm i s discussed i n Appendix I ) . The pattern of recovery suggests a 

temperature penetration rate of about 0.5 m. per day i n the upper layers, 

s i m i l a r to the value determined by Biyan (1968) on the Puchs Ice Pied­

mont of Adelaide i s l a n d . 

Temperatures Below the Saturation Line 

Below the satioration l i n e surface melt i n summer OCCVOCB and the 

downward percolation of melt water i s s u f f i c i e n t to completely wet the 

f i m and the descending water can transport heat to depth. On refreezing, 

the la t e n t heat of fusion contributes to the r a i s i n g of the i c e temp­

erature at depth. The temperature curves from the lower p r o f i l e stations 

r e f l e c t t h i s process. The prevailing winter cold wave i s evident i n 

the rapid increase of temperature with depth ( i e , a positive temper­

ature gradient) within the 1965 winter accumulation, from about -20 »C, 

the prevai l i n g a i r temperature, near the surface to about -5 **̂C at a 

depth of 1.5 to 2.0 m, which was the excavated depth of the snow p i t s . 

Below t h i s depth to about 6 or 7 meters, the gradient i s l e s s steep and 

195 



suggests that the conductive properties of the recent, r e l a t i v e l y un­

alt e r e d winter snow i s greater than the iced f i r n below. At depth 

below about 7 ra. the temperature i s generally constant at s l i g h t l y 

below 0 **C. 

I n t h i s area the previous winter's cold wave has been completely 

obliterated as a r e s u l t of high smmer a i r temperatures and p a r t i c ­

u l a r l y the heating effect of the percolating surface meltwater. Evid­

ence of t h i s process extends to the region of stations P and R or app­

roximately 500 to 600 m. elevation. The 10 to 12 m, i c e temperatures 

therefore, do not r e f l e c t the mean annual a i r temperature i n t h i s area. 

Temperatures Above the Saturation Line 

At elevations i n excess of 500-600 m, i c e temperatures at depths 

below 6 or. 7 m. decrease s l i g h t l y with depth (a negative temperature 

gradient) and t h i s can be inferred as the remains of the previous 

year's (1964) winter cold wave. I n t h i s area, though some surface melt 

occurs, with percolation to shallow depth, i t i s not s'ufficient to 

completely soak the f i m . The heating effect i s too weak to remove 

the old winter cold wave and the absorption of solar radiation i n 

summer and the effects of thermal radiation and conduction are the 

main processes by which the cold- ̂ ave i s reduced and s t a b i l i s a t i o n 
attained. I n t h i s area the deeper temperatures near the bottom of the 

holes should be close to the mean annual a i r temperature and are of 

p a r t i c u l a r i n t e r e s t . 

Temperatures at 10 m. to 1? m.. Depth 
On a high polar g l a c i e r , -where surface melt and percolation of 
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melt^srater are i n s i g n i f i c a n t , or above the saturation l i n e on other 

glacier types, the temperature of the f i r n at a depth of about 10m. 

i s approximately equal to the mean annual a i r temperature at the 

surface (Loevre 1956 p. 665). I t could be reasonably expected there­

fo r e , that as a r e s u l t of the atmospheric adiabatic lapse rate, the 

i c e temperatures from the higher parts of the piedmont (supposedly 

above the saturation l i n e as indicated by the ice core studies) should 

be considerably lower than those actually recorded. 

The ice temperatures from approximately 10 m», 11 m» and 12 m. 

depth are shown i n Figure 53. This plot of temperature versus elev­

atio n generally describe two intersecting straight l i n e s . At lower 

elevations the l i n e i s approximately v e r t i c a l •vitiile at higher eleva­

tions the l i n e indicates a slow change of temperat\ire with elevation. 

These are not s t a t i s t i c a l , l i n e s but free-hand approximate best f i t 

l i n e s to emphasise the trends. 

The adiabatic lapse rate varies with temperature and hximidity 

from a dry rate of approximately 1 «0 per 100 meters to a moist 

lapse rate of about h a l f t h i s value at high temperature (Petterssen 

1941 p. 53). With decreasing temperature, the moist lapse rate appr­

oaches the dry rate. The standard-atmosphere lapse rate, based on 15 ''C 

a i r temperature and 1013.25 mb. atmospheric pressure, .. i s 3.6 

per 1000 feet (2 per 300 m.) or approximately 0.7 *0 per 100 m. 

(Bowditch 1962 p. 794). Over Anvers Island, because of the r e l a t i v e l y 

low a i r temperatures, the moist lapse rate should approach the dry 

lapse rate and should, and i n fact do l i e between 0.7 •̂C and about 

1,0 *C per 100 meters,(see Appendix I ) . 
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The mean annual.air temperature at Palmer Station (at sea level 

f o r a l l p r a c t i c a l purposes) was -3.6 ''C i n 1965 (11 months), -3,8 

i n 1966 and - 2,8 i n 1967. The three-year average was -3.3 *C. 

Station L i t t l e x l i e s at 825 meters a.s.l, and, from considerataion 

of the adiabatic lapse rates, should experience a mean annual a i r 

temperature of between -12,7 '̂C (dry lapse rate) and -10.0 (stan­

dard atmosphere lapse r a t e ) , while the lower stations should experience 

temperatures s l i g h t l y higher, i n proportion to t h e i r a l t i t u d e s . I n no 

place do the temperatures plotted i n Figure 53 r e f l e c t the expected 

mean annual a i r temperature. At station L i t t l e x the negative ice 

temperature i s only about 40?̂  of what would have been calculated. 

I t i s improbable that heat i s being imparted to the ice from the 

geothermal heat source or from ice movement at a s u f f i c i e n t l y high 

rate to account f o r so large a difference i n ice temperature. I t must 

be concluded therefore, that i f the adiabatic lapse rate recorded 

between sea level and 300 m, elevation (see Appendix I ) i s constant 

up to the base of the mountains, then the unexpectedly high ice temp­

eratures are i n fact the res u l t of heat transfer by the small amounts 

of percolating summer meltwater and that nowhere on the Marr Ice Pied­

mont do the 10 m, to 12 ra. deep ice temperatures r e f l e c t the mean 

annual a i r temperature. However, the generally constant deep temper­

atures below 500-600 m. elevation and t h e i r gradual decrease with 

elevation at higher alt i t u d e s suggest that the saturation l i n e on the 

Karr Ice Piedmont l i e s i n the v i c i n i t y of 500 to 600 meters a.s.l. 

and strengthens the conclusion made i n chapter 9 above that the facies 
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zonation of the piedmont i s more a function of the accumulation rate 

than of a i r temperature conditions alone. 

Temperatures, _in the_ Horsel Po.i^t.Aamp 

An elaborate study of ice temperatures and surface meteorology 

was originadly conceived to follow the process of superimposed ice 

formation on the Norsel Point ramp. The project proved to be too large 
and complicated to be adequately pursued w i t h i n the msiin work sched^ile 

and was never properly completed. However, considerable ice temperat^e 

data were obtained, some of which are discussed below. 

Eight temperature measuring stations were established i n A p r i l 

1966, Each consisted of 17 copper-constantan thermocouples set at 

i n t e r v a l s rcinging from 5 cm. near the surface, then TO cm., 20 cm., 

50 cm,, 100 cm, and 200 cm, with increasing depth, with the lowest 

junction at 4,5 meters depth. Several junctions were suspended above 

the surface i n a rack to record snow temperatiire as they gradually 

became buried. At three stations a copper-constantan theraohm was 

set at 10 m, depth. A l l temperatures were read with a Leeds and Nor-

thrup Direct Recording Temperature Indicator. The system was previously 

calibrated at Palmer Station using a d i s t i l l e d w a t e r / d i s t i l l e d water-

ice mixture i n a vacuum b o t t l e , against the mercury-thallim l i q u i d -

in-glass thermometers. The errors detected i n the thermocouples have 

been applied to the results below. 

The observations from the three stations with 10m, thermohms 

are shown i n Figures 55, 56,and 57. The location of these stations 

i s shown i n Figure 54; s i t e 1 was situated at ramp pole number 12, 
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Fig. 54. Study area around Arthur Harbor. 
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ICE TEMPERATURES NORSEL POINT RAMP 
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ICE TEMPERATURES NORSEL POINT RAMP 
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ICE TEMPERATURES: NORSEL POINT RAMP 
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s i t e 2 at st a t i o n Alpha and s i t e 3 at station Big X. Thus s i t e 1 was 

set i n i c e , while the other two were set i n very icy f i m . 

The three set of curves are essentially similar and show the 

gradual penetration of the winter cold wave, with near-surface temp­

erature fluctuations i n response to a i r temperature variations and 

deposition of fresh, warmer snow. The winter cold wave reached i t s 

maximum e f f e c t by early October (the results at s i t e 1 from November 

5th are suspect and may resu l t from malfunction of the recording bridge 

but more l i k e l y from observer e r r o r ) . After early October a gradual 

warming of the upper layers i n response to general atmospheric warm­

in g , began to supress the winter cold wave. 

I t i s noticed^le that the penetration of the winter cold wave was 

more rapid at s i t e 1 than at the other two sites and was greater at 

s i t e 2 than at si t e 3. After early October however, the supression 

of the cold wave was more rapid at sites 2 and 3 than at s i t e 1. This 

can best be explained i n terms of the int e r n a l structure of the ramp. 

Site 1 was situated very close to the position vhere Plummer foxind 

52 cm. of superimposed ice resting on the old glacier ice surface. The 

other two si t e s were set i n iced f i m and where an a l t e r a t i o n of ice 

layers and iced f i r n at depth might be expected. Thus the more rapid 

penetration of the cold wave at s i t e 1 results from the r e l a t i v e l y 

greater conductive a b i l i t y of ice than the f i m . The entrapped adr i n 

the f i m . has an insulating effect against the cold wave. The reverse 

condition results with the suppression of the cold wave. I n the f i m 

the downward percolation of surface meltwater i s not impeded and the 
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l i b e r a t e d heat of fusion i s effective i n r a i s i n g the f i r n temperature. 

At s i t e 1 however, the percolating water does not penetrate the ice 

to any great extent. I t either forms superimposed ice (transient or 

permanent) or flows o f f the ice surface. Thus, by December 1, the 

warming of the ice at s i t e 1 was generally completed only to a l i t t l e 

over 1 meter depth, while at the other sites the warming was almost 

complete to much greater depth. The sharp increase i n temperature 

at the base of the superimposed ice at s i t e 1 i s very pronounced i n 

the f i n a l temperature curve. I t i s also well marked at about 2 meters 

depth at s i t e 2. From Plummer's observations, t h i s cannot be a t t r i b ­

uted to the same cause but probably does r e f l e c t the existance of 

a prominent ice layer at about 2 m, depth, which i s impeding the down­

ward flow of meltwater. At s i t e 3, the percolation apparently i s v i r t ­

u a l l y uninterrupted and by November 28 almost a l l the p r o f i l e was 

close to zero ''C. 

The 10 m, temperatures derived from the thermohms are of in t e r e s t . 

Their fluctuations during the period of investigation are probably 

due to s l i g h t error i n reading the Wheatstone Bridge but do not show 

w e l l i n the three sets of curves. They are given numerically i n Table 

XXV. At s i t e 1 the temperature varied between-0.7 *C and -1,0 *>C 

w i t h an average of -0,8 *>C'. This compares favorably with one observ­

a t i o n at the base of the i c e . 

This was made on October 22 1965 i n an ice cave behind Slcua Lake. 

A horizontal borehole was d r i l l e d about 20 cm. above the ice bed f o r 

a distance of 8 meters into the basal ice. The temperature at 8 m., 
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TABLE XXV 

TEN E3TER TEi'/IPERATURES; NORSEL POINT RAMP 

Site 1 Site 2 Site 3 

Note: On November 1 s i t e 3 was buried. 

Date Date Date 
May 6 -0.8 May 6 -0.2 May 6 -0.1 
May 14 -0.8 May 14 0.0 May 1'4 -0.2 
May 19 -0.7 May 19 -0.1 May 19 -0.1 
Jun 8 -0.8 Jun 8 -0.1 Jun 8 -0.25 
J u l 30 -0.7 Aug 2 -0.1 Aug 2 -0.2 
Aug 28 -0.7 Aug 28 -0.05 Aug 28 -0.1 
Oct 5 -0.8 Oct 5 -0.1 Oct 5 -0,1 
Nov 5 -1.0 Nov 1 -0.2 Nov 1 — 
Dec 1 -0.9 Nov 28 -0.2 Nov 28 
Avg -0.8 Avg -0.12 Avg . -0.15 
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obtained w i t h an insulated thermometer, was -0,8 *C 

CONCLUSIONS 

The ice temperature observations, because of the somewhat li m i t e d 

quEility of measuring devices, were by no means as adequate as t h i s 

author would have wished and would best be considered as "cursory". 

However, they do indicate that the main body of the ice piedmont i s 

not t r u l y sub-polar and i s probably best defined, geophysically, as 

being between sub-polar and temperate. 

The observations on Norsel Point ramp support the beli e f that the 

fo o t of the ramp at lea s t , i s frozen to the bed and i s confirmed by 

the f a c t that subglacial melt streams have not been seen. At sites 2 

and 3-on the ramp, the measured 10 m, temperatures were also below 

zero **C. but only s l i g h t l y so and before any conclusions as to bottom 

condition there can be made, temperatures from greater depths are 

needed. The average 10 m. temperature at s i t e 2 was -0.12 *C while at 

s i t e 3 i t was -0,15 ®C. 

Future workers on the lla r r Ice jPiedmont should devote considerable 

e f f o r t toward ice temperatiire studies so that i t s geophysical descr­

i p t i o n can be more preeieely determined and i t s dynamic behavior more 

c l e a r l y understood. 
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CHAPTER ELEm 

ASPECTS OF THE GLACIER MECHANICS 

I n Chapter 5 above, the d i s t r i b u t i o n of surface velocity was di s ­

cussed i n the simple terms of i t s relationship to the d i s t r i b u t i o n 

of accumulation, subglacial topography and ice streaming effects. 

However, the t o t a l observed surface ve l o c i t y of a glacier has been 

shown by Nye (1952; 1953) to be the sum of the ve l o c i t y due to creep 

or deformation w i t h i n the glacier and the v e l o c i t y due to the glacier 

s l i d i n g over i t s bed. These predictions are based on the creep law 

f o r i c e , v a l i d f o r ice at a temperature close to the melting point, 

by Glen (1955). On the Marr Ice Piedmont the r e l a t i v e d i s t r i b u t i o n 

of the v e l o c i t y due to i n t e m a l deformation and that due to basal 

s l i d i n g presents a more complex sit u a t i o n than was discussed e a r l i e r 

i n Chapter 5 and has possible implications i n terms of erosion by the 

piedmont. 

BASAL SLIDING 

Nye (1952) noted that mathematical analysis might well be able to 

explain the observed r e l a t i v e v e l o c i t i e s i n a glacier but that no 

sa t i s f a c t o i y answer seemed to have been given to the question of what 

u l t i m a t e l y determines the basal s l i d i n g v e l o c i t y . This question was 

a serious one i n that i t was known that sometimes the major contrib­

u t i o n to the observed surface velocity came from the basal s l i d i n g 

and that only a small part resulted from d i f f e r e n t i a l motion w i t h i n 
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the i c e . For example, i n the Jungfrau borehole experiment (Gerrard and 

others 1952), i t was noted that over 50^ of the t o t a l measured surface 

v e l o c i t y was accounted f o r by basal s l i d i n g . On Highway Glacier on 

Baf f i n Island, Ward (1955) found that over 80^ was accoimted for by 

basal s l i d i n g and on Veslskautbreen, McCall (1952) reported a value of 

over 90̂ .̂ 

Theories of glacier s l i d i n g have been proposed and developed princip­

a l l y by Weertman (1957; 1964) and Lliboutry (1965; 1968a; 1968b) f o r a 

glacier whose bottom surface i s at the pressure melting point. I n ess­

ence, the two theories are quite similar, though i n d e t a i l there are 

several divergences but the one according to Weertman appears to be 

the more widely accepted (Paterson 1969). 

Two mechanisms are invoked by Weertman (1957; 1964). The f i r s t i s 

the pressure melting phenomenon. With t h i s mechanism pressure i s b u i l t 

up on the upstream side of a bedrock obstacle. Ice i s melted on t h i s 

high pressure side of the obstacle and the meltwater flows to the low 

pressTore side where i t refreezes. Thus, the glacier can sli d e . This 

mechanism has been observed and v e r i f i e d d i r e c t l y by Kamb and LaChappelle 

(1964) on Blue Glacier. However, with t h i s mechanism the rate of s l i d i n g 

w i l l be controlled by the rate of the heat flow through the larger 

obstacles and would be negligible. The second mechanism i s the enhance­

ment of the creep rate of the ice i n the v i c i n i t y of the glacier bed 

through stress concentrations. In t h i s case, the creep flow of the ice 

around the smallest obstacles w i l l determine the rate of s l i d i n g and 

again the movement w i l l be negligible. However, the combination of the 

two mechanisms operating simultaneously, w i l l lead to appreciable s l i d i n g 

21i2 



velocities. 

However, theory i s generally inapplicable to data from the f i e l d 
because the data are deficient i n the respect of the "roxighness factor" 
of the glacier bed. This factor is dominant in the sliding equations. 
Unless the roughness of the bed is measured, and to date i t rarely has 
been, the sliding velocity must be "assumed" or inferred as the d i f f ­
erence between the observed surface velocity and the calculated velocity 
due to internal deformation of the glacier ice. As no information i s 
available on bed roughness beneath the Marr Ice Piedmont, the sliding 
velocities reported belo'!7 are assumed from the deformation calculations. 

DEFORMATION AliD SLIDING VELOCITY 

Easeil Shear Stress 
The shear stress {"X zx) acting on a plane parallel to the surface 

for unit width of ice, is approximately the tangential component of 
the pressure due to the weight of the overlying column of ice. Thus 
the simplest assumption that can be made about the state of deformation 
which produces a known velocity gradient i s that the deformation occurs 
as simple shear i n a direction parallel to the surface and that the only 
shear stress components are those which produce the simple shear flow 
(Meier 1960). Here i t i s necessary to assume that the simple shear planes 
are parallel at a l l depths and that the increase of the sheeir stress with 

depth, i s linear (Nye 1952). The flow of ice therefore, i s assumed to be 

laminar. 

The shear stress on a plane at depth d i s , to a good approximation 

(Nye 1952) given by: 

-^zx; yogd Sin 
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where f i s the density of ice, g i s the acceleration due to gravity 

andoCis the slope of the surface. Nye (1952 p.86) has shown that the 

surface slope rather than that of the bed i s the effective slope. The 

shear stress acting at the bed (t^ i s therefore given by: 

where h i s the measured ice thickness. 
For practical purposes, yo and g are taken as constants: /9 ? 0,9 

g/cm and the acceleration due to gravity (g), 982.512 cm/sec , i s 

the value recorded on a concrete pier at Palmer Station, by Dewart i n 

1967. 

Measiirement of Surface Slope 
Values of surface slope have more generally been taken from the 

differences i n elevation between successive stations, (for example 
Orvig(l963), Bull (1957))which i s a quite satisfactory method i f the 
slope i s reasonably constant between stations. On the Marr Ice Piedmont 
surface topography i s often too pronounced and detailed to determine 
i n t h i s way. I t was therefore, measured directly. 

At each velocity station the theodolite was set up and precisely 
leveled using a 3.6" Wild striding level. A circle, 200 m. i n diameter, 
was described about the station with the aid of a 100 m. string. At 
20^ intervals on the circle's circumferance, the instrument's height 
was read from a level s t a f f . The "proceeding station" i n the ice move­
ment survey sequence was taken as 0" on the circle. In this way i t i s 
possible to ultimately resolve the true aaimuth of the maximum and 
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minimum slope. The author i s grateful to L.E. Brown i/riio made these 
measurements, often alone, during 1966. An example of the results i s 
shown i n Figure 58. In few cases was the slope sjrmmetrical as can be 
seen from the differences i n the oposing maximum and minimum readings. 
Slight curvature of the surface is probably real i n many cases but the 
difference i n readings can probably be attributed also to slight local 
differences on the surface, for example, small sasbrugi, vihich. over such 
short sight^ing distances would have appreciable effect. Errors i n 
reading the staff are probably negligible. For the calculation of 
the angle of maximum slope was determined as the mean of the maximum 
and minimum readings i n the direction of maximum slope. 

Values of the Basal .Shear Stress 
Values of X range from 0»47 bar to 1,56 bar and are shown in 

6 2 
Table XT/I (1 bar= 10 dynes/cm ) , This range of values is not unreas­
onable; Nye (1952) foxmd that for 16 Alpine glaciers the range was 
Oo5 bar to 1.5 bar. C.B, Bull (personal communication) states values 
up to 1.6 bar on Sherman Glacier. Values from the Barnes Ice Cap on 
Baffin Island (Orvig 1953) and Greenland (Bull 1957) are much lower 
however, but i n these cases the values can be explained by the much 
lower velocities recorded. 
The Assumption of the Sliding Velocity 

The flow law of ice has the general form }fr T^l^, vrtiere i s the 

rate of shear strain produced by a shear stress f.. K and n are taken 

as constants even though laboratory experimental data indicate that 

th i s i s not actually the case. Nye (1965) has elaborated on the dev-
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STATION E. 

SLOPE C O N F I G U R A T I O N 

y. 
ISO ' 

A S P E C T 345" 

S H A P E CONVEX A N D S L I G H T L Y S T E E P E R IN T H E T H I R D 

AND F O U R T H Q U A D R A N T S 

Pig, 58. 
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TABLE X m 

ICE THICICNESS. SURFACE SLOPE AND CALCULATED BASAL SHEAR STRESS 

Slope (ec) 
Station h (m) 0 1 n (ba 

E; 255 3 18 38 1o30 
H 312 2 03 58 0 .99 
K 348 2 08 35 1.15 
L 364 1 32 51 0,86 
M 348 1 55 04 1.03 
N 392 1 30 15 0.91 
P 448 i : 29 47 1.03 
R 496 1 17 45 0.99 
S 522 1 11 00 0.95 
T 550 0 58 • 41 0.82 
U 581 0 58 00 0.87 
V 589 0 56 00 — 

557 0 48 00 — 
X 510 0 40 00 — 

01 361 2 30 47 1.40 
02 • 306 3 18 30 1.56 
C3 372 2 44 09 1.56 
C4 416 2 00 44 1,28 
C5 447 1 57 26 1.35 
06 461 1 44 00 1.23 
T1 506 1 18 00 1.01 
T2 535 1 08 00 0.93 
T3 558 0 55 08 0.79 
T4 598 0 45 00 0,69 
T5 612 0 40 00 0.63 
N1 452 1 22 55 0.96 
N2 425 1 33 42 1.02 
N3 382 2 01 21 1.19 
N4 366 2 19 10 1.31 
N5 401 1 58 05 1.22 
N6 322 2 33 12 1o27 
N7 306 2 50 00 1.34 

Continues 
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TABLE XXVI (Cont) 

Slope (e( ) 
Station h (m) 0 t II (bar) 

Pil 471 1 05 00 0.79 
Pi2 453 1 10 00 0.81 
Pi3 536 1 08 00 0.84 
Pi4 423 1 16 51 0.84 
K1 317 1 48 44 0.89 
K2 332 2 35 49 1.33 . 
K3 356 2 24 10 1.32 

G 274 3 35 20 1.52 
G1 287 2 50 51 1.26 
G2 380 1 43 47 1.01 
G3 339 2 00 00 1.05 
HI 260 3 01 13 1.21 
H2 245 3 55 04 1.48 
H3 205 1 30 00 0,47 

Mul 404 1 54 00 1.18 
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elopment of Glen's (1955) creep experiments by other researchers and 
on the variation of the value of the exponent n. I t seems well estab­
lished however, that n increases with increasing stress with a range 
of about 1,6 to 2.2 for shear stresses between 0.25 and about 1.0 bar. 
At much higher stresses reaching up to 15,0 bars, the value of n reaches 
to about 4.0. The value of n therefore, can be taken as equal to 2, 3 

or 4 depending on the stress range but i f n i s taken as 3 , the power 
law of flow gives good agreement with observation. Thus for the pur­
pose of calculation, nE.3 i s taken as applicable over the whole stress 
range and i s a good "average" value. 

An average value of K must also be taken i n the practical case 
of a moving glacier because of differences i n internal structure, the 
degree of bubbliness and the amount of impurities contained within the 
ice and variations i n temperature. 

In deducing a flow law from the deformation of a bore hole i n the 
Jxmgfraufim, Gerrard and others (1952) assumed laminar flow and ob­
tained good agreement with their observations and the power law K 
where K and n are constants. The stress was 0.75 bar and n proved to 
be 1.5 but was expected to rise to about 4 at stresses higher than 
0.75 bar. Except for the upper 15 meters of the f i r n , the Jungfraufim 
was at or close to 0 *C and the residts of the experiment were regarded 
as applicable to ice at 0 *C. "iThen the shear stress i s measured i n bars 
and the shear strain rate i s expressed per second, the value of K proved 
to be, K^^IO . 

No firm conclusions can be drawn about the general temperature dis­

tribution within the Marr Ice Piedmont. The temperature at 10 to 12 m. 
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depth ranged from -4,9 ̂C i n the highest parts of the piedmont to 
sli g h t l y below 0 *C near the coast. The temperature at the base of 
the piedmont, i n the absence of any flow, can be estimated from 
Robin's (1955) graphical summaries (reproduced i n Figure 59) to be 
of the order of -2;0C. However, additional heat w i l l be supplied as 
a result of the work done by movement. In calories, this would amount 
to about 20 cals/cm /yr, or approximately the geothermal heat flow, 
for a movement rate of 18 m./yr. In a l l cases on the Marr Ice Pied­
mont the movement rates are high enough to produce heat at least 
equal to the geotherraal heat and in most cases considerably i n excess 
of t h i s . I t follows that the heat produced by such rates of movement 
w i l l raise the temperature of the ice considerably above the theor­
eti c a l -2 ̂ C, and there i s l i t t l e reason to believe that the average 
temperature of the piedmont i s far from 0 *C. I f the basal temperature 
of -Oo8 *C, which was recorded i n the ice of the cave behind Palmer 
Station, i s valid, then an average temperature for the ice piedmont 
must be of the order of -1.0 *C to 0 *C. 

Thus there appears to be a close physical and thermal similarity 
between the ice piedmont and the Jungfraufirn. Therefore, internal 
deformation velocity within the pidmont have been calculated from 
the Jtmgfraufim flow law (Gerrard and others 1952). Taking IT* K t " , 

—8 
with t expressed as the strain rate per second, n^ 3 and K^^IO , 
integration over the thickness of the ice (Nye 1952) leads to the 
following expression for the velocity due to internal deformation 
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U - \c W Kip h^-^^ Sin^.< 
° ^ ° n + 1 

K 1 ^ . h 
n + 1 

where i s the surface velocity, Û  i s the basal sliding velocity 

and U i s internal deformation velocity. Values of these parameters c 
are given i n Table XXVII. 

Validity of the Assumed Sliding Velocity 
Basal sliding i s believed to account for up to 90f% of the obser­

ved surface velocity i n extreme cases for temperate valley glaciers. 
Generally,. 50^ of the observed total appears to be accoimted for by 
sliding. On the Marr Ice Piedmont basal sliding accounts for 10^ to 30% 
of the surface velocity i n areas not^effected by ice streaming, while 
i n the ice streams themselves 50% to lOfo of the surface velocity is 
accounted for by sliding. The higher range is remarkably similar to 
that of temperate £ind near-temperate valley glaciers. The sliding 
velocities assumed for the ice piedmont do therefore, appear to be 
acceptable. 

BASAIJ CONDITION OF THE PIEDMONT 
In Table XXVI are given the calciliated values for the shear stress 

acting at the base of the ice and Table XXVII shows the assumed sliding 
velocity and i t s percentage contribution to the t o t a l , observed annual 
velocity rate at the surface. Some of the results i n Table XXVII are 
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TA33LE XX7II 

VAI,US3 OP Tim ••ASS'JivIB])" S L I D I N G VBLOGITY fu,J. 
( Meters per Year) 

atioa u - u, (u ) 
0 b c' 

U 
0 

TJ, as % b 

E 44.56 20,46 _ 
H 24.18 25,96 1.78 6.86 
K 41.66 28.26 — — 
L 18.65 26,94 8.31 50.84 
M 29.91 27.01 r — 
K". . 23->26 39.45 1-6.19 41.05 
P ^9,03 49.13 10.10 20.56 
H 38 .12 49.89 11.77 25.59 
§• 55.61 43.37 7,76 17.89 
T 24.35 35.06 10.71 50.55 
U 29.80 28,90 f — 

C1 77.99 97,35 19.54 19.87 
C2 91.74 103.98 17.24 15.82 
C3 1.10.50 108.51 ! -• 
C4 67.97 95.27 27.50 28.65" 
C5 86.67 81.15 T — 
C6 68.07 65.55 1 -
T1 41.70 42.65 0.95 2.20 
T2 54 .55 52.49 t -
T3 21.79 23.55 1.76 . 7 . 4 7 
T4 15.66 17.25 1.59 9.22 
T5 12.05 13.89 1.84 15.24 
P i l 18.12 64.15 46.01 71.74 
Pi2 19.56 79. T3 59.77 75.55 
Pi3 25.11 85.50 58.39 69.95 
Pi4 19.49 85.79 64.50 76,73 
in 51.90 70,70 58.80 54.88 
N2 35.99 88.92 52.95 59.52 
S3 50.97 118.22 67.25 56.88 
N4 64.77 156.64 91.87 58.65 
K5 57,17 207.55 150.25 72.45 
N6 51.77 210.47' 158.70 75.40 
wi 57,67 218.74 161.07 75.65 
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T.\3LE X3C7li (cont) 

i t ion U - U, (TT ) 
0 b c' 

TT 
0 \ \ as fo 

K1 17.40 14.25 f 
K2 61,59 • 31.42 — — 

64.48 74.68 10.20 t3.65 

G 75.30 31.34 — 
G1 45.31 29.37 - -
G2. 31.25 109.95 78.70 71.57 
G3 30.58 118,54 87.76 74.16 

Mul 52.90 1.16.58 63.68 54.62 

HI 36,40 16.77 — 
H2 62.60 20.87 — -H3 1.72. 42.63 40.91 95.96 
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inconsistant and obviously something is in error because i t is imp­
ossible for the,internal deformation velocity to be greater than the 
actual velocity measured at the surface. The surface velocity survey 
i s regarded.as sufficiently accurate to be eliminated as the probable 
caosg. of the inconsistencies and the remaining possible errors are 
three-fold: a) Ice thickness; b) Surface slope; c) The constants i n 
the equations used. 

The assvimption of the sliding velocity i s a function of the cal­
culated internal deformation velocity which in turn i s a function of 
the calculated basal shear stress. Therefore, the basal shear stress 
could be i n error because of errors i n ice thickness and surface slope. 
The ice thickness values include an estimated possible error of - 105̂  
which i s quite considerable and vrould effect the basal shear stress 
i n the order of 1'2?o. The surface slopes which have been used could be 
an even more significant source of error, being greatest i n the top­
ographically irregular peripheral area of the piedmont. The slope used 
i n the shear stress calculations ideally should be that over a dis­
tance at least equal to the ice thiclcness (Nye 1952) and thig cond­
i t i o n has probably not been met at a l l the velocity stations. At high 
elevations, where the slope is more constant, the values used are 
probably more valid than at lower elevations where the measured slope 
i s local. The error of ice thickness can be applied to reworked cal­
culations but i t i s d i f f i c u l t to assign an error to the slope meas­
urements. 

The calculation of the internal deformation velocity used the 
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calculated basal shear stress and the constants n and K. This equ­
ation i s a good approximation at best and Nye (1965) has discussed at 
length the possible values of n and i t i s known that i t varies with 
the stress. The constant K i s very temperature sensitive and the val­
ues used i n this thesis were experimentally derived from ice at close 
to zero degrees C (Gerrard and others 1952). I t i s assumed that the 
Marr Ice Piedmont i s not significantly far from being temperate and 
that i t s classification l i e s between true temperate and true sub­
polar. Therefore, i t s overall tenperatiire must be close to zero ^ 
also. Thus the errors i n ice thickness and surface slope and an \m-
certainty as to the exact temperature condition of the ice, hardly 
j u s t i f y manipulation of the values of the constants n and K i n the 
equations. The ice thickness values are the only ones which j u s t i f ­
iably can be manipulated, within the limits of the estimated error, 
i n the calculation of internal deformation velocity. Table XXVIII item­
ises the results obtained for stations E to U for the assumed sliding 
velocity using the (average) ice thickness from Chapter 3 and these 
values plus 10% and minus 10%. The justification for these results 
i s based on the assumption that some bassil sliding is occuring at 
a l l the stations, ^Thich is reasonable considering that the i c e i s 
regarded as being close to temperate. However, i n order to obtain a 
sensible distribution of internal deformation velocity and basal 
sliding, as shown i n Figure 60, the values of Û  have to be selected 
subjectively, which i s not reasonable. The values i n Table XXVII are 
therefore used for discussion. 

In this table the symbol (!) i n column 4 i s used to indicate that 
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TABLE.XXVIII 

VALUES OF SLIDING VELOCITY dJ, ) FOR tlAXIItiUI^, MDIIMUM' 
A3H) AVERAGE ICE THICKtJESS"' ClD AND RaSrECTI\^. PERCENTAGE. OF THE 

SURFACE "VElio'CITr (Uŷ ) 
Stations E-U' 

TTi, nr/yr % m/yi.̂  • fo Uij ra/yr 
Station ,( Av^^ .11,) (h: + \(yfo) U- ( h - T O^ ^ 0 

E -23.90 -44.02 - 8.90-

E + r.78! -119.36 +110.05̂  38.711 

K -113.40 - -32.84 + 0.98 3.47 

L f 8.311 30.84 - 0\23 +14.66 54.42 

M. 2^90 - -1&.87 + 1A3 27.58: 

F +t6.1l9 411.03 + 5.45 t3.84 +24.15 61.22 

P +110.01 20,56 - 8.10 +25.83 52; 57 

E +111.77 23.59 - 5.68 +25.19 50.49 

S' + 7.76 1:7.89 - 8.70 +19.96 4§.02' 

or +10.71! 30.55 - 0.60 +20.115 57.47 

IF - 0 ..90 - -113.80 + 9.34' 3?.32 

Note: Negative values of Û  result when- calculated 
UQ — Ut exceeds UQ i n value. 
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though no basal slidiiag has heen assumed, the s i t u a t i o n i s marginal 

and that a reasonable v a r i a t i o n i n the equation components could 

render a positive s l i d i n g v e l o c i t y value. The corollary i s that the 

calculated i n t e r n a l deformation velocity i s almost equal to the obs­

erved surface v e l o c i t y . I n the same column the symbol {-} i s used to 

emphasise that the i n t e r n a l deformation velocity calculates to be 

greatly i n excess of the observed surface velocity and that no reason­

able a l t e r a t i o n of the equation components could render a sensible 

s l i d i n g v e l o c i t y value. The symbol (-) i n the f i n a l column s i g n i f i e s 

that from the calculations, basal s l i d i n g does not contribute to the 

t o t a l observed ice movement. 

Despite the inconsistencies i n these results, a sensible pattern 

can be discerned. I n the ice stream flovjing towards Biscoe Bay (the 

Pi l i n e and Keumayer lines p r i n c i p a l l y ) , the proportion of the t o t a l 

v e l o c i t y a t t r i b u t e d to basal s l i d i n g i s clearly defined, even vdthin 

the l i m i t s of possible error, and accounts f o r well over 50?J. Stations 

Mul, G2 and G3 have s l i d i n g v e l o c i t i e s of similar percentage and are 

very si m i l a r to those reported f o r temperate glaciers elsewhere. 

Consider the d i s t r i b u t i o n of the marginal condition symbolised 

by ( ! ) , This condition generally embraces the higher parts of the 

piedmont outside of the ice streams and i t i s evident that i t i s gen­

e r a l l y associated with low assumed s l i d i n g v e l o c i t i e s nearby. The un­

reasonable s i t u a t i o n (-) i s generally peripheral. The d i s t r i b u t i o n of 

the three situations, areally over the study area i s shown i n Figiire 

61: I , s l i d i n g ; I I , marginal; III,unreasonable. This i s an i n t e r e s t i n g 

and -suggestive pattern. 
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The s l i d i n g streams are associated with the subglacial valleys. 

The meirginal condition i s associated with the high suhglacial p l a t ­

form and the flanks of the subglacial valleys and the unreasonable 

s i t u a t i o n i s associated with the low, peripheral subglacial saddle 

separating the 'JTylie Bay and Biscoe Bay subglacial valleys. The pos­

i t i o n of a l l the stations, r e l a t i v e to the subglacial topography, i s 

shown i n Figures 62 and 63 (also Figures H & 16 above). The position 

of s t a t i o n H3 i s note-worthy. 

The d i s t r i b u t i o n of the basal shear stress and the observed sur­

face v e l o c i t i e s are also of si g n i f i c a n t interest. From Table XXVI and 

XXVIX i t i s evident that there are considerable differences i n the basal 

shear stress from one part of the study area to another and that these 

differences cannot be explained solely by differences i n the rates 

of movement. Figure 64 i s a plot of surface velocity versus basal 

shear stress and i t i s evident that widely d i f f e r i n g v e l o c i t i e s are 

associated with similar shear stresses. Orvig's (1953) argiament f o r 

the Barnes Ice Cap, that the higher shear stresses can be explained by 

greater ice movement, does not hold. For example, from Figure 64, the 

surface v e l o c i t i e s associated with a basal shear stress of about 1.2 

bar range from 16.77 m. per year at HI (1.21 bar) to 118,22 m./year 

at N3 (1.19 bar) to 218,74 m,/year at N7 (1.34 bar). Similarly, the 

v e i ^ high shear stresses i n the v i c i n i t y of E, K, G, HI and H2 are not 

explainable i n terms of greater ice movement. Differences i n the basal 

condition must therefore, be the explanation. 

I t i s suggested that the three zones described i n Figure 61 r e f l e c t 

these differences i n basal condition. Zone I i s formed by the Biscoe 
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Bay ice stream and i t s very high rate of movement, under r e l a t i v e l y 

low basal shear stress, i s the r e s u l t not only of a high rate of basal 

s l i d i n g but that the s l i d i n g i t s e l f may be enhanced by basal melting. 

The same explanation i s suggested fo r the lower parts of the Wylie Bay 

ice stream marked by stations l ^ h l , G2 and G3. Thus the "lubricating" 

e f f e c t i s greatest below the ice streams than other parts of the pied­

mont and the streams are behaving very much l i k e temperate valley 

glaciers. I n zone I I , the marginal condition, i t can be reasonably i n ­

ferred that most of the observed surface ve l o c i t y i s made up of i n t e r n a l 

deformation v e l o c i t y but that a small amount of basal s l i d i n g i s taking 

place. I n t h i s zone, a basal s l i d i n g mechanism similar to the " s l i p -

and-stick" mechanism proposed by Weertman (1957; 1964) i s envisaged. 

I n zone I I I i t i s barely possible to reconcile the low surface v e l o c i t y 

w i t h those which would be explained by the basal shear stresses and i t 

i s suggested that i n t h i s zone, the piedmont i s frozen to the bed. 

Station H3 (and H4, H5 and H6, i f velocity values had been derived) 

whose t o t a l movement apparently i s made up almost exclusively of basal 

s l i d i n g , l i e s over the sub-sea le v e l glacier bed and though the ice 

there may not be actually f l o a t i n g , the bed i s s i g n i f i c a n t l y lubricated 

by the sea. 

The considerations put forward by Weertraan i n his (1961) "Freezing 

Model" hypothesis are only p a r t i a l l y helpful i n envisioning t h i s zonation 

of the piedmont, because the temperature data p a r t i c u l a r l y are some­

what inadequate. I n that hypothesis, an argument against the shear hy­

pothesis f o r the formation of the mavaines of Barnes Ice Cap, B a f f i n 
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Fig. 65. (From Weertman 1961, p. 971). Schematic 
diagram of proposed geophysical zonation of 
an ice cap according to the "Freezing Model" 
hypothesis. 
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Fig. 66. (From Weertman 1961, p. 975). Graphical 
summary of proposed basal condition with 
d i f f e r i n g values of ice thickness, annual 
accumulation rates and internal ice temp­
erature. .ViT i s difference between melting 
point of ice and upper siirface temperature 
of ice sheet, h© i s ice thickness at which 
base of ice i s at pressure melting point. 
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Island, Weertman (1961) suggested that a cold ice cap whose edge i s 

frozen to bedrock should have a geophysical structure as shown dia-

gramatically i n Figure 65. The scheme assumes that inland from the 

edge the bottom i s at the pressure melting point and that t h i s inland 

section can be divided into two geophysically d i f f e r i n g parts. I n the 

furthermost inland part the combined geothermal heat and the heat of 

s l i d i n g i s greater than can be conducted down the temperature gradient 

and the basal ice i s melted to water. The meltwater i s forced outward 

toward the edge of the ice cap. As i t moves outward i t enters a section 

where the temperature gradient cein conduct away more than the geothermal 

heat and heat of s l i d i n g . I n t h i s section the water freezes to the bottom 

and rejoins the ice cap. The basal ice w i l l s t i l l be at the pressure 

melting point because the extra heat required to maintain t h i s temper­

ature comes from the laten t heat of freezing. Figure 66 shows Weertman's 

graphical summary, of the relationship between ice thickness and temp­

erature and the predicted basal condition. 

According to the curves i n Figure 66, i n the higher parts of the 

Marr Ice Piedmont, the s i t u a t i o n i s marginal i n the context of that 

theory. The ice i s about 600 m. thi c k and the 10 m. ice temperature i s 

about -5 '̂ C. Thus i t i s conceivable that i n the high i n t e r i o r the ice 

could be frozen to the bottom but the l i m i t a t i o n s of the data (and the 

theory) do not allow t h i s to be a d e f i n i t e conclusion. A l s o , to have 

the peripheral ice frozen to the bed, one has to invoke lower ice temp­

eratures than those which were actually observed. This could plausibly 

be done by considering that i n t h i s zone the formation of (superimposed) 

ice at depth prevents the downward percolation of summer meltwater to 
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appreciable depth and that the resultant warming effect i s not operative 

at the base of the ice i n t h i s area. To some extent the temperature 

measurement of -0.8 at the base of the ice i n the cave behind Palmer 

Station supports t h i s idea as does the fact that neither t h i s author 

nor Honkala's party observed meltwater issuing d i r e c t l y from beneath 

the peripheral ice. Thus i t i s conceivable that the upper layers of the 

peripheral ice are at a s l i g h t l y higher temperature than the lower ones. 

However, one objection to the "Freezing Model" theory i s that i t 

assumes that the heat of s l i d i n g i s equal to the geothermal heat and 
2 

that the geothermal heat i s equal to 39 cal/cm /yr. I f t h i s i s an over­

estimate and less heat i s passing through the base of the ice cap than 

the theory presiunes, then a supposedly melting s i t u a t i o n might be tr a n ­

sformed to one of basal freezing. However, according to the l i m i t e d 
geothermal data available, there seems l i t t l e cause to doubt that 39 

2 
cal/cm /yr i s a reasonable vsilue to talce. I n a reviev/ of the data 

—6 2 

Bullard (1954) found a worldwide average of 1,23 x 10 cal/cm /sec or 

38.79 cal/cm^/yr. 

Without r a i s i n g the issue of glacier surges and t h e i r possible 

causes, the proposed zonation of the Marr Ice Piedmont can best be 

discussed i n the following terms. Consider that over the piedmont the 

conditions of temperature and rate of ice accumulation, i n the absence 

of movement, require that the ice be everywhere frozen to the bed, 

because i f no s l i d i n g occurs, no heat of f r i c t i o n w i l l be produced by 

t h i s mechanism. But once the piedmont begins to slide the heat of 

f r i c t i o n w i l l maintain the basal temperature at the pressure melting 
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point and the s l i d i n g w i l l continue. Thus the three-fold situation on 

the Marr Ice Piedmont i s that i n zone I the low s l i d i n g v e l o c i t i e s are 

producing j u s t s u f f i c i e n t heat of f r i c t i o n to maintain the basal ice 

temperature at the pressure melting point to allow the "slip-and-stick" 

melt-regelation mechanism to operate. I n the ice streams the s l i d i n g 

v e l o c i t y i s so great that the heat of f r i c t i o n i s high enough to lead 

to basal melting which regenerates the ice's a b i l i t y to keep on s l i d i n g 

continuously. I f the rate of s l i d i n g here were somehow reduced, the melting 

condition might be halted and the melt-regelation mechanism i n s t i t i i t e d . 

I n zone I I I s l i d i n g has not been induced and no heat of f r i c t i o n i s 

available to raise the basal temperature to the pressure melting point. 

I f , somehow, the peripheral ice were induced to sl i d e , the heat of 

f r i c t i o n would keep the basal ice at the pressure melting point and the 

s l i d i n g would continue. 

coNCLUsieNg 

A l i m i t e d theoretical analysis of the f i e l d data has been made. 

The calculated basal shear stresses are similar to those obtained from 

other glaciers and are acceptable. The r e l a t i v e d i s t r i b u t i o n of ice 

v e l o c i t y due to i n t e r n a l deformation and that due to basal s l i d i n g 

has been deduced and though there are certain inconsistencies i n the 

results i t has been possible to hypothesise that the basal condition 

of the piedmont i s not everywhere the same. Parts of the peripheral ice 

appear to be frozen to bed while i n much of the i n t e r i o r , l i m i t e d basal 

s l i d i n g has been i n f e r r e d . I t i s possible, though not confirmed, that 

melting at the base of the ice streams may be. occurring. The config-
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uration of these basal conditions apparently does not conform to the 

"Freezing Model" proposed by Weertman (1961) f o r the Barnes Ice Cap, 

which i s a plausible theory f o r basal erosion by that ice cap. I t 

remains therefore, to consider the p o s s i b i l i t y of basal erosion by 

the Harr Ice Piedmont i n the l i g h t of i t s basal condition. 
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CHAPTER TmVE 

BASAL EROSION BY THE ICE PIEDMONT 

EVIDENCE OF EROSION BY THE PIEDMONT 

One of the problems posed at the outset of t h i s thesis concerned 

the erosive a c t i v i t y of the piedmont and i t has been emphasised else­

where i n t h i s text that v i s i b l e evidence of erosion i s quite lacking. 

Novriiere do the ice c l i f f s contain rock debris and there i s a remarkable 

absence of moraines of any kind. Yet i n direct c o n f l i c t to these observ­

ations, numerous masses of debris-rich ice, contained i n f l o a t i n g i c e ­

bergs, were observed f l o a t i n g offshore of the piedmont. One such sample, 

shown i n Figure 67, was taken near Arthur Harbor i n March 1966 and l a t e r 

studied at Palmer Station. The exact location of o r i g i n of t h i s specimen 

i s Tinknown but from observations of sea currents, local winds and the 

d r i f t pattern of sea ice at the time, i t i s believed that i t originated 

i n the V/ylie Bay area to the north of Palmer Station. The specimen was 

studied both macroscopically and microscopically and within the l i m i t s 

of the l i t t l e that i s known concerning the exact mechanisms involved i n 

basal erosion, the study suggests a tentative hyTpothesis on basal erosion 

by the Marr Ico Piedmont, 

Physical Characteristics i n Hand Specimen 

a) The o r i g i n a l iceberg specimen can best be described as a d i s t i n c t , 

r i c h l y loaded d i r t band enclosed i n a mass of clean ice (figure 67). 

b) The d i r t band was divided into a series of roughly p a r a l l e l d i r t 

layers, each layer being separated from the ne:d; by clean, completely 
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Pig, 67. D i r t band enclosed i n clean i c e . Thickness of 
the band about 1 meter. Scale: Climbing rope 
i s 3/8" diameter. 

bubble-free i c e (figure 68), 

c) There was a s l i g h t difference between the "upper" and "lower" 

boundaries of the main d i r t band; one was more regular than the other. 

The r e a l orientation of the o r i g i n a l specimen within the gla c i e r i s , 

of course, unknown but the more regular boundary has been taken as 

the lower one for descriptive purposes. 

d) The clean i c e "above" the d i r t band was extremely bubbly, there 

being a s l i g h t banding to the bubble f o l i a t i o n . The bubbles were gen­

e r a l l y spherical or nearly so, and varied greatly i n s i z e . There were 

no s i g n i f i c a n t elongated or tubular c a v i t i e s . The clean ice"below" the 

d i r t band showed s i m i l a r c h a r a c t e r i s t i c s and the only si g n i f i c a n t feat­

ure i n connection with t h i s portion of the i c e was that the contact 
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b) 

F i g . 68. Ice sample showing d i r t band and clean 
bubbly i c e "above". Band i s divided into 
d i r t layers with clean, bubble-free i c e 
between. Photo a) i n reflected l i g h t . 
Photo b) i n transmitted l i g h t . 



w i t h the debris ice was extremely weak. A l l attempts to cut sections 

which included both sections of ice were Tinsuccessful due to the f a i l u r e 

of t h i s contact. 

e) The only absolutely bubble-free ice was that between the ind­

i v i d u a l d i r t layers w i t h i n the main d i r t band. 

f ) The d i r t layers themselves wero composed of "planes" of spherical, 

or nearly so, concentrations or "globules" of d i r t material when viewed 

i n a three dimensional sense, llhen viewed i n section they formed lines 

of d i r t globules. Undulation of the planes of globules was evident when 

viewed i n sections cut at r i g h t angles to each other. 

g) Over twenty samples of varying size were chopped from the o r i g ­

i n a l specimen from random locations f o r determination of the d i r t con­

t e n t . This proved to range from ^3% to 195̂  by volume. 

Specimens i n Thin Section 

Extreme d i f f i c u l t y was encountered i n working with t h i s material. 

Thin sectioning was almost impossible and the few sections which were 

t h i n enough to be studied between crossed polaroids were small and 

fragmented. A single usable t h i n section was f i n a l l y obtained from the 

sample shown i n Figure 69 and i s shown i n Figures 70 emd 71. 
The s t r u c t u r a l characteristics of t h i s specimen are i n t r i g u i n g but 

are d i f f i c u l t to understand or explain with i n the l i m i t s of present-day 

theory on g l a c i a l erosion processes. 

Synthesis of Erosion Theory 
The exact mechanism by which a glacier erodes i t s bed remains to 

be found and the overall process may well consist of several in t e r a c t i n g 
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¥ig, 69. Debris-rich i c e sample. Arrows indicate the 
plane of t h i n sections shoum i n Figures 70 & 
71. Note also rock inclusions within two d i r t 
l a y e r s . Alignment of rock axes suggest i c e 
movement into the plane of the paper or para­
l l e l to i t s long a x i s 

mechanisms. Weertman's "Freezing Model" discussed above, page239, 

envisages an "en masse" pickup of basal debris as a resxilt of s h i f t s 

i n the position of the zero degree isotherm at the base of the ice and 

the subsequent incorporation of debris by freezing to the base. Boulton 

(1970; 1972) also favors a form of \7eertman's hypothesis for the incorp­

oration of basal debris i n Hakarovbreen, Svalbard. Prom t h e i r direct 

observations of basal s l i d i n g , Eamb and LaChappelle (1964) described a 

"regelation layer", the formation of t r a i n s of bubbles and the inclusion 

of small amounts of f i n e rock material at points where the pressure-

melt-refreeze mechanism was observed. The regelation layer was s t r u c t ­

u r a l l y and t e x t u r a l l y d i s t i n c t from the i c e above and was conposed of 

very f i n e grains. The report leaves no doubt about the existence of a 
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F i g . 70. Thin section of i c e with d i r t layer 
photographed i n transmitted l i g h t . 

l l g . 71. Same thin section photographed between crossed 
polaroids. Note the extremely fine c r y s t a l 
texture of the i c e with the d i r t layer. 
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basal pressure-meltwater layer and suggests that erosion may well be 

a s s o c i a t e d .Tith the s l i d i n g phenomenon. However, the amount of d e b r i s 

actually incorporated through t h i s mechanism i s small and £iny debris 

layer created w i l l be regularly destroyed, together with the regelation 

i c e , by melting against fu r t h e r downstream obstacles. Therefore, the 

development of highly concentrated debris loads by t h i s mechanism seems 

u n l i k e l y . 

Erosion by cold s l i d i n g ice has been discussed by Lister (1972), 

who i n laboratory experiments considered that rock wear by s l i d i n g ice 

i s a function of f r i c t i o n . However, the amount of wear (erosion) was 

small and was quickly c u r t a i l e d by the early formation of a deformation 

layer of crystaUographically oriented ice, with c-axis normal to the 

surface. Ice so oriented has a very low coefficient of f r i c t i o n ( L i s t e r 

1972). Frequently.it was found that the s l i d i n g motion l e f t ice adhering 

to the:;rock, producing an ice to ice s l i d i n g surface. Though the cold 

s l i d i n g ice showed lines of rock particles analogous to glacier d i r t 

bands the production of rock debris was small. However, i n an extension 

of the experiment, the shattering of pebbles was readily observed af t e r 

as few as seven cycles of freeze-thaw. Thus, s l i d i n g cold ice, without 

the intervention of the l i q u i d phase, may have appreciable erosive a b i l ­

i t y . However, Lister's conclusions were that freeze-thaw processes are 

at least as effective i n erqsion as cold s l i d i n g ice but that a freezing 

process seems more effective i n the production of rock debris. 

HYPOTHESIS RELATING TO TEE IsIAiffl ICE PIEDMOLIT 
I n the l i g h t of observational and experimental evidence the main 

question surrounding the pi'oblem of erosion i s the mechanism by which 
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very substantial amounts of debris are incorporated into the basal ice-

and to establish, the relationship between basal erosion and the basal 

s l i d i n g phenomenon. The observations of Kamb and LaChappelle (1964) 

appear to relate erosion and s l i d i n g by the freeze-thaw mechanism but 

the amount of debris incorporated i s small, ̂ eertman'a (1961) hjrpoth-

esis remains to be proven though Lister (1972) did f i n d that layers of 

sand and gravel i n an insulated container were disturbed and buckled 

a f t e r several freeze-thaw sequences. Thus, the weight of evidence at 

present seems to point to a relationship, complex though i t might be, 

between s l i d i n g and erosion and that at least an intermittent l i q u i d 

phase and a refreezing cycle are necessary f o r substantial pickup of 

basal debris. 

Taking t h i s as a basis f o r discussion, i t i s possible to re-examine 

the Anvers Island debris-ice samples described above and to present a 

hypothesis, al b e i t t e n t a t i v e , concerning the formation of the debris 

sample and to extend t h i s hypothesis to the present erosive a c t i v i t y 

of the Marr Ice Piedmont. 

Several features of the debris-ice specimen are _ of particular 

i n t e r e s t . The f i r s t impression i s that the d i r t band as a whole i s 

completely bubble-free and that the clean and bubbly ice surrounding 

the d i r t band, i s tma3.tered glacier ice. Secondly, i s the problem of the 

al t e r n a t i o n of the d i r t layers and the completely bubble-free ice (see 

figures 68 & 69). Thirdly, i s the extremely weak contact between the 

d i r t band and the clean ice "below". Fin a l l y , there i s the remai'kable 

difference i n grain size and texture between the d i r t layer-ice and 

the clean ice surrounding i t (figures 70 & 710* These characteristics 
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axe strongly reminiscent of the observations of Kamb and LaChappelle 

(1964) i n Blue Glacier. I t i s hjrpothesised here that the d i r t layers 

are i n fact bubbly but every bubble i s f i l l e d with d i r t ! The clean ice 

between the layers and which i s bubbl.e;-free and i s i n weak contact with 

the d i r t layer, represents the "spicule" ice described by Kamb and 

LaChappelle (1964). Within t h i s hypothesis, these characteristics suggest 

that the debris-ice specimen i s the result of a freeze-thaw p^e3s^lre-

melt s l i d i n g mechanism sim i l a r to that proposed by ̂ eertman (1957;1964) 

and Llyboutry (1968a; 1968b) and that the veiy f i n e grained d i r t layer 

i s regelation ice, with the f i n e l i n e a t i o n of ( d i r t f i l l e d ) bubbles or 

"globules" having been caused by pressure-melt regelation ice formation. 

Each single l i n e of bubbles represents a single pressure-melt-event 

location and the planes of bubbles constitute an areal extension of these 

event locations. Perhaps a major flaw i n t h i s hypothesis i s the r e l a t i v e l y 

high concentration of d i r t , up to 19?̂  by volume as compared with no more 

than ^0fo reported by Kamb and LaChappelle (1964). 

Weertman's (1961) "Freezing Model" concept also emphasises the imp­

ortance of a basal water layer i n the erosion of the bed but i t i s d i f f ­

i c u l t to reconcile the "en masse" concept of debris pickup with the 

actual appearance of debris-laden ice. Perhaps a reworking, as a result 

of movement, and Weertman's inference of a "sludgy" bottom i n some parts 

of the glacier could have led to the structixre of the Anvers Island 

specimen. A similar or related hypothesis was put forward by Schytt 

(1963) i n a discussion of f l u t e d moraineiin Norway. He suggested the 

presence of f l u i d moraintat the pressure melting point which freezes 

to the base of the ice when i t enters a subglacial cavity and the pressure 
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i s released. This could c e r t a i n l y lead to an enhanced debris load i n 

the basal layers, which include large rock fragments (see figure 69). 

Thus there seems to be a strong p o s s i b i l i t y that a basal water layer 

must exist i f there i s to be substantial debris pickup at the base of 

the i c e . This may take the form of a continuous water layer under at 

least a part of the ice as ?7eertman (1961) has suggested or i t my be 

a transient phenomenon at specific locations i n conformity with the 

q u a l i t a t i v e principles of the s l i d i n g theoiy. 

One important f a c t seems evident. I f the basal condition i s con­

stant over a l l the glacier bed then there w i l l be no substantial debris 

pickup. This applies equally to a base which i s frozen at a l l locations 

or a base which i s melting at a l l locations. The l i q u i d water must re-

freeze at some point at the base i f i t i s to incorporate d i r t material. 

Accepting t h i s premise as the foundation of a hjrpothesis, the d i s t ­

r i b u t i o n of basal condition w i t h i n the piedmont, suggested i n Chapter 

11, implies that some basal erosion i s taking place. There are two zones 

w i t h i n the piedmont where basal s l i d i n g has been inferred. I n zones I 

and I I ' basal erosion could be teiking place but the c o n f l i c t between 

v i s i b l e and theoretical evidence needs to be resolved. 

I n zone I I , i n the highest parts of the piedmont, i t i s sxiggested 

that the erosion process i s active i n the pressure-melt-regelation 

mechanism and small amounts of debris are being taken into the basal 

ic e . The erosion at individual locations w i l l be small and considerable 

reworking w i l l be reqtiired before the basal debris load becomes s i g n i f ­

icant . 

I n zone I , the ice stream, basal s l i d i n g has also been inferred 
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but here under d i f f e r e n t conditions from zone I I , I n t h i s zone where 

the s l i d i n g v e l o c i t i e s alone reach to well over 100 m, per year i n 

places,, the heat of f r i c t i o n could possibly be great enough to lead 

to basal melting. Under these conditions i t i s not possible f o r the 

basal ice to incorporate debris, therefore no erosion i s taking place. 

This however, could be an overestimate and the p o s s i b i l i t y that zone I 

i s i n the same state as zone I I , with some erosion taking place, should 

not be overlooked. 

I n zone I I I , no s l i d i n g i s taking place, therefore there i s no 

erosion because the ice i s frozen to the bed. 

The c o n f l i c t between these conclusions and the v i s i b l e evidence of 

the clean ice c l i f f s , i ^ i c h denies erosion, can be readily resolved. 

Consider that the three zones do exist and that zone I i s not i n the 

same state as zone I I . The basal debris picked up i n zone I I i n the re­

gelation ice i s transported, with the possible exception of station T5, 

i n a southwesterly and southerly direct i o n , following the vectors shown 

i n Figure 30, p99 , and discussed i n Chapter 5. This ice ultimately 

enters zone I . I t may do so i n the v i c i n i t y of station G4 i f zone I I 

terminates at t h i s point or at about station CI i f zone I I extends 

southwards, as indicated by the dashed l i n e i n Figure 61. I n any case, 

the fate of the ice i s the same. I t enters the rapidly moving ice stream 

and the basal ice begins to melt and at least some of i t s basal debris 

load i s l o s t . Even the ice passing through stations P and N, f o r exa­

mple, ul t i m a t e l y enters zone I , even though i t may have been i n close 

proximity to zone I I I and entered zone I near station K2. The remaining 

debris-lndon ice i s then channeled over the sub-sea level glacier bed 

(see figure 65) vdiere basal melting may be further enhanced. Whatever 
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debris-ice survives and reaches the coastal ice c l i f f , obviously must 

be below sea l e v e l . 

Even i f zone I i s not a zone of basal melting and i s i n fact act­

i v e l y eroding the subglacial valley f l o o r , the v i s i b l e evidence i s s t i l l 

below sea l e v e l when i t reaches the coast. Under t h i s set of conditions 

the ultimate debris load at the c l i f f s could possibly be considerable. 

I n the northwestera part of the study area, similar arguments apply to 

the ¥ylie Bay ice stream, from which i t i s postulated the debris-ice 

specimen originated. The ice immediately behind Arthur Harbor may also 

f a l l i n t o zone I , especially i f , or ^ e r e , the subglacial bed i s below 

sea l e v e l . 

Discussion 

Thoxigh there i s a general paucity of information regarding the 

debris load carried by various glacier types^Boulton (1970), though 

contested somewhat by Andrews (1971; 1972) suggested the generalisation 

that many polar and sub-polar glaciers, such as those i n Svalbard, Baffin 

Island, Greenland etc carry very considerable amounts of englacial debris 

derived from the glacier bed, whereas temperate glaciers such as those 

of Norway, Iceland and the Alps carry very l i t t l e basal^y derived debris. 

However, the sub-polar category (where the sub-polar c l a s s i f i c a t i o n 

i s derived fz'om temperature observations which do not reach to S'^at depth) 

seem to vary i n t h e i r erosive a b i l i t y which may be a direct r e f l e c t i o n 

of differences i n t h e i r basal condition. The Barnes Ice Cap i s known to 

be frozen to i t s bed around the periphery but i t has produced the Thule-

B a f f i n moraines. I t also has a r i c h d i r t content as seen i n the c l i f f s 

and so s t r i k i n g l y portrayed i n the photographs i n Ward (1952, p. 19). 
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A l i q u i d phase at the base i n the i n t e r i o r parts of t h i s ice cap seems 

plausible but has yet to be proven. Weertraan's "Freezing Model" i s based 

on t h i s ice cap. 

The ice piedmonts of the western coast of the Antarctic Peninsula 

present a s l i g h t l y d i f f e r e n t s i t u a t i o n and from the observations on 

Anvers Island, i t i s obvious that the Marr Ice Piedmont i s very d i f f ­

erent, geophysically, from the Barnes Ice Cap. The same might apply, 

i n fact probably does, to the Fuchs Ice Piedmont on Adelaide Island. 

Whether or not the Freezing Model i s supported by evidence from the 

Barnes Ice Cap, i t cer t a i n l y does not exist i n the Marr Ice Piedmont. 

The high rates of accumulation, the subglacial topography, the ice 

streaming effects and the inevitable intervention of basal s l i d i n g to 

maintain equilibrium, raises the temperature of the ice streams to a 

degree where they are probably temperate. The sub-polar c l a s s i f i c a t i o n 

i s probably applicable to the highest i n t e r i o r parts of the piedmont 

where the 10-^eter temperatures range around -5^C. The peripheral ice 

standing on the subglacial saddle, on the basis of temperature data 

available, apparently l i e s between the two cl a s s i f i c a t i o n s . However, 

more observations, to greater depth are needed to f u l l y xmderstand t h i s 

part of the piedmont. Thus, though there are zones of melting and 

freezing at the base, t h e i r p o s i t i o n , r e l a t i v e to each other,is adja­

cent rather than concentric, as supposed f o r the Barnes Ice Cap. Con­

sequently, the Marr Ice Piedmont does not pick up the massive amoiints 

of basal debris seen i n some sub-polar g l a c i a l features, even thotigh i t 

may, i n parts, be t r u l y s'ab-polar. The ice streams "shear" alongside 

the zone of basal freezing rather than flow towards i t . Consequently, 
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the ice over the subglacial saddle can remain frozen to the bed because 

v e l o c i t y enhancement by basal s l i d i n g i s not needed to maintain e q u i l ­

ibrium. 

CONEiLUSIONS 

The argument has been put forward that basal s l i d i n g and basal 

erosion are related interacting phenomena and taking t h i s as the basis 

f o r hypothesis, i t i s concluded that the Marr Ice Piedmont i s select­

i v e l y eroding i t s bed. This process i s active over the high i n t e r i o r 

subglacial plateau, but as a resul t of ice streaming outward from t h i s 

area i t i s possible that intensive erosion at least, of the subglacial 

v a l l e y f l o o r s , i s prevented by basal melting. This leads to the concl­

usion that englacial debris derived from the i n t e r i o r plateau may be 

redeposited along the valley f l o o r or slowly transported outward t o ­

wards the coast by subglacial melt streams. On the other hand, i t 

should not be overlooked that though the s l i d i n g v e l o c i t y of the ice 

streams i s high, a pressure melting-regelation mechanism could be active 

leading to erosion of the valley f l o o r s . I n any case, any v i s i b l e evid­

ence of erosion i n the coastal ice c l i f f s may be small and i s certainly 

below sea l e v e l . 

The f i e l d evidence leads t o the conclusion that over the subglaciel 

saddle between the two valleys, there i s l i t t l e or no erosion because 

the ice here i s frozen to the bed. Certain inconsistencies i n the data 

however, indicate that there might be isolated areas of basal s l i d i n g 

leading to localised erosion over the saddle. Information on the sub­

g l a c i a l topography i n t h i s area lacks d e t a i l and i s inadequate to con-
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f i r m localised s l i d i n g and erosion. 

There i s no evidence, either from the geomorphological appearance 

of the subglacial platform or from the proceeding discussion, that 

the Marr Ice Piedmont i s a "strandflat glacier" w i t h i n the context of 

Holtedahl's (1929) description. The piedmont i s not at present cutting, 

and may never have been c u t t i n g , a planed surface at a l e v e l controlled 

by the sea. Indeed, i t i s more l i k e l y that i t i s i n the process of 

destroying the planed surface by selective erosion which i s accent­

uating, the topography of the platform. 
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CHAPTER THIRTEEN 

GE1>IERAL SUiamRY AID CONCLUSIONS WITH 
SUGGESTIONS FOR FUTURE Y/ORK . . 

As a p i l o t study to elucidate the basic glaciological character­

i s t i c s of the Marr Ice Piedmont, the present investigation was suff ­

i c i e n t l y comprehensive to be adequate. However, l i k e many investiga­

tions which preceded i t i n the Antarctic Peninsula, i t was a localised 

study, i n meiny ways unrelatable to the major, contemporary geographical 

patterns i n the region. I t has learned much about the Harr Ice Piedmont 

and i s the f i r s t major undertaking of i t s kind i n the peninsula area. 

I t has prompted considerable speculation regeirding many aspects of i t s 

findings and i n many cases mere speculation and suggestion i s £ill that 

i s possible because of the general lack of relatable information from 

elsewhere i n the peninsula. The Antarctic Peninsula i s a d i s t i n c t geo­

graphic e n t i t y and because most of the immediate problems i n the penin­

sula have a geographic connotation, they have a profound regional as 

we l l as l o c a l importance. Therefore, future work, as revesiled by the 

present study, should not be r e s t r i c t e d to Anvers Island alone. Above 

a l l , the present study has set a fi r m foundation upon which future work 

can be developed. 

Prom the mass balance investigations, i t i s concluded that the 

Marr Ice Piedmont i s i n equilibrium or very s l i g h t l y positive and evid­

ence from the ice ramps t e n t a t i v e l y suggests that the piedmont may have 

been experiencing a prolonged state of s l i g h t l y positive regime, .after 
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a period of recession. Certainly there i s no evidence, either glacio-

l o g i c a l or geological, to suggest a present state of recession. Thus, 

the Marr Ice Piedmont appears to be t y p i c a l of the glaciers of the 

peninsula's west coast. 

These measurements were adequate as a preliminary study but, as 

wi t h meteorology, the longer the record, the more satisfactory the 

r e s u l t . This i s very s i g n i f i c a n t when there i s the likelihood of marked 

annual variations i n the balance factors. I t i s suggested that mass 

balance studies should be resumed at Anvers Island and continued f o r 

several years. Such studies should be intimately coupled with glacier 

heat balance and energy exchange studies, v&ich would not only lead to 

a better imderstanding of the physical characteristics of the piedmont, 

but would also help i n elucidating the many accumulation and ablation 

factors i n the mass balance equation and for which, admittedly, t h i s 

study has not been able to account. As the evidence points to the ice 

ramps as important mass balance indicators, a resumed study should 

di r e c t s p e c i f i c attention to them. The question of a recent and cont­

inuing p o s i t i v e regime should be further investigated at Anvers Island 

and s i m i l a r evidence should be sought elsewhere. 

With the foundation set by the present study, and despite the ard­

uous field-working conditions, the Marr Ice Piedmont i s a feasible long-

term mass balance study area. Certainly the precedent f o r long-term 

studies, under equally arduous conditions, has been set i n the Arctic, 

f o r example, Muller 1963; Hattersely-Smith & Seciison 1970; Been 1972; 

M-flller & others 1972. 

A resumption of studies at Anvers Island together -.vith similar 
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supporting mass balance studies at selected locations i n the Antarctic 

Peninsula, with special attention to the little-known eastern side would 

be i d e a l . The overall objective of such a regional study, performed 

perhaps on an international basis, would be to determine the state of 

the balance equation as i t applies to the peninsula as a whole, to des­

cribe emd explain l o c a l and regional variations and to catalog the glac­

i o l o g i c a l t r a n s i t i o n from the northern temperate to the southern cold-

polar environment. Such studies would not only be complementary to those 

i n the A r c t i c and elsewhere, but with a regional approach would have 

pa r t i c u l a r value and significance i n the l i g h t of the objectives of the 

International Hydrologic Decade. 

Of a l l measurements during t h i s study, those of ice temperature 

were the least adequate and temperatures from greater depths are needed 

before any f i r m conclusions can be made regarding the geophysical state 

of the piedmont. On the basis of temperature data now available, the 

piedmont l i e s , geophysically, between temperate and sub-polar. 

Pr e c i p i t a t i o n over Anvers Island i s high, amongst the highest on 

record f o r the Antarctic Peninsula but i s not anomalous i n t h i s central-

southern section. Over the Marr Ice Piedmont, pr e c i p i t a t i o n increases 

ra p i d l y w i t h elevation and varies l o c a l l y with topographic i r r e g u l a r i t i e s . 

At 850 m. elevation p r e c i p i t a t i o n exceeds 250 g/cm /yr. There i s no 

s i g n i f i c a n t v a r i a t i o n i n p r e c i p i t a t i o n with change i n l a t i t u d e except 

that the southern lee slope receives the least because the p r i n c i p a l 

snow-bearing winds are north-northeast and easterly. These winds and 

the physiographic configuration of the island appear to create a prec­

i p i t a t i o n shadow, which may be effective over the entire piedmont. 
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Pronounced annual variations i n p r e c i p i t a t i o n are evident and are prob­

ably related to geo-climatic factors which t h i s study has not been able 

to determine. Future work, p a r t i c u l a r l y i f i t i s on a regional basis, 

should d i r e c t specific attention to the interrelationship between loc­

a l l y determined mass balance factors and the regional d i s t r i b u t i o n of 

geo-climatic factors. 

The piedmont ranges i n thiclaiess from 60-80 m, at the coastal c l i f f 

t o more than 600 m, inland at the foot of the mountains. I t rests on 

two almost horizontal low-level platforms, one peripheral at approx­

imately 50 m., the other at about 200 m. elevation. I n places these 

surfaces are dissected by valleys, r e s u l t i n g inpronounced ice streaming 

at the surface. I t i s concluded that t h i s subglacial topography i s not 

a s t r a n d f l a t according to the classical d e f i n i t i o n , though the amplitude 

across the surfaces appears to be no more than about 40-50 meters. 

Surface ice v e l o c i t i e s were obtained using open traverse survey 

techniques with electronic and o p t i c a l equipment, I t can be concluded 

t h a t w i t h s u f f i c i e n t observational control, t h i s method of movement det­

ermination i s satisfactory and to be recommended f o r such studies when 

s o l i d rock control i s not available. Surface ice v e l o c i t i e s range from 

14 m/year i n the high i n t e r i o r to 218 ra/year i n the ice streams. 

To reconcile the d i s t r i b u t i o n of measured surface ve l o c i t i e s and 

the d i s t r i b u t i o n of calculated basal shear stress and inferred s l i d i n g 

v e l o c i t i e s , differences i n basal condition from one part of the piedmont 

t o another has been invoked. I t i s believed that a slip-and-stick 

s l i d i n g mechanism i s operating i n the higher i n t e r i o r parts and that 

much of the peripheral ice i s frozen to bedrock. In the ice streams 
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the i n f e r r e d s l i d i n g v e l o c i t y exceeds 100 m/year i n places suggesting 

the p o s s i b i l i t y of basal melting. Alternatively, an enhanced slip-arid-

s t i c k oechanism may be operating i n the ice streams. 

With the conclusion that there i s a direct relationship between 

basal s l i d i n g phenomena and g l a c i a l erosion, the zonation of basal 

conditions i n the Marr Ice Piedmont has been related to i t s erosive 

c a p a b i l i t y . Basal erosion i s active i n the i n t e r i o r by the slip-and-

s t i c k s l i d i n g mechanism while no basal erosion isoecurring below much 

of the peripheral ice because i t i s frozen to bedrock. The basal cond­

i t i o n of the ice streams i s uncertain but i f melting occurs beneath 

then, they are not erosive. Alternatively, a slip-and-stick mechanism 

accounting f o r a s l i d i n g v e l o c i t y of as much as 100 m/year leads to the? 

conclusion that the ice streams could be extremely erosive, 'Whereas the 

remarkably clean ice of the peripheral c l i f f s suggests no erosion, i t 

i s f u r t h e r concluded that the evidence of erosion does exist but i s , 

by v i r t u e of the subglacial topography, below sea level when i t reaches 

the coast. 

On the basis of t h i s information, the present study finds i n s u f f ­

i c i e n t evidence to support the b e l i e f that the present ice cover has 

eroded i t s subglacial surface i n the way described by previous observers. 

Thus, i f the Marr Ice Piedmont, as i t now exists, i s not wholly respon­

s i b l e f o r the construction of i t s subglacial surface, i t s o r i g i n by 

other mechanisms must be considered. I t i s beyond the scope of t h i s 

thesisj^pursue t h i s problem but t h i s author has suggested elsewhere that 

the surface beneath the Marr Ice Piedmont, and possibly the surfaces 

beneath other glaciers and piedmonts throughout the Antarctic Peninsula, 
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are preglacial and of i n i t i a l marine o r i g i n , l a t e r modified by g l a c i a l 

action and that there may he a regional occuirence of elevated surfaces, 

similar to that upon which the Marr Ice Piedmont rests (Rundle 1971). 

This i s an i n t e r d i s c i p l i n a r y problem hut basically one of geology and 

geomorphology. Certainly i t i s a regional problem and forms an important 

part of future -work i n the Antairctic Peninsula. 

The subglacial surface of the present study area should be further 

investigated i n d e t a i l by an intensive gravity survey, supported by 

seismic control, and extended throughout Anvers Island to determine 

whether the known subglacial topography i s a l o c a l or widespread fea­

t u r e . The form of the inland subglacial continuation of the Cape Mon­

aco promontory should be detennined and the subglacial morphology of 

the area between Cape Monaco and Hamburg Bay should be investigated. 

From t h i s , a more complete knowledge of the subglacial geomorphology 

w i l l be available and a more coneice evaluation of i t s history w i l l 

be possible. The morphology of the subglacial surfaces of other pie­

dmonts and glaciers throughout the peninsula should be studied through 

g r a v i t y and seismic investigations to examine the p o s s i b i l i t y of a 

regional occurrence of elevated surfaces, p a r t i c u l a r l y at about 200 

to 300 meters a.s. l . and' to further explore the question of t h e i r 

marine o r i g i n and eige. Such a regional study would be helpful towards 

a better understanding of the stru c t u r a l history of the Antarctic Pen­

insula. 

Elsewhere i n t h i s thesis t h i s author has expressed s l i g h t d i s s a t i s ­

f a c t i o n w i t h the ice temperatuj:>e measureraents talten during the study 
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and that future work should concentrate heavily on t h i s problem. The 

in t e r n a l d i s t r i b u t i o n of temperature from the surface to bedrock 

should be f u l l y and accurately investigated on the piedmont. Ideally, 

t h i s should be done at at least three locations; one i n each of the 

three suggested basal zones. These studies would determine the true 

geophysical character of the piedmont and determine whether or not 

there are thermal differences from one part of the piedmont to another. 

Such a study, coupled with what l i t t l e i s understood concerning the 

rela t i o n s h i p between glacier thermal characferistics, the basal erosion 

process and the amount of basally derived debris carried by temperate 

and non-temperate glaciers, would be a most l o g i c a l extension of the 

present study and would be an important test of the main thoughts 

expressed i n t h i s thesis. Additionally, the bore holes resulting from 

such an investigation would be of considerable value f o r deformation 

studies, especially i n the ice streams, where a c t i v i t y i s high, and 

would lead to more preeise values f o r the constants i n the deformation 

equation as i t applies to t h i s particular glacier morphology. Cores 

taken during the d r i l l i n g operation would lead to valuable information 

on the recent history of the piedmont and ice samples from the basal 

layers vroxild attest to the erosiveness of the piedmont and would permit 

f u r t h e r , detailed study of the basal erosion process. 

From t h i s study i t i s not possible to date the present ice cover. 

I t i s probably a survivor from the most recent g l a c i a l recession, 

though i n i t s present highly active state i t seems qvdte capable of 

independent existance, find t h e o r e t i c a l l y could be merely centuries i n 
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age. Assuming that the ice streams are transporting debris, marine 

sediment studies, close inshore where the streams reach the coast, 

would be h e l p f u l toward establishing the age of the ice and could 

possibly shed considerable l i g h t on the recent history of the area. 

An i n t e r e s t i n g problem, not touched upon i n the main text of t h i s 

thesis, f o r lack of more than circumstantial evidence, concerns-; the 

ice ramps. Why does the piedmont terminate as raunps at such places as 

Norsel Point and Bonapart Point? I s there a delicate equilibrium s i t - • 

nation which i s maintaining the ramps i n t h e i r present morphology? 

Or, u l t i m a t e l y , w i l l they develop into land-based c l i f f s ? 

The ramp studies described i n Chapter 7 indicate that i n some 

years the budget i s s l i g h t l y positive while i n other years i t i s s l i ­

g h tly negative. I n Chapter 8 the question was raised as to the r e l a t i v e 

frequency of positive and negative budget years, and i t was suggested 

that there had been a recession of the ramps at some time i n the past 

and that subsequently there had been a general tendency towards a higher 

frequency of positive budget years, reflected by the accumulation of 

stiperimposed ice on the old dusty ice surface. On the basis of these 

observations two hypotheses can be put forward. 

1) The frequency of annual budget variations are approximately 

equal and t h i s coupled with v e l o c i t y factors i s the controlling element 

i n the maintenance of the ramp morphology. Stalce number 5 on Rorsel 

Point ramp {see figure 44) was surveyed by tape t r i l a t e r a t i o n and showed 

a barely s i g n i f i c a n t forward movement of 9 cm over a two-year period. 

Thus, the ramp at t h i s point i s v i r t u a l l y stagnant and probably i s so 
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f o r ' a f u r t h e r 150-200 m. inland. Thus i n negative budget years t o t a l 

net ablation reduces the lower ramp as i t did i n 1964 and 1965 but the 

loss i s replaced during the positive budget years when the remaining 

winter accumulation forms very consolidated iced f i m or superimposed 

ice which again i s removed i n subsequent negative budget years. Thus 

the surface l e v e l and the p r o f i l e shape of the ramp fluctuate s l i g h t l y 

yeeir by year but forward motion i s too small and positive or negative 

budgets do not occur consecutively over long enough periods to cause 

s i g n i f i c a n t growth or recession of the ramps. 

The v i r t u a l lack of forward motion i s not only the cause f o r the 

ice not reaching the coast at t h i s point but also i s one reason why 

a land based c l i f f i s not formed. The positive balance over most of the 

upper ramp i s not brought forward to t h i s point. The position and l i n -

eation of the crevasses on the ramp 6see figure 44) indicate shearing 

of the ice and the channeling of i t into Lowdwater Cove and Arthur 

Harbor. The foot of the ramp therefore, i s maintained; almost as a sep­

arate e n t i t y , somewhat divorced from the general a c t i v i t y of the main 

piedmont. The si g n i f i c a n t fact which emerges i s that a ramp-shaped 

feattire and not a c l i f f i s apparently being maintained. 

2) A second hypothesis i s presentable i n view of the present surface 

p r o f i l e of Norsel Point ramp.(see figure 45). This p r o f i l e was obtained 

by preeiSe level and s t a f f survey by L.E. Brown i n 1966. The survey 

reveals . a very steep gradient from the edge of the ramp inland to 

the v i c i n i t y of stake number 8 where a sharp break of slope occurs. This 

i s the point where the superimposed ice deposit begins. Prom t h i s point 

the gradient of the ramp surface inland i s much less. 
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Though most of the ice on the upper ramp shears into Arthur Harbor 

and Lowdwater Cove, and though the forward motion of the foot of the 

ramp i s only 4.5 cm/yr. there may be forward motion generally p a r a l l e l 

to the main axis of the ramp i n t h i s area and i f t h i s i s the case, a 

possible i n t e r p r e t a t i o n of the gradients on the lower ramp i s that the 

i n i t i a l steeper gradient, from the edge of the ice to the f i r s t break 

of slope, represents a very shallowly inclined c l i f f face. Possibly on 

a long-term basis, the combined effects of the superimposed ice form­

ation and the small but persistent forward motion, w i l l exceed the over­

a l l effects of ablation and the steep ramp foot w i l l fflcrease i n i n c l ­

i n a t i o n to be restored to a true c l i f f configuration. 

There are no dir e c t f i e l d measurements to support t h i s second 

hypothesis and Brown's survey i s merely suggestive. However there i s 

l i m i t e d circumstantial evidence, but from simple f i e l d observations 

alone I t h a t i t could contain some c r e d i b i l i t y . 

The c l i f f face surrounding Skua Lake behind Palmer Station i s i n ­

clined at an estimated 30* from the v e r t i c a l and has been observed by 

both t h i s author and I.M. Y/hillans to fracture and collapse periodically 

i n d i c a t i n g that some movement i s occurring, \7hillans' attempts to meas­

ure the movement along a v e r t i c a l p r o f i l e on the c l i f f face f a i l e d due 

mainly to the hazards created by the collapse. However, from his direct 

observations he feels that over a r'3-inonth period, the face of the c l i f f 

became s l i g h t l y steeper. This leads to the conclusion that the features 

of the c l i f f are becoming more strongly emphasised. Unfortunately, t h i s 

author did not direct any special attention to the c l i f f i n 1965 or 

1966. 
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This i s an i n t r i g u i n g problem and has implications concerning the 

present regime of the piedmont and i t s recent history and also the 

questions surrounding the problem of recent climatic changes i n t h i s 

central-southern part of the Antarctic Peninsula, A resumption of long-

term mass balance studies on the ramps should include precise p r o f i l e 

surveys and direct attention to the questions raised by these two 

hypotheses. 

F i n a l l y , a major regional question i n the Antarctic Peninsula 

relates t o i t s h i s t o i y and p a r t i c u l a r l y to the sequence of events 

diiring the Pleistocene. These problems have recently been approached 

by Clapperton {'1971) and Everett (1971) but so f a r only one tentative 

g l a c i a l chronology has been published (John & Sugden 1971), Widespread 

evidence establishes that the ice has been at least 300 m. thicker 

than at present and i t i s probable that during the maximum glaciation 

the ice was much more extensive. I t may have been e n t i r e l y land based, 

during an eu s t a t i c a l l y lowered sea l e v e l , or i t may have taken the 

form of a l o c a l l y anchored ice shelf. Much of the evidence of a fonner 

ice cover, and t h i s certainly applies to any previous extension of the 

Marr Ice Piedmont, i s hidden due to the recent submergence of the land. 

Submarine geomorphological investigations and sediment studies would 

be instoruraental i n determining the former extent of the ice and would 

provide valuable information f o r the formulation of the regional glac­

i a l chronology. 

I n the Antarctic Peninsula there are many problems to be solved. 

They are not isolated problems and they a l l are enormous i n t h e i r scope 

267 



and magnitude. I n many ways the region.is but l i t t l e known to science, 

This thesis has attempted to scratch the surface of some of these 

problems and i n so doing i t has raised even more. I t i s t h i s author's 

hope that the work of his collegues and himself has formed a worth­

while contribution toward a better understanding of the Antarctic 

Peninsula and that i t i s a f i r m foundation f o r the work v^ich remains. 
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