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A STUDY OF GLACIER FLOW FOR AN OPEN-PIT MINE: 
AN EXERCISE IN APPLIED GLACIOLOGY 

By S. C. COLBECK 

(U .S. Army Cold R egions Research and Engineering Laboratory, Hanover, New 
Hampshire 03755, U .S.A. ) 

AUSTRACT. As part of the feasibility study for the d evelopment of an open-pit mine a t the edge of the 
Greenland ice sheet, a stud y is made of the ice flow toward the proposed pit. The flow is analyzed by consider­
ing the two-dimensional flow along seven cross-sections. The most favora ble profile is d e termined for each 
cross-section a nd its flow calcula ted. The excavation necessary to expose the ore is 106 X 106 m3 of ice. 
66 X 106 m 3 of ice will have to be removed in order to es ta blish favorabl e profil es and a n additiona l 7.9 X 106 

m 3 of ice will have to be removed each year in order to prevent the gl acier from thickening a nd advancing 
into the mine. M any other glacio logical problems must be considered , and field work continues in order to 
provide more information a bout the a rea . 

R EsuME. Une etude d'ecolllement glaciaire pour l' installation d'un f orage Ollvert de mine: un exercise de glaciologie 
applif/llee . En vue d 'es timer la p ossibilite de creer un forage de mine a cie l ouvert en limite d e la calotte 
glaciaire du Groenl and, on a realise une etude de l'ecoulement de la glace en direction du forage propose. 
L'ecoulement a e te analyse a partir d e l'e tude d e l'ecoulement a deux dim ensions le long d e sept sections 
transversales . Le profille plus favorable est determine pour chaque sec tion e t son debit es t calcuIe . L 'excava­
tion a creuser pour mettre a d ecouvert le minera i est d e 106 millions d e m 3 de glace. 66 m illions de m3 de 
glace devront avoir e te enleves pour e tablir un profil fa vorable e t une m asse supplbnentaire d e 7,9 millions 
d e m3 de glace devra etre evacuee chaque a nnee pour empecher le glacier d e s'epaissir et d 'ava ncer dans la 
mine. Beaucoup d 'autres problemes glaciologiques doivent etre a bordes e t les travaux se poursuivent sur le 
terrain pour avoir une meilleure connaissance de la zone. 

Z USAMMENFASSUNG. Untersllchung des Gletscherflllsses fu r ein TagebaujJTojekt: E ine UbWIg in Angewandter 
Glaz iologie. Als T eil einer Proj ektstudie flir di e Einrichtung eines Tageba ubetriebes am Rande des gron­
landischen Eisschildes wird die Eisbewegung in Richtung a uf die vorgeschlagene Grube untersucht. Die 
Eisbewegung wird auf Grund d es zweidimensionalen Flusses in sieben Querschnitten analysiert. Flir jeden 
Querschnitt wird d asjeweils glinstigs te Profil bestimmt und der zugehorige Eisfluss berechnet. Zur Freilegung 
d es Erzes erweist sich ein Aushub von 106 X 106 m3 Eis a ls notwendig. Zur Schaffung glinstiger Profile 
mlissen 66 X 106 m 3 Eis entfernt werden ; zusatzlich sind jahrIich 7,9 X 106 m 3 Eis abzutragen, um zu verhin­
d ern , dass die Gletscherdicke zunimmt und der Gletscher in die Grube vorstosst. Viele a ndere glaziologische 
Probleme sind noch zu berlicksichtigen ; die Feldarbeit wird zur Gewinnung weiterer Daten liber d as Gebiet 
fortgesetz t. 

SYMBOLS 

ti surface flux (ablation plus excavation , m a- I) 
B temperature-dependent constant in the flow law (N m - 2 sn) 
ex longitudinal strain-rate (a- I) 
h longitudinal strain-rate at x = L (a- I) 
g acceleration due to gravity (9.8 m S- 2) 
h dimension of glacier (m ) 

hL value of h at x = L (m ) 
L reference position on x-axis (m) 
m profile exponent 
n stress exponent in flow law 
q volume flux of ice per unit width (m2 a- I) 
t time (s) 

11 longitudinal flow rate averaged over thi ckness (m a- I) 
11£ flow rate at x = L (m a - I) 

x coordinate axis a long bedrock (m) 
z coordinate axis perpendicular to bedrock (m) 
Z value of z at the surface (m ) 

ZL value of Z at x = L (m ) 

40 1 

https://doi.org/10.3189/S0022143000023182 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000023182


402 JOU R NAL OF GLAC I OLOGY 

f3 a ngle of inclination of bedrock (deg) 
p density of glacier ice (kg m - J ) 

crx normal stress in x direction (N m - z) 

a averaged value of stress (N m - Z ) 

cr' deviatoric stress (N m - z) 

I NTR O D UCTION 

A large deposit of iron ore has been discovered at I sua along the edge of the Greenland 
ice shee t (see Fig. I ). The feasibility study for the recovery of this ore involves many glacio­
logical problems because the ore is mostly covered with ice up to 200 m deep . It is anticipa ted 
that the development of a large open-pit mine with ice walls around 60% of the perimeter 
will b e necessary. As the ice overburden is stripped away to expose the ore, the flow of ice 
toward the open pit will increase as the surface slope is increased and the elevation of the ice 
margin is lowered . The volume of ice flowing toward the pit a t the final stage of development 
is calculated as part of a preliminary cost analysis; the procedure and results are presen ted 
here. 

G R E E N LA N D 

Fig. I . M ap of Greenland showing location or l sua. 

Many of the problems in this study are familiar to glaciologists but some innovations will 
be n ecessary to handle a project of this size. Also, some significant glaciological phenomena 
such as the occurrence of liquid water beneath the ice sheet will be investigated during the 
course of the feasibility study. A network of stakes for determining surface velocities ha 
provided information for several years, but much additional information is needed in order 
to ob tain surface velocities further up-stream from the ore. Likewise, the configuration of the 
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glacier is known in the immediate vicinity of the deposit, but additional information must be 
obtained up-stream from the proposed excavation. Snow drifting along the margin of the 
glacier occurs at present and it is anticipated that the accumulation of snow in the open pit 
could be a severe problem. Many millions of cubic meters of ice will have to be removed 
directly, necessi tating the development of rapid and economical m ethods of excavating and 
hauling ice. The excavation cos ts would be reduced if large amounts of ice could be removed 
by modification of the surface albedo with rock dust or carbon black. More information 
about the application and benefits of these materials must be obtained before the most 
efficient balance between direct excavation and surface melting can be found. The surface 
run-off resulting from melting will have to be controlled in order to prevent flooding of the 
mine, and large channels will be used to collect and remove water from the glacier surface. 
The stability of these water courses in ice over tens of years will be studied closely. 

Although the mineral deposit has been sampled by drilling through the g lacier, no ice 
samples were taken. Furthermore, temperature m easurements in the ice taken to a d epth of 
115 m suggest that the melting temperature occurs around 200 m depth. A drilling program 
is planned to obtain ice samples for fabric analysis, to measure ice temperatures to greater 
depths, and to locate the subglacial water. Clearly these parameters have a significant effect 
on the rate of flow of the glacier, and, if a large area of basal water exists beneath the ice 
sheet as suggested by Gudmandsen and Christensen (1972) , the mine could be flood ed if 
the excavation intersects this subglacial reservoir. 
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Fig. 2 . Location of the ore deposit at the edge of the ice sheet. Regional velocities show the diversion of the flow away from the 
deposit. 
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If the resu lts of the feasibility study are favorable , a new configuration will be imposed on 
the ice sheet over an area of about 3 km2 • In a sense this will be the largest and most expensive 
glaciological experiment ever performed; glaciologists will have the opportunity to observe 
the behavior of a large ice mass which has undergone an artificial alteration. The planning 
of the excavation wi ll require a series of compromises between the need for efficient mine 
development and the need to minimize the costs of ice excavation. Many years of research on 
ice mechanics and polar glaciers provide the basis on which the decisions will be made. 

PHYSICAL SETTING 

The ore deposit at Isua is located along the margin of the ice cap as shown in Figure 2. 

The deposit is 2 km long and 250 m to 450 m wide with the long axis oriented approximately 
in the north- south direction. About 15 % of the area of the ore is exposed at the surface 
including a rock ridge which rises some 60 m above the edge of the ice. The ridge causes 
flow diversion to the north and south of the ore body, thus flow rates are currently quite small 
in the center of the deposit (see Fig. 3) and the surface is nearly flat (see Fig. 4). 
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Fig. 3. Surface velocit ies measured ill the area of the ore body. 
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The regional flow (as determined by the surface contours) is from the east-north-east. Most of this flow is diverted to the north of the deposit by a subsurface ridge which trends east-south-eas t from the northern tip of the deposit. The flow rates to the north are as large as 30 m a - I while those to the south are less than ' 5 m a- I. The flow rates at the center of the depos it are as small as , m a- I where ice flows up-hill a long the steeply sloping bedrock and is stopped by the ore deposit (see Fig. 5) . The ice flows up-hill and over the deposit along its southern and northern flanks (see Figs. 6 and 7) . The main outlet of the ice sheet in this area is the large di scharge glacier which flows past the northern tip of the deposit and moves 

Fig. 4. Base map showing surface contours, bedrock cOlllours alld iocatiolls of the seven cross-sectional profiles. The outline of the ore deposit and the suggested areas of ore sacrifice are shown. 

down-hill to the west. Numerous smaller discharges occur to the south (such as the flow across the southern tip) but the large glacier on the north accounts for most of the ice flux out of this area. 
Up-hill flow occurs essentially from the center of the Greenland ice sheet (see Fig. 8) with an average slope of less than 0.4 % over the last ISO km . At Isua the slope increases to as much as 50% because of the presence of the resistant rock formations associated with the ore deposit. The ridge of sub-surface rock on the north and the up-hill slope of the bedrock are favorable factors in reducing the potential flow into the open pit. No similar problem of up­hill Aow has been analyzed, but the general principles of the theory of glacier flow can be appli ed to the problem treated here- the case of up-hill flo w where the surface slope wi ll be imposed on the glacier by direct excavation. 
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Fig. 5. Cross-sectional view of the glacier along line No. 4 showing the bedrock, existing ice surface and proposed ice surface. 
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Fig. 6. Cross-sectional view of the glacier along line No. 6 showing the bedrock, existing ice surface and proposed ice surface. 
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Fig. 7. Cross-sectional view of the glacier along line No. I showing the bedrock, existing ice surface and proposed ice surface. 
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Fig. 8. Cross-sectional view of the Greenland ice sheet up-stream f rom [sua showing the inclination of the bedrock. 

FLOW MODE L 

T he complicated geometry of the glacier at Isua is very difficult to model a nd many 
simplifying assumptions are necessary. Accordingly, the area around the perimeter of the 
pit is divided into segments each of which is approximately by a two-dimensional glacier. 
The bedrock surface is taken as a sloping plane and a simple configuration is adopted for the 
p roposed ice surface (see Fig. 9), 

Although the adoption of a para bolic profile may preclude the selection of a configuration 
with lower flow rates, it is necessary to adopt a configura tion which can be excavated easily. 
T he parabolic profil e, which is common in nature, may satisfy both criteria. 

T he development of the two-dimensional flow of a glacier begins with the equilibrium 
eq uations (Budd, 1969, p. 112), 
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Fig. 9. Idealized view of the existing and proposed glacier profiles. 
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caz oaxz 
- + ---;;- - pg cos f3 = o. 
0;:; ex 

The longitudinal vanatlOns must be retained in this problem , therefore the equations are 
treated by averaging the normal stress over the thickn ess of the glacier. Equation (2) is 
integrated over the thickness of the glacier and from the margin to x; axz is taken as zero at 
the surface and ax is zero at the origin (see Fig. 9), so that 

x x 

,(ax = - pg sin f3 f ,( dx + fa xz(x, 0) dx 

o o 

where ax is the average value ofax in the z direction. Likewise, Equation (3) is integrated 
from the surface (where crz is taken as zero) to z and then integrated over the thickness of the 
glacier, 

Z z 

,(az = - 0·5 pg cos f3 ,(2 - :x f f crxz dz d ;:;. 

o Z 

(5) 

where az is the average value of az in the z direction. For two-dimensional flow where no 
deformation occurs in the third direction, the averaged deviator stress in the longitudinal 

direction crx' is related to the averaged normal stresses by (Budd, 1969, p. 214) 

These last three equations are combined to give 

x x 

2,(ax' = - pg sin f3 f ,( dx + faxz (X, 0) dx + 

o o Z z 

+ 0·5 pg cos f3 ,(2 + ~_ r f crxz d z d ;:; . 
ox oJ 

o Z 

(6) 

In this equation the term on the left is equal to twice the force causing longitudinal d eforma­
tions, the first term on the right describes the compression which arises due to up-hill flow, 
the second term describes the drag as the ice moves over the bedrock, the third term describes 
the longitudinal forces due to the curvature of the ice surface, and the final term d escribes 
other longitudinal variations in the shear stress . 

A simplifying assumption is made in order to use Equation (7); the shear stress at the base 
is taken as a constant for all values of x. There is considerable justification for adopting this 
assumption since calculated values of basal shear stress are generally within 50% of 105 N m - 2 

(Kamb, 1964). The unusual geometry of flow at Isua suggests that an area of " dead material " 
could exist because the glacier is pushed against the bedrock. However, observations of the 
movem ent of drill holes suggest that the usual zone of deformation occurs at the bottom of the 
ice and that shear stresses are a maximum there . Using the assumption of a constant basal 
shear stress, Equation (7) is solved for axz(x, 0) at x = L and, upon substituting this express ion 
for axz (x, 0) back into Equation (7), 
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o 
L 

+ pg sin fJ xL - I f Z dx-o·5 pg cos fJ ZlxL - I + 

o 

o ~ f~ I 
+ 0·5 pg cos fJ Z2 - xL - I oX J cru d z d z I L + 

o Z 
z < 

+ o~ f f crXl d z d z. (8) 
o Z 

T he las t two terms are d ropped from this equa tion so that the stress crx' can be calcula ted 
directly from any specified configura tion . Budd (1969, p . 117) discusses the impor tance of 
these terms; their exclusion m ay cause some error in the calculation of the fl ow near the 
margin. 

T he Row law for ice is ad opted from Glen ( 1955) in the form 

ex = (cr;')" 
where the va l ues of B and n a re chosen later according to the pa r ticula r situa tion. 
thickness of the ice is approximately given by 

Z = hL sec fJ (i) I/m + x tan fJ· 

Eq uations (8 ), (9) and ( IO) a re combined to give 

eX
,

/ n = pg (hLL- I/mx(l - ml /m+ sin fJ)- 1 x 
2B 

+ 0.5 X(hLL - I/mx( I - ml /m + sin fJ ) 2 + cos fJ ' J 

(
2cr' x L Z l cos

2

fJLZl ) } . 
pgL 

(9) 

The tota l 

( 10) 

The validi ty of this equation is checked by examining the case of la mina r Row ( crx' = 0 ) 
ove r a level bed (fJ = 0). T he solu tion of Eq uation ( I I) g ives m = 2, the classical profi le for 
lam inar Row. 

T he d istri bu ti Jn of longitudina l strain-rate e:r; can be calculated from this eq uation once 

the configurat ion has been speci fied and the value of the average deviator stress (cr':r;, rJ 
has been chosen at x = L. T he distribution of velocity can then be calcula ted starting with a 
chosen value at the position L. I n this way the ice Rux at each point in the cross-section can 
be computed from values ass igned to the glacier at one position . Ideally this posi tion (L ) 
would be located fa r enough away from the margin to ensure that the presen t values of velocity 
a nd st ress wo uld not be a ffected by the excavation. H owever, the p ract ical limi tat ions of 
obtaining the necessary in form at ion abou t the g lacier over these distances comp rom ise this 
principle. Therefore the equa tion of continuity, 

. oq oZ 
a = - +-ox ot ' 
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where the total ice flux is 

q = UZ, 
is used to select appropriate parameters at L. The temporal derivative disappears in the 
problem being considered here, the steady ice flux at the final stage of pit development , 
hen ce at the position L 

The ablation rate Ih at L is taken as 1 m a- I net ice ablation, a value measured during 
only one fi eld season. The thickness ZL and surface slope oZI ox I L are known for any suggested 
profile (a flat bed is assumed), therefore the longitudina l strain-rate and velocity are related 
through Equation ( 14) . The use of this technique limits the choice of these parameters at the 
reference position, although much subjectivity still remains in their choice. For most of the 
cross-sections several combinations of these values were tried before a self-consistent result 
was obtained . This m ethod of choosing the initial values is not entirely satisfactory, although 
little more can be done until more information about the geometry and. fl ow up-st ream 
from the ore deposit has been obtained. 

FLOW CALCULATIONS 

The rock edge of the proposed pit is calculated from the outline of the ore body at the 
elevation of 885 m using pit walls sloping at 55 deg. The edge of the area of ice excavation 
(the reference position L ) is chosen as the furth est position up-stream for which information 
is currently available. Generally this distance is 700 to 800 m from the edge of the pit, which, 
since we have the practical limitation of only being able to excavate economically over a 
limited distance, is a reasonable compromise among the different requirem ents placed on 
these locations. The flow toward the proposed pit is analyzed along the seven lines shown 
in Figure 4 ; five of these are expected to be principal directions of flow and two are lateral 
flow into the ends of the pit. Some flow from the eastern side of the pit will occur but it is 
negligible. The flows along three of the seven lines are discussed here and more details of this 
study are given in Col beck (1973). 

A coordinate system is located at the proposed margin (see Fig. 9) and the bedrock surface 
is approximated as a sloping plane from the margin to the position L. The values of the 
parameters Band n in the flow law are chosen from Budd's (1969, p. 23) compilation of 
laboratory and field evidence. The average temperature at the bedrock is takcn at _ 2 ° C 
from measurements in bore holes and the chosen values of n vary between t~·o and four 
depending upon the overall level of effective stress. These choices are somewhat arbitrary 
in view of the controversy over the exponent in the flow law but they provide an upper limit 
on the rate of deformation . Clearly the flow would be much larger than that predicted here 
ifliquid water exists at the base and additional flow occurs due to sliding. Current information 
suggests that the glacier is frozen to the bedrock over most of the area of interest and, since the 
excavation should take many years to complete, further freezing should occur at the rock- ice 
interface. 

At each cross-section of flow, a trial value of m is chosen (this specifies the surface profile 
along that line) and the values of stress and velocity for the reference position are chosen 
subject to the constraint of Equation ( 14). The velocity, strain-rate and "surface flux" (the 
ablation plus excavation necessary to maintain the specified profile) are calculated for the 
entire profile. The value of m is then adjusted to eliminate undesira ble patterns in the flow 
fi eld and, once a satisfactory value of m has been found, the configuration of the ice surface 
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and the total surface flux has been determined for that Row line. The total surface flux is 
the amount of ice which must be removed each year in order to keep the glacier from thicken­
ing and advancing into the mine. Much of this material can be removed by surface melting 
but continuous excavation will also be necessary. 

The up-hill Row a long line No. I is rather slow at present because of the subsurface rock 
ridge. The reference position L for the start of the flow calcula tion is se t 500 m from the 
margin , the longitudinal velocity U L is chosen to be - 10 m a- I, and the longitudinal strain­
rate er. is chosen to be extending at 0.0075 a - I. The strain-rate increases rapidly toward the 
margin reaching a maximum value of 0.0138 a - I at about 37 m (see Fig. 10) . Meier ( 1958) 
found that crevasses form when extending strain-rates exceed 0.01 a - I, h ence some crevassing 
is expected along the margin of this proposed profil e. The surface Rux equals the measured 
ablation rate (- I m a - I) at the start of the profile but decreases very rapidly toward the 
terminus. M ost of the excavation will be necessary in the region near the margin where high 
strain-rates, large surface slopes and some crevassing occurs. This may make the excavation 
difficult. 
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The ore body reaches its lowest point between lines No. 4 and 5 and much flow will occur 
toward the proposed pit in this area . This study assumes full recovery of the mineral deposit, 
although it is recommended that two large areas of ore should be sacrificed in order to 
minimize ice movement. T hese areas are shown on Figure 4, the first being an area associated 
with the lowes t elevation of the bedrock and the second being the northern area over which 
flow rates are currently quite large. The longitudinal strain-rate at the reference position L 
on line No. 4 is extending at 0.0 1 a - I and the longitudinal velocity is - IS m a - I. Charac­
teristically the strain-rate increases rapidly toward the terminus reaching a maximum value 
of more than 0.03 a- I at 100 m from the margin (see Fig. I I ) . The surface flux d ecreases to 
- 20 m a- I at that position and then d ecreases more rapidly to - 170 m a - I at the margin. 
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Fig. 11. The calculated values of strain·rate, velocity a"d surface flux (OT ablation) along line No. 4. 

These high flow rates and surface fluxes occur because of the large decrease in the elevation 
of the terminus in this region (see Fig. 5), requiring the sacrifice of a large amount of ore as 
described above. In addition to the cost of the excavation, the dangers involved in working 
in an area with large extending strain-rates must be considered. The formation of large 
crevasses and seracs is likely on this steep glacier surface and avalanche hazards are high. 
I t is possible that avalanches from collapsing seracs could reach the pit floor thus making 
working conditions very hazardous throughout this area. With the sacrifice of a small amount 
of the ore, the elevation of the terminus can be raised considerably thus reducing the problems 
associated with high flow rates. 

At the southern end of the ore body the elevation of the pit wall is somewhat higher (see 
Fig. 6) thus reducing the flow toward the pit. The longitudinal velocity is taken as - 6 m a - I 
and the extending strain-rate as 0.003 a- I at the reference posi tionL. The strain-rate increases 
to more than 0.016 a- I at 60 m from the margin and the surface flux decreases rapidly over 
the last [00 m (see Fig. 12) . The longitudinal strain-rate is large enough to suggest that 
c revassing may occur but that it will probably not be a serious problem. If necessary the flow 
could be reduced further by leaving a small amount of ore in order to raise the margin of the 
glacier in this corner. 

The details of the calculations and the results for the other four profiles are given by 
Col beck (1973). The total excavation necessary to establish the new surface profile and the 
total ice flux toward the open pit is calculated by summarizing the results from the seven flow 
lines. The initial excavation requires the direct removal of 172 X [06 m J of ice whi le the yearly 
ice flux into the excavated area is 7.9 X 106 m 3 a- I. Much of the ice flux can be removed by a 
well planned program of surface dusting but most of it will require direct excavation . The 
yearly ablation loss is presentl y about [ m a - I of ice but Slaughter (1969) stated that as much 
as a 100% increase can be achieved by albedo modification. 
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Fig. 1 2. The calculated values of stra in-rate, velocity and surface .flux (or ablation ) alollg line No. 6. 

DISCUSSION 

T he purpose of this study is to provide an estimate of the expected ice movement towa rd 
a proposed mining development. T he configuration of the open pit is es ta blished at its fina l 
stage of opera tion and the flow of the glacier a round the pit is calculated in order to provide 
a n estima te of the volume of ice which must be excavated in order to keep the mine open . 
T his study of the worst case of fl ow provides the necessary information for the feasibility study 
without calculating the fl ow a t each stage of mine development. 

T he flow toward the pit is analysed by considering m a ny segments around the pit and 
approxima ting the fl ow in each of these a reas as two-dimensional. T he equations are solved by 
averaging the stresses over the thickness of the glacier thus reducing the problem to the 
a nalysis of the average values of longitudina l stress, strain-rate a nd velocity. T he basal shear 
stress is assumed to be constant over th e entire glacier and certain longitudinal variations 
in the fl ow a re neglected thus simplifying the task of relating the fl ow fi eld to the configura tion 
of the glacier. 

T he most serious weakness in this a na lysis is the close proximity of the reference position 
L , at which values of longitudinal stress and velocity must b e assumed, to the margin of the 
glacier. The analysis given here is limited by the fact tha t topographic, ice thickness a nd 
velocity da ta have only been collected within a short dista nce of the depos it. Ideally the fl ow 
calcula tion should begin fa r enough away from the ma rgin tha t the effect of the excavation 
would be negligible a t that poin t. F urther information of this type will be collected in the 
near future and then a better analysis of the flow a t I sua can be made. The uncertainty 
about the basal temperatures in this a rea is also a matter of some concern since these have a 
direct influence on the parameters in the fl ow law; basal sliding (or even su rging) is possible, 
and water discharge from beneath the glacier could fl ood the pi t. Gudmandsen and 
Christa nsen (1972) reported that high temperatures of the ice at Isua prevented them from 
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measuring ice thickness with radar, and the temperature measurements in bore holes suggest 
that the m elting temperature exists at a depth of abou t 200 m . The ice along the margin is 
frozen to the bedrock. H owever, a shor t distance from the m a rgin the basal temperature is 
probably a t freezing point. T he proposed m argin for the full developmen t of the mine will 
reach the 2 00 m depth between lines No. 4 and No. 5. H ence, fur ther measurements of ice 
temperatures are required in order to locate the high temperatu res more precisely. I t is 
suggested that the area of ore labeled A in Figure 4 should be left in place in order to minimize 
the fl ow ra tes and crevassing near the margins. Clearly the problem with subglacial water 
provides a furth er incentive for sacrificing that ore. The development of the mine will take 
30 years or more, a period during which much freezing of the basal water could take place. 
T he presence of a large volume of water seem s unlikely; the water probably exists in the form 
of a sheet which would take relatively little time to freeze. The temperature conditions a t the 
base of the glacier will have to be monitored carefull y during the development, since several 
competing factors will influence the basal temperatures: the snow cover will be removed more 
rapidly each summer, the ice thickness will be less, and the increased flow will increase the 
importance of both the advection of cold ice a nd generation of strain energy due to flow. 

The ore body and associa ted rock formations are relatively resistant to erosion and thus 
provide a barrier to the fl ow of the ice sheet in this area . As the barrier is removed the flow will 
significantly increase due to changes in the surface slope and lowering of the margin. About 
106 X 106 m ] of ice will have to be removed in order to expose the ore and an addi tional 
66 X 106 m ] of ice will have to be removed in order to achieve the sugges ted profil e. This 
profil e will not be stable, however, and a bout 7.9 X 1 0 6 m] of ice will have to be removed each 
year in order to prevent the glacier from thickening and advancing into the pi t. Much of 
this ice can be removed by increasing ablation through surface dusting but continuous 
excavation will be necessary. 
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