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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 stands on a low coastal platform ranging from sli-
ghtly below sea level to 200 m. a.s.le Ice thickness ranges from 60
to 80 m, at the coastal cliffs to more than 600 m, inland.

Annual accumulation is high. There is a strong relationship
between elevation and accumulation rates and a marked variation of
accumulation rates from year to year.

Surface ice velocities range from 14 m/year to 218 m/year and
there is considerable ice streaming as a result of the subglacial
topography.

The mass balance of a representative part of the piedmont is
considered to be in equilibrium or possibly, slightly positive. A
study of a peripheral ramp shows annual fluctuations of balance and
it is hypothesised that there may be a long-term tendency towards a
positive regime.

Ice core studies indicate that there is no dry snow facies but
all other facies are identified. The saturation line lies at approx-
imately 600 m. a.s.l. and the equilibrium line ranges from 60 to
120 m. a.s.l.

Englacial ten-metye temperatures range from —0.8 9C near the
" coast to -4.9 °C inland.

Deformation velocities have been calculated and basal sliding
velocities inferred. It is hypothesised that basal conditions are
not everywhere the same and that parts of the piedmont are frozen
to bedrock.

It is suggested that basal sliding and erosion are related and
that the piedmont is selectively eroding its bed and accentuating
the subglacial topography. Evidence of erosion, debris-rich ice,
exists in the piedmont but is below sea level at the coastal cliff.
The piedmont is not a "Strandflat Glacier" which is cutting a planed
surface at a level controlled by the sea.




- ACICTOWLEDGEMENTS

Ww.F. Ahrnsbrak, L.E. Browm, S.R. De¥itt and C.C. Plummer assisted
‘the author in the field. R.A. Honkala and his colleagues, I.H. Vhillans
and J.E. Bruns, have contributed field data. Thanks are due to Dr. C.W.
M. Swithinbank for his radio--echo sounding ice thickmess determinations
and to G. Dewart for his contribution of ice thickness results.

Several members of the British Antarctic Survey and the Chilean
Navy helped in the field and at Palmer Station during visits. lany
thanks are due o Miss Diana Daunt, liss Diane Thomas, Mr. R. Donovan
and Kr. F. Koutz for their help in reducing automatic-recording met-
eorological graphs, and to the many members of the Institute of Polar
Studies, Ohio State University, for their critical discussions of many
of the topics contained in this thesis.

The author is especially grateful for the assistance, particulerly
air support, given by Cdr. N. Nickerson USH, ¢.0.,USS {now USCGC) Edisto,
Capt. W. Benkert USCG, C.O0. USCGC Eastwind and Capt. F. Goetle USCG,
€.0. USCGC Westwind, and for the help and consideration given by US
Naval personnel at Palmer Station.

The assistance, direction and wise counsel of Dr. Brian S. John,
in Durham, and Dr. Colin Bull, in Columbus, who acted as supervisors
to the author, are gratefully acknowledged.

The research on Anvers Island was supported by the National Science
Foundation, Washington DC through grants GA-165, GA-TAT and GA-529
awarded to.the Ohic State University Research Foundation.

ii




To
ANTARCTICA

ty Great White Histress,
whon I shall always love

iii




ABSTRACT + . .
ACKNOWLEDGEMENTS
DEDICATION . .

LIST OF ILLUSTRATIONS

LIST OF TABLES .

CHAPTER ONE. INTRODUCTION

CONTENTS

GEOGRAPHIC CONTEXT OF ANVERS ISLAND . . . .

PREVIOUS GLACIOLOGICAL WORK IN THE ANTARCTIC PENINSULA

*

PREVIOUS WORK ON THE ICE PIEDHMONTS AND THEIR GEOKORPHOLOGICAL
SIGNIFICANCE . .

CHAPTER TWO.

Introduction

L) L] .

- Chronology of Field Activities
~Accumulation Stake Networks .

Ice liovement Stations

. . L

- Associated Investigations . o

CHAPTER THREE. PHYSICAL CHARACTERISTICS OF THE STUDY AREA

HATURE OF THE. INVESTIGATIONS o« .

- - ° L] .

. . L] [ L]

L] . . [ 4 [
[

Surface Configuration and Elevation + o+
Ice Thickness and Bedrock Configuration .+ .

Discussion .

Recent Changes in Surface Level

Glacial History
Climate and Meteoxrology

* .

CHAPTER FOUR. SHOW ACCUMULATION .

INTRODUCTION .
SNOW DENSITY .
HAIN LINE

: STATIONS E TO R

L] .

MOUNTAIN LIHE. STATIONS R TO LITTLE

TOP 21 STAKES .

ANGELA AND KERSTEN LINES

- . e L4

* L4 L4

iv

and Dimension

a-}{_-

- * L * L]

* .
.

L] L] . L] * L]

Page

ii
iii
viii

Xi

[Ne RN )|

19

19
20
21
21
24

26

26
26
40
43
46
47

49

49
51
52
59
62
65



CONTERTS:
(continued)

CHAPTER FOUR (continued)

NEUMAYER LIVE ¢ . . ¢ o ¢ o o o o o o« o o o o o
RUTH, CENTRAL AND INGRID L¢NES e s ¢ e+ e e e e e o a
MIDDLE LINE & ¢ o o ¢« o« o o « o o o o o o o =
G LINE STAKES &« . ¢« & o o o o « o o o o o o o
THERESE LINE AND NORTH FORK « o« ¢ o ¢ o ¢ o o o o @
SKYLINE AND FONACO LINE . .« &« ¢ o o « o o o o o o
TOP LINE TRAIL . & & o o o o o o o o o o « =+ =
STAKE FARMS . . . . e s e e a e e s s e e e .
SUMHARY AND COHCLUSIONS ¢ 6 8+ 4 s e e s e e e

CHAPTER FIVE. SURFACE VELOCITY OBSERVATIONS . . . . . . .

SURFACE VELOCITY DATA .+ « o o o o o o o o o o o .
Discussion .« ¢ ¢ ¢ ¢ 4 6 e e e e s e e e

ARTHUR HARBOR SURVEY e o e 8 & e o e s e o e o
Conclusions « o « o o o ¢ ¢ s o o o o o o e

SEASONAL VARIATION OF VELOCITY & « ¢ « o o o o o o .

INtroduction ¢« o« o o « o o o o o o o o o o ..

The SUTVEYS « « o o o o =+ o o o s o o s o o
Results . * L L ] L] L] - * * L] * . L] L] [ ] . .

/ CHAPTER SIX. THE MASS BALANCE OF THE ICE PIEDMONT . . . . .

INTRODUCTICN . . . .
BUDGET YEAR . .+ « =« .

MASS INCCME . .

VOLUNE O &HROUGHFLOW
DISCUSSION OF THE MASS BALAHCF VQUAiIOV « e e
CONSIDERATION OF ERRORS IN THE MASS BALANCE EQUATION

COIICLUSIOI‘IS . . . - . . . . . - . . . .

L] L ] . L]
. L] .

)
- . . - [
.

. L] L] [ *

L] L L L] L[] L] *

CHAPTER SEVEN. REGIME OF NORSEL POINT AND BONAPART POINT RAMPS

DISCUSSION . - . ‘ L) o L] . L] . - L} . . . . ] . -

SUEMARY AND CONCLUQIONS FROW ALL MASS BALANCE DAPA o e e

Acoumulation « o o s 6 e e « o o o o o o o
A.blatlon [ ] * L] * * . L ] L] [ ] L[] L] L] [ ] L ] 1 ] L ] L]

- L]

Page

66
70
3
74
T7
81

83
85
90

95

98
105

109
114

114

114
115
116

124

124
127
128
129
130
130
135

137
149

150
151
154



CONTENTS
(continued)

CHAPTER EIGHT. STRUCTURE OF HORSEL. POINT RAMP . . . .

Superimposed I8 + « ¢ o o ¢ o e e o e
Glacier Ice ¢« « o o o o o o & e o e e .
Thickness of Superimposed Ice « « + « o o o
Discussion « « o ¢ o o o & s e e+ s e e

CHAPTER NINE. ENGLACIAL STUDIES I: SWOW FACIES ZONATION

INTRODUCTION o« o o o o o o o o o o« o o o =
THE CONCEPT OF DIAGENETICALLY PRODUCED FACIES . . .«

SHOW FACIES ZONATION . o o o ¢ o o o o o o
studies Above the Saturation Line

Station Little X * L ] L] L [ ] L] L L] L] * L] *
St a.tion W L] > L] L] . L4 . L] L . : L] * L4 *
’ st a:tion S . L L4 L] L] L L4 . L4 . . . L .

Studies Below the Saturation Iine .+ . « o+ «
Station K [ ] . L) [ 3 ] L] . (-] . [ 3 ® [3 . [ ]
St ation Big X [ ] [ ] i [ ] . [ [ ] L] L] * - * L] .

Past Accumulation o e« o o o o o & e e e
c omment s * [ * L ] * * [ ] * * * L ] L3 [ 3 . L ]

SUMMARY AND CONCLUSIONS & « o o o o o o o o

CHAPTER TEN. ENGLACIAL STUDIES II: ICE TEMPERATURE . .

INTRODUCTION . =+ o = o o o o o o o o « &

ICE TEMFERATURES &« o o o o s o o o o o o o
» Pemperatures Below the Saturation Idne « « o o e
Temperatures Above the Saturatica Line « o o o o«
Temperatures at 10 n. to 12 m. Depth o+ o« « » &

Te mperatures in the:Norsel Point Remp « .« « o -
CONCLUSIOBIS L ] L] L] L] * . L d . * - * L] - * L d

vi

.« o ® o

s s o &

Page

157

157
158
159
159

163
164

166

167
167
1
173
177
177
179

i81
182

183

188

188
189

195
196
196
200

210



o

CONTENTS
(continued)

CHAPTER ELEVEN. ASPECTS OF THE.GLACIER MECHANWICS . .

BASAL SLIDIIJG -« . . * L4 . - . L] - - . L
DEFORMATION AND DLIDIHG V“LOCITY e e o e e

Basal Shear Stress « o o ¢ o s o s e
Measurement of Surface Slope e o o s e
Values of the Basal Shear Stress . . . .
The Assumption of the Sliding Velocity .
Validity of the Assumed Sliding Velocity o

BASAL CONDITION OP .LHE PIE.DJLOI\T . . - . - . - . .

L] [ ] . . L]
. [ ) L] L] .

CONCLUSIONS ] L] . . [ [ L g - . L3 . L] . . .

_CHAPTER TWELVE. BASAL EROSION BY THE ICE PIEDMONT . . .

EVIDENCE OF EROSION BY THE PIEDHONT + « o o o o

" Physical Characteristics in Hand Specimen « « o
. Specimens in Thin Section « & ¢ o o o o o
Synthesis of Brosion Theory « « o+ « « « « o -

HYPOTHESIS RELATING TO THE NARR ICE. PIEDMONT . . . .
Discussi-on . . L L] . L] L] . L . L ] L . L

CONCLUSIONS : . . . . . . . L] . . . 3 . . .

GHAPTER THIRTEEN. GENERAL SUMMARY AND CONCLUSIONS WITH SUGGESTIONS

FOR: FUTURE WORK « « « « =«

RE:E’EIREE\ICE S - . [ . L] . . [ - - . . o L] . . .

APPENDIX o o o o o o o s o o o o o3 o o =

vii

Page
211
211

213

213
214
215
215
222

222

240

242

242

242
245
245

248
253
255

257

269

Volume Two



A

i

LIST OF JLLUSTRATIONS

Figure

1. Location and physiography of Anvers Jsland « . . « =
2. View of the‘Marr Tce Piedmont « .+ « o o o o o e
3, Heavily crevassed peripheral ice .« +« o o o+ o =«
4. Probable area-altitude curce of the Marr Ice Piedmont .
5, View of the Piscoe Bay 8rea . . « e o o o « =+ o
6. Ice cliff in Lowdwater COVe o« & + o o o o o o o
7. Wauwernmann Islands in Bismarck Strait .« . « « «
8. Configuration of lines of accumulation measuring poles .
9. Network of accumulation and ice umovement stations . .
10. Ice thickness values from radio-echo sounding iraverse .
11. Bouguer anemalies in vicinity of Anvers Island o .« .
12. Ice thickness within the study area .« « . « + o
13. Bedrock elevation in meters within the study area . ;
) {4. Longitudinal profiles of bedrock and ice surface « .«
> 15. Surface depression in ice behind Arthur Harbor . . .
’ : 16. Transverse profiles of bedrock and ice surface e o s
17. View of ice stream in which station LINDA was placed .
18, Skaerjard-type topography offshore of Anvers Island +
19. Network of accumulation and ice movement stations . .
20. Total and average annual accumulation: HMain line . . .
21. Total and average annual accumulation: Top 21, Hountain,
Angela and Kersten lines . .« o

22, Total and average annuzal accumulation: Neumayer, Ruth,
Central and Ingrid lines . . .
23. Annual accumulation and surface profile: G line stakes .

24, Change of surface levecl at selected elevetions:

cumilative accumulation
25, Total accumulation: Top Line Trail. o -« « « o «
26. Areal variaticn of accumilation: stake farmR . « . .
27. Areal variation of accumulation: stake farms A, B c, D.
28, Summary of all accumulation data . . « « ¢ o . o

viii

60

67
5

EBRT

91



LIST OF ILLUSTRATIONS

.. . (continued) .
Figure - - Page
29, Location and nomenclature of ice velocity stations . . . 96
30, Horizontal compoment of surface velocity vectors . . . .. 99

" 31. Surface velocity profiles: T-line-Neumayer and .
' T line-Central lines . . . . 106

32, Surface velocity profiles: Mein-Mountain and Pi lines . . 108
33, Schematic of Arthur Harbor survey ¢« « o o o+ o o o+ o 110

34, Horizontal component of surface velocity vectors:
Arthur Harbor stations. . . . 112

- 35, Horizontal component of surface velocity vectors based on
epoch and intermediate surveys . . . M7

76. Variation of absolute velocity between epoch and
intermediate surveys . . . 121

37. Variation of velocity, relative to statiom® . . . . . 122
28, Study area around Arthur HarboTe o+ o « o o o o o o 138
39 Cumﬁlative curves of snow accumulation: Horsel Point ramp . 140
“ 40, Summary of mass balance, Norsel Point ramp, 1965 . .« . . 142
41. Vet budget, Worsel Point ramp, April 8 1965 to April 7 1966 145
42. Cumulative accumulation, Bonapart Point TAMP . . ¢ . o 146
43. Rime formation on surface and elevated objects . . .« . 152
44. Study area around Arthur Harbor. .« « « « « o & o o 160
45. Schematic diagram of Horsel Point ramp « . « . « .« . 161
46. Firn stratigraphy at station Littlex . .+ « « « =+ 169
47. Pirn stratigraphy at station We o o o o ¢ o o o s 172
48. Firn stratigraphy at station U . o« & « « + « o« « o 174
49. Firn stratigraphy at station S . « « « + o + ¢ o 175
50. Firn stratigraphy at stafion e o o o o o o o « o« VI8
51. Firn stratigraphy at station Big X « « « « =« « « 1800
52, Firn temperature profiles: Main and Mountain line staticns 192
53. Pirn and ice temperatureé at 10, 11 and 12 m, depth . . . 198
54. Study area around Arthur HarboXe o« o « o+ o o o o o 201

55, Ice temperatures: Norsel Point ramp: Site 1 s e o e o 202

ix




LIST OF ILLUSTRATIONS
(continued)

Figure

.

56. Ice‘temperatures: Norsel Point ramp: Site 2 . .« .
57. Ice temperatures: Norsel Point ramp: Site 3 . Te e
~58. Slope configuration at station E. . . .+ o «
59. Temperature difference between the base and other levels
, near the center of an ice sheet.
60. Possible curves of basal sliding and deformation velocity
61. Proposed zonation of basal conditions in the study area .
62. Longitudinal profiles of bedrock and ice surfaée .
63, Transverse profiles of bedrock and ice surface .
64. Surface velocity and basal shear stress . .« .«
65. Schematic diagram of proposed geophysical zonation of an
‘ ice cap according to the "Freezing Model" hypothesis
66. Graphical summary of proposed basal condition in an ice cap.
67. Dirt band enclosed in clean ice « « o+ ¢ o o
, _ 68. Ice sample showing dirt band and clean bubbly ice .
| 69. Debris-rich ice sample « « « o o « ¢ o o .
70. Thin section of ice with dirt layer . .« « +
T1. Thin-sectioﬁ of ice between crossed polaroids . .

' Page

204
206
216

221
228
270
232
233
234

236
237
243
244
246
247
247



Table

II
IIT

VI
VII
VIII

XVII
XVIII
XIX

XXI
XXII
X111
X1V

XVI
XXVII
- XXVIII

LIST OF TABLES

Values of ice thickmess « v +« o ¢ o o o o+

Total and average annual accumulation: Main line e

ATotal accumulation: Mountaih line e o o o o o

Average annual accumulation: Mountain line . . .
Total and average annual accumulation: Top 21 gtakes
Total and average annual accumulation: Angela line .
Total and average amnual accumulation: Kersten line

Average asnnual accumulation: Neumayer line "+ +
Total accumulation: Heumsyer line. « « o o « o
Average annual accumulation: Ruth line . . + . .
Average annual accumulation: Ingrid line . . . .
Average annual accumulation: Central line . . . .
Average ammual accurulation: Middle line . . . .
PTotal and average annual accumulation: G line . e
Total and average apnual accumulation: Therese line

Total and average annual accumulation: Skyline . .

Total accumulation: Top Line Trail . o+ o+ o =« o

Coordinates of ice velccity stations o« « « o«
Station coordinates: Harbor survey . « « « o
Coordinates for short-term surveys o« « « o o o
Velocities computed from short-term survéys « o e
Velocities relative to station E . ¢« « o o o o
Snow density: Norsel Point ramp and peripheral areas
Firn and ice temperatures: Main and Mountain Lines .
Ten-meter temperatures: Norsel Point ramp . . .« &
Tce thickness,surface slope and basal shear stress .
Values of the assumed sliding velocity « « + «

Values of sliding velocity for maximum,minimum and
average ice thickness « .+ . .

xi

Page
32
54
61
61
64
68
68
69
69
i
71
T2
74
76

82

86
100
113
119
120
123
141
190
209
217
225

227



CHAPTER ONE

INTRODUCTION

 Anvers Island is located off the western coast of the Antérctic
Peninsula.between 1atitudes:64° and 65° south and longitudes 62° 30"
and 64? 30" west. It is the largest and most southerly member of the
Palmer Archipelago and is rectangular in shape, approximately 60 km
long in a northeast-southwest direction and 45 km widé. It has an area
of about 2,700 km® (figure 1).

Physiographically, Anvers Island can be divided into two distinct
parts. The eastern side consists of heavily glacierized mountaincus
terrain, which is dominated by Mt. Francais, which rises to 2,750 m.
The Achaéan, Trojan and Osterreith Ranges trend northward and eastward
from this point and form a discordant northeast coastline., From Iit.
Moberly (1,660 m.), a fourth range trends southwards. Within this mountain
system are several valley glaciers, the most notable of which is the
Iliad Glacier which flows northwérd from Mt. Francais to Lapayrere Bay
(figure 1). |

- The entire length of the western side of the island is occupied by
an unbroken jice cover, known as the Marr Ice Piecdmont (figure 2). This
piedmont ranges in width from 7 to 25 km and accounts for épproximately
half of the total island area. From its terminal ice cliffs on the
western and southwestern coastlines, the snow surface rises toward the

mountain walls and reaches a maximum elevation of some 850 m,.
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The surface of the piedmont is not uniformly planar or convex but
shows quite pronounced topography. This is particularly evident in the
Perrier Bay area and in the southwestern part, where pronounced swells
and hollows are frequent. These topographic features, though evident to
some degree close to the mountains, aie particularly prominent in the
central'and coastai areas of the piedmont., To a considerable degree,
they reflect the subglacial topography, especially in areas where the
ice thickness is legs than 300 m. The peripheral 2 to 5 km, are heavily -
crevassed (figure 3) and vehicular acceés to the inland regions is .
difficult. In many instances, the pattern of the crevasses in this
'peripheral zone can be related to the direction of ice movement,

For the most part the ice piedmont terminates in c¢liffs ranging
in height from 20 to 80 m. above sea level. These cliffs pass into small
ice ramps in only a few isolated lecatvions where the piedmont terminates
on land promontories (figures 2&5).

Within'the general descriptive framework of the west coaét piedmonts,
the Marr Tce Piedmont is a good example of its type, though a precise
morphological classification according %o Ahlman (1948 p.67-69) is not
possible due to the lack of topographic information. However, from the
limited information which is avéilable from this study, it is probably
of Abhlmann's type "A" with aﬁ-area—altitude graph of the general shape
‘ghown ih Figure 4.

TIce thickness measurements published by Dewart (1971) and discussed

by Rundle (1971) indicate that it is in fact an ICE. PIEDMONT, defined

by Armstrong et al (1966) as follcws:







PROBABLE AREA—- ALTITUDE CURVE "
"~ MARR ICE PIEDMONT
(MODIFIED FROM AHLMANN'S TYPE "A")

N
&)

n
O

/

&

/
P

O

[~

/

2 3 4 5 6 7 8 9
INTERVAL OF ALTITUDE .

©)

PERCENTAGE OF TOTAL AREA
B O
N

Fig, 4







Its position>relative to the cold Weddell Sea in the east and the
warmer Bellingéhausen Sea in the west, give it characteristics pecul-
iar to itself from the point of view of climatic as well as latitudinal
influences on glaciological regimes. For 1,300 km. the eastern shore—
line borders the Weddell Sea, which with its massive concentrations
of pack.ice, acts as a‘"fesenwir of cold" (Linton 1964) and profoundly
influences the nature of the east coast glacierization. Thus, the'ice
shelves which characterize and dominate the eastern seaboard begin
as far north as 649 S. and culminate in.the massive Larsen Ice Shelf.

By contrast, the Bellingshausen Sea is warmer than the Weddell
Sea by as much as 5° C. at similar latitudes, and along the 1,100 km.
western coastline ice shelves are not evident until about latitude
69o S, and the Wordie Ice Shelf is reached. Narth of this latitude,
ice caps, ice piedmonts and sea-calving glaciers are characteristic
ana none of these extends far, if at all, beyond thei: individual bed-
rock coagtlines, An important, climatically controlled boundary line
has been suggested by Robin (1964) to exist along this coast and rep-
resents the latitude at which sub-polar glaciers are able to terminate
on land. This location is likely to be extremely sensitive to climatic

variation and change.

The southerly penetration of the Antarctic Convergence below 6G° S.
is & dominant climatic influence and meteorological and associated
distributions run generally parallel to it. The air temperature along
tﬁe entire western coastline can rise above the freezing point in all

months of the year.




The limited precipitation records from the peninsula also indicate
contrasts between the two coastlines. On the eastern side, as little
as 10 g/cmzl year is suggested”by Linton (1964) while on the western
gide 10 to 20 times this amount is not uncommon. The higheét value on
record can now be reported from Anvers Island, where the average value
for the three-year period 1965-1968 reached over 230 g/cmz/ year at
850 m. above sea level (Rundle 1967, 1970). A precipitation gradient
;s evident from northwest to southeast and Linton (1964) suggests a
rising snowline from northwest to southeast which is generally opposed
to the normal rise of the snowline with decreasing latitude. The dep-
osition of rime by condensation is common throughout the penirsula and
reaches proportions large enough to 5e an important factor in glacier
budgets in Trinity Peninsula.

Tﬁus the Antarctic Peninsula emergés as a complex geographic
province in which the interaction of glacio-climatic factors must be * .
considered in its overall geographic description. Many individuel glac-
iological and climatological problems await solution in the area and |
the underlying intent of the work described in this thesis is to shed

light oﬁ_some'of the answers.

PREVIOUS GLACTOLOGICAL WORK IN THE ANTARCTIC PENINSULA

Before the turn of the present century much descriptive material
had been collected by whaling and sealing ships and by exploratory
voyagers but the first glaciological observations in the Antarciic

Peninsuia were made during fhe Belgian Antarctic Expedition and Arc~




towski (1900) briefly described the slaciation of the area, This was
followed by the Charcot eﬁpeaitions; 1903~-1905, and Gourdon (1908) made
detailed.glaciological observations and, from Anvers Island, described
nyast flat glaciers descending from Mt. Francais and the Osterreith
Range -—— (ii) 108). In the following decade the British Imperial
BExpedition visited the Danco Coast (Lester 1923), and during the Nor-
wegian Antarctic Expedition, Holtedahl (f929) examined the physiography
and glaciology of the region and concluded that many of the ice features
of the peninsula's west coast were “"gtrandflat™ glaciers.

During the British Graham Land Expedition, 193%4-1937, the glaciology
of the western coast of Graham Land was further investigated by Fleming
(1940) who believed that the present ice caps and "fringing" glaciers
had been reduced to théir present form from a previously more extensive
jce sheet. From observations at Argentine Islands he believed that
 gblation far exceeded accumulation and concluded that the present ice
caps and glaciers were ephemeral features, out of phase with the prevailing
climatic conditions and would fast disappear.

" Following the second world war, the Falkland Islands Dependencies
Survey estaﬁlished the scientific station at Argentine Islands in 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 ice, ever during a varm summer, is important in the
maintenance of the Avgentine Islands' ice caps. From measurements between

June 1958 and February 1960, he concluded that ice accumulated at the
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rate of 5.0-7.5 cm/year but because this period covered anamolous met-
eorological conditioﬁs, he'believéd ﬁis observations were not likely
to be typical and that if the observatiéns were made over a longér
period'(10 years) the "picture - - - woﬁld probably be much modified".
Measurements over a. five-month period showed ice movement rates of 20-
50 cmf/year, 30 meters from the edge of the ice cliff.

Iﬁ'the South. Shetland Islands, the establishment in 1948 of & base
at Admirélty Bay,:King George Island, led to glaciological observations
by Hattéfsley-Smith.(1948, 1949) who concluded, from the very low
novenent rates observed, that "Camp Glacier" is very inactive. Four
accumﬁlatioﬁ poles set out by Chaplin (1949) showed snowfall of 186 cm.
between May and October 1949. Similar observations by Stansbury (1961a)
in 1959 showed accumulation of 140 cm. during the winter. Hoble (1959,
1965)-assessed the budgets of Flagstaff Glacier and Stenhouse Glacier
froﬁ Mareh 1957 -to March 1958. The budget of Stenhouse Glacier was
almost balanced 5ut Flagstaff Glacier had a decidedly negative budget.
High movement rates were observed on Stenhouse Glacier; 1 meter/day
near the terminal cliffs and 0.5 m/day up-glacier. Movement of Flagstaff
Glacier was too slow for short-term measurement and the results of aan-
uwal movement studies are regarded as unreliable (Noble 1965, p 9).

Stansbury (1961b) studied the Hodges Glacier, South Georgia, from
November 1957 +o September 1959 and concluded that this glacier had
a markedly negative budget, continuing a slow trend of galcer shrink-
ege of the past few years. Movement rates were high for this cirque

glacier; 0.5 cm/day rear the snout and 62 cm/day on the steep back
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walls, From Signy Island, South Orkney Islands;'Maling (1948) revorted
that rime formation above the cloud base is an important accumulation
factor and Becauée it also férms on rock outcrops, it increases the
albedo énd retardé ablation.

* In Trinity Peninsula, extensive glacidlogiéal work was carried out
by Koerner between December 1957 and April 1960 (Koerner 1961, 1954).
He concluded that the glaciers in Trinity Peninsula have shown few
gigns of redessipn during this century. From a study of the regimes
6f Depot Glacier and the ice piedmont between Hépe Bay and Trepassy
Bay, he concluded that accumulation exceeds ablation by sublimation,
evaporation and runoff and that calving of the ice front is responsible
for maintaining equilibrium. Accumulation by rime deposits is import-

, anf on the ice piedmonts of the west coast of Trinity Peninsula and
on Joinville Island.

Thomas (1963) carried out more detailed glaciological observations
on Galindez Island Eetween 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 oscillations in sur-
face level related approximately to the cyclic variation in the annual
mean temperature. Continuation of this work by A.J. Scharer (see Sadler
1968) to March 1963 showed that mean éhnual net accumulatién from 1958~
1963 was 20 g/cm2 at one site.

Sadler (1968), continuing the work on Galindez and Skua Islands,

showed that 66% of the gross sccumulation was removed by ablation and




that 22% of this wag. the result of.calving at the ice cliffs. A net
accumulation of gpproximately 19 cm. of Wéter equivalent was recorded
from which it is appérent that‘thesé islands’ ice caps are not in equi-
1librium but have slightly positive budgets. In the Argentine Islands
the very small annuai ice movement is. too low to allow calving to create 7
equilibrium, |

Bryan (1965, 1968) and Dewar (1967) have conducted glaciological
investigations on Adelaide Island and it appears that the Fuchs Ice
Piedmont is at or close to equilibrium., Whether it is a relic from a
formerly more extensive ice sheet is not known but from the high rates
of accumulation.and the apparently active state of the regime, that ice

piedmont seems,cépable of independent existence.

PREVIOUS WORK ON THE ICE PIEDMONTS AND THEIR GEOMORPHOLOGICAL SIGNIFICANCE

Pirst serious attention was drawn to the ice piedmonts by Holi-
edahl (1929) who, after investigating the Marr Ice Piedmont on'Anvers
Island, suggesicd that the masses of foreland ice on the exposed coast
of Craham Land are strandflat glaciers that have cut and are still
cutting planed surfaces or "strandflats" at a level controlled by the
sea. He regarded the Marr Ice Piedmont, the Fuchg Ice Piedmont, the Handel
and Mozart Ice Piedmdnts as matﬁre strandflat gléciers which have eroded
all nunataks they may have surrounded ard have almost completely cut
away their mountain headwalls in areas such as north Adelaide Island,
He believed the strandflats were not cut on the less exposéd coasts

because the fjords were filled with stagnant ice where full cutting
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power was not.developed.

He suggeéted that the Marr Ice Piedmont was once more extensive
and that it may at some time in the pést ﬁave been supported by the
sea in places (i.e. like an ice shelf). The Puchs Ice Piedmont is thought
by Dewar (1967) to have been thickér and more extensive and to have
reached seaward for at least 11 miles (18 km.) to the Amiot Islands.
| Fleming (1940) concluded that the present ice piedmonts and ice
-.caps glong 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 lost in comparatively recent years. He did not
however, discués the'crigin of the sea level platforms on which the
jce piedmonts rest except that he found no evidence that these "frin-
ging“ glaciers eroded their own.platforms. In fact, he reported that
they had been found resting om, but not eroding, unconsolidated beach
deposits (p 98).

A significant feature of the ice piedmonts and other "fringing"
glaciers is that they generally terminate in sea-calving cliffs at
their own individual bedrock coastlineé and bedrock is generally
vigible at thé base of the ice cliffs. Englacial moraine has rarely
if ever been reportéd in the ice cliff sections even where bedrock
bétween ice and the sea can be safely exarined at close quarters
(figure 6 ). This point has been stressed by Dewar (1967).

' Tt has been suggested by Koerner (1961, 1964) that the ice piedmonts
in Trinity Peninsula rest oﬁ pre-glacial pavements because he consid-

ered that the regular linearity of the mountain headwalls behind the
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ice piedmonté could not have been produced by a strandflat cutting
glacier_whiéh had‘eroded its pavement'for as great a distance as 6,2
miles (10 km) from the coast. From his observations on the Fuchs Ice
Piedmont, Dewar (1967) regarded this point as»even more oignificant
because in places the mountain headwalls are 10 miles (16 m) from
the coast. On Anvers Islaﬁd the distance is even greater though the
linearity of the mountain'headwall is not so strongly defined.
The_degree of activity of the piedmonts and other fringing glac-
ial features appears to vary from one part of thé peninsula to another,
but the sea-calving type generaily seems to-be close to an equilibrium
condition. This was Koerher's (1961, 1964) conclusion regarding the
piedmont between Hope Bay and Trepassy Bay where the positive side
of the budget is compensated for by calving at the ice front. Photo-
gféphs taken by Bodman in 1903 and a sketch maﬁ by Duse (in Norden-
sijld & Andersson 1905) showed no significant difference in elevation
and.areél extent aﬁd suggested support for the equilibrium hypothesis.
The rélatively inactive regime of the piedmont between Hope Bay
éndaTreéassy Bay led Koerner (1961, 1964) to conclude that the pied-
mont is a relict feature and that "as such it is a survival from the
most recent glacial recession" and emphasised the similarity with
"Baffin-Type"'glaciérs which are postulated as survivals from before
the post-glacial climatic optimum, since "it is difficult.to reconcile
their reappearance since this time in the light of present-day precipu'
itation" (Baird 1952, p 9). Thomas (1963) and Sadler (1968) suggest

a relicf nature for the ice caps of Galindez and Skua Islands in the
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Argentine Island group because their very low elevation should not

support the ice cover at present in existence. A similar argument

might be given for the Wauwermann Islands in Bismarck Strait (figure 6).
From these considerations it is apparent that, even though much

work has been accomplished, basic glaciological information about the

Antarctic Penminsula in general, and about its middle latitudes in part-

jcular, is limited and in some respects almost completely lacking.

From the point of view of the so c;lled "fringing glaciers" and the

ice piedmonts in particular, four major questions arise and are the

main subject matter of this thesis. These questions relate to the mass

balance, state and activity of regime, the origin of the subglacial

"platforms“, the age and origin of the present ice cover and the degres

of protection or denudation caused by the ice at present in existence.
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CHAPTER TWO

NATURE OF THE. INVESTIGATIOHNS

Tntroduction
In January 1965, Arthur Harbor, on the southwest coast of Anvers

Island, was the construction site of "Palmer Station", a research
installation of the United States Antarctic Research Program (USARP).
Palmer Station served as the base of operations for'glaciological

investigations on the Marr Ice Piedmont by persomnel from the Inst-

itute of Polar Studies, The Ohio State University.

Tﬁe work in this thesis is 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
Januaiy 1967. It aiso draws on information obtained by Hr. R.A. Honkala,
theAauthorfs s¥ccesszor, and his collegues, who continued some of the‘
field measuremeﬁts until January 1968. This work, sponsored by the
National Science Foundation, Washington DC, formed a part of the over- -
all United States Antarctic Research Program.

Yo previous wofk had been carried ovl on the Marr Ice Piedmont
so the initial effort was a piloi project with no foundation of prev-
ioﬁs dat; on which to build. Thus, as a first consideration during
the course of preparation for the fieldwork, a comprehensive invest-
igation or "case study" was regarded as warranted. The program was,
therefore,directed first toward obtaining basic field data and other

gupplementary information for a deteiled study of the mass balance and
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Aregime of this (ﬁrobabiy sub-polar) ice piedmont and to correlate
these observations with present knowledge of glaciological conditions
throughout the Aﬁtarctic Peninsula. Particular emphasis would be given
to surface velocity determination, an aspect inadequately covered in
nany pfevious glaciological studies in the area. An ultimate goal was
to apply and relate these data to current glaciological theory which
might assist in establishing the position and significance of the ice
piedmont within the wider spectrum of glaciological problems in the
Antarctic Peninsula.

Initially, in the absence of first-hand knowledge, it was proposed
to extend the study over the entire piedmont. The naivete of this plan
quickly became apparent. Foul weather, equipment and vehicle break-
down, together with time spent on logistic matters and the necessities
of station operations, severely restricted the amount of scientific

work that could be accompliched in the field.

cl ] ° Field Activiti
Field work was begun on February 3 1965 and except for two short

interruptions, due to personnel change-over in January 1966 and January
1967, was continuous until January 1968.

Soon after activities began it was realized that the extremely in-
hospitable climate would prevent a detailed study of the entire piedmont
. which in area amounts to approximately 1,350 kmz.-Consequently, the
southwestern "lobe" was selected as a feagible study area, probably
representative of the whole piedmont, and which was readily accessible

- by surface vehicle from Palmer Station. This area is bounded by the
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cbastline from Cape Monaco to Cape Lancaster, the mountains from Cape
Lancaster to fhe vicinity of Mt, Prancais (actually to the unnamed
"Big Mountain" iﬁ figure 1) and by the high divide from this mountain
to Cape Monaco and amounts to approximately 380 km2. This area appears
to be a disfinct drainage basin, with ice flowing outward into Wylie

Bay, Bismarck Strait and the Heumayer Chamnel (figure 1).

Accumulation Stake Networks ,
During early 1965, two principal lines of bamboo poles were set

fo»measure snow accunulation and ice ablation..Ih Figure 8, these are
shown as the Main aﬁd Mountain lines and the Neumayer and Top-21 lines.
The létter extended northward as the Top Line Trail. They were designed
to obtain representative data from the low coéstal areas to the higher
ihterior parts. In addition, five stake farms, of 25 stakes each set
100 m. apart in five lines 100 m. apart were set to measuré areal var-
iability of snow accumulation, These are marked A, B, C, D and R in .
Figure 8. |

Late in 1965, the number of pcles was increased to over 600 as
shown in Figure 9. Yeasurement of this network, with the exception of
the stake farms, wﬁich were cannibalised for replacement stakes, was.

made several timesva year until January 1968.

Ice YMovement Stations

Fifteen ice movement stations were established during April and
May 1965. Wine were in the peripheral ice around Arthur Harbor and

six were further inland,

Beginning in late September 1565, the number of stations was inc-

reased to 68 and extended over the siudy area as shown in Figure 9.
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Most of these stations were re-surveyed during late 1966 and early 1967
and a third survey was carried out by Honkala, late in 1967. Intermed-

iate surveys were made at several of the stations in the peripheral area.

Associated Investigations
Snow pit studies to depths up to 3 meters were made throughout

the period of field investigation to obtain datg on snow density, acc-
umulation, ice temperature and facies zonation. In addition, deeper
investigations wére made by coring to depths of 10 to 12 m.

On the steep ice ramp behind Palmer Station, é detailed study was
attempted of guperimposed ice formation and ice ablation. This was
augnented during 1566 by investigatidns of the micro-climatic regime
of the ramp and its correlation with the ramp's internal structure.
Associated with this study was a small meteorological station at 300" m.
elevation on the piedmont, which was originaliy established in April
1965, |

Attempts were also @ade to produce a topographic map of the study
area but proved abortive. Poor field working coﬁditions, limited equip-
meﬁt and personnel and lack of available time, prevented this. However,
the magnitude and direction of surface slope and the position of the
contour was obtained at most of the ice movement stations.

A standaré progfam of meteorological obgervation was established
at Palﬁer Station on February 1 1965 and was continued throughout the
entire period cf iﬁvestigation.

L.BE. Brown engaged in geological investigations, with emphasis on

the glacial aspects and G. Dewart, working on au independent National
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Science Foundation Grant, conducted an investigation into ice thickmess

and bedrock configurétion.
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CHAPTER THREE -

PHYSICAL CHARACTERISTICS OF THE STUDY AREA

Surface Configuration and Elevation
The surface of the piedmont has not been adequately surveyed

.and mapped and the only aerial photographs were taken by the Falk-~
land Islands Dependencies Survey (now British Antarctic Survey) in
1956 and by United States Navy and Coast Guard aviators, in support
of USARP, between 1963 and 1967. Two map sheets showing the south-
western coastline and peripheral crevasses have been produced by the
British Antarctic Survey (1964) but no detailed topographic maps of
the interior are available.

Spot eievations,'accurate to an estimated ¥ 3 meters, are however
available from the ice movement survey. The surface profile from the
bage of the. Norsel Point ramp behind Palmer Station, to a distance
inland cf about 5 km, was obtained by levelling during the winter of
1966. In addition, rough elevations were obtained by altimetry during
Dewart's gravity and magnetic survey in January 1967. An attempt to
produce a plane table map, by L.E. Brown during 1966, proved to be
too large a task. |

Ice Thickness and Bedrock Configuration

There have been no seismic investigations on any part of the lMarr
Tce Piedmont and attempts to measure ice thickness using radio-echo

sounding equipment, by Dr. Charles Swithinbani of the British Antar-
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ctic Suryey, during Janﬁary 1967, were largely unproductive. The
performance of the radio-echo sounder in "ﬁarm" ice is poor and the
main cause of the failure of the equipnent on Anvers Island is att-
ributed'to the relatively high englacial temperature. However, some
ice thickneés information was obtained from poor but ;eadable film
on one short flight traverse (figure 10).

TIce thickness over the rest of the study area was determined by
G. Dewart, using gravimetric techniques (Dewart 1971). These thick-
ness values are based upon Bouguerrice anomalies, that is, the grav-
ity anemalies due to assumed density differences between average rock
and ice. The author is grateful for the following information on the
project.

The surface of the piedmont was taken as essentially flat and its
depth small in relation to its lateral extent. The assumption was
made that at each observation point (for the most part, observations-
were made at the ice movement stations) the ice consisted of an inf-
inite élab regting on an infinite horizontal rock surface. The diff-
erence in t<he Bourguer gravity anamely betﬁeen a point on the ice and
a Base station on bedrock (Palmer Station), after certain corrections,
was agssumed to be due to the presence of the ice and rock layers under
the observation point. With values assumed for the ice and rock, the
height of the rock surface with respect to the elevation of the base
station and the thickness of the ice cculd be found:

k= g/0.,04185( r- i), where h=z ice thickness, g is the difference
in Bourguer anamalies and r and i are the densities of rock gnd ice

respectively.
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Fig. 10. Ice thickness values (meters) from radio-echo sounding
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of Dr. C.W.M, Swithinbank).
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Station elevations were measured by'altiméterg Pressure variation
control was provided by the barograph records at Palmer Station. Press-
ure gradient effects were probably small due to the fact that the most
distant gravity station was only 25 km. from Palmer Station. Dewart
estimated altitudes. as accurate to = 10 meters

The regional gravity anemaly was estimeted from the data in fig-
ure 11. Unfortunatély, the only bedrock stations were those elong the
coast. In the interior of the piedmont, especially neer the massif, the
regional gradient may change significantly. |

The topographic effect of the ice surface was regarded by Dewart
to be négligible but an estimated correction (using the Hammer zone
nethod) was made on the relatively steep élopes near the coast. The
subglaciallterrain effect was also estiﬁated where there appeared to
be significant bedrock features. The topographic effect of the meuntains
could alsoAbe only roughly estimated in the absence of a detailed topo-
graphic map.

The density of the ice was assumed to be 0.9 g/cm3. The mean
density of fq;rty specimens of roék collected along the southwest
coast was 2.67 % 0.12 g/cm3. Samples from the altered assemblage and
from the Andean Intrusive Suite (see particularly, Hooper 1962) had
densities near this mean., These rocks apparently underlie much of the
section of the piedmont under investigation, so a value of 2.67 g/cm3
was assumed For the rock density. From the standard deviation Dewart
expected an error of 5 percent due to density variation. Furthermore,

gome of the arsa may be underlain by Cape Monaco Granite, the few
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gpecimens of which were available having densities in the range 2.4
to 2;65g/cm3. | |

As the gravimeter drift became more significant during the wérk on
the piedmont, it was necessary to frequently re-occupy stations to
make corrections. For the main period of the field investigation,
January 30 to February 22 1967, the mean drift rate was 0.02 mgal/hr.
and double this rate was experienéed for periods of one day or less.

Overall, Dewart estimated that the ice thickness values he repor-
ted could be in error by as much as * 20 percent, though he did
concede that the accuracy in the flat region between the coastal slope
and the proximity of the mountain$ was probably better than this.
Dewart's assessment of accuracy could however, be slightly pessim-
istic. Swithinbank's radio-echo analysis obtained a series of ice
depths in the coastal region around stations H1 {o Hé, shovm in Figufe
10..His assessmpent of accuracy (personal communication) was o4 meteis
in‘ice'averaging about 250 m. thick, or about 10 percent. Dewart's
resulté are quite similar; a difference of 30 m. in ice almost 300 m.
thick. Unless the echo-sounder was functioning very badly, it would
gseenm that the gravimeitric error could be appreciably below 20 percent.
The gravimetrically derived thicknesses do therefore, appear to be

reliable.

The estimated ice thickness over the study area is shown in Table E
and in Figure 12. Figure 13 is a map of the underlying topograpay.

From these data the subglaciel surface of the study area appears
Lo consist largely of a narrow coastal plain and a low inland plateau.

The overall slcpe is gentle,being 2 to 3 percent, but the slope inecr-
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TABLE I

VALUES OF ICE THICGOESS (h)

Station L) Station o (m)
Klpha 150 Pit AT1
Big X 174 Pi2 453
D 187 ‘ Pi3 536:
Delta 153 Fi4 42%
| Pi5 ¥TT
X o N2 . 425
\ 248 . W 382
L . 364 o _
it ~ ; N4 366
Eave n5: 401
il : 392 i .
. 16 322
P 448 uT 306
R 496 b 2
o 522 . 0.5 Km beyond 292
T 550 K1 317
T _ 531 24 332
v 589 X3 356
v 557 K4 402
Tittle x : 510 X5 440
1.6 km beyond 503 7 Flag: 358
55 2 205
go 306 3 265
c3 572 H7. 64
(S 456 HS _
c5 A48T - \
06 461 H6 518
| 506 ‘ g1 ggf;(,
ne 535 oo 380
e 598
75 612 Fut 404
ARLEs 567

T5%% ig pole #21 on Top Line
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eaées 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 is

‘ indented by two hqllows which represent the heads of Wylie Bay and
Biscoe Bay; In these bays the bedrock'drops below sea levellabout 3
_'té 4 ko in from the ice front which marks the apparent coastline.
However, the ice front appears to ve grounded and along the rest of

. the sduthwest coast, bedrock can be seen at the foot of the ice front.
_These bays'aré separated by a low saddle which reaches the sea in the
rocky ‘promontories of Norsel Point and BonapartvPoint near Palmer
Station. Bedrock is.visible below the ice front in the northern part
of Arthur Harbor but not in the sogthern part but it seems probable
that inland of the ice front, much of the subglacial- surface inland
for about 1,0 %o 1;5'km? is below see level forming a smaller but.sim-
ilar hollow to that of ¥ylie Bay and Biscce Bay,

The bearock terrain has an ice cover which ig largely betﬁeen 300
andd600 m. in thickness. Greatest thickness is reached just below the
foot of the mountains, then thing éﬁruptly as the elevation rises.
Toward the coast the ice thickness décreases over the plesteau, then
remains almost constant and even increases siightly on the slope down
to the coasthl plain. On the cdazfal. ﬁlaig,tﬁe ide thickness decreaes
rapidly toward to the coast. |

Thg features described above are’ﬁofe cleacly illustrated in the
" cross sections shown in Figure 14. The positipnAof the ice iovement

stations along the prdfilés are also shovm.
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Along the1Maiﬁ profile (figure 14a) therelis no decisive topograpﬁic
tfend until movement stétion L is reached. Here there is an abrupt
change of slope and the subglacial surface rises about 150 m. between
'pointg L and N. Beyond point N the surface levels off, forming the
'plateau which here has an elevation of about 200 m., above sea level.
Thé plateau then slopes gradually upwards to the northeast, but at a

" lesser rate than the ice surface, waich in this .region reaches to 700

- to 800 m, above sea level. Consequently, ice thickness gradually inc~
reases toward the foot of the mountains. In the vicinity of station V,
another break of slope occurs and it is clear that in this region the
Achacan Range begins to emerge from the plateau. The greatest thickness
of ice, approximately 600 m, probably occurs in the vicinity of Station
V.

Figure 14b is a "transverse" section plotted from gravity readings
taken at each of the accumilation poles on the "Parkway" (see figure 9)
around Arthur Earbor. Considering the possible error in the ice thickness
values, the bedrock surface appears to be at or very close to sea level
below this transect. The Parkway is situated on the periphery of the
crevasse field of Arthur Harbor and the shape and lineation of the
crevasses together'with a sharp break of slope at the surface, suggests
'tﬁ this author that the ice is slumping into the harbor and that the
head of the harbor is in the form of a hollow, smaller but similar to
fhat at the head of Wylie Bay. The southern section of this profile
appears to be diétinctly ;ower than the northern part and represents

positions on the flanks of Bonapart Point, On the surface in this area
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heavy crevassing, to form a well defined depression. On the basis of
theSe considerations it seems probable that bedrock in this area is
slight;y.below sea level but rises again to: form the Biscoe Point
promontory. |
.Accegs in the coastal region in the vicinity of stations H6 and
Flag was good and a distinct bottom profile was obtained (figure 14d).
Here a very pronounced subglacial basin occurs and suggests a former
/glacial overdeepening action. Whether or not the ice front is grounded
at the end of this profile could not be precisely determined as access
was prevented Ey the calving cliffs. However, bedrock does rise to
form sﬁall rock outcrops immediately in front of the ice cliff. The
ice front itself therefore, must rest on bedrock at or very close fo
sea level, The emergence of the iﬁlénd plateau is more difficult to
reéqgnise in this ﬁrofile. It seems more likely, considering the place
of emergence in other areas, that the plateau begins very abruptly in
the vicinity of gstations C1 and C2, in which case there is no real
coastal plain here. However, the break of slope in the area of station
C5 may indicate the beginning of the plateau. In this case the ceastal
plain haz been heavily eroded below stations Flag and H6 and the tran-
gition from the plazin to the plateau is very gradual. The gravity
survey did not extend into the T profile but on the basis of surface
observations, bedrock can reasonably be expected to be as indicated
in Pigure 14d.
To the north the surface above the plateau culminates in a divide

more or less coincident with the Skyline profile {see figure 9). Beyond
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this point the_éurface falls away grgdually. As the gravity survey
did not extend into this area, it can only be speculated that the
bed:ock also falls away slightly.

Figure 16 shows transverse sections moving progressively inland.
Though speculative in some parts they illustrate the low-lying char-
acter of the subglacial surface and the general form of the valley
indenfations.'The bedrock profile below station Linda however, does
not strongly reflect the dominant ice stream in which that station
was placed (figure 17). The gravity survey in that arca was weak and
a more pronounced "valley" might be aetected through a more detailed

gravify survey.

Discussion ,
The results of the vedrock survey do not describe a "strandflat™

acéqrding to the classical defirition, which, from Embleton and King's
-(1968) summary,'is essentially a horizontal cut into the land mass
and which encompasses only low elevations up to about 40 m. Holte-
dahl (1960) describes the strandflat as often being made up of low
islands and skerrigs which often continue below sea level before
falling abruptly to deeper water. Maximum height is usually 40 to 50
meters only and inland,Athe strandflat ends sharply against cliffs
To the contrary, the subglacial surface of Anvers Island emerges
as a'felatively massive platform, generally inclined seaward with a
general elevaiion of 200 meters a.s.l. bul reﬁching to over 400 m,
at its inland terminus. 1f any part conforms to the classical descr-

iption of the strandflat, it is the low coastal plain, seaward of the
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Fig. 17. View looking east of the ice stream in
which movement station LINDA was placed.
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50 m, contour, which continues out to sea, likeaskjaergard, to inc-
lude Litchfield Island and‘the small islands of Arthur Harbor (see
figure 2), fhe rock promontories extending outward from the ice ramps

and the scattered skerry islands and shalldwly—submerged rocks off-

shore (figure 18). -

Recent Changes in Surface Level and Dimensions

In the absence of detailed topographic maps, it is not bossible
to compare the present distribution of surface elevations with prev-
ious surface levels. Absolute elevations on the piedmont were deter-~
mined at most velocity stations on at leést two occasions and the
configuration of surface.slope was also measured. If the elevation
of the ice surface is stationary in space for long periods, that is,
in an equilibrium condition, the elevation of a velocity station at

a second determination (E2) should be:

Eé: Ej - d sin &

where d is the distance moved down slope and&is the angle of the
surface slope. E1 ig the first determination of absolute surface ele- .
vation. If the absolute elevation of the surface is increasing by a

factor equal to the accuwulation then:

E'2= E‘i - d sine+Accumulation

Evaluation of these parameters from the piedmont data gives in-
conclusive results and it is assumed that surface levels are approx-
imately stationary with regard to a fixed coordinate syStem in space.

Comparison of the British Antarctic Survey aerial photographs
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takeﬁ'in 1956 and subsequent photographs taken by US military pers-
onnel and the glaciology working group show virtually no change in
the shape or posifion of the terminal ice cliffs and indicates that
these are stable features. Thus the dimensions of the piédmont seem
unchanged over the past ten years at least. However, the ice boundary
is probably governed by sea level. It is uncertain as to how much .of
the peripheral ice is afloat. The British maps show grounded ice at
a few scattered.locafions~but the oblique aerial photographs taken
by the US Navy show bedrock exposures along most of the coastline.
Dewart, during his gravity survey, made similar observations (pers-
onai communication). It seems that the heavily crevassed peripheral
ice is not sufficientlyAcohesive to float like an ice éhelf or ice
tongue (any consideration of ice %em?erature notwithstanding) and
consequently, calves on reaching the sea. Any advance of the ice front
would therefore, call for a lowering of sea level and coaversely, a
recession would result from a rise in sea level. The overall dimens-
ions of the piedmont, both horizontally and vertically, seem there-
fore, to have been stable for a short time at least.

Similar conclusions can be drawn from the geologidal evidence.
The - ' physiographic features of Litchfield Island,Aless than one
kilometer from the present ice fronit, bear evidence of a former ice
cover but there is no evidence of very recent glaciation. Subaerial
erosion has advanced tc ihe stage of talus and scree formation which
is already fixed by a luxuriant vegetation of mosses, lichens and

ecattered tufts of thé grass Deschampsia éntarctica. A prolific insect
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fauna is associated with this. Nor do the smaller, Humble and Torg-
ersen Island; in Arthur Harﬁor, bear evidence of a recent ice cover.
On the Bonapart Point promontory, extending outward from the‘
present ice edge for 10-20 meters, there is evidence of a very recent
glacial recession, but the area is very small, Striated boulders and
chatter marks are abundant and fresh rock flour is visible on many
of the larger boulders. The localisation of this retreat is remarkable
and suggests a local meteorological phenomenon as its possible cause.
No such evidence exists at the edge of the Norsel Point ramp.
On both promontories, extending outward for 100 to 150 meters,
is ola evidence of glaciation. Most of this is faint and though the
degree>of erosion has not reached that on Litchfield Island, plant
colonisation is well advanced. X.R. Everett, in a personal communication,
hag sugges%ed that.these rock sﬁrfaces have been exposed for at least
100 years and possibly for 150 years. There is no evidence of a forme?
jice cover beyond aBout 150 meters from the present ice edge. This

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

gimilar conclusions.

Glacial History .
From these observations, little can be said about the glacial

history of the Marr Ice Piedmont. The evidence in this area is not

ag widespread as ir the vicinity of Adelaide Island where the evidence
reaches six to eleven miles from the present ice front (Dewar 1967).
What 1ittle evidence there is, is difficult to correlate with that

from other parts of the Antarctic Peninsula because the relatively
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small amount of information éurrently available, for example, Nichols
(1960), his summary of Antarctic glacial geology (1964), Adie's (1964a;
1964b) summaries of the work of the British Antarctic Survey and Hobbs
(1968) observations, together with the more recent work of Clapperton
(1971), Everett (1971) and John»&-Sugdén (1971), deals more so with
sea level changes as recorded by raised beaches than with chronology.
From field observations on Livingston Island, South Shetland Islands,
Eveiett (1971) bhas suggested that at least three glacial events are
recorded and John & Sugden (1971) have presented a tentative glacial
chronology with three phases and Clapperton (1971) recognized four
glacia; stages in South Georgia.

However, none'of this evidence is helpful in formulating any
kind of glacial history for the ﬁarr Ice Piedmont. It must simply be
conclﬁded that within the general fremework of present knowledge on
the glacial histor& of the Antarctic Peninsula, there is little reason
to doﬁbt that the Marr Ice Piedmont could have been thicker and more
extensive in the past. The evidence however, as is the case through-
out muéh of the peninsula, is now below sea level,
| The obvious conclusions to be drawn at this point therefore, are
that investigstions relating to the glacial history of the Marr Ice
Piedmont shouid form a.major part of future work in this area and
that the glacial history of the Antarctic Peninsula as a whole is far

from being adeguately understood.

Climate and Meteorology
The metsorological facility at Palmer Station was operated in

conjunction with the glaciological program and formed an integral
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part of the overall sciemtific investigation. However, though it is
reédgnized‘that the relationship bétween glaciers and climate is in-
timate,:the present investigation was not ‘designed as a glacio-méteor—
ologicai study. The meteordlogical record itself is of insufficient
duration to warrant any detailed analysis and discussion and it is
inappropriate and beyond the scope of the ﬁain text of this thesis to
do so. Therefors, the salient features of meteorclogical conditions

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

are described separately in Appendix I, Volume 2.

Pertinent meteorological parameters aﬁd their implications relative
to the main study are referred to in the discussions to folloﬁ, and
the main text of this thesis will restrict itself simply to a detailed

_ discussion of precipitation over the Marr Ice Piedmont.
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CHAPTER FOUR.

SNOW ACCUMULATION

INTRODUCT ION

After an extensive scarch of the literature, it appears that
the first measurenents of accumulation on the Marr Ice Piedmont are
those reported on in this thesis. The-program of nmeasurement was
begun on February -~ 3 . 1965 with the establishment of the Main-
Mountaiﬁ and Neumayer-Top 21 lines (figure 19). As pointed out on
page 21 these are regarded as “longitudinal"'profiles aimed at obt.-
aining information relative to elevation and distance from the coast.
The expansion of the stake network was begun in November 1965 and was
compleﬁed by the end of the year. All poles were vigited 3 to 4 times
each year until January 1968 when the program was terminated.

Generally, accumulation is of a high order and is comparable to
that of nearby areas (Bryan 1965; Sadler 1968). The high rate of
accunulation caused maintenance of some of the lines to be extremely
difficult and occasionally poles were buried before they could be
visited. The most inaccessible from this aspect were the Monaco and
Therese lines, due to the high incidence of fog and low cloud in
this area. Another hindrance and source of loss over most of the
piedmont was the massive buildup of rime and ice on the voles which,
coupled with high ﬁind, caused extensive breakages. Even though such
logses were replaced there are several poles for which an uninter-

upted record is not available for any one complete year.
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Identification of individual poles was sometimes difficult even
though distance betﬁeen them was recorded and the poles were set at
varying heights.‘Occasionally accunmulation values were recorded which
cértainly seemed abnormal. Sinking of the poles is not regarded as the
cause of these anamolous readings because resetting was always diff-
icult and often impossible due to their freezing into the firn. Imp-
roper identification is the most probable cause. In such cases the
records have been rejected and do not enter into the survey of acc-

umulation.

SHOW DENSITY

The densities used to convert snow accumlation to water equiv-
alent values have been derived from snow pit measurements and core
samples taken at each of the 14 ice movement stations along the Main
and Hountain pfofiles-during the winter of 1965; (these studies are
discussed in Chapter 9, below). The density values represent the aver-
age density from the surface to a depth eqﬁivalent to the average
accumulatioﬁ as was ultimately recorded by the stakes for the period
1965—t96§. 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-
ulation ﬁas been used.

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

and 850 n. elevation, the average density for the year's accumulaticn .

3

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

450 m. to 650 m. elevation the density‘#as 0.445 g/cms. At lower ele-
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vations the dénsity was 0.429 g/cm3 (300'm. to 450 m.), 0.518 g/cm3
(60 m. to:SOO m,), and 0.850 g/cm3 (20 m. to 66 me). A

The variatioﬁ in these values probably results from the degree
of percolation and saturation of the firn cover and the amount of
compaction'resulting from the overburden of accumulated snow. Sat-
uration above about 300 m. elevation is not severe but annual accum-
ulation of snow increases markedly with increase in 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 slight increase with elevation of the
average densities above 300 m is probably due to the increase of the
overburden. Below 300 m elevation the degree of percolation and sat~-
uration increases and. is probably the cause of the increase in the
average deﬁsity. The value of 0.85 g/cm3 between 20 and 60 meters

is used in the superimposed ice accumulation and ice ablation zones.

MAIN LINE: STATIONS E TO R

Detailed data are available from the Main line for almost three
complete years from 102 stakes set at intervals of approkimately
100 meters. This was a heavily travelled trail énd was well maint-
.ained throughout. The results have been broken down into periods of
more or less one year each and are shown as g/cm2 in Table IT and
in Figure 20. Despite irregularities in the lower part of the profile,
a distinct increase of accumulation with elevation is evident.

The marked irregularity of accumulation in the lower parts of the

profile ig possibly releted to local surface topography. Each of the
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TABLE II

" TOTAL AND AVERAGE ANNUAL ACCUMULATION
(zm/om?) VALN Linm

E1g February 3 1965 to December 5 1965 ) 5)
2) December 5 1965 to December 15 1965 ) ) (5) Average
(3) December 15 1966 to December 20 1967 ) (4) Average® §

Stake (1) (2) (3) (4) (%)

1 T3.4 54¢5 86,2 703 T4
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 5149 124,0 87.9 8145
Z 82.4 5346 91,8 727 75.9
7
8
9

93,1 37.8 81.8 59.8 709
10048 3349 7241 53.0 68,9
102,.5 4146 85.4 635 76,5
123.6 571 97.0 175 92.6

10 112.8 T34 118.4 95.9 101.5
11 109.4 83,2 136.9 110,0 109.8
12 108.5 8942 146.,8  118.0 114.8
13 94,8 73.8 134.3 104',0 101.0 -
14 101.7 67.8 142.9 105.3 104 .1
15 (H) 95.2 €7.4  12i.8 94.6 94,8
16 103.8 60,9 11441 87.5 92,9
17 102.1 5543 110.7 83,0° 89.4
18 ’ 95.2 62-02 10805 8503 88.6
19 109.4 64.8 11840 9104 97.4
20 113.7 . 6945 121.8 95,6 101.7
21 117 .5 7644 13640 1012 110.0
22 109.0 776 1729 125.2 119.8
23 121.8 84,0 16049 122.4 122.2
24 118.4 90.9 — — —
25 119.3 7442 147.6 110.9 113.7
26 132.6 91.4 — — —
27T . 1%4.3 112.0 167.7 139.8 138,0:
28 (K)  136.4 90.1. -— N —
29 130.8 8.1 139.0 108,5 116.0
30 125.3 6T 4 135.1 101.2 1693
31 110.3 6945 i14.5 92.0 98,1
32 111.5 - 138.1 — —_
33 123.5 87.1 148,0 117.5 119.5
34 12341 8542 16443 125.2 124.5
Continues
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TABLE IT (cont)

Stake (1) (2) (3) (4) (5)
35 18,8  93.5 153.6  123.5  122.0
36 (L) 119.7  The6  146.3 11044 113.5
37 15,4 Tha2  114.6  109.4  111.4
38 116.2 Tl 142.8  107.2  110.2
39 12641 87.5 131.0  109.2 14,9
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 1647 695  159.6  114.5 1153
44 12641 784 149.7 114,99  118.0
45 130,0  101.2 173,35  137.2  134.8
46 151.4  105.5  182.3  143.9  146.4
47 152,3  103.0  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  183.6  156,8  158.3
51 161.5  130.0  188.8  159.4  160.,0
52 170.7  104¢7 1827  143.7  152,7
5% (M) 156.1 1077 1570  132.3  140.3
54 167.3 104.7  163.0  133,8  145.0
55 167,53  116.7  173.3  145.0  152.4
56 153.6 18,4  175.5  146.9  149.2
57 166.0  §19.3  182,0 150.6  155.8
58 167.8 127.3  194.9  161.1  163.3
59 73,1 12,9  184.2  153.0  159.7
60 162.9  127.7  196.2 1619  162.3
61 172,7  120.2.  194.5  157.3  162.5
62 18%.8  126.4 191.3  158.8  16T.2
63 173.6  132.2  189.6  160.9 165.1
64 174.0  136.6  210.5  173.5 17347
65 178.0  118.8  191.8  155.3  162,9
66 169.5 - 124.6  198.,5  161s6  164,2
67 166.4  121.0 198,55 1597  162,0
68 181.1  129.0  193.6  161.3  167.9
69 . 1945 133.5 201.6  167.5  176.5

70 (¥) 494.9  125.1  203.8  176.4  182.6
el 194.5 14604 2127 179.5  184.5
72 198.9  133.5 199.4  166.4  177.3
3 195.4  158.8  206.0 17244  180.1
T4 1878  122.4  189.6  156.0  166.6
75 185.1  118.,8  192.7  155.7  165.5

Continues
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TABLE IT.* (cont)

Stake (1) (2) (%) (4) (%)
76 187.3 142.0 202,5 172.2 773
77 195.4° 1380 201 .6 169.8 178,3
78 181.1 149.1 19%.3 1712 174.5
79 18200 1’3309 198-9 16604 171 06
80 179.8 145,5 207.8 17666 177.7
81 194,5 143,.7 20645 1751 181,.6
82 208,3 144.6 206,0 1753 1863
83 2114 1477 209.2 178.4 189.4

- 84 20645 1513 20645 178.9 188,1

-85 209.2 52,2 221,2 186.7 194.2
86 - 209.6 15147 213.2 182.4 191.5
87 (P) 208.3 162.9  219.4 191,41  196.9
88 - 20546 148.6 213.2 180,9 189.1
89 205.1 149,5 214.0 181.7 189.5
20 205.1 1477 —_— — -
91 194.5 50,9 203.4 1771 182,9
92 206.9 14505 21607 181 .1 18907
93 204 .3 160.2 214.9 18745 1931
94 207 .4 14260 213.6 177.8 187.7
95 198.5 167.3 213.6 190.4 193.1
96 2034 54,0 210.5 182.1 189.2
97 - 212.3 15242 223.4 18748 196,0
98 202.0: 156.6 206,5 181.0 188.4
99 - 205.1 1549 214.5 184.7 191.5

100 1 223,8 158.9 205,.1 182.0 195.9

101 (») 200,7 165.5 213,6 189.5 193.3

102 215.8 168,.7 225,2 1969 203.2:

Average 1537 109.4 169.8

These figures represent:

29% decrease during
$0% increase during
55% increase during

_*-ISOIined accumalation map (Figure 28)

the second year over the first year
the third year over the first year
the third year over the second year




moéementrstations was placed slightly up-profile from a noticable
break of slope gnd from the curves in Figure 20 it appears that the
peaks of accumulation are just below the crest of the breaks of slope
and that the troughs are slightly abové it. The very marked consis-
tancy of this pattern over the study period leads to the conclusion
that the effects of the high snow-bearing wind is to deposit larger
amounts of snow in the lee of the slope than at the crest, There is
no evidence to indicate scouring at the crest and redeposition of
acéumulati§n in the lee but this possibly does occur. Above station
M, where surface topographic irregularities are virtually absent, the
accumulation pattern is quite regular.

The Curves in Figure 20 show a pronounced variation in total
accumulation from year to year. During the first "year" from February
3Ato December 5 1965, a period of only 10 months, the average accum-
ulation was 1537 g/cmz. The second yeaf, early December 1965 to mid-~
December 1966, recorded an average for the vrofile of only 109.4 g/cm2
which represents a decrease over the first'year"of 29 percent. The -
average of 169.8 g/cmg, recorded during'the third year from mid-Dec-
ember 1966 to mid-December 1967, represeﬁts an increase of 55 percent
over the preceding year and ten percent over the first year. The
difference of ten percent between the first amd third years' values
can probably be accounted for by the shorter length of the first
period Eu%’the much lower second period value is significantly real.

The differences in these values are not readily explainable from

the contemporary meteorologicel records from Palmer Station (Appendix I
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Vol 2) vhich show no greatly significant anamalies from year to year
_ but subtle variations in the degree of winter climatic stability or
"continentality" seems a logical explanation.

The frincipal snOthéaring winds are storm winds, associated with
low pressure 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 all winds from this quadrant was 6.0 n/s (11.7
kts) in 1965 and 4.8 m/s (9.4 kts) in 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 activity.
However, the frequency of all winds from the NE quadrant was about
the same, differing by only 0.3 percent; 7.6% in 1965 and 7.3% in 1966.
‘Therefore{ the incidence itself of the snow-bearing winds does not
account for the accumulation differences. The'most likely explanaticn
is probably similar to that suggested by Schytt (1964) for Spitsbergen |
and is related to local apd widespread variations in sea ice conditions
which, in 1966 may heve been more intense and imparted a more continental
end therefore, cooler and dryer, character to the regional>climate in
that year. Harkedly lower winter temperatures and a lower mean annual
temperature were recorded at Palmer Station in 1966, which seems to
support this suggestion (Appendix I). |

The cumulative curves of gross accumulation for selected stations
(figure24 p79 forward) indicate that the rate of snow accumulation
in the early part of 1966, 1.e. about March to June, was not as great
as during the same pericd in the previous and following years. This

imﬁlies thet this period of relative deficiency accounts for the lower
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total accumulation for 1966. Again the temperature record appears to
be supportlng ev1dence, the 1966 autumn temperatures were markedly
lower than in the previous and follow1ng years, suggesting an earlier
development of reglonal sea ice and conseauently a more rapid devel- '
opment of dry winter étability.

From Figure 20, it is also evident that the rate of increase of
accumulatibn with elevation was more rapid in 1965 than in 1967; in
spite of its being two months shorter, the 1965-period curve appr-
oacheé that for 1967 with increasing elevation and at the highest elev-

ations, as can be seen in Figure 21a below, becomes the dominant accu-

nulation year;

HOUNTAIN LINE: STATIONS R TO LITTLE x

Completion of the Mountain line was not accomplished ﬁntil Farch
15 1965. The last measurements were made on December 20 1967 by R.A.°
Honkala's group. On an annual basis, the record cannot be divided as
readily as that for the Main line as the last measurements nade by
this author's party were on September 9 1966 and the records donated
by Honkala cover the period September 9 1966 to December 20 1967 with

a single, total value,

The first annual period has therefore, been defired as.March 15
1965 to February 6 1966. The remaining record, February 6 f966 to
December 20 1967, rezarded as two years, has been-averaged to give
énnual values. The total record (three years) has also been averaged.

The results are shewn in Tables IIT and IV and form Figure 21b.
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TABLE IIT

TOTAL ACCUMULADION (rm/ cm2) MOUNTATH LINVE
Morch 15 1965  to  Tebruaory 6 1966

Stake ﬂm/cm2 Stake _;:m/cm2 Stake amfcmz
1 2%2.4 15(U)  248.2 29 256.4
2 221.1 16 248.7 30 253.7
3 2174 AT 247.3 31 244.6
4 2333 18 241.9 C32(7)  260.0
5(s) 2%5.6 19 244..6 33 258.7
6 233.3 20 245.1 34 261.4
T 240, 1 21 245.4 35 255,9
8 224.2 22 246.4 35 250,0
9 249,1 23 243,3 - 37 253.2

f0(T)  251.0 - - 28 245.9 38(x) 253.2
11 25%,2 25(V)  248.7 39 243.8 -
12 243.8 26 243.3 40 239.2
13 2455 27 245.9 41 236.5

14 2477.8 28 243.7

TARLE IV -

AVERAGE AU, ACCUMULATION (sm/cn’) HOURIATY LINE

(1 Tebruary 6 1966 o December 20 1967
(2) kiarch 15 1955 to December 20 1967

Stake (1) {(2) Stake (D Stake (0 (2)

1 185.7 203.2 15 2144 225.F 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 18 . 209.9 220.6 %2 213,53 228.9
5 195.1 208.6 29 212.0 222.9 33 213.8  252.1
6 205.4 216.4 20 208.3 220.6 34 213.1  229.2
4 20%.0 215.4 21 213.4 224.4 35 214.0 228.0
8 . 206.5 212.4 22 211.1 222.9 36 220.9 230.6
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 22441 40 224.5 229.4
13 194.8 211.7 27 210.5 222.5 41 230.5 232.5
14 214.6 225.7T - 28 206.4 220.5
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The'curveé in figure 21b are a direct confinuation of those from
the Main line and the trends noted in the upper parts of the Main line
are evident. Thefe ig but a very slight positive gradient to the curves
in spite of a steady inc#ease'in elevation of about 200 meters between
stations R and Little x. It appears possible also that the total acc-
umilation during the first period was greater, in parts at least, than
during the third year even though the first was somewhat less than a
calendar year. This can be deduced from consideration of the upper
Main line curves (also the Top-21 stakes) where the values for the two
perioﬁs‘run close together with the first period values eventually be-
coming the greater. The average for the final'two years ranged from
180 tb 230 g/cmz, thus, unless the second year'slvalue decreased cor~
siderably inland, say to 150 g/cm2 or less in places, the final year's
value could not have reached as high as that for the first. This is
coﬁfirmed by the three-year average curve.

As with the Main line curves, it is notable that in spite of the
much lower accumulation in the second year, the three-year and the
tvo-year averages are not widely sepafated though on the Mountain line
the separation is generally the greater. Average acépmulation along
the Mountain line in the first year was 245.1 g/cm2 and the average
fbr the_remaining two years was 207.7 g/cm2. Averags annual accumul-

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

T™OP 21 STAKES
Or. February 16 1965, 100 bamboo poles were emplaced on a line

runhing northward for a distance of 35 km. from station R. It was 5
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to 6 kﬁ from, but generally parallel to the Achaean Mountain Range;.
The line terminated just north of Perrier Bay and Mt. Néstor (see
figure 1) about 15 km. from the northern coast. The objective was to
obtain accumulation data relative to latitude and aspect along the
entire length of the piedmont as well as relative to increasing ele-
vation from station R to fhe local drainage basin divide. The divide,
as well as could be determined in the field, was marked by the 2ist
pole from station R. The entire line was calkdTop Line Trail.
Maintenance of the entire line overtaxed the ability of the field

parties and all but the first 21 stakes were abandoned or lost after
September 2 1965. Thus, a record for the entiie line is available for
only part‘of the first year (Table XVII). A complete record is avail-
able from the firat 21 stakes and total and average accumulation is
shown in Table V and Figure 21a.

| Immediately evideant in the curves in Figﬁrel21a is the stga&y
increase in the rate of accumulation (with increasing elevation), in
notable contrast to the trend along the Mountain line where the elev-
'ation increase is about the same {750 m. at station U and 744 m. at
15 (see figure 19). The much lower total values during the second year
are also stronsgly evident. For the first and final year's values how-
ever, the trend seen in the upper Main line is more emphasised and the
seéuence has generally reversed with the higher rate having been
recorded in the firsit year in much of this area. During the first year
the average accumvlation was 265.3 g/cmz; in the second, 196.4 g/cm2
and 247.0 g/cm2 during tne third year, Based on the three years' data,

. 2
average amual accumulation was 236.2 g/en”, In terms of percentage
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TABLE.'V.QM

TOTAL. AND AVERAGE ANNUAL ACCUHULATION
(em/cm?) TOP 21 STAKES

€1) February 16 1965 to December: 21 1965) ' (
'2) December 21 1965 to November 29 1966) . . . Y (5) Average
(3) November 29 1966 to January 5 1968. ) (4) Average

Stake (1) - (2) (3) (1) (5)
fi 214,7 141.8  233.3  187,5  196.6
2 2%35.6  162.0  215,2  188.6  204.3
b3 236,5  170.3 2179  194.1 208,2
4 228,7 173.0  222.0  197.%  207.9
5 254,91  200.2  240.,5 220,53  231.6
6 246.9  184.2  252,8  218,5  228.0
7 250,5  194.2  232.8  213.5  225.8
8 267.3  185.2  232.8  209.0  228.4

-9 265.,9  197.5  228,3  212.5  230.6

10 265.4 206,0 229.6 222.8 23740
11 268,2°  208.3 2437  226.,0  240.1
12 266,8  200.6  254.6  22T.6 = 240.7
13 2704  213.7 251.9  232.8  245.,3
14 289,0 191.,5  258,7  225.1 246 ,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 2143 26445 239 .4 253.7
18 291.3 227 .4 263,6 245.5 260.8
19 299.4  222,3 262,53  242.3  261.3
20 275.4  220.9  264.1 242,5  253,5
21 286.7 215.2  274.1 244.,6 258,17

* Igolined accurulation map (Figure 28)
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variation from &ear to year this represents 26% less accumulation in
the second year than in the first and 7% less in the third than the

- first. The third year showéd a 26% increase over the second. Overall,
when compared with the valueé from the entire Main line, these latter
two values show a total difference between the two lines of 17% between
the third and first years and 19% between the third and the second.

The reason for the reversal at these higher elevationsis obscure

and the available meteorological record is not helpful toward an exp-
lanation., Air temperatures in 1967 were generally higher than in the
two previous years which could lead to the conclusion of decreased
"eontinentality"”, lower sea ice concentrations and consequently, inc-
reased precipitation. This apparently was not the case. HMere specul-
ation suggests that the slightly cooler summer of 1367 together with
" residual cold from the relatively severe winter of 1966 (see Appendix
I) helped to maintain a degree of winter "continentality" soméwhat
out of proportion to the air temperatures recorded gt Palmer Station.
The basic conclusion is drawn in Chaptery3 (below); local precipitat-~
ion patterns éannot be satisfactorily explained on the basis of local
meteorological data alone. The problem requires a regional approach,
with a study of the interactiongfsea ice conditions, air temperature
distribution, local wind patterns and the changing pcsition of depre-
ssion iracks, all of which affect the relative distribution of prec-

‘ipitation throughout the peninsula.

ANGELA AWD KERSTEN LINES

The Angela and Kersten lines were ectablished on December 11 1965
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and were last measured by Honkala's group on January 7 1968. The
record is divided into two years at November 29 1966 (Tables VI & VII).
There is virtually no gradient to the curves from the Angela line
in spite of an elevation increase of over 100 m., over its length. The
Kersten line however, exhibits a pronounced negative accumulation gra-
dient over the same increase of elevation. From both lines the same
pattern of accumulation rates emerges with the 1966 values being sig-
nificantly below those for 1967 (figures 21c & 214). Average annual
accunulation in 1966 was 155.9 g/cm2 at the Angela stations and 134.4
g/cm2 along the Kersten line. The 1967 rate was 185.3 g/cm2 and 179.5
g/cm2 for the two lines respectively. The 1967 values represent an 18%
increase over 1966 on thé Angela line and 33% on the Kersten line.
Average annual accumulation for the two-year period was 170.6 g/cm2

(Angela) and 156.9 g/cm2 (Kersten).

NEUMAYER LINE

The Neumayer line was established on April 11 1965 and the last
measurements by Honkala were made on December 26 1967. Thirty nine
stakes were originally emplaced and the line terminated at that point
ohiy’because access beyond was prevented by the crevasse fields. Hove-
ment of the prdfile ultimately carried the lower stakes into thé crev-
asséd area and the last three poles were abandoned after the first year.

As the last measurements by this author's party were on Sepiember 19.1966

and Honkala's first were on April 17 1967, the record cannot be divided
jnto annmual units similar to most of the other lines. Total accumulation
from April 11 to December 21 1965 and average annual accumulation from
December 21 1965 to December 26 1967 are showm in Tables VIII and IX
and form ¥igure 22a. '

There is a steady decline in accumulation rates with decreasing
_ altitude from station R. There is also a correlation between the pattern

of accumulation and surface topography. The surface slope.between sta-
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PABLE VI .

TOTAL AND
AVERAGE ATJUAL ACCURULATION (sm/cm®) ANGELA LIVE

(1) December 11 1965 to Kovember 29 1966

(2) Hovember 29 19656 to Jamuery 7 1968

(3) December 1T 1965 to January 7 1968

Stake (1) (2) (5 Stake . (1) (2) (3)
1 151.T7 187.1 169.4 15 54,0 196.2 175.1
2 160.4 183.4 171.9 16 150.8 182.6 166.7
k) 164,0  71.6 167.8 17 157.6  197.0 177.3
4 164.9 183.9 176.9 18 147.7 182.9 1865.3
5 167.6 185.2 176.9 19 151.3  171.T7 161.5
6 164.9 171.7  168.3 20 149.0 162.2 155.6
T 157.2 186.2 1T1.7 21 150.4 172.6 161.5
8 157.6  192,6 175.1 22 153.1 187.5 170.3
9 154.9 1871 171.0 23 150.8 189.2 170.0
10 152.7 187.1 169.9 24 152.2 1€0.8 156.5
1k 150.8  208.0 179.4 25 160.8 193.0 1759
13 154.5 180.3 172.4 27 163.5 198.% 180.9
14 - 145.9 189.3 167.6 28 165.8 203.2 184.5

TABLE VII
TOTAL AND

AVERAGH AMMNUAL ACCULULATICH (mecmz) IDIRSTEN LIER

(1) Yovember 11 1965 to November 29 1966
(2) Hovember 29 1966 Lo January 7 1963
(3) Yovember 11 1965 to January 7 1968

(1 (2) (3) Stake (1) (2) (3)

Stalke
1 1517 192.1 171.9 11 13%6.8 190.8 163.8
2 153.,1 ~205.1 181.6 12 136.8 183.8 160,73
3 15044  193.4  171.9 13 137.7 172, 7 155.2
4 142,2  196.6  159.4 14 128.2 175.6 151.9
5 139.5 184.3 161.9 15 140.9 176.1 158.5
6 147.7 178.1 162.9 16 12%.T 177.5 150.6
T 140.4  18%.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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. PABLE VIII

AVERAGE ANIUAL ACCURULATION (em/cnm ) HEUMAYER LINE

~ Degember 2] 1965 _to  December 286 1967

Stake Fm/cm2 o Stake fmycmz
1 173.3 19 131.0
2 168.2 20 121.7
3 169.0 . 21 (W4)  134.0
4 170.6 22 120.5
5 167.3 23 96,3
'6 16300 24' » 9903
T (311)  158.8 25 106.1
8. 157.5 26 114.7
9 . 16349 27 (¥5)  1071.0
10 150.9 28 104.6
11 155.3 29 91.5

12 15903- 30 9550
15 (12)  158.1 31 (¥6)  108.5
14 140.8 32 104.0
15 139,2 35 101.8
16 127.3. 34 92.0
17 - 140.1 35 (N7) 99.7
18 (1r5) 130.8 36 70,9
PABLE IX

TOPAL. ACCURILATION (,@mLcmZ) HETHAYRER LA
Aoril 1119565 to December 21 1965

Stake s:m/cm2 Stake ;gm/cmz Stake gm/cm2
1 133.9 14 1273 2T 103.4
2 146.8 15 11345 28 90.5
3 123, 16  113.5 29 87.5
4 1)6 6 17 11404 30 8302
5 137.1 18 122.8 34 93.9
6 : 413103 ) 19 11350 32 9104
T 134.4 20 101.9 3% 90.1
8 130.4 21 1193 34. 21.1
9 129.5 22 175 35 73.8
10 1729.9 23 957 56 87.9
1" 123.7 24 25,2 37 8.4
12 122&4 25 ’ 90 5 38 5803
13 122.8 26 87 9 3% 3443
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tions R and N3-wa$, for the most part, constant with no significant
topographic jrregularities; in fact N3 was visible (by theodolite
telescope) from station R. Down-profile from N3 hoﬁever, the surface
waé,undﬁlating, more in the form of steps than ridges and troughs and
stations N3 through N7 were set near the edge of successive steps. In
Figure 22a the evidence is for slightly greater accumulation in the
lee of the steps and less up-profile (ﬁpawind) of the break of slope.
The cause seems similar to that in the lower Main line where the greater
accumulation in the lee is attributed‘to slackening wind speed and eddy
effects and to possible_scouring of fhe crest. Such evidence appears
even more pronounced along the Central line (figure 22c), where the
movement gtations were similarly placed felative {0 even more pronou-
nced surface topography.

Potal accumulation along the Neumayer line between Aprii 11 1965
and:December 21 1965 was 107.2 g/cm2. The two-year period, December

21 1965 to December 26 1967 yields an average annual value of 130.2

g/cm2

RUTH, CENTRAL AND INGRID LINES
The record from the Central line dates from November 11 1965 and

wad kept until‘December 28 1967. That from Ruth and Ingrid began on
December 5 1965 and ended on January 1 1968 and November 28 1967 res-
pectively. The record ié documented in Figure 22b, ¢ & d and Tables
X, XTI and XII.

Along all three profiles there is a close correlation between the

rate of accumulation and the rate of olevation change. As noted above
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TABLE X

TJOTAL AND

RUTH LINE

AVERAGE ANNUAL ACCULULATION (mllicmz)

(1) December 5 1965 to Hovember 29 1966
(2) Hovenber 29 1966 to January 1 1963
(3) December 5 1965 to January 1 1968

Stake

Stake (1) (2) (3) (1) (2) (3)
1 132.9  147.3  140.1 1 93.8 185.6 139.7
2 1316  163.8  147.7T 12 87.6 t48.2  #17.9
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 J20.6 15646 138.6 16 88.0 116.2  102.1
8 100.6 ——— — 18 776 94.4 85.0
g 102.8 178.4 140.6 19 65.5 119.3 92.4

10 99.7 167.3 133.5
TABLE XI
TOTAL AND
AVRRAGDS ATUAL ACCULRULATION (em/ crff) -THGRID LIKE

(1) Decémber 5 1965 to October 25 1966

(2) October 25 1965 to Hovember 28 1967

(3) December 5 1955 to Hovember 23 19567

Stake {1 (2) () Stake (1) (2) (3}
1 52.8 121.2 37.0 12 127.8  165.6  146.7
2 7608 o — 13 13296 17804 155‘5
3 £9.2 122.6 105.9 14 129.5  183.5  159.0
4 104..2  145.0 124.6 15 125.3  173.5 148.4
5 2.8 136,00 109.4 16 121.0 201.6 1613
6 73. 3 —w—— N 17 120. 6 . 207 08 164-2
T T4 151.8 124.6 13 — — —_—

8 92,7  159.9  126.3 19 8.4 185.4 1519
9 — . — 20 112.6 - 191.8 152.2
10 105.4 —— — 21 150.4  199.8 175.1
11 125.7  186.1  155.9 22 129.3  204.3- 171.8
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TABLE. XITI,

TOTAL AND

AVERACGS ARNTUAL ACCUMULATION (am[cmz) CTETRAL LIH®

(1) Tovember 11 1965 to November 29 1966
(2) November 29 1966 to December 28 1957
(3) Hovember 1f 1965 to December 28 1957

stake (1) (2) (3) Stake (1) (2) (3)
2 A4h 9744 70.9 16 82.3 1535 117.9
3 53.1 1313 92.2 17, 86.7 147.7 117.2
& 63,9 126.5  95.2 18 —_— — —
c1- ' 19 102.8 174.4 133.6
6 51«1 158.% 104.T 20(C4) 133.9 131.3 1%2.6
T 98.4 165.2 131.8 21 112.1  155.7 133.9
8. (c2) 98.2 180.0 139.1 22 139.6  180.2 159.9
g S 63.5 140,53 10149 23(C5) 130.3  177.1  153.7

10 96.0 130.0 113.0 24 1.2 160.6 135.9
11 96.1 158.7 127.4 25 138.2  196.2 167.2
12 (C3) 26 153.9  210.5 182.2
13 9204 166.4 12904 27 14703 19809 17301
14 74.2  128.6. 101.4 28(C6) = — —_—

the relationship between surface toﬁography and the pattern of accum-

- ulation is markedly evident in the lower parts of the Central line,

a relationship which may explain the variations on the Ruth and Ingrid
lines (though no notes are availablg on tépographic detail on these
lines except that undulations were pronounced). The lengths of the
iﬁdividual annual periods for these profiles vary slightly but gener-
ally are comparable and average accumulation during the first year

was 101.6 g/cm2 (Ruth), 103.9 g/cm2 (Central) and 108.8 g/cm2 (Ingrid).
During the second year, 147.3 g/cmz, 160.6 g/cm2 and 171.7 g/cm2 res-

rectively, and average annual accumulation over the two-year period
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was 125.5 {;/cm2 (Ruth), 132.8 g/cm2 (Central) and 142.3 g/cm2 (Ingrid).
Congidered in te;ms of percentége~iﬁcrease in the second year over the
first, these figures represent‘45% on the Ruth line, 55% on the Central
line‘and 568% on the Ingrid line.

These figures themselves are interesting in that they indicate a
trend toward greater accumulation rates outward from the mountains
(see Figure 19) and also an increasing percentage variation between
the two years. In thé absence of detailed topographic information, it
can only be sveculated that the increase in rate is topographically
determined but the possibility that this results from a wide-ranging
effect of the mountains and a resultant precipitation shadow cannot
be overlooked. The increasing difference between the two year's values,
if indeed significant, is difficult to explain. Possibly it results

from differences in local climatological and meteorological patterns.

MIDDLE LINE

The record from the Middle line is sparse and of an original 20
stakes emplaced on December 23 1965, only 10 were recovered which
provide an adequate record of accumulation. Heavy losses resulted in
this area from ice buildup on the poles and subsequent breakage in
high winds. Also, many poles seem to have been buried in the early
parts of 1967. The record cannot be divided into two years.AThe last
measurement by this author were on Séptember 7 1966 and the first by
Honkala's group was on April 11 1967. The final measurements were on

December 19 1967. The data are insufficient fer graphical discussion
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and are tabulated below in Table XIII. Thé stakes are numbered from

atation Mul and elevation increases with increasing number.

TABLE XTIII

AVERAGE ANWUAL ACCUMULATION (z/cm°) MIDDLE LINE
Decembor 23 1965 to December 19 1967

Stake g/cm2 Stake g/cm2 ' Stake g/cm2
1 131.2 8 — 15
3 126.3 10 191.7 17 - —
4 157.0 11 1729 18 —
5 148,.0 12 —— 19 ——
6 150.2 13 164.9 20 | —
7

_— ' 14 —

An increase in accumulation rates with increasing altitude is
evident and is gimilar in magnitude to other longitudinal profiles.
Though the data are sparse there are narked irregularities which might
be related to topographic irregularites which in this area aré pron-
ounced. Possibly accumulation ratesAvary more in this area than iy the
region of the Main profile. Were more #alues available for graphical
inspection, an accumulation pattern gimilar to that in the lower

Central line might emerge.

G LINE STAKES
Data from 15 of an original 18 stakes forming the G line are avail-

able from March 5 1966 to December 19 1967. The record has been divided
into two periods at March 24 1967 snd is shown in Figure 2% and Table

XIv.
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TABLE XIV

TOTAL AND AVERAGE ANNUAL. ACCUMULATION (p/cm?) &G LINE -

(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 (1) (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
36y 79.8  —- —_— 12 93,7 124.3 109.0
4 T7.7 91.2 84.4 13(6¢2) 112,9 130.0 121.4
5 149.2 154.4 151.8 14 8249 - _—
6 131.6 129.5 130.5 15 7641 9543  85.7
7(¢1Y 979 === -— 16 - 102.0 103.6 102.8
8 102.0  139.3 120.6 17 116.5 136.7 126.6
9 106.7 144.5 126.1 18 62,7 99.4  8t1.0

¢3

This was a "transverse" profile and was set mainly to investigate
the effects of pronounced local topography on accumulation rates. An
orizinal plan to survey the surface profile with levgl and staff was -
not realised due mainly to shortage of time. ﬁbwever, notations and
sketches from field noteboogs provide a qualitative schematic of the
profile shape which is ineluded in Figure 23.

On the basis of these data there appears to be a strong influence
on the pattern of accumulation rates by the surface topograrhy. The
pattern is similar to that on the lower Main line and Central line
with the rate of accumulation being greater in fhe troughs than on
thé higher, mofe exposed surfaces.

During the first year the average accwmulation from the eighteen
stékes was 99.3 g/cmz. The 15 staltes remaining in the second years

recorded an average of 121.5 g/cm2~and for the two-year period an
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average annual accumulation of 111.6 g/cmz. Lven thbugh the second
period was considerably shorter than the first, the 15 stakes with
unbroken records recorded 20% more accumulation during the shorter

period.

THERBSE LINE AWD HORTH FORK
On December 21 1965, 29 stakes were emplaced to form the Therese

line and 13 stakes were set to form North Fork. Both lines were succ-
essfully maintained until January 5 1967 when this author's party
made its final measurements. The results from the Therese line are
tabulated in colunn one in Table XV.

TABLE XV
TOTAL, AND AVERAGE ARNUAL ACCUMULATION (g/QmZ) THERESE LINE

(1) Decembér 21 1965 to January 5 1967
(2) January 5 1967 to January 6 1968
(3) December 21 1965 to Janvary 6 1968

Stake (1) (2) (3) Stake (1) (2) (3)

. 195.3 278.4 23%6.8 15 197.1 — _—
2 19301 27105 23203 16 20007 oe—— o—
3 190.9 279.7 23%5.3 17 208,3 255.7 232.0
4 202.4 290.0 246.2 18 195.3 265.5 230.4
5 199.8  wmm — 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 27 S— —— 23 175.9 234.7 205.3
10 207.4 251.4 229.4 24 179.7 231.7 205.7
11 205.7 258,7 231.9 25 172,9 2184  195.6
12 202.9 270.3 236.6 26 168.2 216.2 192,2
13 - 203.4 e —— 27 157.4: 222.2 189.8
14 197.0  -—- —

7



On April 11 1967, Honkala's group made ité first megsurement of
" the lines and énow accumlation amounting to 140-170 cm. was recorded
for the three-month period. The poles were reset and were high, one
standing 290 cm. On August 24 1967 the entire‘line was missing. It
was replaced the following day and was maintained until January 6 1968.
If if is assumed that the original poles were simply buried bet-
weén April and August and that t he snoﬁfall was just equal to the
pole heights, the total snowfall recorded by the poles from January
.5 1967 fo January 6 1968 yields the water equivalent values shown in
column two of Table XV. Though it is nof impossible that almost 3 m, -
of snow fell in this area between April and August it is this author's
opinion that it is improbable; the cumulétive curves of snowfall for
other areas (figure 24), though reflecting a sharp increase in accum-
ulation rates between mid-July and early September, do not bear out
a snowfall. of such magnitude. Stake number 14 of the Top 21 line,
elosest to the first on Therese, recorded 203 cm. of snowfall in the
game period. The fate of the stakes between April and August is the
more likely explained by ice buildup, high winds and consequent brea~
kage -~ perhﬁps not the entire line but enough to mislead the field
parties. In any case, should any have been located, identification
would have been a monumental, if not impossible task. The values in
Table XV (2) and (3) are therefore, suspect.
fhe history of Worth Fork is little better. Of the original 13
stakes set in December 1965, eight were recovered with complete rec-

ords by January 5 1967. The line was reset with a full complement of
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stakes but'whén‘they were next serviced on April 11 1967, Honkala
found only six and reset them, some of them high. Two of.these six
were lost by May-12 but were replaced. On August 11 five remained
and by august 24 only four remained. An unbroken record is. therefore,
available for only 3 stakes. The other one has  a "lost" period of
one month. Total accumulation from these stakes for the two years is
listed below: (1) December 21 1965 to Janvary 5 1967, (2) January 5

1967 to January 6 1968, (3) two-year average where available.

Korth Fork Stakes

Stake (1 (2) (3) Stake (1) (2) (3)

1 140.0 — — 8 — 142.0 -
2 13707 _— m— 9 13707 17303 135505
3 —— —— = 10 137.7 131.3  134.5
4 —— _— 1 146.7 143,77  145.2
5 e — —— 12 1193 -~ ——
6 140 03 — ———— 1,3 106 o4 ———— -
7 — —— —

It is notable tihat the three stakes with an unbroken record, only
one, number nine, shows an increase in 1967. This may be the result
of mis-identification in the field at some time.

The data are interesting in another respect. Neither profile ex-
tended to particularly low elevation (the first pole on North Fork
ig estimated to be at about 300 meters a.s.l. or about the same as
station H on the Main line -@35 is at 281 m. 2.s.,1.). At about 300 m.
elevation on the Main line the annual accumulation rate was about 70
g/cm2 in 1966 and about 110 g/cm2 in 1967, considerably lower than

the North Fork values. This may be due to the effect of aspect and
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exposure to the sndw—bearing wind in that the lower Main profile lies
in the "lee" of Anvers Island and receives less snoﬁfall as a result.
North Fork on the other hand, stands in full exposure to the wind.

Bryan (1965) proposed a similar argument to explain the lower accum-
ulation rates in the southern part of Adelaide Island (the lee of the

island) as compared with the northern, windward end.

SKYLINE AND MONACO LINE

The Skyline and Monaco line follow, as closely as could be det-
‘ermined in the field, the drainage basin divide and defined the north-
ern geographic boundary of the study area. The record from the Skyline
is extremely poor and regretably, no sensible record was recovered
from the ﬁonaco line. |

The Honaco line was first set with 48 poles on April 15 and 16
1965 and was visible on September 2 when the Top Line Trail was ser-

viced. The line was lost in a storm from September 3-7 (which in the

vicinity of Lapatrere Bay in the north, deposited 97 cm. of fresh snow).

It was eventually reset with 32 stakes on December 21 1965. By January
3 1967 only 5 stakes remezined. On that date it was again rebuilt with
28 stakes but was lost again, by Honkala's party, by August 11 1667

(a similar fate to the Therese line). After being rebuilt, again with
28 stakes, between August 16 and 18, Honkala's party maintained it
until January 6 1968, By that date only 17 remained to give a record
of accumulation from mid-August 1967 to early January 1968.

The Skyline was established with 15 stakes on December 21 1965
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and by November 29 1966; 12 remained with unbroken records. The line
was then maintaihed until January 5 1968, but only 7 stakes were rec-
qvered ﬁith complete records. The results are shown in Table XVI and |
‘reflect an average accumulation of 205.4 g/cm2 at fhe 12 stakes during
1966 and 281.9 g/cm2 at the 7 stekes in 1967. The average annual acc—-
-umulation at the 7 stakes with a continuous record was 242.6 g/cmz.

There was a 31% increase in 1967 over 1966.

TABLE XVI1

TOTAL AND AVERAGE ANNUAL ACCUMULATION (g/cm>) SKYLINE

(1) December 21 1965 to November 29 1966
(2) Wovember 29 1966 to January 5 1968
(3) December 21 1965 to January 5 1968

Stake (1) (2) (3) Stake (1) (2) (3)

1 204.7  =—- — 9 202,0  —=- —
2 212,0 ——= — 10 210.6 288.1 249.3
3 -— — — 11 216.5  -—- N
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 —_— — S 15 197.5 274.1 235.8
8 198.4 281.3 239.8
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TOP LINE TRAIL

The Top Line Trail aiscussed here existed for less than one year.
The line was established on February 16 1965 with 100 stakes and all
100 were remeasured on4Apri1 14. Oﬁ September 2, 88 were measured
before a heavy storm halted work and buried the: remaining 12 stakes.
Host of the stakeswwere lost by mid-December and identification of
those remaining was impossible. The line was then abandoned.

The 21st stake marked the drainage divide and from this point to
the region between Ht. Nestor and Ht. Achilles (see figure 1) the
surface was generally quite level. The line then gradually entered
a deep depression in the Perrier Bay-#it. Achilles area then, after
turning at stake number 69, climbed again to a level of about 750 m.
BeScl. Fron thé end of the line northward, the surface, as far as
could be judged in the field, appeared quite level. '

" Total aécumulation along the line for the 198-day period is show
in Figure 25 and in Table XVII. For comparison, the first "year" total
values (308 days) from the first 21 stakes, are also shown in Figure
25.

There is a close correlation between accumulation rate and elev
ation with the rate gradually increasing toward the drainage divide
and then becomirg remarkably constant for about 12 km. across the
high, level plateau.'The depression in the Perrier Bay areé apparently
hag a marked effect on the accumulation rate which here may be addit-
ionally inflﬁenced'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. Achilies. ﬁorth of Perrier Bay the rate of accumulation again
in¢réases with increasing elevation and reaches values similar to
those to the south. These results appear to be a departure from cond-
itions on ithe Tuchs Ice Piedmont on Adelaide Island, where Bryan (1965)
revorted considerably higher rates of accumulation in the north of the
island than in the south, and may reflect the more northefly and poss-
ibly 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 Neumayer line and Top Line Prail) do ind-
icate that the.lee slope of the island receives lower precipitation

than the higher windward plateau.

STAKE FARMS

Stake forms. record accumulation rates at one location rather than
at each of several étakes set close togéther;and detect areal varia-
tions of accumulation., This yields an average value for that partic-
ular lecation and'pfovides a more_realistic and reliable assessment
of sccumulation than would a single stake. This fornm of measurement
is mandatory when measuring stations are widely separated (as may be
thg case on the Antarctic M¥ainland), or where accumulation rates are
very low and where wind action produces a pronounced micro-relief
(sastrugi).

Five stake farms were established on the piedmont in early 1965.

Their lecations are shown in Figure 8 above. The largest was R with

30 stakes and the four oihers were originally set with 25 stakes each.




TABLE XVII

TOTAL ACCUMULATIOH.(qm/cmgj TOP LIV TR!
February 16 19565 to Sepntember 2 1965

Stake _mfem® Stake e /cn®
1 130.4 46 184.2
2 13745 47 193.1
3 14648 48 188.2

- 4 146.4 49 190.0
5 153.1 50 ) 194.5
6 1437 51 183.8
i 156.6 ) 58 18%.8
8 150.6 5% 184..7
9 1579 54 17642

10 159.3 55 175.8
11 159.7 56 178.0
12 155.1 5T 186.9
13 169.5 58 171.8
14 179.3 59. 169.1
15 172.2 60 1771
16 © 168.2 61 165.1
17 178.9 62 172.7
18 1753 63 157.1
19 179.8 64 150.0
20 180.2 65 13844
21 183.3 66. 163.3
: . 6T 137.9
22 1735 68 159.3
23 184.7 69 145.5
24 187.5 70 150.0
25 190"9 71 14905
26 188,.2 T2 155.7
2T 188.7T F - 152.2
28. 182.9 T4 153.1
29 187.8 75 15849
20 194.0 76 156.6
i 185.6 77 158.9
352 186.,0 78 158,0
33 19541 79 166.9
34 191.3 80 169.1
35 189.6 81 163.3
36 185.7 82 174.9
37 190.0 83 184.7
38 189.6 8g, 170.0
39 - 186.0 85 - 182.9
40 192.7 86 189,1
41 185.1 8T 193,6
42 188,7 83 185.1
A3 185.1
44 185,.6
45 1836.0

86




Férmg B and C were 1ost in the stdrm of early September 1965, while
A, D, and R were cannibalised to extinction by late 1965. Available
data are plotted as cm. of snow accumulation in Figures 26 and 27.

The variation about the mean is generally constant at about 7 to.
10 cm with no relation to the magnitude of the snowfall, which leads
to smaller percentage variation for larger snowfall, The value for
each stake has been plotted in the same sequenée throughout and ind-
icate no systematic areal variation within the arrays. The magnitude
of the variation is a fair reflection of the amplitude of the prev-
ailing surface micro-relief, which over'the entire piedmont is rem-
arkably srall.

The scetter of values cannot be extended as a direct possible or
probable error in a single stake measurement because a single meas-
urement is real at the time it is taken. It does indicate that if a
single stake had been placed at a different position in the same gen-
eral area, or if it had been‘meésured at & slightly different time,
it would have recorded a different value simply as a result of redis-
ribution of éccumulation over the surface. The variation.thérefore,
allows an assessment of the validity of a final value as being rep-
resentative .of the general location. Over most of the piedmont the
gtales were set close enough together to overcome the problem raised
by large-area varietions but the farm results are useful in assessing
the woxrth pf the Top Line Trail stakes and those in the Monaco, Ther-"
ese lines and Skyline where limited data were obtained and measure-

ment stations were more widely spaced.
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At stake farm R the total readings for tﬁe period of measureﬁent
show a maximum variation of" 37 cm. or'17 and- 20 cm. about the mean. On
a percentage basis of‘tﬁe total accumulation recorded, this reduces
to about 4% vériation about the mean. On the basis of the two years'
data which generally have been evaluated, the variation amounts to
about 2%. The average accumulation recorded by stake farm R from
February 16 to November 11 1965 was 211.5 g/cmz. The final stake on
the Main line recorded 215.8 g/cm2 over a.gimilar period (February
3 4o December 5 1965) indicating that an individual stake record is
representative of accumulation'fates in its general vicinity and that
few if any anamolous rééults have been incorporated into the overall

survey of accumulation on the ice piedmont.

SUHMARY AND CONCLUSIONS
Total anmual accumulation values from February 1965 to January

1968 are available for the two longitudinal lines only. Values for
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 is a summary of all data obtained from the stake meag-
urements during the latter two years and presents the areal distrio-
ution of average'annual accumulation for the two-year period. The iso-
line interval is 10 g/cmz/yr. In the area north of. the dotted line
 on this map, the isolines are likely to be less accurate than those

to ths south because they are based on more scattered absolute velues.
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In'the south, the isolines have been drawn on the basis of a gener-
alised curve for each profile, obtained from the three-point running
neans of the absolute values.

The survey shows that accumulation rates are high, amohg the highest
on record for the Antarctic Peninsula, and are typical of the western
coast of the peninsula. There is a very pronounced relationship between
elevation and rates of accumulation but over the small latitude range
of the pikdmont there appears to be little change in the rate of accum--
ulétion due to differences in latitude alome. All data, particularly
that from the Top Line Trail and the Neumayer line, show a marked
influence of aspect on accumulation rates, with less total accumulation
being received in the lee slope of the piedmont.

The four -sets of curves shown in Figure 21 show an interesting
pattern and are strongly suggestive of a precipitation shadow in the
castern part of the study area resulting from the prevailing direction
of the principalAsnow—bearing winds. Along all the lines in question
there is a distinctly positive elevation gradient outward from station
R,butiﬁgélong the Top 21 liné:the rate of accumulation iz adsermarkedly
positive., The Hountain line exhibits only a slight positive accunmulation
gradient while the Angela values have virtually no gradient at all.
Along the Kersten line, the accumulation gradient is decidedly negative.
This pattern can probably be explained in large part by position and
agpect relative 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 profiles. The major snow-bearing winds
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are from the NE quadrant, particularly from NNE and E (see Appendix I,
Volume 2) and approach the profiles from the mountains. Thus the pro-
files are situated in an increasingly protected position, moving.east—
erly from the Top 21 stakes which are clearly exposed to the winds, to
the'Kersten line which is most protected. The varying pattern of acc-
umulation in this area appears to result therefore, in the fact that
the accumulation lines lie, to a varying degree in a precipitation
shadow. |

The effects of this shadow may in fact be more widespread, extending
westward toward the coast and may explain the variations in accumulation
rates along the Ruth, Central and Ingrid lines. The rate of accumulation
along the Skyline however, is quite constant with no indication of the
precipitation shadow effect. This may be due to increased elevation
toward the mountains, as suggested for the Angela line or it may simply
be that the Skyline is sufficiently exposed and lies outside the shadow.

During the period of the survey, there was a marked variation of
average annual accuﬁulation rates from one year to the next which most
probably is related to variations in local and widespread sea ice
conditions and to-aifferences in fhe climatological pattern effectiﬁg
the Antarétic Peninsula as a whole. The record of past accumulation
which is discussed in Chapter 9 below, does not emphasise this vari-
ation because of the difficulty of stratigraphic interpretation and
because the record itself.is relatively short.

At higher elevations on the piedmont where topographic irregular-

ities are small or absent, there are no widespread areal variations
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of accumulation. The surface of the piedmont is generally smooth, in-
dicating that this is a deposition surface mdre so than an erosion

surface.




CHAPTER. FIVE

SURFACE VELOCITY OBSERVATIONS

INTRODUCTION
A network of stations was established on the piedmont for the

determination of absolute surface velocities and to investigate the
possibility of seasonal variations in surface velocity. Velocity
stations generally consisted of 12; x 2" 0D aluminum pipe pushed
firmly into the snow. 12' x 2" x 4" timbers were used at some loca-
tiong and in three cases thelstation was marked by three 12' x 1"
bamboo poles tied together. Sighting was always made to the center
of the bottom of each stake where it entered the snow surface. Stakes
were periodically reset to prevent burial by snow accumulation.

Originally 67 stations were set and surveyed but only 54 were
adequately recovered for velocity determination. Station LINDA was
lost in the crevasse field and dangerous vehicular access prevented
the maintenance and recovery of stations X4, K5, HS and H6. The survey
was incomplete on FLAG and recovery of KAPPA, I and LAMEDA 1 and 2
was not attempted as the first survey of these stations was regarded
as weak. Station V was buried during the winter of 1966 and because
of the svrvey technique employed, so prevented the recovery of stat-
ions W and Little x.

The nomenclature and location of each velocity station are shovm
in Figure 29. This network was set to obtain velocity data from 2 wide

range of locations in the study area. Particularly, the Main-Mountain
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line,,Neumayér line and Central-T line ﬁere designated "longitudinal"
profiles, while the G and H lines were peripheral, for ﬁass discharge
information.

Normally an ice movement survey would be made using triangulation
techniques from thé ends of fixed, measured baselines preferably var-
allel to the general direction of ice flow. This system is tyvpical of
studies on valley glapiers. This system was attempted for the velocity
stations aroundAArthui Harbor and was'tied to a hydrographic triang-
uiation carried out for the US Navy Hydrographic Office during 1965.
This triangulation was not extended to the stations further inland
because local topographic features made intervisibility of stations
difficult to échieve over any appreciable distance and the number of
intermediéte points would have become too large for occupation by the
the small working group. The triangulation would also have extended
from a relatively weak setup where the original baseline (Litchfield
Island to Norsei Point) was short, perpendicular to the general ice
flow direction and slightly offset from the main axis of the survey.

The only bedrock in the area on which baselines could be establi-
shed are the small islands around the periphery of the piedmont. Any
baseline established on these islands would be perpendicular to the
ice flow direction and the desired accuracy could not be obtained.
For the remaining stations therefore, other methods were employed.

The inland velocity stations were established usiné a system
of distance and angle measurement in open traverse lines. Distaunces
were measuréd with a Tellﬁrometer system and the angle between the

lines of moasurement was determined with a Wild T2 theodolite.
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This system was an adaptation of techniques which had proven succ-
eésful in previous glacier surveys (Hoffman 1960; Hoffman and others
1964) and the main body of this text ﬁill not dwell upon the technical
details of the system but will restrict itself to the discussion of the
results. The technicalities together with pertinent data tabulations are
presented in Appendix II. Coordinates and velocity values are shown in

Table XVIII,

SURFACE VELOCITY DATA ,
The pattern of surface velocity, shown in Figure 30, exhibits

remarkable differences from one part of the study area to another but
there is a distinct sensibility to the overall distribution and this
Qlearly reflects fhe subglacial topography (Chapter 3). In magnitude
"the velocities fall into two distinct fanges. |

1) The Pi line,‘Neumayer line and Central line have velocities which
are closely comparable with those of some valley glaciers. The velo-
city at stations G2, G3 and Mul is of similar magnitude.

2) The remaining stations all have velocities which are lower than

" might be expected under these conditions of ice thickness, surface
slope and activity of regine.

The subglacial topography as revealed by Dewart's gravity survey
(figures 13, 14 & 16) can be deduced from the velocity vectors and
there is clearly a high degree if ice channeling which greatly en-
hances the rate of movement in certain areas. The stations along the
Neumayer and Central lines apparently lie somewhat on the walls of

the submerged valley and are creating a convergent flow ;esulting in
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a rapid velocity increase down-valley. The s£ations,at 2ﬁ2' and Pi3
lie over the loqal valley bottom_while Pi4 and Pi5 are being chann-
eled into the valley head. The gradual southward éwing of the vectors
along the T line and the Mountain line emphasise this channeling
effect and points up the significance of thelconfiguration of the
piedmont-mountain boundary. The slightly -curved - configuration of
the line through Mt. Rennie, Mt. Agememnon and "Big Mountain", to-
gether with the steeply rising subglacial bedrock, is strongly sugg-
estive of a cirque, which is forming the initial accuﬁulation area
for an ice stream or submerged valley glacier.

The direction of movement of stations M, ¥, P, K2 and K3 closely
follow the direction of maximua surface slope and suggest that the
"platform" in this area is gently dipping southeastwards. The vectors
at stations €6 and C5, which indicate a movement direction westward
across the main axis of the Central line, clearly reflect the_small
secondary valley outlined by the.150 meter subglacial contour on
Dewart's map (figure 13). The extension of this feature northeast of
station R is reflected by the ice movement at stations S, T1, R and
P, The foof of this valley, trending norfhwestwards leads to the
sudden change in direction of movement of the stations beginning at
€3, and for the more southerly direction at K3 compared with K2, In
this part of the study area there can therefore, be discerned two
étreams of flow; one is bringing ice from the end of the Kountain
line, through the eastern part of the Pi line and then through the

lower parts of'the Neumayer line into the deep valley basin in the
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vicipity of FLAG and H6. The other stréam brings ice from the middie
and lower porfions of the T line through stations R, P, C5, C6 and
N1 with station.N lying on its wéstern edge. This stream then swings
southwards into the valley basin, with station X3 on its western edge,
to meet the easterly ice stream. |

The marked change in‘the direction of movement along the lMain
line at station L is also explained by the bedrock configuration.
Station L lies a little bélow the 50 meter contour on Dewart's map
(figure 13). Here there is a gently curving siream passing through
stations L, X and G with station H on its eastern edge. In this
area the "platform" is gently dipping to the northeast and forms a
shoulder to the valley foot arqund Wylie Bay. The high velocities at
the three stafions G2, G3 and Mul reéult from the chanﬁeling effect
of the deeper parts of this valley and form part of the heavily
crevassed ice stream seen in the aerial 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 surface slope as it is . recorded by this author. A very
gharply southward curving ice stream can be anticipated in this area.

Stations E, H1 and H2 together with K1 lie over the central part
of thé "platform" and reflect another ice-flow system. Station E,

diverging slightly away from the axis of the Hain line, obviously

forms part of the main stream which discharges through Arthur Harbor.

The ice flowing through stations H1, H2 and X1 forms a subsidiary

gtream and probably discharges into the bay to the east of the Arthur
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Harbor promontories. K2 more probably formé pért of the larger ice

stream flowing into Biscoe Bay.

Discussion . -

There is then a highly complex configuration to the surface vel-
ocity field which is controlled almost wholly by the configuration
- of the subglacial topography. The vector distribution explains the
variation in megnitude of the measured surface movement and vermits
inifial speculation on the mechanisms of flow operating in the ice
piedmont.

In an idealised situation, as might be found on a model valley
glacier, whose bedrock is formed by a gently sloping surface, the
velocity would gradually increase from the head of the accumulation
zdne until it reached.a maximunm at the equilibrium line. This would
result from the gradual increase of mass which has to pass through
the cross sectlon in unit time. Below the equilibrium line, where
mass is gradually lost by ablation processes, the surface velocity
would gradually decrease and be at or close to zero at the terminus.
Variations of velocity along the longitudinal profile of such a
glacier would be caused by changes in the surface slope or increase
or decrease in ice thickness.

- This situation however,. as can be seen from Figure 31, is app-
roached only along the Tline-Neumayer line and T line~Central line.
The lowest rate of movement}recorded in the study area, 13.9 meters
per year at TS, gradually increases through all the T stations through

R and then into the Central line stations. This acceleration is main-
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tained until it drops off at C1.

The sudden deceleration at C1 can be related to the increase in
ice thickness ovér the deep basin below this station, FLAG and H6.
A similar pattern is evident on the Neumayer line. Almost all the
remaining stations in the study area lie on profiles which cut, at
varying angles, the prihcipal flow lines. Their velocities therefore,
do not reflect the idealised situation,'as can be seen from Figure 32.
Station L. for example, from the point of viéw of its position within
therstﬁdy area, lies near the terminus of the ice piedmont but well
above the equilibrium line., Its rate of movement is a mere 20 meters
ner year. This is compared with some inland stations, for example,
gstation N whose velocity is approximately twice this value. Station E
is in fact at or near to the head of its own accumulation area; it is
not receiving, and therefore does not have to handle a massive volume
of ice from the hinterland. This has already been discharged in other
directions through stations L and K. The accumulation passing through
stafion M does not reach to E because it is swept southwards and prob-
ably flows closer-to stations K1 and K2 and discharges eventually into

the bay to the east of Arthur Harbor.

The variation of velocity along the main line as well as the rel-
atively low values recorded, probably also results from divergent
flow upstream. The Main line, as can be seen from the velocity vector
pattern (figure 30), is tangential to the majqr direction of ice str-
caming. There are several shallow ridge-and-trough features (though
these are not reflected in the bedrock map prepared by Dewart) in

the large area occupied by the Middle profile, and the valley whose
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foot lies in the region of stations G2 and G3, may extend futher into

this area. Unfortunately, no ;elocity stations were established in
this part of thelstudy area, buf from the relatively low velccities
along the Main line, it seems probable that the ice in the vicinity
of the middle profile is streaming towards the Wylie Bay area rather
than crossing the M¥ain line. Compare for instance, the velocity at N
(39.4 m./yr) and €5 (81.1 m./yr) or C6 (65.5 m./yr), which lie at
approximately the same distance from the ice diviﬁe of the Monaco-
Skyline profiles. It seems obvious that the ice accurulating to the
north of station N does not flow through this station. On the other
hand, the ice in the vicinity of the T-line does pass through Cé6 and

05 and greatly enhances the the velocity of those stations.

ARTHUR HARBOR SURVEY

" Priangulation was used to obtain velocity data from the ice imm-
ediafely behind Arthur Harbor but because the terrain prevented the
establishment of ideal baselines, the network setup was weak. Cons-
equently, to strengthen the survey, distances were also ﬁeasured to
some of the. ice stations. Figure 33 is a schematic of the network.

Four surveys were made; April-ltiay 1965, September 1965, May 1966

and December 1966-January 1967. As with the main traverse-surveys, the

data obtained were reduced to daily rates, then extrapolated to common

epochs. Three epochs were set; lay 17 1965, Hay 2 1965 and January 6

1967, each representing approximately the mid-point of survey activity.

Table XIX gives station coordinates at each epoch, total movemnent and
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extrapolated éverage annual velocity betﬁeen éach epoch and the aver-
age annual velocity based on the total epoch time of 599 days. Figure
34 shows the vecfors plotted from these data.

With the exception of Gamma, the slight change in azimuth in these
'vectors can probably be accounted for by field errors in the survey.
At Gamma, survey error may also account for the azimuth change but at
thig station, aéimuth change could be real as the station flows into
the mainstream of ice in the harbor.

All five stations show channeling of the ice inte Arthur Harbor,
probably reflecting a subglacial basin between the Norsel and Bona-
part Point promontories., These "Parkway" stations were emplaced imm-
ediately inland of the crevasse field and it is probable that a sharp
break of siope in the subglacial surface occurs in this area and that
huch of the basin floor is below sea level. The crevassing occurs at
the break of slope.

Three of the stations, Alpha, Big X and D, have similar velocities
which are-generally consistant with the velocity patterm 1mmed1ately

nland At Alpha and Big X the extrapolated annual velocities show
little variétion, sugzesting consistant movement throughout. It is
known that a crevasse formed immedistely 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 relatively rapid with the dev-
elopment of the crevasse and may account for the slightly higher vel~-
ocity between epochs 2 and 3. The very low velocity of Delta and the

relatively high velocity of Gamma are not readily explainable and
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. TABLE XIX

STATION COORDINATES:

HARBOR SURViSY

May 17 1965
‘ AVG
Station X Y 7 TOT HOV EOV (m/vr)
Alpha 11847.666 10595,033 129.558 - -
Big X 12523,623 10766.824 187,643 - -
D 12964,902 10286.527 191,142 - -
Delta 12970,485  9224.223 150,830 - -
Gamma 12389,209 8865.369 112,127 - -
Alpha 11835.129  105856,343 127,190  17.2m 17.9
Big X 12504.129 10757.159 185.178  21.6 m 22,5
D 12942,300 10276.294 187,760 22,1 m 23,0
Delta 12963, 771 9221.274 148.473 7.3 m Te6
Gamma 12364,415 8884.522 108.370 31,3 n 32,6
AVG 1OV
(n/y)
Jan 6 1967 - 599 Days
Alpha 11824,946 10580.142 126,651 12,1 m 7.7 17,8
Big X 12489.8%0 10750,473 184,044 159 m 2343 22.8
D 12926,736 10267.400 186.512  18.0 m 26 o4 24,4
‘Delta 12958,060  9217.434 146.956 6.9 m 0ot 8.6
Gamna 12334,%38  8394.978 116,195  31.9m 46,7 3845
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crevassing does not account for the differences. No crevasses afe
known to have formed near Delta. Its very ;dw velocity may simply
reflect insubstahtial mass from its hinterland or, unlike the other
vstations, the subglacial surface there, is .above sea level; Though
Gamma was never occupied as & velocity station, it was frequently
visited for the accumulation survey and no crevasses existed in the
vicinity. The overall velocity of Gamma was much greater than the
other stations and éhowed a pronounced increase between epochs 2 and
3. A markedly sub-sea~level bedrock, resulting in "lubrication" at
the base, may account for the greater overall velocity at that stat-
ion end the increased velocity during 1966 may have resulted from the
" station entering the main "strean" of ice flowing into the harbor, as

suggested by the azimuth change in the vector.

Conclusions .
The onlyfice entering Arthur Harbor is probably that from the

vicinity of stations E and H1. All other ice from inland "shears" past
the ice of the two promontories. The velocity field within the Harbor
jce is probably complex and erratic as a result of crevagsing. llore
information on the subglacial topography and frequent, short-term mov-
ment surveys are needed before this velocity pattern can be completely

elucidated.

SEASONAL VARIATION OF VELOCITY

Introduction _
There are several reports of seasonal and short-term variations in
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glacier movement aﬁd in some caseé tﬁe results have been regarded as
indicative of geophysical characteristics.of the ice mass. In an att-
empt to:detect any variations in the movement of the piedmont, stations
- B thfough N were surveyed on féur’occasidns and stations P and R on three
occésioné. It would have been desireable to include more stations in
" these extré surveys but time and cOnaitions prevented this.
The Surveys

" The first survey of stations E through N was combleted during April
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~in late Septembei 1965, while surveys three and four
ﬁere completed in Mey-June 1966 and October 1966 réspecjively, with the
exception of tying E to datum (Litchfield Island), which was not poss-
ible (dué to sea ice in the harbor) until January 1967. Tﬁe movement
~ between surveys 1 and 2 and surveys 3 and 4 .is therefore regardeéd as
winter movement while that between surveys 2 end 3 is summer movement.

To obtain the total movement and daily rate of movement between the

surveys; thiee different time sprea@s are available. These are the time
between the individuai measurements of the traverse. angle (called time),
the time between distance measurements (called LF time) and the average
of these two times (AVG time). Calculation of coordinates for each
survey (Table XX) and the movement values derived (Table XXI) are based
on the average time spread. The femaining time spreads for each survey
Vand the respeckive velocities derived are included in Table XXI. Figure
35 ghows the total movement between surveys (vased on average tiﬁe)

and Pigure 36 is a plot of the velocities from all the time spreads.
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Results

The results are not particularly convincing. From the plot of daily
movement rates (figure 36), it appears that at E and H as well as at
station L, winter movement is slightly in excess of summer movement.
The magnitude is so small however, a matter of a few millimeters a day,
that it can probably be discounted. The higher velocity at K is anama-
lous but'clearly evident. The rest of the data, moving up-profile in-
land, show a steady decline in the rate of movement throughout the
surveys.

The velocity of the other stations relative to E is plotted in Fig-
ure 37 and numerical values are tabulated in Table XXIT. An almost iden-
tical jattern emerges. In all cases the slightly higher velocity of X
relative to H and L is evident. The reason for this is not clear but it
‘may reflect the pésition of X relative to the ice flow lines or it may
be ?he result of a.localised difference in the conditions at the basef
The gravity survey did not reveal sufficient bedrock detail to explain
the movement at station K.

However, the nature of the survey technique probably renders this
study invalid. The derived velocities depend on two types of field
measurement; the distances and angles in the traverse. Rarely was it
possible to measure these at the same time or complete the traverse in
a single day (which is true of coursé, fér the epoch surveys). It is poss-
ible tierefore, that in the time between the measurement of the two
factors, a significant event -.ocurred, rendering the averaging of the

time spread invalid.
Thus it is concluded that these observations provide no firm evid-

ence of seasonal variation of surface velocity.
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TABLE. XX -

COORDINATES' FOR SHORT-TERM SURVELS

 STATICHS: E-R

E I
Suxvey. X Y Survey: X Y -
1 14137.0 10646.5 1 18881,6 12385.4
2 14129.0 10644 .1 2 18871, 1 12378.,8
3 ‘ 14117.0 10640.1 3 18857.5 12366,9
4 (Jan) 14104.2 10636,0 4. 18849.2 12361 .4
4 (0ct) 14109.2 10637.5
i , il
1 1473044 11328,% T 21115.9 12954,2
2 14719.5 11326.T 2 2110%.6 12940.4
3 . 1470347 11324, % 3 21085.6 12918.8
4 - 14693,.9 1113230 4 21076.2 12207.1
K E
1 16026.2 11661.2 1 - -
2 16014 .6 11659,.2 2 232718 13480,6
3 15997.3 1165544 3 232481 13454,3
4 159869 11654.2. 4 232362 23440 .4
L R
i 16842.6 111866 .6. 1 - -
2 16830.9 11864.5 2 24802,7 138895
3 16814 .6: 11860.5 3 24777 .4 1386340
4 16804 .9 11859.5 4 247649 13850.2
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TABLE XXI

VELOCITIES COMPUTED FROM SHORT_TERM SURVEYS:

Time Spread in Days

STATIONS B ~ R

Survey B LR AVG
-2 145 149 147
2;3?> 232 232 - 252
3.4 (Jan) 233 233 233
3-4 (Oct) 141 141 141
1=2 137 161 149
2-3 . 230 25T 243
34 142 15 128
1-2° 136 161 149
2~3 228 257 242
b 144 117 150
{2 134 161 14T
2-3 229 257 243
34 145 17 130
1=2 135 161 148
23 228 » 259 243
Fd 170 115 142
{2 133 160 146
2=3 229 258 243
3=l 169 115 142
1-2 Lad - )
2=3 218 254 235
3-4. 156 115 135
{-2 - - -
2-3 218 254 236
3=l 115 143

Hovm't - Average Velocity(cem/d) Epoch Vel

(m)

8e4
1265
1364:
8.2
11.0
16.2
9.5

1153
20.0
10.5
1:1'09
1649

3¢5
1266
1847

9.3

1845

AVG B LF cn/d
5,71 5,79 5e63 )

5'038 5’038 5038 ) 560
5,75 575 575 ) ¢
5.8t 5.8t 5.8% )

7e39 8.04 6,84 ) '
6,67 T04 6,30 ) Teold
7046 6072 8030 )

7,91 867 To32 )
8,26 8,71 1,78 ) ToTé
8,05 To2T 8495 )
8,12, 8,91 W42 )

6,97 T.40 6,59 ) Te38
To35 6,68 8,16 )

9,37 T.86 854 )

T.69 8,20 Te22 ) T.40
6,94 5,79 856 )
12.66 13,89 11.55 ) .
11.50' 12,20 10,83 ) 10.8%
§0.57 8483 13,05 )

- - - )
15,00 16023 13.94 ) 13.46 -
13,55 11,73 15,91 )

- - - )
15.52: 16980' 14.42 ) 1’3.67’
12.52 1047 15456 )
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VARIATION OF ABSOLUTE VELOCITY
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TABLE XXII

VELOCITIES RELATIVE TO STATION E
COMPUTED FROH SHORT.TERIE SURVEYS

Velocity (cm/day)
; B

Sunvey AVG. L?
=2 201 2.2 1.9
2=3 1.9 2,0 1.8
Bed] 1.8 106 . 2.0
1=2 2.6 2.8 2.4
2“'3 205 ’ 207 204
3=4 2.1 145 243
1-2 2.6 2.8 . 2.4
2“"3 292 204 2.1
34 1.8 1.6 149
1=2 340 33 207 )
2=3 263 244 2.1
3—4 204 200 208
1"‘2 708 8.5 700
2-3 6e1 6.6 5.8
34 6.1 5l Te5
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CHAPTER SIX

THE MASS BALANCE OF THE ICE PIEDMONT

- INTRODUCT ION

The mass balance of é glacier is the algebraic sum of incoming
and outgoing mass. The mass balaﬁce of small cirque and valley glaciers
can be treated riéorously, because they have clearly defined boundaries
and because they are relatively eagily mapped using modern photogra-
mmetric techniques and aerial photography (LaChappelle 1962) or normal
topographic mavping proceedures. Chapges in ice volume can therefore
be quite accurately determined. On a small feature it is also possible
to obtain accumulation and ablation data from clbsely spaced locations
either from stakes set in the surface or by probing to the level of
the previous year's icy surface (Schytt 1962). The velocity field can
be more precisely determined, not only from the point of view of con~
contration of velocity stations, but also because topographic condit-
ions ailow more accurate measurement of the velocity. Thus, for a small
glacier it is poésible to use precisely defined parameters (eg Meier
1962) in the mass balance treatment and take a more sophisticated

approach to the problem.

As with meteorological data, mass balance measurements increase in
value and significance the longer the period over which they have been
gaﬁhered. Logistic accessibility is therefore an important consider-
ation to a progrem of mass balance determination. Though there are
several notable exceptions from mass balance studies in the Arctic
(eg Paterson 1969; Hattersley-Smith and Sersen 197C) it isAnot surprising

therefore, that the best known glaciers, from the mass beleace aspect,




- are small, easily accessible valley and cirque glaciers, usually
temperate and generally in the northern hemisphere (eg. LaChappelle
1965; Meier 1965; Hoinkes & Rudolph 1962; Wallen 1948; Schytt 1962).
The significance of size and access was summed up by Schytt (1962)
in answere to Dr. Hoinkes, who was impressed by the density of accu-
mulation stations on Kebnekajse, and doubted fhat "one could go on for
50 years like that!"

Dr. Schytt: "You can if you choose a small glacier and have the
men to work on it".

(Jour. of Glac. Vol 4 No 3 p 286)

The mass balance of ice sheets, ice shelves and other larger
features is more difficult to determine primarily because of their
size and the vroblems presented by that alone. Without an extremely
mobile working -force of almost army size, the number of accumulation
and ablation meaéurement stations must be limited and it may not be
possible to deliberately locate stakes where anamolous values might
be expected, for example in an area of pronounced surface topography.
Changes in surface elevation are more difficult to determine because
of the manifest problems of defailed surveying over larger areas.

Logistically, these areas are often remote and aerial photography
and photogrammetry are not feasible. It is frequently the case that
data.cannot bé collected systematically year after year, so long-term
averages are not available. Usually therefore, a small section must
be trested in detail and assessed as representative of the whole. On
the Antarctic Ice Sheet this is the only practical method and, as

poiﬁted out by Cameron (1954), the main difficulty is the unknown
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qﬁantity of iée entering the studyAareaAfrom fhezinland regions.

'Tﬁis is the obvious problem when a study area does not héve sensible
boundaries. On the Ross Ice Shelf this problem was overcome to some
degree by first assessing the contribution to the shelf by -the glaciers
flowing from the Antarctic Plateau (Swithinbank 1963) and then at a
later date, assessing the coastal discharge at the northern coastline
(Héffman & others f964; Dorrer 1970).

On the Marr Tce Piedmont, mobility of the work party was assured
by the use of Polaris and Foxtrack motor tobogans which provide rapid
fransportation over a smooth snow surface. Thus it was possible to
establish the extengsive and relatively intengive network of accumu-
lation stakes, which in length amounted to over 90 km. A total of
1,200 bambéo poles were used to maintain the measurement program at
over 600 separate locations, and.though the density of stations falls
faf short of the 12O/km2 obtained by Schytt (1962), the network does
provide good coverage of the study area.

The pattern of ice velocity vectors (figure 30) confirms that the
Astudy area does in fact reasonably approximate a distinct morphological
unit from the point of view of drainage. However, insufficient data
are available for a mass balance evaluation of the entire 380 km2 area
defined in Chapter two, ? 20-21. Access to the Cape Lencaster 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 this area andan unknown quantity of ice may be entering

the region from the foothills of HMt. Moberly and Mt, William, Ice
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movement station LINDA was lost in cre&asses during the early stages
bf the field work and (she) was not replaced. This station had been
established in what appeared to be.a distinct and probably fast-moving -
jeo stream (see figure 17) and would therefore have provided important
information for the calculation of ice discharge.

The section of the accumulation zone believed to discharge between
stations G3 and G5 (on the basis of the velocity vector distribution
and surface topograﬁhic configuration) is that to the north of the
dotted line on the accumulation map shown in Figure 28 (p 91 above).
For the calculation of the mass balance, this section of the accumu-

lation zone has therefore been omitted.

BUDGET YEAR

" A time frémeﬁork is required for the céléulafioﬂ of glacier mass
balénce. This is the "budget year", defined as the interval between
the‘time when new accumulation exceeds ablation and the close of the
following summer's ablation season, when accumulation again exceeds
ablation. This is the "classical" budget year and on the Marr Ice
Piedmont, it begins in late ifarch to early April.

On Anvers Island this concept is not easy to apply, because the
Marr Tce Piedmont lies élmost exclusively above the firn line and the
accumulation of mass is an almost continucus process. What little
ablation (by melt) there is, is coufined to very small areas én the
peripheral ramps and is miniscule compared to accumulation. For the
calculation of the mass balance described in this chapter, a "calendar"

budget year has therefore beex used. This is apprdpriate as it maxim-




iseg the use of all available accumulation data, which, as is evident
from ghapter 4, were obtained on a calenﬁar year basis, a shedule which
did not cogincide with the "classical" budget year, In a study of the
mass balance of the Norsel and Bonapart ramps, described in Chapter 7,

it is however, possible to discuss the "classical" budget year.

MASS INCOME
With the exception of nine stakes which were situated on the Norsel

and Bonapért ramps, every stake in the network recorded a net gain of
mass during the period of investigation;

Annual accumulation values for the entire stake network are avail-
able for the two-year period November 1965 to January 1968. The averege
of these %alues was used to prepare the accumulation map (figure 28).

As explainéd in Chapter 4, the isolines on this map have been drawn at
intervals of 10 g/cmz/yr. and in order to arrive at the following figures,
the area bounded by each isoline was obtained with a polar planimeter

and the volume of water represenﬁed was calculated.

The toial area of the'"southern lobd amounts to about 380 km2 and
excluding the Cape Lancaster promontory, the area to which the accumu-
lation map applies is about 338 km?. The total positive balance averaged

-over the two-year peri&d for this area is 516 x 106 metric tons. However,
because of the uncertainty of the ice discharge between stations G3 and
G5, this total area camnnot be used, so when the area to the north of
the dotted line on the accurulation map is excluded, a total positive

balance for the remaining area above the equilibrium line was calcul-

ated as 407 x 106 metric tons. However, the equilibrium line is situ-




afed at approiimately 60 m. elevation and cloéely follows the cliff
edge. Therefore, in order to assess the mass balance for the entire
area from the cliffs to the foot of the mountains, it would be nece-
ssary té calculate the throughflow at the cliff face itself, but move-
ment and thickness at the cliff face are not known. The closest "pro-
file" to the cliff face, for which throughflow can be sensibly calcu~
lated, is defined by the line G3 through the "G" stations to E, then
to H1, HZ and H3 passing through K3 and C1 to station N7. The total
positive balance above tﬁis line, over an area of 320 km2, was calcu~

lated as 380 x 106 metric tons.

VOLUKE OF THROUGHFLOW

The surface area of ice passing annually through this profile has
been calculated, using the measured surface velocities and the computéd

values of the azimuth of ice flow at each ice movenent station. To

=]

" obtain the volume of ice passing through the profiie, this area has bee
multiplied by the measured ice thickness and a reduction factor of 0.95
to account for the variation of velocity with depth. This factor is
based on values obtained by Bull and Carnein (1970) from calculations
made from borehole data from.the Mesexrve Glacier, Antarctica and else-
where.,

Assuning an average ice density of 0.90 g/cm3>throughout, the total

mass flowing annually through the profile has been calculated as 360 x

106 metric tons.

The resulting mass balance equation is:
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Total positive balance above 6
the throughflow profile 380 x 10  metric tons 100,0%

Tofal throughflow at - 6
the profile 360 x 10 metric toms 94 ,7%

Excess of positive'balance 6
over throughflow 20 x 10 metric tons 5.3%

DISCUSSION OF THE MASS BALANCE EQUATION

The excess of positive balance over throughflow is the equivalent
of approfimately 8.8 g/cm2 distributed evenly over the surface area
. of the accumulation zone considered here and could represent a real
positive balance for the entire study area. However, with the data
| available, it is not possible conclusively to show this.
| If this is a positive balance, then the surface elevation should
be increasing. This is the Welocity of thickening' described by Meier
(1960). In the present survey the vertical angles were not simultan-
eoﬁsly reciprocal and are subject to an unkmown error which would
render any caiculation of the velocity of thickening rather suspect.
Therefore, it is not proven that a positive‘balance is reflected by
eievation change. The total lack of any kind of accurate topographic
map of the ice piedmont is also & hindrance to further consideration

along these lines.

CONSIDERATION OF ERRORS IN THE MASS BALANCE EQUATION

Several paremeters used for the calculation of the mass balance

are subject to possible errors. Smow accumulation was measured against
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.the stake3<using a two-meter long "tally rod" and an error of t 1.0 cm.
at each readinglcan be estimated. Some stakes were measured as many

as ﬁine times a year and all stakes were measured at least three times
a year.

It is difficult to assign a possible error to the densities der-
ived from the snow pit and ice core studies. Almost invariably the
snow pit samples were of well consolidated material and the demsity
tubes were most certainly full. A possible error of % 0,01 g/cm3 is
probably the limit of error which can be applied to these measurenents.
Error - in the core density is likely £o be greater though not exce-
gsively so because, unless it was obvious that the core was thin, which
often resultéd from brittle, friable material, the core was assumed
to be 76 mm. in diameter. When this was not the case {the specimen was
neasured and in no case was the diameter found to be less than 74 mm.
The length of each specimen is a likely source of error but it again
is not likely to exceed about 2-3 mm. Thus an estimated error for the

3

core sample densities of ¥ 0.02 g/cn can be considered as the upver
limit. However, a small change in the density values used could sign-
ificantly élter the mass halance equation.

Annual aécumulatioﬁ rates vary considerably from year to year.
The records for positive balance presented in Chapter 4 show thgt tkhe
annual totals for the two years considered in the mass balance equation
are considerably different. Furthermore, the velocities used for the

throughflow calcuiation did not cover a period (1967) when accumalation

was being measured for the mass balance calculation and it is therefore,
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strictly an average velocity which has been épplied.

Meteorological records élso are limited, both for Palmer Station
and for the surrounding area as a wholé.AThus it is not possible to
assess the stability of meteorological conditions and therefore, of
snow accumulation conditions, over Anvers Island. The differences bet-
ween the three annual positive balance records frdm the HMain profile
(figure 20) are not readily explainable from the contemporary Palmer
Station meteorological records (Appendix I). The difference in these
finéi values is certainly not the result of greater or lesser ablation
from year to year as is suggested by Sadler (1968) on the Argentine
Islands, but results directly from differences in total snowfall from
oﬁe year ﬁo another. The most likely explanation for the annuel snow-
fall variation is probably related to differences in local sea ice
conditions during the winter.

The errors in the velocity determination and ice thickness measur-
ement have been considered elsewhere (Appendix II and Chapter Three
respectively) but further-comment is warranted. A large proportion
of'the mass discharging from the stud& area occurs through the major
ice stream.between the Central line and the‘Neumayer line (see figure
30). The discharge velocity used is in effect, the average velocity
§f stations C1 and N7. This velocity may not in actual fact, be rep-
resentative of the velocities of stations K4 and K5 for which second-
survey data are not available. These stations lie in the mid-section
of this ice stream and pqssibly have greater velocities than stations

C1 and N7. The discharge through the ice stream may therefore have

been underestizated.
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It has also been assumued that the section of thé accumulation area
which discharges between station§ G3 and G5 has been‘accurately iden-
tified. This area, Which amounts to approximately 62 km2 showed a
total positive balance of 108.5 x 106 netric tons which, to be disch-
arged through the ice stream in which station LINDA was placed, would
require of that station a velocity in the order of 170 m/yr. This
value is reasonable ﬁhéﬁQEQmpayéd‘withwthe other ice stream velocities
and particularly the nearby stations G2 and G3. A very significant
error in the final mass Balancé evaluatiorn has probably not therefore
occurred as a result of this particular assumption.

'The reduction factor of 0,95 uséd to account for the variation
of-ice velocity with depth is“eSfiméted'and is based on the findings
of Bull and Carnein (1970) for Meserve Glacier, which is cold. From
their borehole data they found that a reducfion factor for that glac-
iei was between 0.83 an&'0.92. Temperature measurements on the Marr '
Ice Piedmont and discussed in Chapterto'ﬁelow and consideration of
the average temperature condition within this ice from surface to
bottom, indicate a much warmer condition. Sliding velocities are high
(Chapter 14 below) in the ice streams and in other areas, where the
internal deformation velocities and the surface velocity are about
the same, the ice.could be moving as "plug flow". Under plgg flow con-~
ditions, the reduction factor would be 1.00 and under conditions of
high sliding velocities, the factor might well be in excess of 0.95.
With regard tc these parameters of average englacial temperature and

flow characteristics, the factor used in the mass balance calculation
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may be low. It is not likely however, to be 1,00 for the entire study
area. |

An 1ce density of 0,90 g/cm has been assumed for the throughflow
calculation. Maximum density of ice (0.917 g/cm3) has been used by
some workers, though the average density may be less than this. The
value used in the present calculation could be high by 2.0%.

This study has not been able to assess the contribution to the
positive balance by ice and snow movement from the southwestern flanks
of the Acﬁaean Range because no accumulation, thickness or movement
data are available, It is probable that the snow cover of these flanks
is thin and that because the significant positive balance to the pie-
dmont is by deposition directly on its surface, the contribution from
the mountain walls is relatively small and is not likely to signific~
antly effect the mass balance equation présented.

'The major error in the entire mass balance study lies with the
isolined accumulafion map, from which total positive balance values
were derived. Sﬁch-a map is obviously subjective to a greater or
lesser degree. The position of each isoline is accurate only at the
points of measured accumulation. It is between these points that the
iines become subjective. The inaccuracy cannot be quantitatively ana-
lysed but is likely to be greater in the northern part of the study
area where known positive balance values are more scattered. Fortun-
ately, mﬁch of this area has been omitted as it would discharge through

station LINDA into Wylie Bay.
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CONCLUSIONS

The possible efrors in the.mass balance evaluation ére sufficient
to acéount for fhe apparent positive balance for the study area. The
physical dimensions of the ice piedmont do not appear to be changing
significantly; the coastal boundary -seems to have been stable for at
least the past ten years. The mass of the study area is in the order
of 90 x 107 metric tons, and if the 20 x 10° metric tons is real
positive balance, it would represent a gain to the study area of less
than one_ténth of one percent annually, which is an insignificant
departure from equilibrium.

This conclusion is drawn from a study of only part of the Marr Ice
Piedmont and it is not known whether this part is truly representative
of thé pie&mont as a whole. There is no evidence that precipitation
in the northern parts is higher than in the southern secticn consid-
ered here, If it were it would requirerhigher ice velocities to give
equilibrium conditions. There are no velocity data afailable from the
norihern area so it must be concluded that if the study area is indeed
representative of the whole, then the Marr Ice Piedmont itself is in
or is véry'close to equilibrium. There is little reason to imagine
that the piedmont could have a negative regime.

Such & conclusion is not surprising. It was suggested above in
Chaptef 3, p 45, that the horizontal dimensions of the piedmont are
'governed by sea level; a rise in sea level would cause a recession of
the ice front and a fall in sea level would cause an advance. Therefore,

because equilibrium is maintained by sea level-controlled calving, a

135



positive or negative regime would not be detected. Any change in the
activity of the regime would be reﬁglecfed by changes in velocity
which would change the amount of calfing and probably reestablish
equilibrium in a relatively short time. Only on the land based areas
of the ice terminﬁs (the ramps) would the irue picture of the regime
be revealed.

From studies on the Norsel Point and Bonapart Point ramps, this
matter can be further persued and the mass balance equation presented

above (p130) can be elaborated upon and refined. The discussion follows

in Chapter-?.

136



CHAPTER SEVEN

THE REGIME OF
NORSEL POINT AND BONAPART POINT RAMPS

On January 20 1965, 26 poles were emplaced on the Norsel Point
ramp (figure 38) in a trail finding operation but the measuring
program was not begun until February 3 when a safe trail through
the crevasse field had been established. 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 cm. to 129 cm.
The lowest values were not at the foot of the ramp but some way up-
slope, suzgesting a tendency for snow to drift at the foot - a situ-
ation later confirmed by measurementg in 1965 and 1966. On Januar& 28
o 125 cm.-deep pit was excavated near pole number 2 and average snow

3

deﬁsity proved to be 0,532 g/cm . The content of the profile ﬁas com;
puted to be 66.5 g/cmz. Gradual ablation-and subsequent surface low-
ering resulted in bare ice by March 3 at poles 1, 3to 5, 7-i1 and at
number 14. At numbers 2, 6, 12 and 13 and all above number 14, heavily
iced firn remained.

Steady ablation continued until April 8 and the resﬁltant lowering
of the ice surface ranged from zero at stake number 14 to 23 cm. at
number 11 with an average of 12.2 cm. If the ice surface exposed on
March 3 was old giacier jce and not superimposed ice formed during the

winter of 1964, this surface lowering represents net loss of mass from

z
the ramp., At an estimated ice density of 0.85 g/cm), the average nat
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loss at the nine stakes recording negative balance was 10.4 g/cmz.
Positive balance was recorded at stake number 2 where 8 cm. of iced
firn remained (4.2 g/cm?) and at number 6 with 7 cm. (3.7 g/cmz).
At numbers 12 and 13 mere icy patches remained; 2 cm. (1.1 g/cmz) at
nunber 12 and 3 cn. ( 1.6 g/cmz) at mmber 13, At number 14 no signif-
icant surface 1owering oécurred after larch 3 resulting in equili--
bfium at that point. No information is available on total accumulation
during the 1964 winter and as the previous year's iced surface was not
reliably located, it is not possible to establish the balance above
stake number 14. However, it seems reasonable to agsume that it was
positive.

On April 8, 15 to 20 cm. of fresh snow remained on the surface
and therefore, defined the beginning of the 1965 "classical" budget
year., Freéuent neasurements were made throughout 1965 and the results
from several representative stations are shown in Figure 39. These
are cumulative curves of change in surface level (or snow accumulation
trends in cm. of snow) because though density determinations were fre-
quently made} they rarely - ¢oincided with the time of actual stake
measurement, therefore the exact water content of the profile at many
specific times is not accurately kmowm. The results of the density
sfudies, most of which were made on the lower part of the ramp, are
given in Table XXIII and extrapolating the density values produces a
generalised graphical summary of accumvlation rates{ in g/cma, at
steke number 2, shown in Figure 40.

The curves in Figure 39 differ slightly from one another in detail
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TASLE XXIII

SHO® DEISITY: LORSEL POIEY RAMP AND PERIFHERAL AREAS,

At

At

it

Date Depth of Densify Profile -

1965 Profile on/ea” Content
Jan 28 125 cm 0.532 66.5
ay 51 " 35 ecm 0.364 12.7
Jan 5 49 cn 0.396 19.4
Jun 9 41 co .395 i6.2
Jun 15 39 cm 0.%60 - 14,0
Jun 21 %8 eom 0.576 14.3
Jun 26 72 cn 0.333 24.0
Sep 16 90 cn 04354 31.9
Oct 27 113 e 0.408 46.1
Hov 19 114 cm 0.4733 - 49.4

1966 _
ipr 8 30 cn 0.518 20,7
Jun 2 30 em 0.353 10.6
Jul 22 " 56 cm 043501 16.9

- Koz 13 131 cm 0.383 50.2

Sep 12 156 cn 0.366 5T7.1
Sep 23 116 cn 0.373 43,3
¥ov 19 122 cr 0.401 43,9
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Stake Hr., 18.
Cormorant Point.

Station Big X.
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but in general they all record nearly the same pattern of accumulation
and ablation., The effect of drifting is clearly evident at the lower
stakes'but it is notabie that the lower 1966 accﬁmulation recorded
over all the study area is not strongly evident on the ramp. With the
exception of two heavy snowfalls in mid-July and early September, the
rate of snow accumulation‘in 1965 was generally steady and reached a
peak on November 13. At that time gross acéumulation based on a density
of 0,408 g/cm3 recorded on October 27, had reached approximately 40
g/cm2 at stake number 5, 51 g/cm2 at stake 11, 73 g/cm2 at number 22
and 72 g/cm2 at number 25 at the top of the ramp.

Slow ablation after November 13 caused surface lowering of between
>2O and 30 cm. by December 22, and by February 27 1966 almost all of
the 1965 winter accumulation had been removed at the lower gtakes. From
then until March 28 the_surface was generally steble under light snow
and sleet conditions but from March 28 to April 7, ablation was heav&
under high air temperatures and heavy rainfall 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 six stakes renged from 4 cm. cf ice, density
0.85 g/Cm3 (3.4 g/cmz) at stake 7 to 24 cm. (20.4 g/cmz) at number 5.
'The average negative balance was 12.0 cm of ice (10.2 g/cm?. Stake
nunber 2 recorded a positive balance (probably due simply to the dri-
fting effect) of 25 cm. of very wet snow with a measured density of
0.518 g/cm3 giving 12.9 g/cm2. Fresh snowfall on April 7 remained on
the surface and by April 24 had veached an average depth of 15 cm.

ranging from 6 cm. at stake 7 to 22 cm. at nueber 18, Thus, the 1966
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budget year (by remarkable coincidence) begén one day earlier than
in the previous year. A

A1l the stakes above numbe; 7 recorded a positive balance during
the 1965 budget year. The results, basedlon the April 8 1666 density

3

of 0,518 g/cm” are shown in Figure 41. For comparison, the net budget
for 1964 at stakes 1 to 14 is included in Figure 41.

Meanwhile,-on the Bonapart Point ramp; six stakes had hbeen empl-
aced below velocity station Gamma (see figure 38) on December 23 1965,
when prevailing snow depths ranged from 71 cm. at stake nuhber 5 to
52 cm. at number 2. By February 27 1966, bare ice was exposed at the
first two stakes and 1965 winter snow remained at the other stakes,
ranging from 5 cm. at number 3 to 30 cm. at number 6.

As on the Norsel Point ramp, the surface level was generally
stable until March 28, after which heavy ablation lowered the surface
to below the previous year's level, but at three stakes only; numbers
i, 2 and 3. The resulting negative balance at these three stakes was
36 cm (30,6 g/cmz) at stake 1, 25 cm. (21.2 g/cm2) at number 2 and
2% cm. (19.5 g/cmz) at stake 3. Average net loss was 23.8 g/cmz. This
is twice the value from the Norsel Point‘ramp and might be a result of
the more northerly facing aspect of the Bonapart ramp and its slightly
greater exposiure to direct summer radiation.

At stake number 5, the old surface was exposed but not ﬁblated
indicating equilibrium at that point, while stakes 4, 6 and 7 (Gamma)
recorded positive net balance éf 6 cm. (3.1 g/cmz), 15 cm. (7.8 g/cmz)
and 8 cm. (4.1 g/cm2) respectively. The results from the Bonapart

remp sre shown in Figure 42.

144



92

G2 ve €2

22

g 02

6l

8i

r

LA B T
X
918

—~

0

T

A 9l St vl g 21 I ot 6 8 L
T 1

¥ T T Ll )

G961 8 TYdV-G96l 8 HOMVW

AwEo\ov
9961 L TIYdV Ol 696! 8 11ddV
dWvY 1NIOd Jummoz“kmooam 13N

§$S01

13N NMONMo

00l

(gwo/b):L39an8 L3N

Fige 41.

145



896I 4961

696l

I 4N

3A3T 301

| B

Wniva WLVa

T —— _—

(YWWYO) L dN

dWVY LNIOd JLl8vdvNO8
( MONS 40 w3
NOILVINWNDOY 3AILVYINKND

Loz

3A37 301

A3A37 30

o8

MONS 4O W2 :NOILVINWNIOVY

Fig. 42.

146




At the end of the 1965 budget year, the equilibrium line was sit-
uated at approximately 60 m. elevation on the Norsel Point ramp (sta-
tion B is at apﬁroximately 80 m. elevation) and at about 80 m. elev-
ation oﬁ the Bonapart Point ramp (Gamma lies at 112 m. elevation).
However, as is evident from Figure 41, this line was considerably
higher at the end of the 1964 budget yeaf on the Norsel Point ramp
indicating éonsiderable mobility of the equilibrium line from year to
year. From the situation of the curves in Figure 41, it seems reason-
able to speculate that the eQuilibrium line fluctuates generally bet-
ween 60 m. (stake 7) and 100-110 m. (stake 14) elevation on the Norsel
Point ramp. On the Bonapart ramp it may reach to higher elevations in
some years; a British fuel cache at station Gamma was left on the
surfacé,(reportedly) in 1963, by F.I.D.S. personnel on or about December
26. There are no significant signs of accumulation or ablation around
this cache indicating that it must lie close to the equilibrium line
in frequent years. However, from information supplied by Honkala's
party, it appears that in some years the equilibrium line does not
ezist on either ramp.

During the 1966 winter, the pattern of snow accumulation was much
the same as in the previous year, except that peak accumulation was
recorded on October 22, three weeks earlier than in the previous year.
On Séptember 23, average snow density on the lower part of-the ramp
was computed to be 0.373 g/cm3 and using this as e basis, the peak
accumulation was approximately 40 g/cm2 at stake 5, 54 g/cm2 at stake
11, 63 g/cm2 at pnumber 22 and T2 g/cm2 at nunber 25;_much the same as

in the previous year.
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Gradual_ablation and surface lowering were recorded.until Decem-
ber 31, when this author's party made its final measurements, by which
time approximately half the 1966 winter accumulation had been removed
(54 cm. of snow then remained at stake 5 and the snow density on Nov-
ember 19 was 0.401 g/cm3). Unfortunately, Honkala's party did not
paintain a close record of the ramp stakes and budget figures for 1966
are not available. However, I.M. Whillans in a personal communication,
‘reported that at no place on either ramp was bare ice exposed in the
early part of 1967. Thus, all-stakes recorded positive balance during
the 1966 budget yesr, though the magnitude is not known. It is probable
however, tha’c st the lower stakes at least, the balance was small after
coﬁtinued gblation beyond December 31 1966 and that the curves dipped
somewhat as shown in Pigure 39.

The record from only two stakes, numbers 22 and 25, are of sign-
ificant value in assessing conditions of regime during the 1967 budget
year. At most stakes, measurements were made on September 7 1967 and
Jamuary 9 1968, but the.more important lower stakes were last measured
on July 30 1967. Studies by I.M. Whillans, who recorded snow accumulation
rates in detail at stakes 22 and 25 betwéen September 7 1967 and January
9 1968, indicate that peak snow accumulation was reached on. November 3
i967 but that the surface level remained stable until December 9, after
which, heévy ablation rapidly lowered the surface until January 9 when.
hig last measurements were made. However, much of the 1967 winter snow
'remained on the ramps whep Honkala's party left Palmer Station in early
January 1968. This can be seen in Figures 29 and 42. Thus, unless met-

eorological conditions in early 1968 were extremely favorable for abli-
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ation (high air temperatures and heavy rainfall, for example) it
appears highly probable that a positive net balénce resulted in the

1967 budzet year.

DISCUSSION

On the basis of these stﬁdies it is clearly evident that the sign
of the net budget of the ramps varies from year fo year, in some years
being slightly positive, in other years slightly negative. Both gross
naccumulation and ablation aré strongly influenced by elevation. Year
to .year variations in the magnitude of the net budget are not strongly
emphasised by this study and net ablation in the 1964 and 1965 budgef
#ears was almost identical. However, net ablation occurred over a much
wider areé in 1964 than in the following year. It is possible that
this reéulted because of lower gross accumulation during the 1964
winter, though the proBed depths of January 1965 only partly support
this hypothesis. The positive budget of 1966 was probably small and
unless ablation factors were particularly strong in early 1968, the
net budget for 1967 most probably was positive and greater in magnitude
thaﬁ the previcus year. Gross winter accumulation in the 1965 and 19€6
budget years was generally similar but the negative budget of 1965 weas
reversed the following year. On this basis, ablation rather than accu-
mulation factors appear to have been the determinant of the sign of
the regime. If the 1967 budget year was strongly positiﬁe, it resulted
from a combination of high accumulation and, possibly, weak ablation

factors.
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SUMMARY AND CONCLUSIONS FROM ALL MASS BALANCE DATA

The ramp study was of too short a duration to allow firm conclu-
gions to be drawh concerning mass balance, but taking the limited data '
‘at face value one might justifiably 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, it
can be concluded that the true state of balance of the ice piedmont as
a whole, will more likely be revealed by an understanding of the condit-
ion of the ramps rather than by such a study as was described above in
Chapter 6. However, neither that study nér the ramp study are partic-
ularly'helpfultin determining or deducing the state of balance on a
long-term basis; that is, over a long period of timé, has the piedmont
experienced a generally positive or negative regime? Circumstantial
informatioh relating to this problem is discussed briefly in Chapter
| 8 below.

Meanwhile, it is obvious that two mass balance studies were made,
the "ice stream" balance and the ramp balance and because they utilised
different time frameworks, they cannot be combined*. However, the data
oﬁtained from the two studies are helpful toward an understanding of
the relative significance of the various processes of mass gain and
loss in the overall regime of the ice piedmont.

The net balance figures recorded by‘the stakes in the study area
account for all processes of accumulation and ablation. In the equa-

tion presented above (p130), the total positive balance above the

% See Journal of Glaciology. Vol. 8. No. 52. 1969. p 3-7.
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throughflow profile was equated_with the throughflow at the profile
and approximate equilibriuﬁ was concluded. However, that equation is
derived entirely-from the accumulation zone and it remains to be con-
sidered-what processes confribute to the positive balance and the imp-
ortance of processes other than calving in the loss of mass from the
piedmont. |

From the study in Chapter 6 above it was assumed that on the average,
360 x 106'metric tons is the annual net ab_lation from the study area.
In reality, this is an oversimplification because that figure refers to
throughflow and mass is being added to the area below the profile bec-
ause virtually all of the study area lies above the equilibrium line.
However, this does not detract from the relative importance of the var-
ious processes of loss. In the case of accunulation, the processes oper-
ating above the profile are restricted to snowfall and rime formation.
Accumulation below the profile occurs in other forms but has not ent-
ered'the.preceding equation (p{BO). Thus the discussion which follows
concerns the entire study area and is, in some respects merely qualit-

ative.

Accumulatioﬁ
To summarise on accumulation (Chavter 4), snowfall is the major

source of mass. Rainfall is a source of mass below the 200 m. elevat-

ion contour, but above this level, sleet rather than rain has been

recorded.

In the higher parts of the study ares, accumilatiocn occurs in the

form of rime as thin surface deposits (figure 43a). The remains of
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theseﬁlayérs, often up to 1.5 cm. thick, wérevseen in snowpit walls but
were too thin to sample individually. It is estimated that their cont-

ribution to the total accumulation as exposed in the pit Wélls, is not

likely to exceed one tenth of one percent.

Drifting snow causes a redistribution of accumulation over the
sﬁrface and its contribufion to the positive balance may vary from one
location to another. It has not been poséible to identify this contr-
ibution quantitatively in the study area though it must be assumed that
snow did drift into the area from the northern part of the piedmont.
However, an equal amounf of snow may have been blown from the study area
into the sea. Again, as in the case of surface rime, drifted snow de?-
osits are got likely to constitute a major source of mass income to the
study area.

Core studies on the Norsel Point ramp, discussed below in Chapter
8, indicate that superimposed ice forms between about 50 m, and 150 m.
elevation. C.C. Plummer, who did the work during 1965, showed that
ngith the exception of one centimeter of fine grained ice that evide-
ntly formed during the ﬁinte;" (Plummer's unpublished report to this
author), thére was no superimposed ice at 50 m. elevation but that it
was 512 cm. thick at 150 m. elevation. Above this level the upper 134 cm.
of jce contained iced firn. Later core studies at the same locations in
1966, and weekly stake measurements, failed to show any further super-
imposed ice formation. Either the accumulation by this process was too
small to detect or.it did‘not occur at all during that year, Similar

work carried out by I.M. Whillans in 1967 was also inconclusive (pers.com).
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On the basis of these considerations, a more refined statement of

positive balance for the study area can be written thus:

Pogitive Balance

Snowfall and Rainfall Approximately 100.00%
Surface Rime ' Trace _ 0.10%
Drifting Snow Not definable ~ insignificant -
Superimposed Ice . Did not occur during investigation -
Total Positive Balance » ' . - 100.00%
Ablation

Ablation is not as readily dealt with as accumulation but the foll-
owing ablation processes are known, or can justifiably be assumed %o
be operative in the study area: 1) Calvirg, 2) Surface Melt, 3) Basal
Melt,and 4) Evaporation and Sublimation.

Net ablation by surface melt occurred.in only two of the four summer
seasons for whicﬁ data are available, namely, 1964-1965 and 1965-1966.
The.average surface lowering in those two melt seasons was 12 cm/yeaf
6n the Norsel Point ramp and 20 cﬁ/year on the Bonapart Pcint ramp.
These records show that the equilibrium line lies at about 60 m, elev~
ation. Over these two ramps, the area lying below 60 m. elevation, ob-
tained by planimetér, amounts to 312,000 m2. Assuming that the stake
measurements of surface lowering are representative of all this area,
then the mass lost would have been 0,045 x 106 metric tons. Other parts
of the study area below 60 m. elevation and occurring as ramps and not
calving cliffs, again obtained by planimeter, accounts for 0,600 x 106

netric ions. Total loss by surface melt, when it occurred, is therefore,

%*
estimated as 0.645 x 106 metric tons.

* See footnote at end of chapter.
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| Snow sfratigraphy studies (Chapter 9 below) indicate that surface
melt occurs over much of the piedmont above the equilibrium line. How-
ever, the resulting meltwater percolates downward and refreezes and
though thgre nay be a slight 1owexing of the surface in summer (see
Figure 24, p79 ) thié process does not constitute net ablation from
the piedmont. |

Melting at the base of the piedmont may also occur though oﬁtwash
streams at the base of the cliffs have not been recorded. More inform-—
ation is needed regarding the amount_of ice that is afloat, if any,
before a sénsible estimate can be made.

Bvaporation and sublimation probably occur over the entire. piedmont
throughout the year, though it is not possible to identify these para-
meters in the present study. The accumulation values derived from the
stake measurements must in effect be regarded as net pdsitive 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-
tified quantitatively.

Calving is the dominant ablation process and may ultimately account
for almost all of the 360 x 106 metric tons passing through the through-
flow profile. ‘

Tt is not possible to relate directly all fhe ablation data and the
accumulation data and create an equation. Also, because of the difference

in time framework and the fact that net ablation by surface umelt occurred
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generally outside the time when accunulation was recorded, it is not
possiblé to enter- all the ablation data into the.mass balance equation
presented above on pagei30 . In that equation calving is the ablétion
process. Quantitatively therefore, it can simply be said that ablation
processes detected at some time during the period of investigationm,

accounted for negative Balance as follows:

Calving Approximately 360.000 x 106 m.t.
Surface melt - Arthur Harbor 0.045 x 106 mete
Surface melt ~ all other ramps . 0.600 x 106 n.t.
Bottom melt Trace?
Evaporation/sublimation _ Not definable

| Paradoxically however, and allowing for the slight overlap in the
time frameworks, all data appear to point towards a slightly positive
mass balance during 1966 and 19674when there was no ret ablation from
the ramps and the main study suggested a possible 5.3% excess positive

balance. This ig significant in view of the discussion to follow in

Chapter 8.

# Tootnote:

During the 1969-70 austral summer, lHonkala** measured the flow of
135 melt streams at several locations along the Anvers Island coast.
The total 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 as water from the piedmont. This is six times the amount
estimated by Rundle (1930) and this thesis but it still represents less
than 1% of the 360 x 10 metric tons throughflow.

Honkala did not control his experiment with snow stake measurements
end it is probable that much of his measured discharge was loss of the
1969 winter's gross accumulaticn and not net loss from the piedmont.

Tt seems prcbable therefore, that 1% is the upper limit for loss
by surface melt and runoff.

*% Honkala,R.A. (1971). Melt as a Factor in Ice Loss at Anvers Island,
Antarctica. Unpublished report, ¥ational Science Foundation,
Vashington DC.
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CHAFTER EIGHT

STRUCTURE OF NORSEL POINT RAMP

As emphaéised above the land-based ramps are probably fhe more rep-
resentative indicators of the piedmont's regime, which from tﬁe ramp
gstudy is slightly positive in some years and slightly negative in
others. This raises an important question concerning the recent history
of the piedmont. Onyé long-term basis, is there a greater frequency of
positive regime or of negative regime? C.C. Plummer's study of the
structure of Norsel Point ramp is helﬁful in approaching this question.

Ice samples were studied both macroscopically and in this section
between crossed polaroids and the distinction between superimposed ice
and "o0ld glacier ice" was made on the basis of several criteria., The

following information comés from Plummer's report to this author.

Superimposed Ice
1). Grain Size:- Although there were minor variations vertically in

grain size within the core gsections, grain size was essentially constant
in a horizontal direction. The mean diameter of grain cross section was
nearly always 1 mm to 5 mm. Rarely, the grain size was as small as 0.5

mn 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 in the newly extracted cores.
3). Bubble-Banding:- The most prominent feature of the superimposed

ice wag the concentration of bubbles into bands, which varied both
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in the concentration of the bubbles and in actual bubble size. The
magority of the bubbles were near-spherlcal and most had a diameter in
the range 1 mm to 5 mm. Isolated bubbles were as large as 10 mm in
diameter while bubbles of less than 1 mm were common but accounted for

6nly a small volume of the air in 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 fine grains were dispersed throughout the glacier
ice. |

‘2). Texture:~ The grains were irregularly shaped with curved and
 embayed inter-grain boundaries. There was a tendency for the grains to
be elongate vertically.

3). Structures:- The glacier ice in places showed evidence of
fracture in the form of small cracks. The ice filling 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 stratified. Most were elongaté with the long axis inclined
at about 20° from the horizontal.

5). Dirt:— Several globules of cryoconite were observed in the
upper part of the glacier ice. Under certain lighting conditions this
part of the ice had a darker appearance than the superimposed ice,
which is believed to result from microscopic dust particles dispersed

the sample. This dirt and dust suggesis that the glacier ice surface
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was at some time exposed at the surface prior to the superimposed ice

being formed upon it.

Thickness of Superimposed Ice

The cores showed a rapid increase in the thickness of éuperimposed
ice through a relatively 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.1§3 of 1 cm of fine-grained
ice which had evidently formed during the winter). At pole number 12
the superimposed ice was 52 cm thick. At pole 13 it was 312 cm thick
and by pole number 14 it was 519 em thick, but here the upper 134 cm
contained fine layers of consolidated iced firm.

Thus, a large wedge of superimposed ice restes on the glacier ice
in this area and from these observations can be inferred a general
structure as shown in Figure 45.

Discussion-

Though somewhat circumstantial in nature, these results are prov-
ocative and the cryoconite concentrations and the dusty glacier-ice
surface are intriguing. They allow a tentative hypothesis on the recent
histo:y of the piedmont. It is possible that the dirt and dust may have

" washed downward from a prevailing snow surface to conéentrate én the
old ice surface but it seems equally probable that the old ice surface,
below the superimposed ice, was at some time exposed as an ablation
gurface. This leads to the futher hypothesis that at some time in the
past the ramp ice surface-was in recessibn and that later a positive
regime, reflected by the superimposed ice, was initiated, On a long-

term basis, with variations between slightly positive and slightly
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negative anhual budgets, an overall positive regime has been maintained
.resultiﬁg in the gradual buildup of the superimposed ice. Indeed, such
a suggestion is Supported by the observations between 1965 and 1968
whéﬁ, during two summer seasgons net loss resulted by surface melt, while
in the remaining two summers a positive budget existed. Observations
over a long period of time might reveal a slightly higher frequency of
positive-budget years.l

The suggestion of a long~term positive regime for the (land-based
pérts) of the liarr Ice Fiedmont. accords with that of Bryan (1965) for
the Fuchs Ice Piedmont on Adelaide Island where "it appears probable
that the regime of the ice piedmont is either slightly positive or in
equilibrium" (p. 62). Sadler (1968) caﬁe 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
"fringing glaciers" are temporary features, out of phase with the
present climate, and will disappear in a few years. Bryan (1965) sugg-
ested that "temporary" deglaciation in the Marguerite Bay area was
contenporaneous with long periods of negative regime of the Fuchs Ice
Piedmont and that a shift in the depression tracks over the Antarctic
Peninsula had resulted in increased precipitation over Adelaide Island
and the restoration of positive regime conditions. At Anvers Island,
there is only circumstantial evidence to support the idea of a prev-
iously negative regime and this is a question which warrénts further
investigation. It is possible therefore, that Anvers Island lies within

the supposed area of recent climatic and precipitation change.
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CHAPTER. NINE

ENGLACTAL STUDIES I: SNOW FACIES ZONATION

INTRODUCTION
~ A knowledge of the physical conditions within a glacier is fundam-

~ental to a complete understanding of the glacier's characteristics and
‘behavior and is a prime prerequisite to detailed glaciological invest-
igation and analysis..Therefore, investigations of the firn and ice on
»Anvérs Island to shallow depth formed an important part of the over-
-all study program. |
Stratification of the firn cover, as revealed by snow pit excavations
and ice cores, results from variations in the conditions of deposition
and subsequent change. Physical changes within the firn cover with time
can be directly observed and the causes of these changes often deduced.
However; though differences between firn layers are frequently easy to
see or feel, sometimes they are only detected by measured variations in
density, hardness and grain size. Stratigraphic work in firn,therefore,
consists of identifying and describing these variations in a given layered
sequence and if possible, extending recognisable features laterally by
correlation with other measured sections. The primary problem however,
is to deternmine the condifions which prevail at present in the glacier.
The identification of anmual units of accumulation is oné of the
ﬁost significant results derived from the study of firn stratigraphy
and may allow an extension of sccumulation records, back in time, often

with reasonable certainty.
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It is alsoApossible to recognisé éndAdescribe physical differences
in the firn cover in terms of diagenetically - produced :facies , which
in turn éilows a‘greater resolution of glacier characteristics than
does Ahiménn%'more straightforward geophysical classification. In part-
icular, a "facies classification" permits a subdivision of large glaciers
which span the entire rangé of environments from temperate to polar.

"The objectives of the englacial studies of the Marr Ice Piedmont
were,thgrefore, to obtain information on the division of the ice cover
into diagenetically produced facies and the magnitude and variation of |
past accumulation. Concurrently, information on the internal temperature
distribution, albeit to shallow depth, was also obtained and is discussed

below in Chapter 10.

" THE CONCEPT OF DIAGENETICALLY PRODUCED: FACIES

The concept of facies as applied to firn stratigraphy became firmly
established after the work of Benson (1959), who formulated several
basicvdefinitions which have since been almost universally employed.
Reference-to these definitions is made in this thesis.

The ablation facies extends from the edge of the glacier to the

firn line., The firn line is the highest elevation to which the snow
cover ;ecedes during fhe melt season. In this facies the accumulation
of the current budget year is removed by ablation to reveal glacier ice
or the accumulation of the previous budget year.

The soaked facies. When a mass of snow is at 04%¢ and wet through-

out,,if igs said to be water-saturated or "soaked". The soakéd facies

igs defined as that in which wetting reaches to the level of the prev-
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ious year's surface. It extends from the firn line to the uppermost

1imit of complete wetting, the saturation line. The saturation line

therefore, is thé maximum elevation at wﬁich 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 reflect the mean ann-
ual air température above the séturation line, Below the saturation
line, this is not the case.

The percolation facies occurs when the degree of wetiing is not

sufficiently strong to penetrate to the previous year's surface. Local-
ised percolation in this facies permits fhe downward penetration of
melt vater through part of the current year's accumulation. The pro-
cess can occur in snow with negative temperéture and has been observed
by Benson (5959) to be taking place in snow with ambient temperature

of -7*° C.td -18% ¢, The downward penctration is along restricted cha-
nnels, slightly slushy vhen active, Whiéh may expand laterally on
certain layers. Only the percolation channels are at the meltihg point
and they refreeze to form ice glands, ice lenses and layers. Ice layers
extend over large areas with only limited interruptions, while ice
'lenses can be seen to obviously pinch out laterélly. Both layers and
lenses are parallel to the strata. Ice glands are discordant pipe-like
masses extending vertically downward and which occasionally spread lat-
erally to form lenses and layers. When the firn temperature is not app-
reciably below 0° C. at the onset of melt, the penetration of melt water
is more even and when refrozen produces only iced firn. The uppermost

1imit of the percolation facies is t he dry snow line above which lies

the dry snow facies in which negligible summer melt and percolation
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occur (Benson 1959). From stﬁdies at altitudes in excess of 3,000 m,
on the Bast Antarctic Plateau, this author prefers that by definition
thé'dry snow facies should involve absolutely no transition of the snow
cover to the mobile liquid phase and that radiation crusts are the only
acceptable "melt" features in the dry snow facies. On this basis, the
dry snow facies has not been recognised on the Marr Ice Piedmont proper.
;A fre@uently useful division in the lower parts of a glacier is the

superinposed ice facies where net accumulation occurs only by the re-

freezing of melt water on the old ice surface and which is separated

from the net ablation facies by the egpilibrium line. Thus the equil-

ibrium line separates the area of net accumulation from the ablation
zone and is therefore the most important datum line on a glacier since

it divides the glacier into areas of net mass gain and net mass loss.

SHOW FACIES ZOKATION
Most of the deep pit work was carried out during August 1965 when

pits, one to three meters deep were excavated by the author at each of
the 14 stations along the Main and Mountain lines. HMessrs. Ahrsnbrak
and Plummer followed one or two days behind talcing a core through the
bottom of the pit and then transporting the core sections to Palmer
Station for later examination by the author. Regrettably, the cores
taken from the stations between H and R were destroyed during a sudden
rise in air temperature at Palmer Station in early September 1965 (cold
storage was not then available at the station) and only at sfations H

and ¥ were cores later rscovered and adequately studied. Snow pits and
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shallow-depth cores were studied in the field at other times during
1965 and 1966 but no data of this kind were obtained by the 1967 working
party.

. Standard SIPRE. 500 cc. snowasampling.tubes were used for density
neasurements in the snow pits and the 7.6 cm. diameter ice cores were
recovered with a standard SIPRE coring auger. An Ohaus Corporation triple
beam balance, recording wieght to 0.1 gm., was used for all weight det-

erminations.

Studies above the Saturation Line

Station Little x:~ The highest elevation at which a complete study was

accomplished was at station Little x in the lee of the mountains (see
figure 9, p. 23). In this area total sﬁowfall during the year, as rec-
orded by the stake networks, amounts to over 5 meters and is equivalent
to some 230 cm, water. In August 1965 at this station, a pit was ecav-
ated to a depth of %.20 meters and which penetrated the entire snowfall
gince the height of the 1964-1965 summer. A continuous ccre was later
recovered from a total depth of 13.00 meters below the surface. Core
recovery at this point was almost perfect.

The observations at this station are shown in detail in Figure 46.
The stratigraphy throughout the entire section is remarkably uncompl-
icated and the general absence of icy features indicates that this
station lies close to, but not in, the dry snow facies. The homogentity
of the pit wall stratigraphy down to about two meters depth suggests
fairly uniform conditions of deposition since about early April and

relatively little subsequent winter-time diagenesis, However, it must
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Fig. 46. Firn stratigraphy at station Little x.
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be borne in mind that the excavation was made close to the time of
maximum stability and that increasing stability would have taken place
as this snow cover was laid down sinée the height of the previous
suﬁmer.

The onset of real stability appears to have been about early April
and the only significant features seen in the pit wall were the buried
bands of surface rime and a thin ice crust which was at the surface
on April 13. From the field records, this crust can be related to
heavy fog prevailing over much of the piedmont on that date. The lower
farts of thg pit stratigraphy record some.diagenesis of the snow cover
and the conditions of increasing instability can be traced towards
the height of the 1964-65 summer at a depth of approximately 3.5 m.
This summer surface of 1964-55 is interpreted to be at about 3.5 m.
depth on thé evidence of the relatively large grain size of 2,0-2,5 mm.

On the same basis, the 1963-64 summer sﬁrface is interpreted at
about 7.5 meters depth with the 1962-63 surface at about 11.25 meters
depth.

Within the limits of these surfaces, there appears to be a sligﬁt
variation from one year to the next in the deéree-of diegenesis that
has taken place. In the firn of the 1964 winter there is evidence of
diagenesis in the early part of the winter and in the latter part but
it is not notably severe. This evidence is not apparent in the 1963
winter firn and suggests colder conditions throughout that year than
in 1964. The stratigraphy also suggests that the period of maximum
instability and diagenetic change was prolonged and relatively severe

during the 1964-65 summer, whereas in the 1962-63 summer it was short
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and relatively ineffective.

" The presence.of the large grainé in the summer surface firn and
the existencé of'the.small icy features in the stratigraphy preveht
the inclusion of this station in the dry snow zone. The is no evid-
ence of actual dovmward percolation of surface meltwater in the form
of ice glandé but this station does represent the upper reaches of

the percolation facies,

Station W;— Station W lies at approximately 800 meters a.s.l. or
about 20 meters below Little x but in spite of so small a difference
in elevation there is, as can be seen from Figure 47, a notiodble diff-
erence in the stratigraphy. Icy features are generally more prominent
and the severity of the 1964~65 summer is more pronounced. In certain
parts of the core section there is evidence of downward percolation of
meltwater in the form of small ice glands, which in places extend lat-
erally ag ice lenses and layers and indicate that this station lies in
the true percolation facies.

The difference in icjiness ﬁithin so small an elevation change . -
is probably the result of aspect relative to direct solar radiation in
summer. In this region the mountains of the Achaeen Range form an arc
o -+ generally surrounding station Little z and this configur-
ation tends to protect Little x from direct radiation - it lies in
the shadow of the mountains for almost all the year. Station W however,
ig far enough reﬁoved from the base of the mountains to be out of the
shadow for much of the year and consequently experiences considerably

more of the relatively intense direct summer solar radiation which
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Fige. 47. Firn stratigraphy at station W,
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results in slightly more summer surface melting. In some years this is

strong endugh to cause downward movement of the meltwater.

Apart from the generally grater iciness of the firn at W, the strat-

igraphy ét the two stations is basically the same. The more severe dia-
genesis of the firn in the 1964-65 summer is very prenounced and the
general lack of diagenetic change during the winter of 1963 is clearly
- evident, as is the diagenesis of the firn in the early and latter parts
of the 1964 winter.

Though_there is a slight variation in degrée, these features are
strongly evident in the stratigraphy from other stations(eg. station U,
figure 48) moving outward from the base of the mountains but the strat-

.igraphy becomes increasingly complex and more difficult to interpret
and reflects the giaduél change from the percolation facies to the true

goaked facies zone.

gtation S:- From the stratigraphy shown in Figure 49, it appears that

station S (elevation 677 meters a.s.l. or about 150 meters below Little
lies in a transition zone between the two facies but thé recent nistory
of the‘firn cover at this station compares well with that at the higher
altitude stations.

At station S the onset of winter stability, from the evidence of
the very fine-grained, relatively unaltered winter snow, appears to
have taken place at more or less the same time as at Little x and VW,
but the intensity of the metamorphism iﬁ late March to early April
1965 apparently was greater than at higher élevations. The height of

the summer of 1964-65 seem3 to have been later {around mid-Harch) than
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Fig. 48. Pirn stratigraphy at station U.
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‘Fig, 49f Firn stratigraphy at station S.

175



at Little x (probably about mid to late February). This may be a ref-
lecfion of the difference in elevation but is probably also attribut-
eble to the relative effects of the altitude of the sun and the diff-
erence in receipt of solar radiation by the two stations.

The most remarkable feature of the stratigraphy at station S is
that the entire 1964 firm cover has undergone marked diagenetic change.
Thié is in contrast to W and Little x which showed significant change
only in the early and latter parts of that year. Also significant is
that the upper layers of the 1963 firn cover (representing. the latter
part of that winter) have been severely changed and contain fairly
massive léyers of ice, again in contrast to the higher altitude sta-
tions. In this particular core no ice glands were seen to have been
feeding into thege ice layers but their origin probably is the result
of pronounced percolatioﬁ of the 1963-64 summer meltwater. In fact, the
degree of metamorphism during that summer prevents a conclusive ident-
ification of the 1963-64 summer surface and that shown in Figure 49
is 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 196%~64
horizon, there can be little doubt, in the absence of fine grained,
unaltered firn, that station S was situated in the soaked facies in
1964, The middle portion of the 1963 section of the core does contain
about one meter thickness of unaltered or almost unaltered firm, ind-
jcating that in that year this station lay in the percolation, not the

goaked facies zone. From this evidence, which generally spans a three-
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year period, and assuming that any(diagenetic change in late 1965 did
not penetrate to the depth of the early April surface, this station
was in the soaked facies during one year but in the percolation facies
for the other two. Thus the saturation line shows mobility from one
year to another. Its general position however, is in the vicinity of

the 600 meters a.s.l. contour.

Studies Below the Saturation Line

Station K:~ There can be no doubt that station K is situated well into

the soaked facies (figure 50). Thioughout almost the entire core there
is evidence of severe melting and metamorphism of the firn and the strat-
igraphy is complex. There is however, a half-meter thickmess of relat-
ively fine grained and unaltered firn at 2.5 to 3.0 meters depth which
is puzzling. Grain size in this piece was generally 1 mm. and the den-
sity varied between 0.514 g/cm3 and 0,548 g/cm3 but it was not partic-
ulariy icy. Above, the grain size was 4 mm, and below, it was 2 mm.
Its origin is not clear, but it may result from being protected from
‘percolating meltwater by the heavily iced firn above.

The pit Stratigraphy* indicates that real stability was not att-
~ ained until about late May to early June and that there was consider-
able metamorphism of the firm up to that date. This probably reflectis
the comparatively low elevation of this station and the gréater inc-
idence of rain and sleet in this area.

Though the stratigraphy of the whole core is highly complex, it
is possible fo meke a rough correlation with the gtratigraphy at the

higher elevation stations and the summer horizons have been tentatively
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Fig. 50. Firn stratigraphy at station K.
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identified on the basis of grain size and data ffom the_accumulation
stakes. There are some notable differences however, in the K stratig-
raphy.‘ |

The grain size data suggest that the 1964-65 summer was not part-
icularly intense and very large grains were evident in only a small
portion of the core. This is contrary t§ the evidence from higher
elevations, which suggests that that summer was more intense than any
other recorded in the core. The K station core also suggests that the
summer of 1962-63% was very intense whereas at the higher stations it
was the ledst significant in terms of diagenetic metamorrhism. The

possible reasons for these differences however, are not clear.

Station Big X:~ This was the lowest altitude station at which a com-

pléte stratigraphic analysis was accomplished to significant depth.
The stratigraphy is shown in Figure 51 and élearly shows an intensif-
ication of the s&aked facies characteristics evident higher up at
station K. Throughout the section there has been severe alteration of
the firn and a buildup of massive ice features. In 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 sirongly
evident in this core than in the one from station X and there is more
evidencé also of surface leaching which is reflected in the density
curve. The leached surfaces, which typically are associated with large
and very large grain sizes, are porous and friable with densities of
about 0.4 to 0.5 g/cm3. The meltwater derived from these surfaces forms

" the ice layers below and raises the density %o about 0.7 to 0.85 g/cm3.
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Fig. 51. Firn stratigraphy at station Big X.
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Pagt Accumulation

fhe principal criterion used in interpreting the annual horizons

is grain sisze, bﬁsed on the premise that the relatively intense solar
radiatién and higher éir temperatures in summer allows rapid grain
growth at the time of minimumAstability. 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 in the density
were taken into account. The horizons shown in Figures 46 through 51
therefore, are interpreted as late February to early March.

* On the bagis of this interpretation, accumulation in the previous
two years at stations Little x, W, U and S, and the previous three

years at ¥ have been calculated. At station Big X annual rates of acc-

umulation are comparatively much lower and the ten meter core penetrated

an eight-year period. The results are set out below. Column 2 shows
the depth range of the year's accumulation, column 3 is the average
ice density (g/cm3) within the depth range and column 4 is the calcu-

lated total accumulation in g/cme.

Little x 2 3 4
1964 310 cm - 760 cm 0,540 243.0
1963 760 cm -1120 cm 0,564 203,0
Station W

1964 320 cm - 830 cm 0.541 275.9
1963 830 cm =1240 cn 0.583 239.0
Station U

1964 360 cm - 790 cm 0.556 239.1
1963 790 cr ~1160 cn 0,574 212.4
Station S

1964 . 270 cm - 680 cm 0.544 2235,0

1963 €80 cm ~1010 cn 0.626 206.6
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Station K

1964 240 cm - 540 cm 0.528 158.7

1963 540 cm - 800 cm 0.576 149.8

1962 - 800 cn =-1070 cm 0,590 159.3
Station Big X |

1964 190 em - 300 cm » 0.531 58.4

1963 300 cn - 440 cn 0953‘7 7502

1962 440 cm - 585 cnm 0.556 80,6

1961 585 cm -~ ? cm ) . . ( 58.9
1960 2 cm - 780 cm ) 0+604 - 178 ( 58.9
1959 780 cm - 880 cm 0.614 61.4

1958 880 cm - 990 cn 0.626 68.9

1957 990 cm -~1090 cm 0.624 624
Commqggg

In any stratigraphic interpretation there are 1likely to be errors
and uhcertainties in deducing annual horigons. At the four high altit-
ude stations it appears from this interpretation, that the 1963 accum-
ulation was significantly less than in the following year. This could
be a real difference or it could reflect a faulty interpretation. From
an'analysis of contemporary accumulation records discussed in Chaptef
4 above, annuallvariation in accumulation rates, of significant prop-
.ortion, are concluded and on the basis of that record, this stratig-
raphic interpretation may well be sound. At station X howeﬁer, there
“is no annual variafion evident unless the 1963 horizon has been inter-
preted at too great a depth. This could well be the case and which
would result in lower accumulation in 1963 and much higher rates in
1962, The record from Big X suggests that 1962 was a high accumulation
year, but this record also irndicates that 1963 was a higher accumulation
year than 1964.

The stratigraphy at Big X however, is so complex that possible
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. horizons: span 30 cm. to 40 cm., a variation which significantly affects
the calculated values of annual accumulation. This complexity is part-
icularly evident between 5 and 6 meters depth where it is impossible

to conélusively identify the true position of the 1960-61 and 1961-62
summer surféces and the general hbrizon showm in Figure 51 is arbitrary.
Despife uncertainties about specific horizons, there can be little doubt
'that this core spans the period from March 1957 to March 1965 and the
average annual accumulation for t.he 8~year period is 65.6 g/cm2 which-

is very close to the observed value in 1965 (Chapter 4 above).

. SUKMARY AND CORCLUSIONS .

It is difficult to correlate these observations with those from
other areés as very little information is available, on facies dist-
ributién in particular, from other parts of the Antarctic Peninsula.
Nowhere does the subject appear to have been approached specifically
by previous workers and much of'the limited information there is emer-
ges incidentally from determinations of past accumulation and mass bal-
ance.

From Koerner's (19613 1964) reports, the glaciers and piedmonts
of the Trinity Peninsula area have extensive ablation facies and the
superinposed ice facies is often of significant size; in places of lee
accumulation it becomes extensive. On Depot Glacier the equilibrium
line lies at approximately 75 meters a.s.l. in the lee accumulation
area due to the formation of superimposed ice from the freezing of melt
water at the end of the aﬁlation season. Kenny Glacier, flowing into

Depot Glacier, has no lee accumulation area and the egvilibrium line
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reaches to as high as 270 m. elevation, The climatic firn line in this
area is at 150 meters but local lowering results from shade and aval-
anching.snow.

From the Anvers Island study similar conclusions can be drawn. By
definition the pefcoiation facies exists only if surface melt water
does not percolate to the depth of the previous summer surface and on
the Marr Ice Piedmont it exists only by virtue of the massive annual
accunulation rates rather than of temperature conditions alone. Under
present conditions the saturation line lies at about 600 meters a.s.l,
and all fhé snowfield above this elevation lies in the percolation
facies. With lower annual accumulation rates over the piedmont, it is
likely that the percolation facies would not exist at all,'the satur-
ation line would disappear and the firn line and equilibrium line would
be at considerably ﬁigher elevation. In fact, both the equilibrium and
firn lines on Anvers.Island lie close together and occur, with slight
fluctuations from year to year, between 60 and 100 meters a.s.l. When
positive balance is recorded, as the remp studies showed, neither line
exists. On the Marr Ice Piedmont the soaked facies is by far the largest
but there is a significant percolation facies above 600 m. elevation.
Tha net ablétion facies, wheﬁ it exists, is small and is probably rest-
ricted to the small coastal ice ramps and though information on the
superinposed ice facies is 1imifed, it is known to exist on the upper
parts of the ramps.

Thug it is appafent that though there may be a general trend along

the length of the Antarctic Peninsula, the prevailing distribution of
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facies and associated parameters is not simply determined on the basis
of latitudinal effects alone. Local causes and conditions are important
factors. On Decéption_Island, whére atmospheric temperature conditions
are not significantly different from those at Anvers Island (Burdecki
1957); the firn line and equilibrium line lie close together at about
250 meters a.s.l. (Orheim 1970a) but. the winter balance is only 70-100
g/cn® (Orheim 1970b; K14y and Orheim 1969) and there is a low albedo
as a result of volcanic activity. Both the dry and the percolation
facies are absent and the soaked facies reaches to the highest parts
of the glaciers at 450 m. elevation. |

On Livingstén Island, about 65 km. northward in the same island
group, the same facies zonation exists but the equiiibrium line reaches
down to 100-150 meter a.s.l., with a superimposed ice facies extending
thfough abbut 20 m. of elevation (0. Orheim, personal communication).
This is similar to the elevation of the firn line on Depot Glacier
(Koerﬁer 1964) to the east suggesting that in this area the elevation
of the regional climatic firn and equilibrium line is about 150 meters.
To the south, the ice piedmont between Hope Bay and Trepassey Bay (oe-
rner 1964) had a winter balance of only 0.3 m. (smow cover) resulting
in an average elevation of 300 m., for the firn line, with the ablation
and superimposedAice facies being dominant.

From pit digging and visual observations Koerner (1964) placed
the firn line somewhere below 150 meters a.s.l. on the west coast of
Trinity Peninsula, between 230 m. and 270 m. a.s.l. on the east coast

south of Duse Bay, at 300 m. a.s.l. on Tabarin Peninsula and above 300
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meters.a.s.l. on the east coast islands (p.29). On Russel East Glacier
the firn line lies at about 230 m. elevation and the saturation line
ranges between 610 and 760 meters a.s.l. On Louis.Phillipe Plateau
ice existed in the pit stratigraphy at more than 1000 m, elevation
and it.can be concluded that it is unlikely that the dry snow facies
exists anywhere in the Trinity Peninsula area. The variation in the
elevation of the firn line in this area was attributed by Koerner
(1964) to several factors including deflation by cold southwesterly
winds which raises the height of the firn line in the Hope Bay area.

It is notable however, that the firn line is higher on the east
coast than thg west coast in this area. The reverse appears to the
true to the south. No information is available from the eastern side
of Anvers Island but dn the eastern side of Adelaide Island, the firmn
line was placed at about 77 m. a.s.l. by Bryan (1965) and 190 m. a.s.l.
on the Wesfern coast near Adelaide station, This is considerably higher
than on Anvers Island and probably results from a lower accumulation
rate at Adelaide Island; compare about 25 g/cm2 on Adelaide Island
with about 60 g/cm2 at similar elevation on Anvers Island.

On the.eastern side of the island the relatively low elevation of
the firn line seems to feflect the lower temperatures of the Weddell
Sea coast and possibly the dry snow facies exists at high elevation
on that side of the island. It appears to be absent on the Fuchs Ice
Piedmont proper as the dry snow line is tentatively set at 850 m. a.s.l.
(Bryan 1965) and much of the piedmont lies between the saturation line

{below 370 m. elevation) and the dry snow line and is therefore in the
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percolation facies. Thus the soaked facies is comparatively smaller
than on the Marr Ice Piedmont and probabiy results from the more
southerly and slightly colder position of the Fuchs Ice Piedmont; the
mean annual air temperature at Adelaide station is ~6.20 C. (Bryan 1968)
compared with -3.3° C., at Palmer Station (see Appendix I, this thesis).

From the observatlons of Thomas (1963) and Sadler (1968) it app-
ears that the ice caps of Argentine Islands lie ex¢lusively below the
saturation line and that the facies present are$ soaked, superimposed
ice and ablation, the low elevation of these ice caps being the primary
cause.

A general trend can be tentatively discerned from these observ-
ations. From the north to the south of the Antarctic Peninsula there
is a gradual lowering of the various boundary lines which can be rel-
ated in part to air temperature factors but also to increasing rates
of annual accumulation, which probably reach their maximum in the west
central region near Palmer Station, towards the south. On the basis of
currently available information alone, it appears that the dry snow
facies does not exist on any of the glaciers and piedmonts of the west-
ern peninsula and may be restricted to the mountains of the eastern
side. The ablation, superimpoéed ice and soaked facies exist through-
out the western peninsula but the percolation facies, on the west coast,
does not exist north of about 644 S. latitude.

The data are extremely limited and considerably more observations |

are néeded before the overall distribution of facies can be explained.




CHAPTER TEN

ENGLACIAL STUDIES II: ICE TEMPERATURE

INTRODUCTION
The distribution of temperature within a glacial body is governed

by the climate at the surface, the geothermal gradient of the bedrock
over which the glacier flows, the rate of movement, the shear stress
at the base and fhe rate of accumulation at the surface. Thus, the .
study of temperatures within a glacier can provide a great deal of
information on the thermal properties of the firn and ice, the dyna-
mics of the glacier and the climate at the surface.

On the Marr Ice Piedmont ice temperature observations were made at
each of the velocity stations along the Mainvénd Mountain lines in 1965
in conjunction with the snow pit and ice core studies. Electronic or
thermo-electric instrumentation was not available aﬁd all ice temper-~
atures were obtained from mercury-thallium 1iquid-in—glassAthermometers
graduated to 0.1° C., All the instruments used had previously been checked
and calibrated by by the U.S. Bureau of Standards. No significant errors
were reported by the Bureau and the temperatures reported below are direct

field observations.

Temperatures recorded in the bore holes were obtained {rom insul-
ated»thermometers} the insulation consisted of approximately 1 cm. thick
coating of candle tallow bound with medical adhesive tape. The thermom-
eter was lowered to the newly drilied level, the hole was capred and

allowed to stabilise for 45 to 60 minutes. Experiments at Palmer Stat-




ion indicated that the lag time of the thermometers was 8 to 12 minutes.
Temperatures obtained from the snow pit walls were recorded with unin-
sulated thermometers placed directly into the pit wall to the immersion
level és the excavation progressed. They were aliowed several minutes
to stabilise and read in situ. The reading interval in the pits ranged
from 5 cm. near the surface to 20 cm. near the floor. In the bore holes
the interval was approximately 1 meter. Temperatures were obtained from

depths up to 13 m. below the prevailing surface.

ICE TEMPERATURES.

The obseivations are given in Table XXIV and are included in the
stratigraphy diagrams (figures 46-51) but for emphasis are shown graph~
ically to 1arger scale in Figure 52. The anemalous curve from station H
results from the drill having been frozen in and subsequent cooling of
the hole in the ldwer ambient air temperature. It should be discounted,
though the lowest reading from 11 meters depth ﬁay be credible.

These are typical winter temperature curves with the prevailing
winter cdld wave much in evidence. In detail they differ subtly from
one another and indicate a gradual chenge in temperature regime with
elevation. They all show that by August the winter celd 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 in some
of the temperature curvés in the upper firn. The drilling operation was
interrupted on two occasions by storms; on August 12 and 13, when at
_Palmér Station, the temperature changed from -18.6 °C on the 10th to

~6.1 ¢C on the 13th and back to =18.4 ¢C on August 16. In the seccnd




TABLE XXIV

TTRY AND ICE TEMPERATURES: HMATYH AND MOUMTAIH LINS STATIONS

155

Denth{cem) _ *C Depth{cn) b, Depth(er) *C

74 "‘5-0~ 195 “504 226 —3.4
180 =346 306 | =32 343 ~2.2
278 =27 599 -2¢4 466 -1.2
393 “2-5 511 *104 582 —2.2
497 ~2e1 610 -0.8 712 ~-1.0
600 Ceted 702 0.6 790 =0.9
700 ~143 796 -0.8 913 0.8
798 -0.8 924 ~0.5 1018 -0.7
905 -0.9 1032 0.6 1150 ~0.8

1008 ~1.0

L .
207 ~5e2 270
525 -2.7 592
436 2.4 525
676 =1.2 755
790 -1.0 857
891 -0.8 965
1021 ~046 1070
1106 ~1e2 171

B.

282 ~2.0. 393
389 -2.2 499
496 -2.0 503
593 ~1a7 706
6% -1.6 799
789 =165 912
888 ~-1.5 1012
995 “1.6 1111
1101 ~1.2 1208
1205 -1.3 -




TABLE XXIV: (cont)

Depth(cm) G Depth(cm) *C Depth(cm) Y
T L) v
358 -2.4 380 ~343 382 =2.6
483 =144 483 _ ~243 476 2,2
578 -1.1 588 ~17 587 -23
673 -1e2 689 " 686 -2.3
780 -1.4 786 -2.1 793 -2e5
887 =1.6 893 =24 894 =360
1000 -1.6 989 ~2,9 991 -3.4
1091 -2.4 1095 =3.5 1097 =3.8
187 =3.6 1200 -3e7 1201 ~4.1
1294 4,1 1299 -4 44 1299 4,6
w
376 -2,8 387
475 "'1 09 ' 493
687 -1o4 699
790 ~146 800
897 2,0 894
1001 ~2o4 1006
1105 ~2,8 1109
1205 =34 1204
1312 ~306 1300
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storm which halted work from August 19 to 22, the tehperature Jjumped
from -20.4 ®C on the 17th to plus 1.2 *C on August 21 and back to
-5.5 ¢C on the 25th. |

The upper firn temperatures at stations N through S and stations
T through Little x reflect these conditions when the negative temp-
eratures were supréssed by higher air temperatures and the deposition
oftwarm fresh snow during the storm. The restoration of lower air temp-
eratures under clear sky after the storm, resulted in the slow recovery
of the original firn temperature curves(the anatomy of this particular
storm is discussed in Appendix I). The pattern of recovery suggests a
tempefature penefration rate of about 0.5 m. per day in the upper layers,
gsimilar to the vélue determined by Bryan (1968) on the Fuchs Ice Pied-

mont of Adelaide fsland.

Temperatures Below the Saturation Line

Below the saturation line surface melt in summer occura and the
downward‘percolation of melt water is sufficient to completely wet the
firn and the descending water can transport heat to depth. On refreezing,
the latent heat of fusion contributes to the raising of the ice temp-
erature at depth. The temperature curves from the lower profile stations
reflect this process. The prevailing winter cold wave is evident in
“the rapid increase of temperature with depth (ie. a positive temper-
ature éradient) within the 1965 winter accumulation, from about -20 ¢C,
the prevailing air 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 pits.

~ Below this depth to about 6 or 7 meters, the gradient is less steep and
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suggests that the conductive propérties’of the recent, relatively un-
alfered winter snow is greater than the iced firn below. At depth
below about 7 n. the temperature is generally constant at slightly
‘below 0 °C.

In this.area the previoug winter's cold wave has been completely
obliterated as a result of high summer air temperatures and partic-
ularly the heating effect of the percolating surface meltwater. Evid-
enéé of this process extends to the region of stations P and R or app-
roximately 500 %o 600 m. elevation. The 10 to 12 m. ice temperatures

therefore, do not reflect the mean annual air temperature in this area.

Temperatures Above the Saturation Line
At elevations in excess of 500-6C0 m. ice temperatures at depths

below 6 or 7 m. decrease slightly with depth (a negative temperature
gradient) and this can be inferred as the remains of the previous
year's (1964) Wintér cold wave. In this area, though some surface melt
occurs, with percolation to shallow depth, it is not sufficient to
completely soak the firn. The heating effect is too weak to remove
the old winter cold wave and the absorption of solar radiation in
summer and the effects of thermal radiation and conduction are the
main processes by which the geld wave is reduced and stabilisation
attained. In this area the deeper temperatures near the bottom of the

holes should be close to the mean annual air temperature and are of

particular interest.

Temperatures at 10 m, to 12 m. Depth _
On a high polar glacier, where surface melt and percolation of




meltwafer are insignificant, or above the saturation line on other
glacier types, the temperatgre'of the firn at a depth of about 10 m,
is approzimately equal to the mean annual air temperature at the
surface (Loewe 1956 p. 663). It could be reasonably expected there-
fore, that as a result of the atmospheric adiabatic lapse rate, the
ice temperatures from the higher parts of the piedmont (supposedly
above the saturation line 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 in Figure 53. This plet of temperature versus elev-
ation generally describe two intersecting straight lines. At lower
elevations the line is approximately vertical while at higher eleva-
tions the line indicates a slow change of temperature with elevation.
Thése are not stafistical‘lines but free-hand approximate best fit
lines to emphasise the trends.

The adiabatic lapse rate varies with temperature and humidity
from a dry rate of approximately 1.0 °C per 100 meters to a moist
lapse rate of about half this 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 ec
air temperature and 1013,25 mb. atmospheric pressure, . is 3.6 °F
per 1000 feet (2 ©C per 300 m.) or approximately 0.7 °C per 100 m.
(Bowditch 1962 p. 794). Over Anvers Island, because of the relatively
low air temperatures, the moist lapse rate should approach the dry
lapse rate and should, and in fact do lie between 0,7%°C and about

1;0 oCc per 100 meters.(see Appendix I).
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The mean annual air temperature at Palmer Station (at sea level
for all practical purposes) was =3.6 ©C in 1965 (11 months), -3.8 &C
in 1966'and - 2,8 ¢C in 1967, The three-year average was =3.,3 ¢C.
Station Little x lies ét 825 meters a.s.l., and, from considerataion
of the adiabatic lapse rates, should experience a mean annual air
temperature of between -12.7 °CA(dry lapse rate) and ~10.0 °C (stan-
dard atmosphere lapse rate), while the lower stations should experience
temperatures slightly higher, in proportion to their altitudes. In no
place do the temperatures plottéd in Figure 53 reflect the expected
mean annual air temperature. At station Little x the negative ice
temperature is only aboul 40% of what would have been calculated.

It is improbable that heat is being imparted to the ice from the
geothermal heat source or from ice movement at a sufficiently high
rate o account for so large a difference in ice temperature. It must
be concluded therefore, that if the adiabatic lapse rate recorded
between sea level and 300 m. elevation (see Appendix I) is constant
up to the base of the mountains, then the unexpectedly high ice temp-
eratures are in fact the result of heat transfer by the small amounts
of percolating summer meltwater and that nowhere on the larr Ice Pied-
mont do the 10 m, to 12 m. deep ice temperatures reflect the mean
annual air temperature. However, the generally constant deep temper-
atures below.500-600 m, elevation and their gradual decrease with
elovation at higher altitudes suggest that the saturation line on the
Yarr Ice Piedmont lies in the vicinity of 500 to 600 méters a.s.1.

and strengthens the conclusion made in chapter 9 above that the facies
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zonation of the pieédmont is more a function of the accumulation rate

than of air temperature conditions alone.

Tenperatures in the Norgel Point Ramp '
An elaborate study of ice temperatures and surface meteorology

was originally conceived to follow the process of superimposed ice
formation on the Norsel Poin% ramp. The project proved to be too large
and complicated to be adequately pursuéd within the main work schedule
and was nover properly completed. However, considerable ice temperatyre
data were obtained, some of which ére discussed below,

Eight temperature measuring stations were established in April
1966, Each consisted of 17 copper-constantan thermocouples set at
intervals ranging from 5 cm. near the surface, then 10 cm., 20 cm.,

50 cm., 100 cm, and 200 cm. with inoreésing depth, with the lowest
‘junction at 4.5 meters depth. Several junctions were suspended above
the surface in a rack to record snow temperature as they gradually
became buried. At three stations a copper-constantan thermohm was

set at 10 m., depth. All temperatures were read with a Leeds and Nor-
thrup Direct Recording Temperature Indicator. The system was previously
calibrated at Palmer Station using a distilled water/distilled water-
ice mixture in a vacuum bottle, against the mercury-thalliuvm liquid-
in-glass thermometers. The errbrs detected in the thermocouples have
been applied to the results below,

Thé observations from the three stations with 10 m. thermohms
are shovm in Figures 55, 56.and 57. The location of these stations’

is shown in Figure 54; site 1 was situated at ramp pole number 12,
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site 2 at station Alpha and site 3 at station Big X. Thus site 1 was
set in ice, while the other two were set in very icy firm.

The three set of curves are essentially similar and show the
gradual penetration of the winter cold wave, with near-surface temp-
erature fluctuations in response to air temperature variations and
deposition of fresh, warmer snow. The winter cold wave reached its
maximum effect by early October (the results at site 1 frém November
5th are suspect and may result from malfunction of the recording bridge
but more 1ike1y from obéérver error). After early October a gradual
warming of the upper layers in response to‘general atmospheric warm-
ing, began to supress. the winter cold wave,

It is notimale that the penetration of the winter cold wave was
more rapid at site 1 than at the other two sites and was greater at
site 2 than at site 3. After early October however, the supression
of the cold wave was more rapid at sites 2 and 3 than at site 1. This
can best be explained in terms of the internal structure of the ranmp.

Site 1 was situated very close to the position where Plummer found
52 cm. of superimposed ice resting on the old glacier ice surface. The
other two sites were set in iced firn and where an alteration of ice
layers and iced firn at depth might be expected. Thus the more rapid
penetration of the cold wave at site 1 results from the relatively
greater conductive ability of ice than the firn. The entrapped air in
the firn has an insulating effect against the cold wave, Thz reverse |
condition results with the suppression of the cold wave. In the firn

the downward percolation of surface meltwater is not impeded and the




liberated heat of fusion is effective in raising the firn temperature.
At site 1 however, the percolating water does not penetrate the ice
to any great extent. It either fofms superimposed ice (transient or
permanent) or flows off the iée surface., Thus, by December 1, the
warming of the ice at site 1 was generally completed only to a little
over 1 meter depth, while at the other sites the warming was almost
compiete to much greater depth. The shafp increase in temperature
at the base of the superimposed ice at site 1 isAvery pronounced in
the final temperatﬁre curve, It is also well marked at about 2 meters
depth at site 2. From Plummer's observations, this cannot be attrib-
uted fo thé same cause but probably does reflect the existance of
a prominent ice layer at about 2 m, depth, which is impeding the down—
ward flow of meltwater. At site 3, the percclation apparently is virt-
ually unintefruptéd and by November 28 almost all the profile was
close to zero °C.

| The 10 m. temperatures derived from the thermohms are of interest.
Their fluctuations during the period of investigation are probably
due to slight error in reading the Wheatstone Bridge but 4o not show
well in the three sets of curves. They are given numerically in Table
XXV. At site 1 the temperature varied between-0.7 °C and -1,0 ©C
with an average of -0.8 °C. This compares favorably with one observ-
ation at the base of the ice.

This was made on October 22 1965 in an ice cave behind Skua Lake.

A horizontal borehole was drilled about 20 cm. above the ice bed for

a distance of 8 meters into the basal ice. The temperature at 8 m.,
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TABLE XXV

TEN METER TEMPERATURES: NORSEL POINT RAMP

Site 1 ‘ Site 2

Date eg Date t
Hay 6 -0.8 May 6 -0.2
May 14 -0.8 May 14 0.0
}&ay 19 "’0.7 May 19 "001
Jun 8 ~0.8 Jun 8 =0.1
Jul 30 =0.7 Aug 2 =0.1
Aug 28 =0.7 Aug 28 =0.05
Oct 5 =0.8 Oct 5 0.1
Nov 5 ~1.0 Nov 1 =0.2
‘Dec 1 _=~0.9 Nov 28 0.2

Avg -0.8 ' Avg = =012

Note: On November 1 site 3 was buried.
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Site 3

Date °c
May 6 "0.1
May 14 0.2
May 19 =0.1
Jun 8 =0,25
Aug 2 0.2
Aug 28 0,1
0'01: 5 -0.1
Yov 1 —
Nov 28 __:Oo& ?
. Avg . =015



obtained with an insulated thermometer, was -0.8 9C

CONCLUSIONS

The ice témperature obgervations, because of the somewhat limited
quality of‘measuring devices, were by no means as adequate as this
author would have wished and would best be considered as "cursory".
Howéver, they do indicate that the main body of the ice piedmont is
not truly‘sub—polar and is probably best defined, geophysically, as
being between sub-polar and temperate.

The observations on Norsel Point ramp support the belief that the
foot of the ramp at least, is frozen to the bed and is confirmed by
the fact 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 slightly so and before any conélusions as to bottom
condition there can be made, temperatures from greater depths are
needed. Thé average 10 m. temperature at site 2 was -0.12 °C ﬁhile at
site 3 it was -0.15 oC.

Tuture workers on the HMarr Ice Piedmont should devote considerable
effort toward ice temperature studies so that its geophysical descr-
iption can be more presisely determined and its dynamic behavior more

clearly understood.
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CHAPTER ELEVEN

ASPECTS OF THE GLACIER MECHANICS

In Chapter 5 above, the distribution of surface velocity was dis-
cussed in the simple terms of its relationship to the distribution
of accumulation, subglacial tbpography gnd ice streaming effects,
However, the total observed surface velocity of a giacier has been
showm by Nye (1952; 1953) to be the sum of the velocity due to creep
or deformation within the glacier and the velocity due to the glacier
sliding ovér its bed. These predictions are based on the creep law
for ice, valid for ice at a temperature close to the melting point,
by Glen (1955). On the Marr Ice Piedmont the relative distribution
of the velocity due to internal deformation and that due to basal
sliding presents a more comvlex gituation than was discussed earlier
in Chapter 5 and has possible implications in terms of erosion by the

piedmont;

BASAL SLIDING
" Nye (1952) noted that mathematicel analysis might well be able to

explain the observed relative velocities in a glacier but that no
satisfactory answer éeemed to have been given to the question of what
ultinmately determines the basal sliding velocity. This question was
a serious one in that it was known that sometimes the major contrib-
ution to the observed surface velocity came from the basal sliding

and that only a small part resulted from differential motion within




the ice.rFor_example, in the Jungfrau borehole experiment (Gerrard and
others_1952), it was noted that over 50% of the total measured surface
velécity_was.accounted for by basal sliding. On Highway Glacier oﬁ
Baffin Island, Ward (1955) found that over 86% was accounted for by
basal sliding and on Veslskautbreen, McCall (1952) reported a value of
over 90%.

Theories of glacier sliding have beeﬁ propésed and developed princip-
ally by Weertman (1957; 1964) and Lliboutry (1965; 1968a; 1968b) for a
glaciér whose bottom surface is at the pressure melting point. In ess-
ence, the two theories are quite similar, though in detail 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 first is
the pressure melting phenomenon. With this méchanism pressure is.built
up én the upstream side of a bedrock obstacle. Ice is melted on this |
high pressure side of fhe obstacle and the meltwater flows to the low
pressure side where it refreezes. Thus, the glacier can slide. This
mechanism has been observed and verified directly by Kamb and LaChappelle
(1964) on Blue Glacier. However, with this mechanism the rate of sliding
will be controlled by the rate of the heat flow through the larger
obstacles and would be negligible. The second mechanism is the enhance- |
ment of the creep rate of the ice in the vicinity of the glacier bed
through stress concentrations. In this case, the creep flow of the ice
around the smallest obstacles will determine the rate of sliding and
again the movement will be negligible. However, the combination of the

two mechanisms operating simultaneously, will lead to appreciable sliding
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velocities.

However, theory is generally inapplicable to data from the field
because the data are deficient in the respect of the "roughness Féctor"
of the glacier bed. This factor is dominant in the sliding equations.
Unless the roughness of the bed is measured, and to date it rarely has
been, the sliding velocity must be "assumed" or inferred as the diff-
erence between the observed surface veioéity and the calculated velocity
due to internal deformation of the glacier ics. As'no information is
available on bed roughness beneath the Marr Ice 3iedmont, the sliding

velocities reportéd below are assumed from the deformation calculations.

DEFORMATION AND SLIDING VELOCITY

Basal Shear Stress
The shear stress (7Y 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 cverlying column of ice. Thus
the simplest assumption that can be made about the state of deformation
which produces a known velocity gradient is that the deformation occurs
as simple shear in a direction parallel to the surface and that the only
shear stress components are those which produce the simple shear flow
(Meier 1960). Here it is necessary to assume that the simple shear planes
are parallel at all depths and that the increase of the shear stress with
depth, is linear"(Nye.1952). The flow of ice therefore, is assumed to be
laminar.

The shear stress on a plane at-depth d is, to a good approximation
v(Nye 1952) given by:
Yzx: ped Sin &
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~ where p is the density of ice, g is the acceleration due to gravity
and Xis the slope of the surface. Nye (1952 p.86) has shown that the
suxféce slope rather than that of the bed is the effective slope. The

shear stress acting at the bed.(Tft) ig therefore given by:
Ty:p b Sine

where h is the measﬁred ice thickness.
For practical purposes, o and g are taken as constants: p: 0.9
g/‘cm3 and the acceleration due to gravity (g), 982.312 cm/secz, is

the value recorded on a concrete pier at Palmer Station, by Dewart in

1967.

Measurement of Surface Slope
Values of surface slope have more generally been taken from the

différences in elevation between successive stations, (for example
Orvig(1963), Bull (1957))which is a quite satisfactory method if the
slope is reasdnably constant between stations. On the HMarr Ice Piedmont
surface topography is often too pronounced and detailed to determine
in this way. It 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. in diameter,
was described.about the station with the aid of a 100 m. string. At
20#* intervals on the circle's circunferance, the instrument's height
was.read from a level staff. The "preceeding station" in the ice move-
ment survey sequence was taken as O° on the circle. In this way it is

possible to ultimately resolve the true azimuth of the maximum and
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minimum slope. The author is grateful to L.E. Brown who made these
méasurements, often aione, during 1966. An example of the results is
shown in Figure 58. In few cases was the slope symmetrical as can be
~seen from the differences in the oposing maximum and minimum readings.
Slight curvature of the surface is probably real in many cases but the
difference in readings caﬁ probably be attributed also to slight local
differences on the surface, for example, small sa&trugi, which over such
~ short sight_ing distances would have appreciable effect. Errors in
reading the staff are probably negligible.AFor the calculation of be
the angle of maximum slofe was determined as the mean of the maximum

and minimun readings'in the direction of maximum slopse.

Values of the Basal Shear Stress
Values of 7/, range from 0,47 bar to 1.56 bar and are shown in

Table XXVI (1 bar= 106 dynes/cm2). This range of values is not unreas-
onable; Nye (1952)‘found that for 16 Alpine glaciers the range was

0.5 bar to 1.5 bar. C.B. Bull (personal communication) states values
up to 1.6 bar on Sherman Glacier. Yalues from the Barnes Ice Cap on
Baffin Island (Orvig 1953) and Greenland (Bull 1957) are much lower
however, but in these cases the values can be explained by the much

lower velocities recoxrded.

The Assumption of the Sliding Velocity
The flow law of ice has the general form ¥': K'tn, where ¥ is the

rate of shear strain produced by a shear stress T. K and n are taken

as constants even though laboratory experimental data indicate that

this is not actually the case. Nye (1965) has elaborated on the dev-
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TABLE XXVI

ICE THICKNESS, SURFACE SLOPE AND CALCULATED BASAL SHEAR STRESS

Slope (=)

Station h (m) 0. ! " (bar)
E: 255 3 18 38 1,30
H 312 2 03 58 0.99
K 348 2 08 35 1.15
L 364 T 32 51 0,86
M 348 1 55 04 1.03
N 392 1 3 15 0.91
P 448 1 29 47 1,03
R 496 1 17 45 0.99
S 522 1 11 00 0.95
T 550 0 58 4 0,82
U 581 0O 58 00 0.87
v 589 0 56 00 -
w 557 0 48 00 -
b4 510 0 40 00 -
c1 361 2 30 A7 1440
c2 < 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
c6 461 1 44 00 123
U 506 1 18 00 1401
T2 535 1 08 00 0.93
™3 558 0 55 08 0,79
T4 598 0 45 00 0,69
TS 612 0 40 00 0.63
N1 452 1 22 55 0.96
N2 425 1 33 42 1.02
N3 382 2 O 21 .19
N4 366 2 19 10 1e31
N5 401 1 58 05 122
N6 322 2 33 12 1,27
N7 306 2 50 00 154 .

Continues




TABLE XXVI (Cont).

, Slope (& ) .
Station h (m) o ' " (bar)

Pit 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 49 133 .
X3 356 2 24 10 1432
G 274 3 35 20 1,52
G1 287 2 50 51 1.26
c2 380 1 43 47 1.01

-G3 339 2 00 00 1,05
Ht 260 3 01 13 1.21
H2 245 3 55 04 1.48
03 205 1. 3 00 0.47

" Mul 404 1 54 00 1.18
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elopment of Glen's (1955) creep experiments b& other researchers and

on the variation of the value of the exponent n. It seems well estab-
lished however, that n iﬁcreases 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 stfesses 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 if n is taken as 3, the power
laﬁ of.flow gives good agreement with observation. Thus for the pur-
pose of calcuiéfion, nz 3 is taken as applicable over the whole stress
range and is a good "average" value.

An average value of K must also be taken in the practical case
of a moving glacief because of differences in internal structure, the
degree of bubbliness and the amount of impurities contained within the
ice and variations in temperature.

In deducing a flow law from the deformation of a bore hole in the
Jungfraufirn,'Gerrard and others (1952) assumed laminar flow and ob-
tained goodAagreement.with their observations and the power law XEK‘tn,
where X and n are constants. The stress was 0,75 bar and n proved to
be 1.5 but ﬁaS'expected to rise to about 4 at stresses higher than
0,75 bar. Exéept for the upper 15 meters of the firn, the Jungfraufirm
was at or close to 0 °C and the results of the experiment were regarded
as applicable to ice at 0 C. When the shear stress is measured in bars

and the shear strain rate is expressed per second, the value of K proved

to be, KAz 10~C,

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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A

depth ranged from -4.9 ®C in the highest parts of the piedmont to
slightly below O °C near the coast. The temperature at the base of
the piedmont, in the absence of any flow, can be estimated from
Robin's (1955) graphical summaries (reproduced in Figure 59) to be

of the order of -2 0C, However, additional heat will be supplied as
a result of the work done by movement. In calories, this would amouﬂt
to about 20 cals/cmz/yr. or approximately the geothermal heat flow,
for a movement rate of 18 m./yr. In all cases on the Marr Ice Pied-
mont the movement ratés are high enough to produce heat at least
equal to the geothermal heat and in most cases considerably in excess
of this. It follows that the heat produced by such rates of movement
will raise the temperature of the ice considerably above the theor-
etical -2 ©C, and there is little reason to believe that the average
_ temperature of the piedmont is far from 0 °C. If the basal temperature
of ~0.8 #C, which was recorded in the ice of the cave behind Palmer
Station, is 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 Jungfraufirn flow law (Gerrard and others 1952). Taking ¥. K t?,
with ¥ expressed as the strain rate per second, nc 3 and Kﬂ510-8,
integration over the thickness of the ice (Nye 1952) leads to the

following expression for the velocity due to internal deformation

(U"c).
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' . ) n.n«+ 1 ..n
Uo - Uy Uc; K(pg) h Sin~ «
n + 1
sk ¥ .n
n <+ 1

where Uo is the surface velocity, Ub is the basal sliding velocity
and Uc is internal deformation velocity. Values of these parameters

are given in Table XXVII.

Validity of the Assumed Slidine Velocity

Basal sliding is believed to account for up to 90% of the obser-

ved surface velocity in extreme cases for températe valley glaciers.
Generally, 50% of the observed total appears to be accounted fer by
gliding. On the Marr Ice Piedmont basal sliding accounts for 10% to 30%
of the surface velocity in areas noteffected by ice gtreaming, while

in the ice streams themselves 50% to 70% of the surface velocity is
accounted for by sliding. The higher range is remarkably similar to
that of temperate aﬁd near-tenperate valley glaciers. The sliding
velocities‘assumed for the ice piedmont do therefore, appear to bhe

acceptable.

BASAL, CONDITION OF THE PIEDHONT
In Table XXVI are given the calculated values for the shear siress

acting at the base of the ice and Table XXVII shows the assumed sliding
velocity and its percentage contribution tc the total, observed annual

velocity rate at the surface. Some of the results in Table XXVII are
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TABLE XXVII

VAILUES O THE "AS@J?‘.‘&‘)D" SLIDIEG VELOCITY (U_a_)_
(Heters per Tear)

Station Uo- Ub(Uc) Ub Ub Ub as % Uo

E : 4—4.36 20046 L -
H 24.18 25.96 1.78 6,86
¥ 41.66 285,26 - -
L 18.63 26,94 8.31 30.84
i 22.91 27.01 4 ) -
N 23,26 , 39,45 16419 41,03
P 39.03 49.13 10.10 20,56
R 38.12 49,89 11.7T 23.59
g 35,61 43,37 7.76 17.89
T 24,35 35.06 10,71 30455

U 29.80 28,90 ! -
c1 TT7.99 97.33 19.34 19.87
Cc2 91.74 108.93 1T.24 15.82
C3 110.50 108,51 ! : -
C4 67.97 95.2T7 27.30 28.65
Cc5 86.67 81,15 ! -
(1) 68.07 65.55 ! -
1 41,70 42,65 0.95 2420
T2 34453 32,49 ! -
T3 21 079 230 55 1.076 . 7047
T4 15.66 17.25 1.59 9.22
T5 12.05 13.89 1.84 13.24
Pit 18.12 64.13 46,01 T1.74
Pi2 19.36 79.13 59.77 75453
Pi3 25.11 83,50 53¢39 69.93
Pi4 - 19.49 ' 379 64430 76.73
1 31490 T0.70 38,80 ‘ 54.88
H2 35499 83,92 52493 59.52
3 50.97 118,22 67.25 56.88
N4 64,77 156.64 91,87 53.65
iS5 5717 207435 150,25 T2.45
6 51677 210.4T 158,70 75.40
N7 57.67 218.74 161.07 73,63
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TABLE XXVII (cont)

ion: - T, L as AU

Station : UO Ub(Uc) Uo.- Ub. Ub as § Uo_

K1 1740 14425 ! -

K3 - 64.48 T4.68 10.20 13.65

G 75.30 3134 - -

G1 4593t 29037 - -

G2 31.25 109,95 78,70 T1.5T

a3 30,58 118,34 81,76 T4.16

Mut 52490 116,58 = 63.68 54.62

H1 o 36,40 16.77 -

H2 62.60 20.8T

H3 172 42,63 40.91 95.96




inconsistant and obviously something is in error because it is imp-
ossible for the.intefnal deformation velocity to be greater than the
actual velocity measured at the surface. The surface velocity su?vey
is regarded.as sufficiently accurate to be eliminated as the probable
caose of the inconsist@ncies and the remaining possible errors are
thiee—fold: g) Ice thickness; b) Surface slope; c) The constants in
the équations used.

The assumption of the sliding velocity is a function of the cal-
culated internal deformation velocity which in turn is a function of
the calculated‘basal shear stress. Therefore, the basal shear stress
couldvbe in error because of errors in ice thickness and surface slope.
The ice tﬁickness values include an estimated possible error of 3»10%
* which is quite considerable and would effect the basal shear stress
in_the order of 1?%. The surface slopes which have been used could be
an even more significant source of error, being greatest in the top—.
ograrhically irréguiar'peripheral area of the piedmont. The slope used
in the shear streés—calculations ideally should be that over a dis-
tance at least equal to the ice thickness (Mye 1952) and thig cond~-
ition has probably not been met at all 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
is 1dca1.vThe error of ice thickness can be applied to reworked cal-
culations but it is difficult to assign an error to the slope meas-
.ufements.s

The calculation of the internal deformation velocity used the




calculated basal shear stress and the constants n and K, This equ~
ation ig a good approximation at best and Nye (1965) has discussed at
length the possible values of n and it is known that it varies with

the stress. The constant K is very temperature sensitive and the val-

ues used in this thesis were experimentally derived from ice at close

to zero degrees C (Gerrafd and others 1952). It_is assumed that the
Marr Ice Piedmont is not significantly far from being temperate and

. that its classification lies between true temperate and true sub-
polar. Therefore, its overall temperature must be close to zero ©C

- also. Thus the errors in ice thickmess aﬁd surface slope and an un-
certainty as to the exact temperature condition of the ice, hardly
justify manipulation of the values of the constants n and X in the
equations. The ice thickness values are the only ones which justif-
iably can Ee manipulated, within the limits of the estimated error,
in the calculation of internal deformation velocity. Table XXVIII item-
ises the :esults 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 resulis

is based on the assumpticn that some basal gliding is occcuring at

all the stations, which is reasonable considering that the ice is
regarded as being close to temperate. However, in order to obtain a
sensible distribution of internal deformation velocity and basal
sliding, as shown in Figure 60, the values of Ub have to be selected
subjectively, which is not reasonable..The values in Table XXVII are
| therefore used for discussion.

In this table the symbol (!) in column 4 is used to indicate that
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TABLE XXVITI

VALUES OF SLIDING VELOCITY (U,) FOR HAXIHUHM, MINIMUM
AND AVERAGE ICE THICKNESS. (ji) MWD KiSPECTIVE PERCENTAGE OF THE
SURFACE VALOCITY. (Ua)

Stations E=U

Uy, o/yr % Uy ofyr: % Tp n/fyz %

Station (Ava. h) Ty (h+108) U, (h-10%) T,

E -23490 - ~44 .02 - - 8.90 -
i £ 18 686 19,36 - +10,05 38,71
K ~13,40 - ~32.84 - + 0.98 3647
L + 8:31 30,84 - 0.25 - +14.66  54.42
M - 2,90 - -16.87 - + TdS 27,58
N +16.19 41,03 + 546  13.84 $24.15 61,22
P +10,01  20.56 - 8,10 - +25.83 52,57
R +11.77T 2359 - 5,68 = +25.19 50,49
S + TeT6  17.89 - 8,70 - +19.96 46,02
iy 0,71 30455 - 0,60 - +20.15  5T.4T
2 - 0690 - ~13.80 - +9.34 32,32

Note: Negative values of Up result when calculated
U"o --Up exceeds U, in value.
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fhough no basal sliding has been assumed, the situation is marginal
and that a reasonable variation in the equation components could
render a positive sliding velocity value. The corollary is that the
calculated internal deformation velocity is almost equal to the obs-
erved surface velocity. In the same column the symbol (-) is used to
emphagise that the internal deformation velocity calculates to be
greatlj in excess of the observed surface velocity and that no reason-~
able alteration of the equation components could render a sensible
sliding velocity value. The symbol (~) in the final column signifies
that from the calculatiéns, basal sliding does not contribute to the
total observed ice movement.

Despite the inconsistencies in these results, a sensible pattern
can be discerned; In the ice stream flowing towards Biscoe Bay (the
Pi line and Neumayer lines principally), the proportion of the total
velocity attributed to basal sliding is clearly defined, even within
the limits of possible error, and accounts for well over 50%. Stations
Mutl, G2 and G3 have slidiné velocities of similar percentage and are
very similar to those reported for temperate glaciers elsevhere.

Consider the distribution of the marginal condition symbolised
by (V). This condition geaerally embraces the higher parts of the
piedmont outside .of the ice streams and it is evident that it is gen-
-erally associated with low assumed gliding velocities nearby. The un-
reasonable situationA(-) ié generally peripheral. The distribution of
. the three situations, areally over the study area is shown in Figure

61: I, sliding; IT, marginal; III,unreasonsble, This is an’ interesting

and suggestive pattern.




T T T T T T T T T T T T T T T T T T T
BCL9 ' A K] GPL9 08.£9 PG.€9 BC.L9 2019 _ 90.b9 Olet9 M9 ,Bleb9
{LN3NOJWOD TVLNOZIHOH)
ITVOS HOLD3IA  ALIDOT3A
Sy3alaw o4 00l 08 O 0%eb9"
SY3LIWOMSG v € 2 | 0
S3UN € 2 _ 0 .
<
g
o
AVE i
GNYIS!
300818 <& LING3H b4
a3 <= L7 ..m
0
o — -
ch vH \, aNvIsI
ey 93 o mﬂuvﬂm_“_:o; a
qW\ Y3 NOILVIS ¥INTYd et 2
\ a \v.o ? . . o
X A
NJ\. e +©
7 H 3 ..u
™ 7 a
o 8
i
e Ny 4
i 10 9
VddvH 29 2 R
....... . h Kol N
) . \ ’ E 7 €9 on..v
X A OOVNOW o
L 2bot SSU .\ 90 . 3
vo i~ vy | 3dY0  2vwo 0
= s 4 g H — ik
o) ’ g g9 I~
R . 1 uf , m
\W.PO . - . ) . ’ - : n@ e
& iL ’ : o
S . . . w
_ 2 o \ / - : 8
b o oo : . . _m.
pd /

@ T n el . -
S , A 4 ©
/S vl .
,.,w M e NOLUVLS INIW3IAOW 3Die &
Ml .. . - geped =

X P :
_mn..,mw _ .Nvunw L 9b£9 0689 B -X - B B8G.£9 20at9 . 9049 Olet® Hlob9 . Slotd
t 1 1 1 1 - ) 1 1 1 1 1 1 1 1 ' 1 ] ! i ]




The slidihg streams ére associated ﬁith the subglacial valleys.
The marginal condition is associated with the high subgiacial plat-
form and the flanks of the subglacial valleys and the unreasonable
situation is associated with the low, peripheral subglacial saddle
separating the Wylie Bay and Biscoe Bay subglacial valleys. The pos-
ition of all the stations, relative to the subglacial topography, is
shown in_Figures 62 and 63 (also Figures 14 & 16 above). The position
of station H3 is note—worthy,

The distribution of the basal shear stress and the observed sur-
face velocities are also of significant interest. From Table XXVI and
XXVII if is evident that there are considerable differences in the basal
shear stress from one part of the study area to another and that these
differenceé cannot be explained solely by differences in the rates
of movement. Figure 64 is a plot of surface velocity versus basal
shear stress and it is evident that widely differing velocities are
asgociated with similar shear stresses. Orvig's (1953) argument for
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 velocities agsociated 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 (i.34 bar). Similarly, the
very high shear stresses in the vicinity of E, K, G, H1 and H2 are not
explainable in terms of greater ice movement. Differences in the basal
condition must therefore, be the explanation.

It is suggested that fhe three zones described in Figure 61 reflect

thése differenceé in basal condition. Zone I is formed by the Biscoe
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Fig. 62. Longitudinal profiles of bedrock and ice surface.
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Bay ice stfeaﬁ and .its very high rate:of moveﬁent, under relatively

. low basal shear stress, is the result not only of a higﬁ rate of basal
sliding butfthaf the sliding itself may be enhanced by basal melting.

: The éame explanation is suggested for the lower parts of the Wylie Bay
ice stream marked By stations Mu1, G2 and G3. Thus the "lubricating"
effect is greatest below the ice streams than other parts of the pied-
mont and the streams are behaving very much like temperate valley
glaciers. in zone II, the marginal condition, it can be reasonably in-
ferred that most of the observed surface velocity is made up of internal
deformation velocity but that a small amount of basal sliding is taking
place. In this zone, a basal sliding mechanism similar to the "slip-
and-stick" mechanism proposed by Weertman (1957; 1964) is envisaged.

In zone IIi it is barely possible to reconcile the low surface velocity
with those which Wbuld be explained by the basal shear stresses and it
is éuggested that in this zone, the piedmont is frozen to the bed.
Station H3‘(and H4, HS5 and H6, if velocity values had been derived)
ﬁhose total movement apparently is madeAup almost exclusively of basal
sliding, lies over the sub-sea level glacier bed and thcugh the ice
there may not be actually floating, the bed is significantly lubricated

by the sgea.

The considerations put forward by Weertman in his (1961) "Freezing
'Model"lhypothesis are only partially helpful in envisioning this zonation
of'thevpiedmont, because the temperature data particularly are some-
what inadequate. In that hypothesis, an argument against the shear hy-

pothesis for the formation of the mewaines of Barmes Ice Cap, Baffin
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Islahd, Weertman (1961) suggested that a cold ice cap whose edge is
frozen to bedrock shbﬁld have a geophysical structure as shown dia-
gramatically in figure 65. The scheme assumes that inland from the

edge thé bottom is at’the pressure melting point and that this inland
section can be divided into two geophysically differing parts. In the
- Turthermost inland part the combined geothermal heat and the heat of
sliding is greater than can be conducted down the temperature gradient
and the basal ice is melted to water. The meltwater is forced outward
toward the edge of the ice cap. As it moves outward it enters a section
where the temperature gradient can conduct away moré than the geothermal
heat and heat of sliding. In this section the water freezes to the bottom
and rejdins the ice cap. The basal ice will still be at the pressure.
melting point because the extra heat required to maintain this temper-
ature comes from the latent heat of freezing. Figure-66 shows Weertman's
gra?hiCal_summaryiof the relationship between ice thickness and temp-
erature and the predicted.basal condition.

According to the curves in Figure 66, in the higher parts of the
Marr Ice Piedmont, the situation is marginal in the context of that
theory. The ice is about 600 m, thick and the 10 m. ice temperature is
about -5 @C. Thus it is conceivable that in the high interior the ice
could be frozen to the bottom but the limitatiors of the data (and the
theory) do not allow this to be a definite conclusion. Also; to have
the peripherai ice frozen to the bed, one has to invoke lower ice temp-
eratures than those which were actually observed. This could plausidly
be done by considering that in this zone the formation of (superimposed)

ice at depth prevents the downward percolation of summer meliwater to




appreciable depth and that the resultant warming effect is not operative
at the base of the ice in this area. To some extent the temperature
measurement of -0.,8 ©C at the base of the ice in the cave behind‘Palmer
Station supports this idea as does the fact that neither this author
nor Honkala's party observed meltwater issuing directly from beneath
the peripheral ice; Thus it is conceiveble that the upper layers of the
peripheral ice are at a slightly higher temperature than the lower onmes.

However, one objection to the "Freezing Model" fheory is that it
assumes that the heat of sliding is equal to the geothermal heat and
that fhe geothermal heat is equal to 39 cal/cmZ/yr. If this is an over-
estiméte and less heat is passing through the base of the ice cap than
the theory presumes, then a supposedly melting situation might be tran-
sformed to one of basal freezing. However, according to the limited
geothermal data available, there scems little cause.to doubt that 39
cal/cmz/yr is a reasonable value to take. In a review of the data |
Bullard (1954) found a worldwide averege of 1.23 x 10° cal/cn®/sec or
-38.79 cal/cmg/yr.

" Without raising the issue of glacier surges and their possible
causes, the proposed zonation of the Marr Ice Piedmont can best be
discussed in the following terms. Consider that over the piedmont the
conditions of temperature and rate of ice accumulation, in the absence
of movement, require that the ice be everywhere frozen to the bed,
because if no sliding occurs, no heat of friction will be produced by
this mechanism. But once the piedmont beging to slide the heat of

friction will maintain the basal temperature at the pressure melting
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'point and the sliding will continue. Thus the three-fold situation on
fhe Marr Ice Piedmont is that in zone I the low sliding velocities are
producing just sufficient heat of friction to maintain the basal ice
temperature at the pressure melting point to allow the "slip-and-stick"
nmelt-regelation mechanism to operate. In the ice streams the sliding
velocity is so great that the heat of friction is high enough to lead
to basal melting which regenerates the ice's ability to keep on sliding
continuously. If the rate of sliding here were somehow reduced, the melting
condition might be halted and the melt-regelation mechanism instituted.
In zone IIT sliding has not been induced and no heat of friction is
~available to raise the basal temperature to the pressure melting point.
'If, somehow, the peripheral ice were induced to slide, the heat of
friction would keep the basal ice at the pressure melting point and the

sliding would continue.

CONCLUSIGNJ
A limited theoretical analysis of the field data has been made.

The calculated basal shear stresses are similar to those obtained from
other glaciers and are acceptable. The relative distributionA of ice
velocity due to intermal deformation and that due to basal sliding

has been deduced_and though there are certain inconsistencies in the
results it has been possible to hypothesise that the basal condition
of the piedmont is not ever&where the same. Parts of the peripheral ice
appear to be frozen to bed while in much of the interior, limited basal
sliding has been inferred. It is posgible, though not confirmed, that

melting at the base of the ice streams may be occurring. The config-

240




uration of these basal conditions apparently does not conform to the
"Freezing HModel" proposed by Weertman (1961) for the Barnmes Ice Cap,
which is a plauéibie.theory for basal erosion by that ice cap. It
remains therefore, to consider the possibility of basal erosion by

the Marr Ice Piedmont in the light of its basal condition.

241




CHAPTER TVWELVE

BASAL EROSION BY THE ICE PIEDMONT

EVIDENCE OF EROSION BY THE PIEDNONT

One of the problems posed at the outset of this thesis concerned
the erosive activity of the piedmont and it has been emphasised else~
where in this text that visible evidence of erosion is quite lacking.
Nowhere do the ice ciiffs contain rock debris and there is a remarkabhle
absence of morainesof any kind. Yet in direct conflict to these observ-
ations, numerous masses of debris-rich ice, contained in floating ice-
bergs, were observed floating offshore of the piedmont. One such sample,
shown in Figure 67, was taken near Arthur Harbor in March 1966 and later
studied at Palmer Station. The exact location of origin of this specimen
is unknown but from observations of sea currents, local winds and the
drift pattern of sea ice atvthe time, it is believed that it originated
in the Wylie Bay area to the north of Palmer Station. The specimen was
studied both macroscopically and microscopically and within the limits
of the little that is known concerning the exact mechanisms involved in
basal erosion, the study suggests a tentative hypothesis on basal erosion

by the Marr Ice Pisdmont.

Physical Charactéristics in Hand Specimen

a) The original iceberg specimen can best be described as a distinct,
richly loaded dirt band enclosed in a mass of clean ice (figure 67).

b) The dirt band was divided into a series of roughly parallel dirt

layers, each layer being separated from the next by clean, completely

242










with the debris ice was extremely weak. All attempts té cut sections
which included both sections of ice were unsuccessful due to the failure
of this contact.

e) The only absolutely bubble-~free ice was that.between the ind-
ividual dirt layers within the main dirt band.

f) The dirt layers themselves wers composed of "planes" of spherical,
or nearly so, concentfations or "globules" of dirt material when viewed
in a three dimensional sense. When viewed in section they formed lines
of dirt globules. Undulation of the planes of globules was evident when
viewed in sections cut at right angles to each other.

g) Over twenty samples of varying size were chopped from the orig-
inal specimen from random locations for determination of the dirt con-

tent. This proved to range from 13% to 19% by volunme.

Specimens in Thin Section

Extreme difficulty was encountered in working with this material.
Thin sectioning was almost impossibie and the féw sections which were
-thin enough to be studied between crossed polaroids were small and
fragmented. A single usable thin section was finally obtained from the
sample shown in Figure 69 and is shown in Figures 70 and 71.

The structﬁral characteristics of this specimeh are intriguing but
are difficult to understand or explain within the limits of present-day

theory on glacial erosion processes.

Synthesis. of Erosion Theory
The exact mechanism by which a glacier erodes its bed remains to

be found and the overall process may well consist of several interacting
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- basal pressure-meltwatef layer and suggests that erosion may well be
associatedeith the sliding phenoménon. However, the amount of debris
actually'incorpbrated through this mechaﬁism is émall and any debris

.layer éreated will be regularly destroyed, together with the regelation
ice, by melting against further downstream obstacles. Therefore, the
development of hiéhly concentrated debris loads by this mechanism seenms

“unlikely.

Erosion by cold sliding ice has been discuséed by Lister (1972),

vho in laboratory experiments considered that rock wear by sliding ice
is a function of friction. However, the amount of wear (erosion) was
small and was quickly curtailed by the early formation of a deformation
layer of crystalographically oriented ice, with c-axis normal to the
gsurface. Ice so oriented has a very low coefficient of friction (Listex
1972). Frequently.it was found that the sliding motion left ice adhefing
to the:rock, producing an ico to ice sliding surface. Though the cold
sliding ice showed lines of rock particles analogous to glacier dirt

ibands-the production of rock debris was small. However, in an exteﬁsion
of the expériment, the shattering of pebbles was readily observed after
as few as seven cycles of freeze-thaw. Thus, sliding cold ice, without
the intervention of the liquid phase, may have appreciable erosive abil-
ity. However, Lister's conclusions were that freeze-thaw processes are
at least aé effective in ergsion as cold sliding ice but tﬁat a freezing

process seems more effective in the production of rock debris.

. HYPOTHESIS RELATING TO THEE MARR ICE PIEDHONT

In the light of observatibnal and experimental evidence the main

question surrounding the problem of erosicn is the mechanism by which




very substantial amounts of debris are incorporated into:the basal ice.
and to establish. the relationéhip between basal erosion and the basal
sliding phenomenon. The obéervations of Kamb and LaChappelle (1964)
appear to relate erosion and sliding by the freeze-thaw meéhanism but
the amount of debris incorporated is small., Veertman's (1961) hypoth-
esis remains to be proven though Lister (1972) did find that layers of
sand -and gravel in an insulated container were disturbed and buckled

' aftef several freeze-thaw sequences. Thug, the weight of evidencé at
present seems to ppint to a relationship,‘complex though it might be,
between sliding and erosion and that at least an intermittent liquid

phase and a refreezing cycle are necessary for substantial pickup of

- basal debris.

Taking this as a basis for discussion, it is possible to re-examine
the Anvers Island debris-~ice sémples described above and to present a
hypothesis, albeit tentative, concerring tﬁe formation of the debris
sam?le and to extend this hypothesis to the present erosive activity
of the Marr Ice Piedmont.

Several_features of the debris-ice specimen are . of particular
interest. The first impression is that the dirt band asAa whole is
cqmpletely bubble~free and that the clean and bubdbly ice surrounding
the dirt band is unaltered glacier ice. Secondly, is the problem of the
alternation of the dirt_layers and the completely bubble-free ice (see
figures 68 & 69). Thirdly, is the extremely weak contact between the
dirt band and the clean ice "below". Finally, there is the remarkable
difference in grain size and texture between the dirt layer-ice and

the clean ice surrounding it (figures 70 & 71). These characteristics
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‘aré strongly reminiscent of the obser&ations of Xamb and LaChappelle
(1964) in Blue Glacier. It is hypothesised here fhat the dirt layers

are in fact bubbly but every bubble is filled with dirt! The clean ice
betwveen the layers and which is bubble-free and is iﬁ weak contact with
the dirt layer, represents the "spicule" ice described by Kamb and
LaChappelle (1964). Within this hypothesis, these characteristics suggest
thaf the debris-ice specimen is the result of a freeze-thaw pressure-
melt sliding mechanism similar to that proposed by Weertman (1957;1964)
and Llyboutry (1968a; 1968b) and that the very fine grained dirt layer
is regelation ice, with the fine lineation of (dirt filled) bubbles or
"globules" having been caused by pressure-melt regelation ice formation.
Each gingle line of bubbles represents a single pressure-melt-event
iocation and the planes of bubbles constitute an areal extension of these
event 1ocafions. Perhaps a major flaw in this hypothesis is the relétively
high concentration of dirt, up to 19% by volume as compared with no more
than 10% reported by Kamb and LaChappelle (1964).

Weertman's (1961) "Freezing Model" concept also emphasises the imp-
ortance of a basal water layer in the erosion of the bed but it is diff-
icult 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 in some parts
of the glacier could have led to the structure of the Anvers Island
specimen., A similar or related hypothesis.was put forward by Schytt
(1963) in a discussion of fluted moraines in Norway. He suggested the
preéence of fluid moraireat the pressure melting point which freezes

to the base of the ice when it enters a subglacial cavity and the pressure




is_released. This could certainly lead to an enhanced debris load in
the basal layers, which include large rock fragments (see figure 69).

Thus there seems to be a strong possibility that a basalwatef layer
must exist if there is to be substantial debris pickup at the base of
the ice. This may take the form of a continuous water layer under at
least a part of the ice ag Weertman (1961) has suggested or it my be
a transient phenomenon atAspecific locations in conformity with the
qualitative principles of the sliding tﬁeory.

~ One important fact seems evident. If the basal condition is con-
stant over all the glacier bed then there will be no substantial debris
pickup. This applies equally to a bése which is frozen at all locations
or a base which is melting at all locations. The liquid water must re-
freeze at some point at the base if it is to incorporate dirt material.

Accepting this.premise‘as the foundation of a hypothesis, the dist-
ribution of basal condition within the piedmont, suggested in Chapter.
11, implies that some basal erosion is takiﬁg place.'Theré are two zones
within the piedmont where basal sliding has been inferred. In zones I
and IT basal erosion could be taking place but the conflict befween |
visible and_theorefical evidence needs to be resolved.

In zone II, in the highest parts of the piedmont, it is suggested
that the erosion process is active in the pressure-melt-regelation
mechanism and small amounts of debris are being taken into the basal
ice. The erosion at individual locations will be small and considerable
reworking will be required before the basal debris load becomes signif-

icant.

In zone I, the ice stream, basal sliding has also been inferred
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but here under different conditions from zone‘II. In this zone where
the sliding veloqities alone reach to well over 100 m. per year in
places, the heat of friction could possibly be great enough to lead
to. basal melting. Under these conditions it is not possible for the
basal ice to incorporate debris, therefore no erosion is taking place.
This hoWever, could be an overéstimate and the possibility that zone I
is in the same state as zone II, with sohe erosion taking nlace, should
not be overlooked.

In zone III, no sliding is taking place, therefore there is no
erosion because the ice is frozen to the bed.

The conflict between these conclusions and the visible evidence of
the clean ice cliffs, which denies erosion, can be readily resolved.
Consider that the three zones do exist and that zone I is not in the
same state as zome II. The basal debris picked up in zone IT in the re-
gelation ice is transported, with the possible exception of station T5,
in a southwesterly and southerly direction, following the vectors shown
in Figure 30, p99. , and discussed in Chapter 5.VThis ice ultimately
enters zone I. It may do so in the vicinity of station C4 if zone iI
terminates ét this point or at about station C1 if zone II extends
southwards, as indicated by the dashed line in Figure 61. In any case,
the fate of the ice is the same. It enters the rapidly moving ice stream
and the basal ice begins to melt and at least some of its basal debris
load is lost. Even the ice passing through stations P and N, for exa-
nple, ultimately enters zone I, even though it may havé been in close
proximity to zone IIT and eﬁtered zone I near station K2. The remaining
debris-laden ice is then channeled over the sub-sea level glgcier bed

(see figure 63) where basal melting may be further enhanced. Whatever
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deﬂrisfice survivesband reaches the coastal ice cliff, obviously must
* be below sea level, |

Evep if zone I is not a zone of basal melting and is in fact act-
ively eroding the subglacial valley floor, the visible evidence is still
below sea level when it reaches the coast. Under this set of conditions
the ultimate debris load ét the cliffs could possibly be considerable.
In the northwestern part of the study area, similar arguments apply to
the Wylie Bay ice stream, from which it is postulated the debris-ice
specimen originated. The ice immediately behind Arthur Harbor may also
fall into zone I, especially if, or where, the subglacial bed is below

gea level.

Discussion
‘, Though there is a genefal 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 ﬁany polar and sub-polar glaciers, such as those in Svalbard, Bafiin

Island, Greenland etc carry very considerable amounts of englac;al debris

derived from the glacier bed, whereas temperate glaciers such as thoée

of Norway, Iceland and the Alps carry very little basally derived debris.

However, the sub-polar category (where the sub-polar classification

is derived from temperature observations which do not reach to great depth)

seem to vary in their erosive ability which may be a direct reflection

of differences in their basal condition. The Barnes Ice Cap is known to

be frozen to its bed around the periphery but it has produced the Thule-

Baffin moraines, It algo has a rich dirt content as seen in the cliffs

and so strikirgly portrayed in the photographs»in Ward (1952, p. 19).
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A_liquid phase at the base in fhe interior parts of this ice cap seems
plausible but has yet to be proven. Weertman's "Freezing Model" is based
on this ice cap. |

The ice piedmonts éf the western coast of fhe Antarctic Peninsula
present a slightly different situation and from the observations on
Anvers Island, it is obvious that the Marr Ice Piedmont is very diff-
erent, geophysically, from the 3arnes Ice Cap. The same might apply,
in fact probably does, to the Fuchs Ice Piedmont on Adelaide Island.
Whether or not the Freezing Model is supported by evidence from the
Barnes Ice Cap, it certainly does not exist in the Marr Ice Piedmont.
The high rates of accumulation, the subglacial topography, the ice
streaming effects and the inevitable intervention of basal sliding to
nmaintain equilibrium, raises the temperature of the ice streams to a
@a%metMyﬂemﬂﬂhtwmmm.%embmhrdmﬁﬁmﬁm
is érobably applicable to the highest interior parts of the piedmont
where the 10-metér temperatures range around -5°9C. The peripheral ice
standiné’on the subglacial saddle, on the basis of temperature data
available, apparently lies between the two classifications. However,
rore observations, fo greater depth are needed to fully understand this
part of the piedmont. Thus, though there are zones of melting and
freezing at the base, their position, relative to each other,is adja-
cent rather'than concentric, as supposed for the Barnes Ice Cap. Con-
gequently, the Marr Ice Piedmont does not pick up the massive amounts
of basal debris seen in some sub-polar glacial features, even though it
may, in parts, be truly sub-polar. The ice sirecams "shear" alongside

the zone, of basal freezing rather than flow towards it. Consequently,
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the ice over the subglacial saddle can remain frozen to the bed because
velocity enhancement by basal sliding is not needed to maintain equil-

ibrium.

CONDIUSIONS |
The argument has been put forward that basal sliding and basal

erogion are reléted interacting phenomena and taking this as the basis
'for hypothesis, it is concluded that the Marr Ice Piedmont is select~
ively erodingvits bed. This process is active over the high interior
subglacial plateau, but as a result of ice streaming outward from this
area it is possible that intensive erosion at least, of the subglacial
valley floors, is prevented by basal melting. This leads to the concl-
usion thatienglacial debris derived from the interiof plateau may be
redeposited along the valley floor or slowly transported outward to-
wards the coast by subglacial melt stireams. On the other hand, it
shouid not be overlocked that théugh the sliding velocity of the ice
streams is high, a pressure melting—regelation mechanism could be active
leading to erosion of the walley floors. In any case, any visible evid-
~ence of erosion in the goastal ice cliffy may be small and is certainly
below sea level.

The field evidence leads to the conclusion that.over the subglacisgl
saddle between the two valleys, there is little or no erosion because
the ice here is frozen to the bed. Certain inconsistencies in the data
however, indicate that there might be isolated areas of basal sliding
leading to localised erosién over the saddle, Information on the sub-

glacial topography in this area lacks detail and is inadequate'to con-



firm localised sliding and erosion.

There. is no evidence, either from the geomorphological appearance
of the subglacial platform'or from the prece;ding discusgion, that
the Marr Ice Piedmont is a "strandflat glacier" within the context of
Holtedahl's (1929) description. The piedmont is not at present cutting,
and may never have been cutting, a planed surface at a level controlled
by the sea. Indeed, it is more likely that it is in the process of
destroying the planed surface by selective erosion which is accent-

uating the topography of the platform.
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CHAPTER THIRTEEN

GENERAL SUMMARY AND CONCLUSIONS WITH
SUGGESTIONS FOR FUTURE WORK

As a pilot study to elucidate the basic glaciological chéracter-
istics of the Marr Ice Piedmont, the present investigation was suff-
iciently comprehensive to be adequate. However, like many investiga-
tions which preceded it in the Antarctic Peninsula, it was a localised
study, in many ways unrelatable to the major, contemporary geographical
pattarns iﬁ the region. It has learned much about the Harr Ice Piedmont
and is the first major undertaking of its kind in the peninsula area,
It has prompted considerable'speculation.regarding many aspects of itis
findings and in ﬁany cases meie speculation and suggestion is all that
is possible because of the general lack of relatable information from
elsewhere in the peninsula. The Antarctic Peninsula is a distinct geo-
graphic entity and because most of the immediate problems in the penin-
sula have a geographic coﬁnotation, they have a profound regional as
well as local importance. Therefore, future work, as revealed by the
preseat study, should not be restricted to Anvers Island alone. Above
all, the present study has set a firm foundation upon which future work
can be develofed. |

From the maés balance investigations, it is concluded that the
llarr Ice Piedmont is in equilibrium or very slightly positive and evid-

ence from the ice ramps tentatively suggests that the piedmont may have

been experiencing a prolonged state of slightly positive regime, .sfter
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a period of recession. Certainly there is no evidence, either glacio-
logical or geological, to suggest a present state of recession. Thus,
'£he Harr Ice Piedmont appears to be typical of the glaciers of tﬁe
peninsuvla's west coasf. -

These measurements were adequate as a preliminary study but, as
with meteorology, the longer the record, the more satisfactory the
result. This is very significant when there is the likelihood of marked
annuai variations in the balance factors. It is suggested that mass
balance studies should be resumed at Anvers Island and continued for
several years. Such studies should be intimately coupled with glacier
heat balancé and energy exchange studies, which would not-only lead to
a better understanding éf the physical characteristics of the piedmont,
-but would also help in elucidating the many accumulatio;'and ablafion
factors in the mass balance equation and forAwhich, admittedly, this
study has not been able to account; As the evidence points to the icé
ramnps as important mass balance indicétors, a resﬁmed study should
direct specific attention to them. The question of a recent and cont-
inuing positive regime should be further investigated at Anvers Island
and similar evidence should be sought elsewhere.
| W;thlthe foundation set by the present study, and despite the ard-
uous field~wo:king conditionsg, the Marr Ice Piedmont is a feasible long-~
term mass balance gtudy area. Certainly the precedent for long-term
studies, under equally arduous conditions, has been set in the Arctie,
for example, Nuller 1963; Hattersely-Smith & Sedrson 1970; Iken 1972;
| }iller & others 1972.

A resumption of studies at Anvers Island together with similar
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‘supporting mass balance studies at selected locations inthe Antarctie
Peninsula, with special attention to the little-known eastern side would
be ideal. The overall objective of such a regional study, performed
perhaps on an ihternétional baéis,‘would be to determine tﬁe state of
the balance equation as it applies to the peninsula as a whole, to des-
cribe and explain local and regional variations and to catalog the glac-
iological transition from the northern temperate to the southern colid-
polar enviromment. Such studies would not only be complementary to those
in the Arctic and elsewhere, but with a regional approach would have
particular value and significance in the light of the objecti#es of the
International Hydrologic Decade.

Of all measurements during this study, those of ice temperature
were the leést adequate-and températures from greater depths are needed
before any firm conclusions can be made regarding the geophysical state
| of the piedmont. 0n the basis of temperatuﬁe déta now available, the
piedmont lies, geophysically, between temperate and sub-polar.

Precipitation over Anvers Island is high, amongst the highest on
record for the Antarctic Peninsula but is not anamalous in this central-
southern section. Over the Marr Ice Piedmont, precipitation increases
rapidly wifh elevaﬁion and varies locally with topographic irregularities.
At 850 m. elevation precipitation exceeds 250 g/cmz/yr. There is no
significant variation in precipitation with change in latitude except
that the southern lee slope receives the least because the principal
snow-bearing winds are north—northeést and easferly. These winds and
the physiographic configuration of-the island appear to create a prec-

‘ipitation shadow, which maj be effective over the entire piedmont.
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Prbnounced annual variations in precipitation are evident and are prob-
ably related to geo-climatic factors which this study has not been able
to determine. Future work, particularly if it is on a regional basis,
should diréct specific attention to the interrelationéhip between loc-
ally detérmined mass balance factors and the regional distribution of
geo-climatic factors.

'The piedmont ranges in thickness from 60-80 m. at the coastal cliff
to ﬁore than 600 m. inland at the foot of the mountains. It rests on
two almost horizontal low-level platforms, one peripheral at approx-
imately 50 m., the other at about 200‘m. elevation. In places these
surfaces are dissected by valleys, resulting inpronouncea ice streaming
at the surface. It is concluded that this subglacial topography is not
a strandflat according to the classical definition, though the amplitude
across the gurfaces appears to be no more than about 40-50 meters.

Surface ice velocities were obtained using open traverse survey
techniques with electronic and optical equipment..It can be concluded
that with suff;cient observational control, this method of movement det-
ermination is satisfactory and to be recommended for such studies when
solid rock control is not available. Surface ice velocities range from
14 n/year in the high interior to 218 m/year in the ice streams.

To reconcile the distribution of measured surface velocities and
 the distribution of calculated basal shear stress and inferred sliding
velocities, differences in basal condition from one part of the piedmoﬁt
to another has beén invoked. It is believed that a slip-and-stick
sliding mechanism is operating in the higher interior parts and that

much of the peripheral ice is frozen to bedrock. In the ice streams
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the inferred slidipg velocity exceeds 100 m/year in places suggesting
the vossibility of basal melting. Alternmatively, an enhanced slip~and-
stick mechanism may be operating in the ice streams. |

With the conclusion that there is a direct relationship between
basal sliding phenomena and glacial erosion, the zonation of basal
ccnditians in the Marr Ice Piedment has been related to its erosive
capability. Basal erosion is active in the interior by the slip-and-
stick sliding mechaﬁism while no basal erosion isoccurring below much
of the peripheral ice because.it ig frozen to bedrock. The basal cond-
ition of the ice stfeams.is uncertain but if melting occurs beneath
them, they are not erosive. Alternatvively, a slip-and-stick mechanism
accounting for a sliding velocity of as much as 100 n/year leads to the:
conclusion that the ice streams could be extremely erosi&e. Whereas the
remarkably cléan ice of the peripheral cliffs suggests-no erosion, it
is'further concluded that the evidence of erosion does exist but is,
by virtue of the subglacial topography, below sea level when it reaches
the coast. |

On the basis of this information, the present study finds insuff-.
icient evidence to‘support the belief that the present ice cover has
eroded its subglacial surface in the way described by previous observers.
Thus, if the Marr Ice Piedmont, as it now exists, is not wholly respon-
sible for the construction of its subglacial surface, its origin by
other mechanisms must be considered. It is beyond the scope of this
thesiéi%ursue this problem but this author has suggested elsevhere that
the surface beneath the Marr Ice Piedmont, and possibly the surfaces

beneath other glaciers and riedmonts throughout the Antarctic Peninsula,
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are preglacial and of initial marine origin, later modified by glacial
setion and that there may be a regiondl occurrence of elevated surfaces,
‘similar to that upon which the Marr Ice Piedmont rests (Rundle 1971).
This is an interdisciplinary problem but basically one of geology and
gépmorphology. Cerfainly it is a regional problem and forms an important
part of future work in the Antarctic Peninsula.

The subglacial surface of the present gstudy area should be further
investigated in detail by an intensive gravity survey, supported by
seismic control, and extended throughout Anvers Island to determine
whether the knowm subglacial topography is a local or widespread fea-
ture. The form of the inland subglacial continuation of the Cape Mon-
aco promontory should be determined and the subglacial morphology of
.the area befween Cape HMonaco and Hamburg Bay should be investigated.
From this, a more complete knowledge of the subglacial geomorphology
will be avéilable and a more consice evaluation of its history will
be possible. The morphology of the subglacial surfaces of other pie-
dmonts and glaciers throughout the peninsula should be studied through
gravity and seismic investigations to examine the possibility of a
regional occurrence of elevated surfaces, particularly at about 200
to 300 meters a.s.l. and’ to further explore the question of their
marine origin and age. Such a regional study would be helpful towards
a better understanding of the structural history of the Antarctic Pen-
insula,

Elgewhere in this thesis this author has expressed slight dissatis-

faction with the ice temperatuvre measurenents taken during the study
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and that future work should concentrate heavily on this problem. The
internal distribution of tempefature from the surface to bedrock
should be fully and accurately investigated on the piedmont. Ideélly,
this should be done at at least three locations; one in 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 little is understood concerning the
relationship between glacier thermsal charadéristics, the basal erosion
process and the amount of basally derived debris carried by temperate
and non-temperate glaciers, would be a most logical extension of the.
present study and would be an important test of the main thoughts
expressed in this thesis. Additicnally, the bore holes resulting from
such an investigation would be of considerable value for deformation
studies, especially in the ice streams, where activity is high; and
would lead to more. pregige values for the constants in the deformation
equation as it applies to this particular glacier morphology. Cores
taken during the drilling operation would lead to valuable information
on the recent history of the piedmont and ice samples from the basal
layers would attest to the erosiveness of the piedmont and would permit

further, detailed study of the basal erosion process.

Prom this study it is not possible to date the present ice cover.
It is probably a survivor from the most recent glacial recession,
though in its present highly active state it seems quite capable of

independent existance, and theoretically could be merely centuries in
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age. Assuming that the ice streams are transporting debris, harine
sediment studies, close inshore where the streams reach the coast,
would be helpful toward establishing the age of the ice and could

possibly shed considerable light on the recent history of the area.

An interesting problem, not touched upon in the main text of this
thesis, for lack of more than circumstantial evidence, concerns:: the
ice ramps. Why does the'piedmont terminate as ramps at such places as
Worsel Point and Bonapart Point? Is there a delicate'equilibrium sit-
uation which is maintaining the-ramps in their preseﬁt morphology?

Or, ultimately,will they develop into land-based cliffs?

Thg ramp studies described in Chapter 7 indicate that in some
years-the budget is slightly positive while in other years it is sli-
ghtly negative. In Chapter 8 the question was raised as to the relative
frequency of positive and ﬁegative budget years, and it was suggested
that there had been a recession of the ramps at some time in the past
and that subsequently there had been a general tendency towards a higher
frequency of positive budget years, reflected by the accumulation of
superimposed ice on the old dusty ice surface. Oﬁ the basis of these
observations two hypotheses can be put forward.

1) The frequency of amnnual budget variations are approximately
equal and this coupled with velocity factors is the controlling element
in the maintenance of the ramp morphology. Stake number 5 on Norsel
Point ramp (see figure 44) was surveyed by tape trilateration and showed
a barely significant forward movement of 9 cm over a two-year period.

Thus, the ramp at this point is virtually stagnant and probebly is so
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for a further 150-200 m.‘inlapd. Thus in negative budget years total
net ablation reduces the lower ramp as it did in 1964 and 1965 but the
loss isvreplaced during the positive budget years when the remaining
.winter_accumulation forms very consolidated iced firn or superimposed
ice which again is removed in subsequent hegative budget years. Thus
the surface level and thé profile shape of the ramp fluctuate slightly
year by year but forward motion is too small and positive or negative
budgets'do not occur consecutively over long énough periods to cause
significant growth or recession of the ramps.

The virtual lack of forward motion is not only the cause for the
ice not reaching the Qoast at this point but also is one reason why
a land based ciiff is not formed. The positive balance over most of the
upper ramp is not brought forward to this point. The position and lin-
eation df the crevasses on the ramp fsee figure 44) indicate sheering
of the ice and the channeling of it into Lowdwater Cove and Arthur
Harbor. The foot of the ramp therefore, is maintained: almost as a sep-
-arate entity, somewhat divoreed from the general activity of the main
piedmont. The significant fact which eherges is that a ramp-shaped

feature and not a cliff is apparently being maintained.

2) A second hypothesis is presentable in view of the present surface
profile of Norsel Point ramp . (see figure 45), This profile was obtained
by preeciSe level and staff survey by L.E. Brown in 1966. The survey
roveals ;. a very steep gradientlfrom the edge of the ramp inland to
the vicinity of stake number 8 where a sharp break of slope occurs. This
is the point where the superimposed ice deposit begins. From this point

 the gradient of the ramp surface inland is much less.
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Though most of the ice on the upper ramp shears into Arthur Harbor
and Low&wétér Cove, and though the forward motion of the foot of the
ramp is only 4.5 cm/yr. there may be forward motion generally paréllel
to the main axis of the ramp in this area and if this is the case, a
posgible interpretation of the gradients on the lower ramp is that the
initial steeper gradient, from the edge of the ice to the first break
of slope, represeﬁts a very shallowly inclined cliff face. Possibly on
a long-term basis, the combined effects of the superimposed ice form-
ation and the small but persistent forward motion, will exceed the over-
all effects of ablation and the steep ramp foot willi@hcrease in incl-
ination to be restored to a true cliff éonfiguration.

| There are no direct field measurements to support this second
hypothesis and Brown's survey is merely suggestive. However there is
limited circumstanfial evidence, but from simple field observations
aloﬁe,that it could contazin some credibility.

The cliff face surrounding Skua Lake behind Palmer Station is in-
clined at an estimated 30® from the vertical and has been observed by
both this author and I.M. Whillans to fracture and collapse periodically
indicating that soﬁe movement is occurring. Whillans' attempts to meas-
ure the movement along a vertical profile on the cliff face failed due
mainly to the hazards created by the ccllapse. However, from his direct
observations he feels that over a 13-month period, the face of the cliff
became slightly steeper. This leads to the conclusion that the features
of the cliff are becoming more strongly emphasised. Unfortunately, this

author did not direct any special attention to the cliff in 1965 or

1966.
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This is an intriguing problem and has implications concerning the
present regime Qf_the piedmont and ité recent history and also the
questions surfSunding the problem of recent climatic changes in this
central-southern part of the Antarctic Peninsula. A resumption of long~
term mass balance studies on the ramps should include precise profile
surveys and direct attention to the questions raised by these two
hypotheses.

Fiﬁally, a major regional question in -the Antarctic Peninsula
relates to its histbry and particularly to the sequence of events
during the Pleistocene. These: problems have recently:been approached
by Clapperton (1971) and Everett (1971) but so far only one tentative
glacial dhronology has been published (John & Sugden 1971). Widespread
evidence establishes that the ice has been at least 300 m. thicker
than at presént and it is probable that during the maximum glaciation
the ice was much more extensive. It may have been entirely land based,
during an eustatically lowered sea level, or it may have taken the
form of a locally anchored ice shelf. Much of the evidence of a former
ice cover, and this certainly applies to any previous extension of the
Mérr Tce Piedmont, is hidden due to the recent submergence of the land.
Submarine geomorphological investigationsland sediment studies would
be instrumental in determining the former extent of the ice and would

provide valuable information for the formulation of the regiornal glac~
ial chronology.

In the Antarctic Peninsula there are many problems to be solved.

They are not isolated problems and they all are enormous in their scope
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and magnitude. In many ways the region.is but little known to science.
This thesis has.attempted to scratch the.surface of some of these
problems and in so doing it has raised even more. Tt is this 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 it is a firm foundation for the work which remains,
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