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EDITOR'S FOREWORD 

This is the second section o f "Cold Regions Science and 
E ngineering" to appear . A s part of the lar ger work. it is not a 
complete diss e rtation on Greenl and but pr e s ents bas ic information , 
w ith a minimum of theorizing, about the particl,ll a r ice shee t. G en 
e ral geology. physio.graphy. environ m ent and g lac io l ogy are dealt 
with in other sections; history and e xpl o r ation are n ot inc luded in 
a work written to give b ackground material for eng ineering on the 
po l a r la nd ice shee ts. 

Sections of the work w ill appear as they become r e ady, n o t 
necessa rily in numerical order, but fittin g into this plan: 

1. Environment 

A. General 
B. Regional 

II . Physical Science 

A. Geophysics 

1. Microme t eo rology 
2. Explora tion Geophysic s 

B . The Physics a nd Mechanics of Snow 

1. Prope rti es of Snow 
2. Snow M echanics 

C. The Physics and Mechanics of Ice 

1. Ic e on the ea rth! s surface 
2. Ice as a material 

D. The Physics and Mechanics of Froze n Ground 

1. Properties of frozen s oils 
2. Permafrost 

III. Engineering 

A. Snow engineering 
B. Ice engineering 
C. Frozen - ground e ngineering 
D. G e neral engineering 

IV. Mis ce llaneous 

F . J . SANGER 

29 September 1961 



THE GREENLAND ICE SHEET 

by 

Henri Bader 

The Greenland ·ice sheet, covering most of the island of Greenland. lies between 
the parallels of 60toN and 82°N , and meridians 200W and now (Fig . 11. 

DIMENSIONS 

Linear dimensions 

The greatest length is almost 2400 km (1500 miles) along the 44°W meridian , 
and the greatest width is some 1100 km (700 miles) at latitude 77 °N. A point l ocated 
near 43!"N 77t"W has the maximum distanc e of 430 km (270 miles) from the nearest 
land. The mean east-west width between latitudes 63°N and 810N is 920 km (460 
miles), and the mean north-south length between 24°W and 60 0w is 1370 km (860 
miles). 

Surface areas 

Areas were measured2 by planimetry of 15 sheets of the World Aeronautical 
Chart, scale 1: 1 . 000,000. 

Area of Greenland. including its islands 
Area of the ice sheet (inland ice, ice cap) 
Area of isolated peripheral glaciers 

(examples , Flade Isblink, Sukkertoppen) 
Area of ice-free land 

km' 

2 , 186,000 
1 , 726,400 

76,000 

383,600 

Milesz 

843,800 
666,400 
29,300 

148,100 

Thus '5 / 6 of Greenland is covered by glaciers, 4 / 5 by the main ice sheet. In 
elevation, the area of the ice sheet is distributed as follows;z 

Elevation above sea le vel Area 

(it) (mete rs) (km') (mile') ('!o ) 
0-1000 0-305 27 , 000 10,400 1.6 

1000-2000 305-610 37,200 14,400 2 .2 
2000-3000 610-915 64,000 24,700 3. 7 
3000 -4000 915-1220 93,400 36,000 5.4 
4000-5000 1220-1525 124,000 47,900 7 .2 
5000-6000 1525-1830 174 , 000 67,300 10. 1 
6000-7000 1830-2135 237,300 9 1,600 13.7 
70 00-8000 2135-2440 290,000 112,000 16 . 8 
8000- 9000 2440-2745 310,500 .11 9,900 18 . 0 
9000-10,000 2745-3050 254,200 98, 100 14.7 

10,000-10,800 3050-3290 114 , 200 44,100 6. 6 

1 , n6, 400 666,400 100.0 

The mean ele vation of the ice sheet is 7000 ft (21 35 m ). 

Thickness 

There is a good seis"mie cove rage of the area s outh bf latitude 73°N by the Fr e nch 
expeditions. and of a cross-section strip between 76°N and 79°N by Ame r ican and 
British expeditions. The French mapsz given here (Fig. 2, 3) make use of a single 
profile at 79°N. and would not he significantly changed by incorporation of the more 
recent thickness data. The bed may be deeper in the central area where there is no 
coverage. 
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Figure 1. The Greenland ice sheet (CRREL edi ti on of rr:ap by p, E. Vict o r). 
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Figure 3. Map o f bed of southern part of the i nland ice 
(F rom Holtzscherer, 1954 , F ig. 18) . 
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The areas of the base of the ice sheet show the following distributi on in elevation. 2 

Elevation above sea level A re a 

(it) (meters) (km') (mile' ) (% ) 

- 1300 t o 0 -400 to 0 529,000 204,000 31 
0-3300 0-1000 632,000 244,0 00 37 

3300-6600 1000 -2000 419, 000 162,000 24 
6600 - 9900 2000-3000 123 ,000 47,000 7 
9900 - 12,000 3000-3700 17,000 7 ,000 I 

I , n o, 000 664,000 10 0 

The values should not b e conside red precise, being b ased on very sparse seismic 
coverage over large areas. 

The mean elevation of the bed of the ice sheet is 620 m (2060 ft), and almost t 
of its area lies below Sea level. The mean thickness of the ice sheet (equal to the 
difference between the mean elevations of surface and bed) is 1515 m (4970 It ). The 
ice volume is 2,600, 000 km) = 620, 000 miles l , The water equivalent is 
2, '350, 000 kml (560, 000 miles l ). If distributed over the world's oceans, it would 
raise the sea level by 6.5 m (21 It). The maximum thickness of the ice sheet is 
about 3000 m (10 ,000 ft ) . 

REGIMEN 

Precipitation (Accumulation) 

For practical purposes, all the precipitation on the ice sheet is in the for m of 
snow. Only summer r ain very near to the e dg e can run off immediate ly. Annual 
accumulation and preci pitation can be equated when conside ring large areas . The 
magn i tude of inequality of pre.cipitation and accumulation caused by snow drifting is 
not known but is unlike ly to be ve r y large; the effect is to remove snow from the 
in.terio r downslope towards the edge . 

The contour map of accumulation (Fig. 4 ) was drawn from data gathered largely 
by SIPRE* Expeditions l , 7,9. The reade r is warned that the isohyets (lines conn ecting 
points of equal precipitation ) are likely to be inaccurate in many places, particularly 
to the east of 40° me ridian . 

Table I is the result of measuring individual areas and calculating the accumula 
tions. The mean precipitation is 36. 7 cm wate r e quivale nt ove r the whole ar-ea of 
the ice sheet, corresponding to a volume of 636 kml of water equivalent. Figure 4 
and Table I are interesting. It appears (the values are probably not very accurate) 
that the southern part (south of 66° lat which- cuts through the saddle between the two 
domes), with i of the area,receives a l most t of the snowfall. The r egion no r th of 
7 8°, 1 / 5 of the whole area, receives only 1 / 10 of the snowfall. The mean temperature 
at 10 m depth i s about -14C in the southe r n area and about -2 4C in the northern . In 
th e no rthe rn area the slopes are l ess steep than in the south . This all points to a 
highly dynamic situation in the south , against a relatively static situation in the north. 

L~titude 73toN bise c ts the a re a of the ice sheet. The colder no rthern half 
re ceive s 1- of the precipitation; the .warme r southern half receives ~. 

The existence of the saddle between the south and north domes could be partly 
due to l ow accumulation in the area. 

Long -term accumulation rates have been determined by stratigraphic studies 
at only one point (Site 2 : 77°N 56°W). Because of the difficulty of l ocating layers 
exactly one year apart, th e annual values given in Figure Sa can have large errors , 
but the 5-year meanS are fairly accurate. 

Figure 5b is more informative. The residual mass curve rises when the annual 
accumulation is greater than the mean (4 0. 7 cm water equivalent between 1885 and 
1954 ) , and falls when accumulation is less than the mean. The curve shows that the 
rate of accumulat ion was predominantly l ow fr om 1885 to 1890 (6-ye a r mean 38.2. cm), 

* U. S. Army Sno w Ice and Permafrost Research Establishment, Corps of Engineers, 
now the Cold Regions Research and Engineering Laboratory (CRREL) . 
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Figu re 4. Mean annual accumulation. 
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of water 
equival nt 
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20-30 

30-40 

40-50 

50-60 

60-70 

70-80 

80-90 

90-100 

Total 
area 

% 
Total 
ac c um . 

0/0 
Mean 

accum. 

North of 
78°N 

latitude 

Area 
km' 

93.800 

64 . 700 

140,500 

13 ,800 

3 ,800 

3,300 

-
-
-
-

319.900 
18t 

Accum. 
km' 

II. 7 

11.3 

35.1 

4.8 

1.7 

I.B 

-
-

-
-

66.4 
10t'¥o 

Zlcm 

Table I. O' 'b he G d h 16lriOUtlon 01 annua l accumUlation o n [,,'" """"'c'ucsuu U '; C ""CCL. 

Between 
78°N and 7s oN 

latitude 

Area 
km' 

95 . 600 

73 ,300 

101,900 

22, 800 

30,500 

24,300 

11,900 

-
-
-

360.300 
21 

Accum. 
km' 

12 . 0 

12 . 8 

25 . 5 

8.0 

13. 7 

13.4 

7. 7 

-

-
-

93 . I 
14t '¥0 

26cm 

Betwe e n Between 
7soN and nON nON and 69°N 

latitude latitude 

Area Accum. A rea Accum. 
km' km' km' km' 

- - - -
44 , 300 7. 8 2,400 0.4 

102,300 25 . 6 63,300 15. 8 

78,100 27.3 80, 500 28. 2 

35,700 16 . I 67, 100 30. Z 

30,500 16. 8 50,900 l8. a 

'7, 100 4. 6 10, 000 6. 5 
- - 6.200 4. 7 

- - 5,lOO 4.4 

- - 3.300 3. I 

298.000 288.900 
17 17 

98 . 2 121. 3 
15t10 19 0/0 

3 3e m 4Zcm 

Between 
69-N and 66°N 

lati tude 

Area 
km' 

-
-

20,500 

103,800 

53,800 

IS , laO 

10,400 

13,300 

20,000 

10,500 

247,500 
14 

Accum. 
km' 

-
-

5. I 

36.3 

24.2 

B.4 

6.B 

10.0 

17 . 0 

10.0 

1l7.8 
18to/g 

48c m 

Between 
66°N and 63 - N 

latitude 

Area 
km' 

-
-

-
35,200 

32,400 

lO,900 

17,600 

11. 000 

12 , 400 

15,700 

145,200 
8t 

Aceum . 
km' 

-
-
-

12.3 

14.6 

11. 5 

11.4 

8. 3 

10.5 

14 . 9 

B3. 5 
13% 

S8e m 

Sou.th of 
63'N 

latitude 

Area 
km' 

-
-
-
-

-
1,400 

5,700 

12. BOO 

24 , 800 

21 . 900 

66.600 
4 

Accum . 
km' 

-
-
-
-
-

O. B 
3. 7 

9. 6 

21. 1 

ZO . 8 

56. 0 
9% 

84 e m 

Total 
area 

km' % 

189,400 11 

184,700 II 

428,500 25 

334,200 19 
223,300 13 
146,500 Bt 

62,700 3t 
43,300 21 
62,400 3f 
51,400 3 

1.726.400 
100 

Total 
annual 
aecum. 

km' ~. 

23 . 7 31 
32 . 3 5 

107, I 17 

116. 9 18t 
100.5 16 

80. 7 12t 

40 . 7 6t 
32 . 6 5 

53 . 0 8' , 
48.8 7t 

636 . 3 
10010 

36. 7cm 
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Figu re Sa . Annual accumulation at 77°N 56°W. 
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Figure Sb. Residual mass curve for accumulation at 77°N 56°W. 

from 1899 to 1913 (IS-year mean 36.3 em ) and f rom 1935 onward (20-year mean 3 7 . a 
em ) . Rate of accumulation was high from 1891 to 1898 (a - year mean 46.0 em) , and 
19 14 to 1934 (Zl-ye a r mean 45.5 em ). The general dec rease in accumulation since 
the middle thirties has been emphasized previously." Accumulation tr end s ove r 
hundreds of years should soon become available f rom analysis of cores from deep 
drill holes made by USA SIPRE (now USA CRREL) . 

A blation 

The loss of mass by runoff of melt water and by calvi ng off of icebergs is very 
difficult to estimate. Rec ent e stim atesZ • 3 ar e 3 15 km' and 272 km3 loss by wate r 
run off . bas ed on loss of 110 ems and 10 7 ern 3 ove r abl ation a r eas of 28 6.6 00 krn z 
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and 254,600 krnz respectively . Loss by calving is estimatedZ at 2 15 km3 • A new 
appraisal can be made using Figures 4 and e. Figu r e fl is based on a glacier surface 
area of 254, 600 krnz lying below the fi r n line. Thi s was reduced somewhat by lowering 
the fi r n line in the south. 

A r eas below the !iTn line and annual p r ecipitation thereon 

Area P recipitation 
(km') (km') 

North of 78' 51. 700 13 . 9 
Between 78' and 75° Z8.600 8.6 
Be tween 75' and 72 ° Z5.600 8.0 
Be tween n' and 69' 36. 60 0 19 . Z 
Between 69' a;"d 66' 54. 200 34. 2 
Between 66' and 63° 26.000 16. 9 
South of 63' 24. 100 21. 6 

246.800 122.4 

The tirn line. which in a temperate glacier separates the areas of net accumulation 
and net ablation, does not do so in a cold polar glacier. A portion of the melt water 
here refreezes at the base of the snow cove r , with the result that much of the bare 
ice exposed at the end of the summer below the firn line is superimposed ice, which 
represents net accumul ation. Thus a part of the 122 km' , which is the water equiv 
alent of the annual snowfall on the area below the firn line, is retained in the form of 
superimposed ice . But, in the areas nea r the edge, the s uperimposed ice pl us older 
ice is melted afte r the snow has gone. The r e is also significant runoff f r om areas 
above the firn line . It has not been estimated. 

Measurements ll indicate that north of 76 0 the melt may not r emove all of the 
year's accumulation below the fi r n line, but there is little doubt that it more than does 
s o in the south , so that 120 km' is a fair minimum value fo r ablation by melt, while 
the previoUS ly mentioned estimate of 315 km' is pro bably too high, being based on 
an a blation area of 286,600 kmz, which is now known to. ,be on the high side. Adding 
the 240 km3 of estimated iceberg discharge, we obtain a small or a large over - all 
positive mass budget depending on the chosen values. The r e remains no doubt that 
the northern half of the ice sheet is gaining mass, while the southern half may be 
gaining or losing. It is easy to demonstrate that , in the north, ice fl ow does not 
r emove more than a small fraction of the volume added by accumulation , so that the 
volume of the ice sheet is increasing although the area is decreasing. Consider, 
for instance, a vertical cross section from the edge of the ice sheet at Thule to the 
cres t 700 km to the east. The mean accumulation along the line is at least 25 cm 
of ice, a total of 175,000 rnz , which must be removed by ice fl ow if the glacier is to 
he stationary (not change its shap e) . This means that, for instance, an ice cliff 
175 m thick should be advancing over the land at a rat e of 1000 meters p e r year 
all along the edge of the ice sheet in this region . The 7-km wide M oltke Glacier 
removes the accumulation from a strip only two or three times its own width. Such 
large fast - moving calving glaciers are. few and far apart along the ice edge. 

In summary, the mass budget of the Greenland ice sheet is estimated as follows: 

Accumulation: 630 km' 
Ablation: 120 to 270 km' 
Loss by iceberg calvings: 240 km' 

Annual gain in mas 5: 120 to 270 km' 

Previous estimatesZ" indicated a net annual loss of mass. This is unlikely to be 
the case, unle s s iceberg calving has been g r eatly underestimated. It must be admit 
ted, however, that the e rrors in estimating the mas s b:udget parameters can be large. 
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Figure 6. Drainage basins of the ice streams (From Bauer 1954 , Fig. 40 ). 

Glacie r s 

I. Jakobshavn 7. Ryder 12. . Hamberg 
2.. Torssukatak 8. c . H. Ostenfeld 13. Daugaard Jensen 
3. Grand Karajak 9. A cademy and West 
4. Rink and Umiamako 10. Zachariaes and 14. Kangerdlugssuaq 
5. Humboldt Nioghalvfjerd 15. Sermilik (Helheim) 
6. Petermann II. Heinkel 16. Tingmiarmiut 
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Ice streams 

An lI ice st r eam" is something akin to a mountain glacier consisting of a broad 
accumulation basin and a narrower outlet valley glacier: but a mountain glacier is 
laterally hemmed in by r ock slopes , while the ice stream is contained by slower 
movin g surrounding ice . The edges of the ice stream are often crevassed, and the 
surface tends to be concave as the ice is "funnelled!! down. Many of the l arge outlet 
glaciers in Greenland, particula rly 1ft the south are the nar row ou tlets of large ice 
streams which reach back many scores of miles into the ice sheet. The l argest 
ones flowing into Disko Bay have corresponding depressions in the glacier floor, ' An 
interesting question is whether the ice stream makes the depression, o r vice ve r sa; 
and an interesting hypothesis is that the ice stream , once started , is self-perpetuating 
because its ice mass, warmed up by heat of internal friction, has a l ower viscosity 
than the surrounding ice. 

Figure 6 shows the main ice streams.l It is estimated that eight ice streams 
south of latitude 72°N annually discharge 120 km3 of icebergs, which is one -third o f 
the total accumulation of this southern half of the ice sheet. It has been pointed ou r' 
that the high n o rth-south crestline of the ice sheet lies far to the east of the area of 
maximum accumulation. B e twe en latitudes 69°N and 75 °N, the area lying to the we st 
of the crest!{363, 000 kml ) receives an annual accumulation of s ome 140 km3 {me an 
39 cm water}. If this part of the ice sheet is to remain stationa ry, the major portion 
of this large volume of ice must drain ou t through the ice streams of Jakobshavn , 
Torssukatak, Grand K arajak, Rink and Utniamako The ice streams of the great 
northern glacie rs, for instance the Humboldt, move more slowly and r emove less 
ice. The estimatel is for a total of only 10 krn3 north of 7B oN. 

Variability 

Table I shows that the mean rate of accumulation increases from north to south. 
The rate of increase is 2.5 cm water e q uivalent for each 1 0 of latitude from BooN 
to 63°N. Then there is a sharp increase at the south tip of the ice sheet. It is 
evident that the flow picture of the ic e sheet must be quite complicated owing to the 
great regional va riat ions in thickness, temperature, slope and rate of accumulation , 
and it is further disturbed by th e existence of the ice streams. Since all thes e factors 
are also temporal variables , one must conclude that th e Greenland ice sheet is a 
mass of ice in a constantly ma'bile state of l ocal readjustment to eve r-changi ng local 
conditions. At present the whole ice sheet seems to be gaining mass, while the total ' 
a r ea is shrinking. In comparison to Greenland, the much colder and much larger 
An tarctic ice sheet should be changing muc h more slowly. 

TEMPERA TURES 

N ear the surface 

Figure 7 is a map of mean te mperatur e of th e upper snow layers. Where melting 
is insignificant, the mean Snow temperature is within IC o r 2C of the mean air 
temperature. In the periphe ral zone of net ablation by me lting, th e mean ic e tem
perature must be lower than th e mean air temperature, because the ice surface 
temperature cannot exceed DC, I n the percolation zone , where melt water refreezes 
to form superimposed ice or ice layers in the firn, th e r ela tion between air tem
perature and firn temperature is not known, because there are no long-term meas 
urements and no theory. If the calculated3 , ~ air temperatures on the southern d ome 
are correct, then the snow temperatures measured during the SIPRE expedition of 
1959 show that he re the snow temperatures are also lower than the mean annual air 
temperature. A difference of lC-4C is indicated. 

The warming up of th e Arctic (perhaps mainly higher summer ternperatures) 
during the last few decades is clearly evident in the ice sheet. The stratigraphic 
re co rd fr om the deep pit and drillhole at 77°N 56°W shows much evidence of summer 
melt in g back to about 1920, but almost no ice - layer formation during the preceding 
several hundred years. The temperature measured~ in the drillhole shows a decrease 
with depth, wh ich is also indicative of a warming up of the surface. The temp erature 
is Ie lower at 300 m depth than near the surface. At Eismitte Station Centrale (71 ON 
40 0W ) the warm-up between 1930 and 1950 appears to have been IC. Coastal stations 
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Figure 7 . Mean annual snow temperatures. 
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south of 70 0 N show an increase of from llle to 3C of the mean air temperature from 
the period 1907-1920 to the period 1921-1940 . 3 •• The ice sheet seems to be somewhat 
less affected than the coastal land. 

Internal 

The energy of flowing is converted into heat at the rate of 2.34 x 10-3 ,cal per 
gram per meter drop in elevation. The corresponding temperature increase is 
O.47C per 100 meters. Now consider an idealized ice sheet: the surface temperature 
is equal to the air temperature; the atmospheric lapse rate is equal to the above": 
mentioned 0 . 4 7C per 100 m; the heat from the flow energy is evenly distributed 
throughout the whole ice mass; and there is no earth heat flow into the ice. The ice 
will then reach the coast with a temperature equal to the mean a ir temperatur~ there. 

In Greenland only the very southern tip , south of 62°N , would show wet ice: the 
ice sheet would be cold (i. e., temperature below the melting point). I n comparison 
to this model, the real Greenland ice shee t is colder, because 

a J the laps e rate is higher (0.6 to O. 8) 

b) near-surface snow or ice temperatures in the melt zone are lower than 
the mean air temperatures 

c) it is probable that most of the flow energy is liberated near the bed . 

This means that the ice near the surface is colder than the atmosphere and absorbs 
heat from it. Thus a negative temperature gradient does not necessarily indicate 
climatic amelioration . 10 

The earth heat flow of some 40 call crnz per year can escape through the ice only 
by conduction if the temperature gradient at the bottom is greater than 2. 5C per 
100 m. If the gradient is smaller, the bottom of the ice sheet must be wet, and since 
wet (is othermal ) ice does not conduct heat, only a very thin layer can be wet from 
geothermal heating. A somewhat thicker layer can become wet from internal gen
eration of frictional heat, but it is unlikely to be thicker than a very small .fraction 
of the glacier thickness. A number of icebergs in the fjord at Narssarssuak near 
the south tip of Greenland were inspected, and none showed any trace of the lar'ge 
ice crystals usually found in ·bottom wet ice. 

The conclusion is that the Greenland ice sheet is cold, except for a very thin 
bottom layer . It is hoped that very deep core drilling will soon partly clear up the 
problem of internal temperatures. 

I n the Thule area, as proved by co re drilling, the ice near the edge is fro zen to 
the bed: in this case there is no erosion under 200 ft of ice. An interesting question 
is whether there can be any erosion under thick ice if the bed is frozen. 

SURFACE MOTION 

Motion near the edge of the ice sheet has been measured in a number of locations. 
but since it is completely controlled by the greatly variable local conditions, it 
throws almost no light on the motion of the ice sheet as a whole. In the interior, 
where there are no visible fixed landmarks . the determination of motion is difficult 
and expensive. Accurate IIHiran" fixes were made at six stations in 1956 , but are 
unlikely to be repeated. A fairly large number of astronomical fixes with varying 
degrees of accuracy have been made. but not yet repeated at sufficiently long time 
intervals to yield good motion data. 

Presently. the best estimate is that surface points in the interior of the ice sheet 
move with velocities of no more than tens of meters annually. 

This subject of motion of the ice sheet is not yet ripe for useful summarizing. 

SURFACE CONDITIONS 
Bare ice is exposed near the edge of the ice sheet, where a ll the snow melts 

away, and in the summer there is also a peripheral strip of wet Snow. Saturated 
slush forms on flats. which are quite extensive, for instance, in the area east of 
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Sandre Stromfjord. H e re slush fields are found as fa r as 100 km from the ice edge. 
Most of th e pe riph e ral zo ne is crevassed, but th e re are few c r evassed areas mo r e 
than 100 km inland, and perhaps none mo re than 2 00 km f r om th e nea r est l and". 
M o st of the common morphological featu r es of gl ac iated a reas can be fou nd in Green
land , but th ose associate d . with mo rainal mate r ial a r e not prominent. Glacial erosion 
appea rs to be generally weak , and most of the l and area is only thinly cove r ed with 
d e bris -. 

The inte ri o r of the ice she et, 1 to ~ of its a r ea, shows on ly very surfic i a l 
summe r me lt features. It is a mono tonous snow landscape wi th generally l ow slope 
gradients. Here there are two interesting morphological features awaiting ex
planation . 

The first is th at on many routes one notes, on trave li ng inl and, a success ion of 
relatively s teep ri ses ten s of m il e s apart alternating with r e lati vel y flat a re a s . The 
second is the wavy surface of the high interior. The wave length is seve r al ki l o 
meters and the amplitude s eve r al meters. It is unlikely that e i t her of these features 
i s controlled by th e shape of the b e d. The first may b e in part correlatable with 
accumu l ation rates, more probably it w ill have t o be explained in t e r ms of ice fl ow 
mechanics. The sec ond mu st b e a sno wdrift phenomenon. 

The snow surface changes fro m day t o day wi t h the weathe r ; strong w i nds can 
produce h a rd sastrugi , ve r y seldom higher than 1 ft. Surface- snow density va rie s 
from about 0 . 2 t o 0.4 g/ cm3, essentially the same as win ter snow elsewhere, except 
th at very light snow is rare because snowfall is usually assuciated w ith wind . High 
winds are rar e in the in t e rio r at mos t stations: it blows in excess of 20 mph only 
some 5% of the time. But ve ry strong winds up to 12 0 mph in gusts occur in No rth 
Green land at th e edges of the i ce sheet. Fou r facies (g eo logical te rm for different 
aspects of a formation}of uppe r layers can conveniently be distinguished3 (F ig. 8 , 9). 

1 . The abl a ti on facies - extends from the edge of the ic e to the firn line . 
A bov e the £irn line, there is a permanent snow cove r , i . e., the snow does not all 
me lt away. B a r e ice characterizes the area of the ablation facies , which cove r s 
no more than 15% of th e ice sheet area. 

2 . The soaked facies - extends from the tirn line to th e saturation line . 
Summer melting p r od uces sufficient water to soak at least the whol e snow accumu l at ion 
of the pas t yea r. Thus all the snow of the soaked facies has b een wet at l east once. 
Average d enSity of th e uppe r 5 ITlete r s is g r eate r than 0 . 50 g /cm3 . The soaked facies 
belt covers about 10% of the ice sheet a r ea . 

3. The p e rc o l a tion facies - ex tends f r onl the saturation line to t h e dry snow 
lin e. Summer melting is insufficient to soak all of the past yea r 's accumu l ation. 
Percolation in pipe - like vertical channe l s can, however , pene tr a te to and p ast the 
previous summer layers and spread to form ice lenses and layers in o lder snow. 
The average density of the uppe r 5 mete r s va ries from 0.43 't o 0 . 39 g / cml . The 
p e rc olation facies cove rs some 45 '10 of the ice sheet a r ea . 

4. Th e dry-snow facies - is cha r acter isti c of the whole a r ea lying a b ove 
th e dry-snow lin e . Melt i ng and p e r co l ation are negligib le; the snow r ema i ns per
man e ntly dry , and the ave r age de nsity of the upper 5 mete rs is less than 0.375 
g/c m 3 . Sn ow of the dry facies cove rs 30% of the ice sheet area. 

Figure 10 shows a pit dug in the d r y snow (dry-snow fac ies ). The pit walls hav e 
b een brushed to reveal th e succession of hard and soft l aye rs . 

SNOW DENSIFlCA TlON 

Figure 11 show s a typical lO-mete r snow profile l at 77 " N 56 " W near the upper 
li mi t of the percolation facies. There a r e almost always some l ow-density layers 
depo sited in th e summer, and down to about 7 meters the gene r al increase in density 
is a l most linear wi th depth. The slope of the depth-density lin e va ri e s with location . 
The smaller the rate of accu m u la tion, and th e higher the temperature, the g r eater 
the density inc re ase o ve r a given depth i nc r ement. 
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Figure 8. Distribution of facies (Bens on, 1960, Fig. 48). The location of facies 
boundaries is most ce rta in along the west side of the crest between 66 and 79°N. 
Away from this region , the dry-snow li ne may be ext r apol ated with confidence 
because it is independent of accumulat ion. The dry-snow line on thi s map was 
drawn along the intersection between a plane sloping 1.15 m/km to the north, 
and the surface of the ice sheet. Location of th e firo line an d s aturation line in 

south and east Greenland is highly speculati ve . 
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FIRN LINE 
(APPROX 2000 FT.) 

SUMMER SURFACE 

THE GREENLAND ICE SHEET 

SATURATION LINE 
(APPROX 3500 FT. ) 

DRY SNOW LINE 
( APPROX 7000 FT.) 

OF REFERENCE YEAR SUMMER SURFACE OF 
THE PREVIOUS yEAR 

F i gure 9. Schematic of facies (Benson, 1960, Fig. 15). 

Figure 10 . Pit in dry snow (Benson, 1960, Fig . 4b). The walls have 
been brushed to reveal succession of hard and soft layers. 
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Figure 11. Snow density profile at 
77 'N 56'W (Bader, 1958 , Fig. 4). 
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F igu r e 12. Depth -dens tty curve 77" N 
56'W (B a der, 1958 , Fig. 3). 

Figure 12 shows the in c r ease of density with depthl ' as determined on cores from 
a drill hole at 77 "N 56°W . At abou t 80 m depth . the pores in the snow have become 
isolated and there is impermeable ice with a density of about 0.8 g/cml , and an air 
bubble volume of about 10%. Further d e nsification takes place at the expense of ai r 
bubble volume, causing a rise in bubble presssure. 7 The resulting glacier ice is 
fine-grained (1 mm t o 1 o r 2 cm ) and milky in appearance due to inc l usion of hundreds 
of bubbles pe r crn). 


