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SUM.M~RY 

~ new mechanism is described which explains the formation of 
moraines in the ablation areas of cold ice caps. The mechanism involves 
the freezing of water onto the bottom surface of an ice cap. This water 
comes from regions of the bottom surface where the combination of .the 
geothermal heat and the heat produced by sliding of ice over the bed is 
sufficient to melt ice. A number of criticisms are made of the shear hy
pothesis, which has been advanced to explain moraines occurring on 
Baffin Island and near Thule, Greenland. It is concluded that this older 
hypothesis may be inadequate to account for these moraines. 

Although in theory the mechanism proposed here undoubtedly would 
lead to the formation of moraines, the existing !ield data are insufficient 
to prove conclusively that actual moraines have originated in this way. 



MECHANISM FOR THE FORMATION OF INNER MORAINES 
FOUND NEAR THE EDGE OF COLD ICE CAPS 

by 

J. Weertman 

INTRODUCTION 

Ir{ this paper we offer a· new explanation for the formation of a special kind of moraine 
which has been studied in great detail in the Thule area of Greenland (Bishop,- 1957; Gold
thwait, 1956; Nobles, 1961} and on Baffin Island (Ward, 1952; Goldthwait,. 1951}. This 
type of moraine also occurs in the Antarctic (J. T. Hollin, personal communication}. 

The structure of the Thule -Baffin type of moraine~:. has been known for a long time 
and is discussed in -detail by Chamberlin and Salisbury (1904). They proposed the shear 
mechanism hypothesis- to explain the origin of this phenomenon. Figure 1, which is taken 
from Bishop (1957} serves to illustrate the mechanism as well as to describe the Thule
Baffin morai~e. Ward (1952} gives a similar picture. Figure 1 shows a cross section of 
the edge of a cold ice cap which contains a number of Thule -Baffin moraines. It is assumed 
that 11 active 11 ice from the interior of the ice cap moves outward to the edge, where it is 
blocked by a zone of 11 dead 11 ice. The active ice rides over the dead ice by slippage across 
active shear planes. It i~ further assumed that these active shea:::- planes extend to the 
bottom of the ice cap and that debris from the bed can be scraped up, carried into the ice to 
form debris layers., and ultimately be transported to the upper surface al'ong,these planes. 
Of course the edge of the ice cap must be in an ablation zone if the- debris is to be exposed 
at the upper surface. In time, a sufficiently thick layer of soil, rock, etc., will accumu
late at the upper surf_ace. This layer then protects the ice underneath from further 
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Figure 1. Diagram showing formation of successive moraines 
by the· shear hypothesis. From Bishop (1957). 

~:c Since this type of moraine has been investigated so thoroughly on Baffin Island and near 
T.hule, Greenland, we prefer the hame- 11 Thule-Baffin moraine'' to the commonly used designa
tion, 11 shear moraine.'' The latter name implies that the mechanism of formation is well 
established, which is not the case. 
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extensive ablation. A debris layer i to l m thick will furnish such protection and can 
lead to the formation of ice hills approximately 15m high. These debris-veneered ice 
hills are the Thule -Baffin moraines. They are often called shear moraines because it 
has been taken for granted that the mechanism advanced in Figure 1 is the correct ex
planation of their formation. 

The shear mechanism: is a highly plausible' explanation of the Thule-Baffin rnoraine. 
Yet there are serious difficulties asso·ciated with the theory which have not been pointed 
out in the literature and which we shall discuss in the next section. Because of these 
difficulties, we believe that another mechanism must be considered in order to give a 
satisfactory explanation of the phenomenon .. We propose that the debris-carrying layers 
of ice are not formed by a scraping action of cold ice ove-r. the bed of an ice cap, but 
rather are frozen into the ice by a freezing of water onto the bottom of the ice cap.~:< This 
water originates in the interior of the ice cap when ice is melted by geothennal },eat and 
heat produced by the sliding of ice over the ice-cap bed. The water is forced by the pres
s.ure head to flow to the edges of the ice cap, where it is refrozen to the bottom. 

·A third explanation for the formation of the Thule -Baffin moraine can be ruled out as 
highly unlikely. This hypothesis proposes that the debris-carrying ice layers originally 
were formed further inland at the upper surface of the ice cap from rock, soil, etc. from 
a protruding ri.unatak. This debris later was bqried by snowfalls and eventually reappeared 
at the surface because of the ablation at the edge of the ice cap. If this explanation were 
correct, one would not expect to find the Thule lobe of the Greenland Ice Cap so completely 
f,ringed with Thule -Baffin type moraines. Instead one would see only an occasional moraine, 
each traceable to some local nunatak. It appears extremely probable that the debris which 
causes the Thule-Baffin moraines ,comes from the bottom of the i,ce cap and not from the 
top surface. The fundamental question to be answered is: How does this debris become 
incorporated into the ice mass at the bottom surface? 

COMMENTS ON THE SHEAR HYPOTHESIS 

Appearance of the debris layers 

A number of criticisms can be made of the shear hypothesis. Perhaps the most 
serious of these concerns the appearance of the debris layers themselves. In the Thule 
area, tunnels have been dug into the ice cap, through these layers which are thus easily 
examined. Their appearance varies greatly. They can occur as solid layers of stone, 
sand, etc., up to about i m thick. At the other extreme they may consist of a layer of 
slightly dirty ice containing a very fine dispersion of sand or silt particles. These 
slightly dirty layers, which may be up to l or 2 m thick, ar~ quite common. 

N'awit may be plausible that ice can scrape layers of solid debris into a shear plane. 
But it is highly unlikely that a 1-m thick layer~of very slightly dirty ice would be formed 
by suc,h a scraping action. What would be the mechanism for dispersing the particles 
picked off the bed through such a thickness of ice? .Yet if the shear hypothesis is to be 
accepted, it must a,ccount for layers of ice containing a fine dispersion of particles. On 
the other hand, if water were being frozen to the bottom surface of an ice cap, one would 
not be surprised to find that thick layers of this refrozen ice were sometimes slightly 
dirty. 

::~ Dr. J. T. Hollin (personal communication) has informed us that he also has been con
sidering the possibility that ice may be formed at.the bottom surface of a polar ice cap.· 

After writing this paper, it came to our attention that von Drygalski (1897, p .. l 09) 
mentioned the possibility of debris layers being frozen onto the bottom surface of a,n 
ice cap. His idea, based on work of Bllimcke and Finsterwalder (1890) on glacial ero
sion, is that the pressure at the bottom of an ice cap could cause melting and that the 
water from this melting will flow into the soil underne9-th the ice and refreeze. It is not 
clear to us how this mechanism would lead to the formation of alternating layers of clear 
and debris-carrying ice. A criticism that can be made of this hypothesis is that, 
although pressure will depress the freezing point of ice, heat must still be supplied if 

_appreciable melting is to take place. Pressure by itself will not cause the melting 
envisaged in Drygalski's mechanism. 
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The possibility of cold ice scraping up debris 
) 

A question that the shear hypothesis must answer satisfactorily is: Can debris be 
scraped from the bed? Our answer is that it cannot if the bottom of the ice cap is below 
the freezing point. Direct observation has shown that cold ice of ~nice cap does not 
slide over a·boulder-strewn bed. Goldthwait (1957} made this observation at the bottom 
of ~ vertical shaft dug from a horizontal tunnel which was excavated into the edge of the 
ice cap in the Thule area. Although he found appreciable differential flow .in the cold ice 
just above the ice -cap bed, there is no sliding over the bed. Even if an immeasurably 
small amount of sliding does occur, it is very ineffective in picking up debris; it is unable 
to remove even the moss covering the boulders at the bed. This moss covering was 
carbon dated to be about 200 yr old (Goldthwait, 1957). . 

If, in the-interior of the ice cap, the bottom is at the melting point, it could be possible 
for debris to be picked up. Direct observation by McCall (1952) has shown that sliding 
does occur at the bed of a temperate glacier. McCall's study was made at the bottom of 
a tunnel dug to bedrock in a small Norwegian glacier; However' if one assumes that the 
debris is being scraped up in the interior of an ice cap by temperate rather than cold ice, 
then one also must consider the mechanism we shall propose for the formation of the 
debris layers. ~:c Our theory is based on the assumption that temperate ice does exist 
somewhere at the bottom of ice caps which contain Thule -Baffin moraines. It might be 
mentioned that, from theoretical considerations (Weertman, 1957} as well as from field 
observations, one expects that cold ice will not slide over a rock inJerface, but that ice 
at its melting point will. 

Since direct observation has shown that cold _ice does not ·slide over a rock when sub
ject to a stress which is sufficient to produce appreciable differential flow in the ice its elf, 
'it would. appear highly unlikely that the shear hypothesis can work in an ice cap which is 
cold everywhere. One might argue that cold ice will slide over a rock-ice interface if the 
shear stress in a particula1.· area is sufficiently high. However experiments of Raraty and 
Tabor (1958} have shown that the she.ar strength of an ice-solid interface usually is of the · 
order of 10 bars if the solid is stronger than cold ice and if the solid is wettable. This 
shear strength is an order of magnitude larger than the shear stresses which occur at the 
bottoms of glaciers and ice caps (0. 4 to l bar}. 

The shear across a debris layer 

It is a requirement of the shea.r hypothesis (although not sufficient proof of the validity 
of this mechanism) that appreciable dis,crete shear displacements occur across the debris 
layers ( or at least that a very large amount of differential flow occurs in a layer of 

. finite thickness}., The evidence for the existence of these shear displacements is con
flicting. Butkovich and Landaue'r (1959) observed no discrete shearing motion across·a 
soil layer exposed in a tunnel iri the Thule area although there was differential flow in the 
ice. Hilty (1959} made a similar observation in another tunnel in the Thule area. These 
measurements are evidence against the shear hypothesis. On the other hand, Ward (1952) 
has published a photograph of the surface of the Barnes ice cap which shows a discrete 
shear across a soil band. It can be argued, however, that War.d's observation was 
confined to a surface observation during the summer, when the surface layer is at the 
melting point. According to the sliding mechanism we have proposed (Weertman, 1957), 
a discrete shear displacement of ice across a solid debris layer can occur when the ice 
is at the melting point. The shear seen by Ward may occur, therefore; only to those 
depths at which the ice is at the melting point. 

~~ Dr. H. Roethlisberger (personal communication) has pointed out that debris might be 
brought into the ice mass at the bottom surface in the boundary region between temperate 
and cold ice. The thickn~ss of silt, sand, etc. frozen to the bottom could be expected to 
be small in the region where the freezing point isotherm just begins to descend into the 
ground.. If the shear strength of the interface between frozen and unfrozen soil is small, 
it might be possible, if the shear hypothesis mechanism can operate, to have this thin 
layer of soil carried _into the ice mass along a shear plane. If a shear plane did become 
active in this boundary region, it could also carry debris picked up by sliding temperate 
ice and transported to this region. 
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Even if further observations show that appreciable shear does occur across debris 
layers, this in itself would not prove the shear hypothesis. A condition necessary to the 
proof of the shear hypothesis would indeed have been met, but not a sufficient condition. 
Suppose that the debris layers were formed by a mechanism other than scraping. Then, 
let a layer be subjected to a stress which has a shear component, as is always found 
within a glacier or ice cap. If the debris layer has the property that discrete shear takes 
place within it when such a stress :ls applied, this shear will occur regardless of how the 
debris layer was formed originally. A measurement of the shear across a debris layer 
thus yields information on a property of debris layers,. but tells us nothing of their forma
tion. 

The geometry of the debris layers 

Another criticism of the shear hypothesis is that it suffers from an "embarrassment 
of riches." Th~ shear hypothesis can account for a few debris layers, but can it explain 
the very large number of debris layers that actually are observed? For example, in the 
ice tunnel constructed in 1959 next to Camp TUTO in the Thule area, countless numbers 
of distinct soil and debris layers can be seen within a distance of about 20 m. These layers 
often are separated fro1n each other by distances of the order of millimeters. How could 
such a close spacing be achieved by the shear model of Figure 1? One way might be for 
one ''active'' shear plane to start ope ration and carry debris to the surface. It then be
comes "inactive" and another plane very close to it becomes active and carries a load of 
debris to the surface. In turn, the second plane stops and another nearby plane becomes 
active. An explanation along these lines would be difficult to accept since one must ex
plain why one shear plane is active and anoth~r inactive when the planes are only 0. 01 to 
1 m apart. 

On the other hand, one might propose that many closely spaced shear planes begin at 
about the same time to carry debris to the surface. But again there are difficulties. 
Since it must be assumed that the spacing of the planes is close, one ~hear band will eaten 
up. with another, as shown in Figure 2. Thus, the slope of the sh~ar planes will increase 
further back into an ice cap. In the tunnel dug near Camp TUTO, the slope of the "shear" 
planes actually decreases further into the tunnel, the opposite of the behavior predicted 
by this explanation. 

Although the shear hypothesis might account for debris planes which are separated 
by distances of the order of the thickness of an ice cap (near the edge of the Thule ice 
lobe the separations would be of the order of 50 to 100 m), the small scale separations 
which actually are observed are difficult to explain ,by this mechanism. •:c There are too 
many "shear" planes present to be accounted for by the shear hypothesis. 

The actual upward-cu.rving form of an individual debris layer, which is approximately 
that shown in Figure l, can be explaineid without the assumption that discrete shear 
occurs across a debris layer. It has been known for a long time from arguments based 
on the principle of conservation of mass that the flow lines of ice in an ablation area must 
go upwards. (The shape of flow lines in glaciers and ice caps has been discussed recently 
by Niels en and Stockton, 19 56.) 

FRE~ZING MODEL 

We wish to propose as an alternative to the shear hypothesis the mechanism illustrated 
in Figure 3, which shows a cross section of an ice cap whose edge is frozen to its bed, as 
at the Thule ice lobe and at Baffin Island. We assume that further inland from the edge 

>:< Dr. H. Roethlisberger has suggested that the small separations might be explained if a 
single debris layer can becom~-highly folded over a period of time. A_ multilayered debris 
band could then be produced from a single debris layer. Of course, we cannot rule out 
such a possibility. If this is the explanation of the field observations, the shear hypothesis 
must be a much more complex process than hitherto pictured. It also would lose that 
simplicity of conception which is su~h a $trong point in its favor. It is difficult to imagine 
the processes that would lead to a high degree of folding and at the same time would cause 
the foldecllayers to assume the overall orientation pictured in F-igure l. Since moraines 
are general features of an ice cap, this difficulty cannot be explained by local peculq.rities 
in the .shape of the ice cap bed. A general rather than special cause is required to 
explain the multilayered debris bands. ""'-
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Figure 2. Sequence of events after 
start of several closely spaced shear 
planes: (a) Planes just starting to 
bring up debris from the bottom; (b) 
intermediate state where the shear_ 
layers have just caught up to each 
other by shearing ove~ the bed, a~d 

(c) late stage where the layers have 
joined and only a single layer can 
exist at the bottom. 

the bottom is at the melting point. This 
second region can be divided into two parts. 
In the furthermost inland part,' the combina
tion of geothermal heat and heat produced 
from sliding is greater than can be conducted 
away by the temperature gradient in the ice. 
As a consequence, ice is melted to water. 
This water is forced by the pressure gradient 
toward the edge of the ice cap. As it moves 
outward, it enters a region where the tem
perature gradient in the ice can conduct away 
more heat than is produced by any sliding or 
comes from the geothermal heat. In this 
region, the water refreezes' and rejoins the 
ice cap. The bottom of the ice cap will still 
be at the melting point in this region; the 
extra heat required to keep it at this tem
perature comes fr~m the latent heat of fusion 
which is given up as the water freezes. 

The scheme presented in Figure 3 should 
always occur in any ice cap if the edge is 
frozen to the bed and the bottom surface is 
at the melting point at some positions in the 
interior. Thus, if direct measurements show 
that in the interior of a cold ice cap the 
bottom surface is at the melting point, and 
that n~ water is escaping underneath the ice 
cap, we can be sure that ice is being formed 
on the bottom surface at certain places. 

Under steady state conditions, the model 
of Figure 3 probably would not lead to the 
inclusion of solid soil layers into the ice cap; 
ice would merely form at the ice surface. 
However, no glacier or ice cap is ever in a 
completely steady state condition. The thick
ness changes th~ stress acting on the bed and, 
hence, affects the speed of sliding and thw 
the amount of heat available to melt ice- or 
retard the freezing of water. This change will 
cause a shift in the position of the border 

_ between the region wh~re the ic;:e cap is 
frozen'to the bottom and where it is at the melting point. Figure 4 shows how a cyclic 
s4ift in the amount of heat':• produced by sliding will lead to a freezing in of debris. Since 
the border we are con_sidering is si~ply the point at which the OC isotherm ceases to 
coincide with the bottom of the ice cap, a shift of this border inland means that the zero 
isotherm descends into the material upon which the ice is resting. Debris thus can be 
frozen onto the bottom of the ice cap. If the border shifts towards the edge of an ice cap, 
the region in which water is being frozen to the bottom of the ice cap is extended. If 
debris has been fro zen to the bottom, the new ice will form beneath this frozen-on debris, 
for it is here that the temperature is at the melting point. The debris therefore will be 
incorporated into the i_ce cap with ice surrounding it (lfig. 4c). _Through numerous 
repetitions of the cycle, more debris layers can be incorporated into the ice of an ice cap 
lying on unconsolidated material (Fig. 4d). The thickness of these layers depends on the 

':< Temperature changes at the upper surface also affect the amount of water being frozen 
or melted at the bottom surface. However, because of the extremely great length of time 
involved for temperature changes at the top surface to penetrate to the bottom surface, this· 
variation would be unimportant compared to that produced by· changes in the thickness or 
slope o-f an ice cap. 
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face. Water flowing from the right keeps the bottom at OC, but the water supply 
is exhausted at point x 2 ; (b) Less water is flowing from the right .and th~ point of 
descent of the OC isotherm has shifted to the right; (c) A greater supply of water 
now flows from the right. Water freezes to the OC isotherm position given in (b) 
and the debris frozen on the bott9m in (b) is pu.shed up into the ice. Point x 2 , 

which marks the limit of the flow of water, has moved to the left; (d) the cycle is 
repeated and a number of debris layers are fixed into the ice. 
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time frequency of the cyclic change and can have any value. The length of the debr-is 
layers depends on the magnitude of the change in slope or thickness of the ice cap, as 
this change controls the distance the border will shift. 

Once horizontal layers of debris are incorporated into the ice, they flow with the 
ice. If the_ edge of an ice cap is an ablation zone, as is the case in the Thule area and 
on Baffin Island, the flow. lines of ice have to come up to the surface in this region. 
Hence the debris layers will betome exposed in the ablation area and can form Thule
Baffin moraines. 

THEORY 

In this section, we shall set down some formulas to 1ndicate the conditions under 
which our freezing mechanism will operate. Of course, we should like to be, able to take 
known field data and prove conclusivelY! that our mechanism has 'led to the formation of 
existing moraines. That hope, however, canbot be satisfied with the measurements 
presently available. 

Consider an ice cap whose thickness across a pa:rticular cross section is given by .!.:x_, · 
where x i~ horizontal distance. Let ax be the accumulation or ablation at the position 
~; this function has a positive value for accumulation and a negative value for ablation. 

Under steady state conditions, the he'at flow down the temperature gradient at the 
bottom su·rface is exactly equal to the sum of the geothermal ~eat 9g' the heat produced 
by any sliding 9s' and any heat given off or absorbed by the freezing of water or melting 
of ice at the bottom surface. Values of the geothermal heat vary greatly at different 
places on the earth (Bullard, 1954). An average value listed by Bullard is 39 cal/cmZ/yr. 
The heat of· sliding is given by the equation 

( 1) 

where- J is the mechanical equivalent of heat (J = 4. 185 X 107 erg/cal), V is the velocity 
of sliding, and T is the shear stress acting at the bottom surface which produces the 
sliding. To a good approximation, this shear stress is equal to pgha, where p is the 
average· density of ice and a is the slope of the .upper surface of the ice cap. The velocity 
V also depends on shear stress. A theor~tical expression (Weertman, 1957) for the 
velocity is 

(2) 

where m and B are constants. Reasonable values of these constants (Weertman, 1961) 
are m = 2 and-B = 81 m/yr/barZ. Since typical values of the shear stress on the bed
of glaciers and ice caps are in the range of 0. 4 to 1 bar (Orwig, 1953; Ward, ,1955), 
eq 2 would give velocities of the order of 13 to 81 m/yr. From eq 1, therefore, one 
would expect the heat of sliding to be of the order of 13 to 190 cal/cmZ/yr. These values 
are about the same order of magnitude as the geothermal heat. 

Under steady state conditions, the heat flowing through the bottom interface of an 
ice cap must balance· the heat from the geothermal heat flow, the heat produced-by sliding, 
and the heat given up or absorbed by any melting or freezing at the bottom. If !::x 
represents the thickness of ice being frozen to the bottom surface (it would be negative if 
the ice were melting) and Yx represents the vertical temperature gradient at the bottom 
surface, the condition for steady state heat flow at the bottom interface is given by the 
following equation: 

ky = Q + Q + SA g s 
(3) 

where S is the heat of fusion (S = 72 cal/ cm3 of glacier ice) and k is the coefficient of 
heat conductivity of ice (k = 1. 7 X 105 cal/cm··yr-C}. -

The temperature gradient at the\ bottom surface can be calculated if the 'temperatures 
at the top and bottom surfaces are known. This calculation has been done by Robin (1955) 
for the cas e where heat f 1 0 w in the horizontal direction (the x direction) can be 
neglected and where the long1tudinal·strain rat~ of the creep flow of I,Ce is not a function 
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of vertical distance. Since this longitudinal strain rate is _approximately a/h, Robin 
was able to obtain the following equation for y : 

(4) 

where t::.. T is the temperature difference between the top and bottom surfaces and is 
considered to be positive if the bottom is warmer than the top, and h* is a "compensated" 
thickness given by 

h 

h* = s exp [- ~~z J dy 

0 

where c is the specific -heat of glacier ice (c = 0. 45) and y is the distance in the vertical 
direction. When the longitudinal strain rate is zero (and there is no melting or freezing 
at the bottom surface) this "compensated" thickness is equal to the actual thickness of 
the ice cap. 

If eq 4 is substituted into eq 3, one obtains 

(6) ' 

If th~ bottom surface is below the freezing point, so that A = Qs = 0, this equation 
will determine the bottom temperature if the values of the temperature at the upper surface 
and the geothermal heat are known. On the other hand, if the bottom surface is at the 

-melting point, so that A I= 0, eq 6 ~ill determine the amount of melting or freezing once 
the temperature of the top surface and the amount of sliding are fixed. 

We can determine from eq 5 and 6 the conditions under which the bottom of an ice cap 
can be at the melting point. As a very simple example, suppos'e .that the accumulation 
rate is zero. It can be seen from eq 6 that the bottom surface will be at the melting 
point when the ice thickness is equal to !::_0 , where 

ho = k ~ T 
Q + Q g s 

(7) 

and ~ T is taken to be the difference in temperature between the melting point of ice and 
·the upper surface temperature. When eq 7 is valid, the heat conducted through the ice is 
exactly equal to the geothermal heat plus the heat of sliding. The ice at the bottom is at 
the melting point, but neither is ice melting nor is water freezing there. If the ice thick
~ess is greater than !::_0 , less heat can be conducted through the ice than is being supplied 
by the geothermal heat and the sliding heat. In this situation,. ice melts off the bottom 
surface to make up the heat bal_ance. ; If the ice thickness is less than h 0 , more heat is 
conducted away than is being supplied. The bottom can remain at the melting point only 
if water is being frozen onto the bottqm surface. However, if no water is available to 
g'ive up its latent heat by freezing, the bottom surface has to be at a temperature lower 
than the melting point of ice and the ice cap is frozen onto its bed. ·Thus when the accumu
lation is zero, the thickness !::_0 separates the condition of freezing from that of melting. 

t This equation of Robin's neglects any melting of ice or freezing of water at the bottom 
surface. If this factor is taken into account, the term inside the integral becomes 

exp [- ~ (} ~ yZ - Ay) J . 
The additional term in the exponent usually can be neglected if I aJ is much greater 
than \A\. 
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Now consider the more general case when the accumulation or ablation is not zero. 
Corresponding to any particular set of values for .6 T, Q , . and Os, there will be a 
curve on a plot of a versus h which divides freezing conaitions hom melting conditions. 
This curve is determined by setting A equal to zero in eq 6. One then obtains the equation . 

h 

h 0 = J exp ( !3 yz.} dy 
0 

(8) 

where !3 -ca/2kh, and !:_o is given again by eq 7. This eq~atio-n al~o can be written· as 

h - h exp ( R.hZ) [ 1 - (213hZ) + (2~hZ)Z 
0 -. t-' . 3 5·3 

For large values of_!:: and ~· eq 8 reduces to 

a = h £:~J~ · (10) 

On<Ze !::o has been found from eq 7, eq 9 and 10 determine a curve of a versus h. 
Figure 5 shows such curves for various values .-of h 0 • Also indi~ated Tn ~igure-5 are 
~he temperature differences, .6 T, wp.ich correspond to_ t_hese valuef? of !:_0 when 9g 
1s the average geothermal heat of 39 cal/cm2 /yr·and .9s 1s taken to be equal to. .9g· This 
value of the sliding heat corresponds to a.shear stress of 0. 58 bar .and a sliding velocity 
of 27 m/yr (or any other combination of stress·and. sliding velocity whose product is the 
same). · · · . 

If the values of the ice thickness and accumulation or ablation in a region of an ice cap 
are such that tl).ey correspond to a point lying to the right of the appropriate curve 'in 
Figure 5, the bottom of the ice cap is melting away. If the thickness and accumulation 
are such that the point lies to the left the botto;m either··is frozen to the bed or water is 
freezing to the bottom. Hence, if we know the temperature at the upper surface and'if 
we know the geothermal heat and heat of sliding, we can tell from the measurements of · 
ice thickness and rate of accumulation or ablation whether or not it is possible for ice at 
the bottom to be melting or freezing. 

The bottom surface of an ice cap which is located in a region corresponding to a point 
in the freezing zone can remain at the melting point only if there is a water supply avail
able. The melting zone can supply this water if a hydrostatic pressure head exists to 
push water from one region into the other. From Figure 5 it can be seen that, other 
things being equal, the thicker parts of an ice cap are more likely to be in a melting zone, 
if a melting zone does .exist. The greater weight of ice in the melting zone will supply 
the necessary p1·essure head to move water into the freezing zone. 

The principle .of the conservation of mass enables one to. calculate the extent of the 
region inthe freezing zone where the bottom of .an ice cap is at the melting point of ice. 
That is:, ·all the water created in the melting zone must be turned back to ice in the freezing 

, zone if no water is to e·scape from underneath a cold ice cap. The amount of ice Ax 
which is either being melted from or frozen to the ice cap in the regions where the ice is 
at the melting point is given by eq 6: 

A = .!_ [ k .6 T _ (Q ;. Q ) J 
X S h* g. S • 

( 11) 

Consider how eq 11 can be applied to an actual problem. Suppose, a two -dimensional ice 
cap (center at x = 0 and edges at x = ± L) has a melting zone exte:6ding over the distance 
from ~0 to ~ 1 , where x 0 < x 1 < L. What would be the extent qf the freezing zone in 
which_ the ice at the bottom of the cap is at the melting point? In order to satisfy the 
principle of conservation of mass, the following equation must be obeyed: 
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when no water escapes from underneath the ice cap. This equation fixes the value of 
x 2 (x 2 < L). The difference between the melting point of ice and the surface temperature 
LiT and h* (determined from the thickness of ice and the rate of accumulation) can be 
determined as functions of distance, o~ce the heat of sliding and the geothermal heat are 
known. Eq ll and 12 determine uniquely the extent of the freezing zone at the melting· 
point. At distances greater than x 2 th~ bottom of an ice cap is below the freezing point 
of ice and the cap is frozen to its bed. In this region, there is no water available to freeze 
onto the bottom and, hence raise the ice temperature to the melting point. 

DIISGUSSION 
I 

In the previous section, it has beeri shown that under certain conditions a part of the 
bottom surface of a cold ice cap may be at the melting temperature of ice and that, in this 
zone, ice can be melting away from the bottom in some parts and water can be freezing 
onto the bottom in the other parts. Of ~ourse, one would like to know if the ice caps 

-which contain Thule -Baffin moraines m:eet the special conditions that lead to the ice at the 
bottom surface being melted in one place and refrozen in another. Since the edges of the 
Barnes Ice Gap on Baffin Island and of the Thule lobe of the Greenland Ice Gap are known 
to be frozen to their beds, it is only necessary to show that in some inland regions t1;le 
conditions are such that the bottom is at the melting point (or, more exactly, was at the 
melting point during the time the debris which forms the moraines on the edges of these 
ice caps was brought into the ice). Unfortunately, from the field evidence at hand, it is not 
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possible to prove conclusively whether or not there exist regions on either of these ice 
caps where the bottom surface is at the melting point of ice. 

- . 

Consider first the Barnes Ice Cap on Baffin Island. The upper surface of the Barnes 
Ice Cap appears to be at -10. 7C from one measurement made by Ward (1952);'its thick
ness ranges from 0 to about 450m (Orwig, 1953); its accumulation ranges from -170 to 
-+20 em of ice/yr, the value depending on the elevation of the upper surface. .From thes.e 
data, Figure 5 would predict that the bottom surface in the interior· of the ice cap definitely 
is at the melting point. In order to arrive at this conclusion, consider the curve of 
Figure 5 marked ..6. T = lOG. This curve represents a temperature close to the actual 
temperature of -.10. 7C. Any thickness greater than 280 m corresponds to a point in the 
melting region, even for the maximum rate of accumulation of 20 em of ice/yr. One must 
remember, however, that the curves iri Figure 5 were calculated on the assumption that 
the heat of sliding is equal to the geothermal heat, and it was assumed further that the 
geothermal heat is equal to 39 cal/ cmZ/yr. Supp9se our estimate of the heat passing_ 
through the bottom is too great by a factor of 2. Then the curve to be considered is the 
one marked 20C. In this case, it is open to questibrt whether any part_of the Barnes Ice 
Cap lies in the melting region -and it may well be that th~ entire ice cap is frozen to the 
bottom. The only way one could be really sure is to sink boreholes to the bottom of the 
cap and actually measure th:e temperature. · · 

The same uncertain situation occurs with the Thule ice lobe. The thickness of this 
cap has been onlypartially measured~ Roethlisberger (1959) found a thickness of 260 m 
five km inland from the edge. (The ice cap .is about 33 km wide and a somewhat greater 
thicl_<ness can be expected further inland.) Accumulation and ablation rates (Schytt, 1955, 
and G"riffiths, 1960) depend on position and range from about -100 em of ice/yr near the 
edge to 70 em/ yr in the central region of the cap. The temperature in the ablation zone 
(Schytt, 1955) near the edge of the cap is about -12C; . Temperatures .have been measured 
(Schytt, 19 55) in the inland region to a depth of 9 rn at two points. The temperaturer at 
9 m seem to be of the ord-er of -3 to -6C~ If these inland temperatures are representative 
values and if the curves of Figure 5 are valid, there is no question but that· the bottom 
surface in the interior of the, Thu-l:e ice lobe is at the melting point. On the other hand, 
if these temperatures are not correct and if other values of the heat of" sliding and the geo
thermal heat are used, it is quite possible that the ice cap is froz~n everywhere to its bed. 

Another problem connected with the determination of the temperature at the lower 
surface of a cold ice cap concerns the question as to whether or not the ice is sliding over 
the bottom bed. It is conceivable to have an ice cap which would be frozen to its bed if the 
heat of sliding \.vere not available but' whose lower surface would. be at the melting point if 
this heat were present. Once the ice cap started to slide, the heat produced would keep 
the bottom surface at the melting point and permit the sliding to ·continue. If the sliding 
were stopped,- the ice cap would refreeze to its bed and no further sliding would· occur. 
In the absence of direct measurements, a knowlec:;lge ,of the past history of such an ice cap 
would.be necessary in order to determine whethe·r or not the bottom is at the melting point. 

CONCLUSION 

A number of objections can be raised against the shear hypothesis of the formation of 
a type of moraine found .on Baffin Island and in Greenland. We further conclude that in 
certain situations it is possible for ice to be forme.d at the bottom of an ice cap and that this 
accretion of new ice can lead to a freezing-in of loose de·bris lying on the bed of the ice cap. 
In tur'n, this frozen-in debris can result in the formation of moraines in the ,ablation areas 
of an. ice cap. · · 

It can be demonstrated that the moraines f~und on the Thule ice lobe in Greenland and on 
the .. Barnes Ice Cap of Baffin Island could have been formed by tqe mechanis_!ll we propose. 
However, it is not possible from the field data at h~nd to prove conclusively that these 
moraines were formed in this way. ' ' 

* The inland ice appears to be warmer than the ice at the edge because in the ablation re
gion the melt water p~oduced in the summer simply runs off the upper surface and does not 
soak into the solid ice surface. On the other hand, in the inland region, the m'elt water 
produced in the summer trfckles into the firn layers below where it refreezes and gives up 
its latent heat. Thus, in the summer, the accumulation area is able to warm up more than 
the ablation area. 

/, 
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