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SHORT NOTES 

THE FLOW OF ICE OVER A TILL BED 

By A. S. JO NES 

(D epartment of Mathematics, U niversity of Queensla nd , St Lucia, Queensla nd 4067, Aust ra lia ) 

AnSTRACT. This paper considers the contribution made to overall glacier Aow by deforma tion of an 
unlithified bed. The Aow pa ttern in deforming till benea th a glac ier is determined f )r the case of a unirorm 
ice slab rest ing on a uniform thick till bed . The re,ults obta ined show tha t, once the till is sa tura ted, \-cry 
little surplus wa ter is needed to produce high velocities in the till nea r the ice- till interrace, the interface 
velocit y va rying as the 5/2 power of the surplus \ova ter concentrat ion. This sensitivity to water content 
suggests tha t this may be a mechanism inducing glacier surging. 

R ESUME. L'ecoulemellt de la glace sur Wl lit lIIoraillique. Cet a rticle examine la cont ribution apportee it 
l' ecoulement d' ensemble d 'un glacier par la deformation d 'un lit non rocheux . Le type d 'ecou1cment sur un 
lit mora inique deformable sous un glacier est determine pour le cas d' une plaque de glace confJrme reposant 
sur un lit mo ra inique d 'epa i'Sse ur unifo rme . Les resulta ts obtenus m Onll"enl que, une fo is la m o rain e sa turec, 
il suA-it de tres peu d 'eau en supplement pour entra iner de fortcs vitesses dans la mora ine pres de l' interface 
glace-moraine, la vitesse a cette interlace va riant eomme la puissa nce 5/2 de la teneur en eau supplementa ire. 
Ccttc sens ibilite a la teneur en eau fa it penser que ce pourra it etre un mecanisme produisant les n ues 
glacia ires rapides. 

ZUSAMM ENFASSUNG . Das FlieSJell VIJ II Eis iiber eill Schllubell. Diese U ntersuchung gilt dem Beitrag, den die 
Deformation eines schuttbedeckten U ntergrundes zum GesamtAuss eines Gletschers liefert. Die Fli('swor
ga nge in ve rformbarem Schutt unter cinem Gletscher werden fur den Fall einer einheitlichen E istafel, die 
einem glcichmass ig dicken Schuttbctt aufliegt, bestimmt. Die gewonncnen Ergebniss(' zeigen, da" nach der 
Sa ttigung des Schutles mit "Vasser schr wenig zusa tzliches VVasse,' zum Auftreten hoher Geschwindigkei tcn 
im Schutl nahe der GrenzAache zum Eis genugt, wobei die Gcschwindigkeit an der GrenzAache mi t der 
Potenz 5/2 der K onzentration dcs ciberschu'5igen \ Vasse rs variiert. Diese empfindliche Reaktion auf den 
"Vassergeha lt lass t vermuten, dass hier cin Mechanismus zur Auslosung ein l"s G1etsehcrausbruchs vorli cgt. 

PREVIOUS discussions of gla cier fl ow h a ve assumed that the re is a rig id g lac ie r bed , and that the fl ow 
results from a combination of d efo rma tion of the ice a nd slipping over the bed . However fi e ld work 
(Boulton , in press) has shown tha t fo r som e g lac iers d eformati on of the bed contributes m ost o f the 
forwa rd m ovem ent of the ice, a nd there is evidence indicating tha t the fl ow of the Laurentide ice sh eet 
was controlled by the d eform a ble sedimen ts over wh ich it passed . 

C onside r a g la cier resting on a bed of unlithified till. If the g lac ier is m el ting at the bottom, the 
melt wate r produced p ene trates into the till so tha t the usu a l m echa nism s for g lac ie r sliding are no t 
a vailable. The rheology of the bed is governed by the relative sizes of the particles involved , by the 
typ es of materi a l present , and by the a m ount of wa te r present. If th e bed consists o f coarse g ravel, the 
m elt wa ter p ercolates freely through the bed , a nd the bed only becom es unstable if large a m oun ts of 
wa te r a re tra pped in it. If, however , the b ed consists of fi ne till con ta ini ng cl ay particl es, the clay 
a d sorbs the wa ter and tends to immo bilize it in the bed , lowering the p ermeability. If mc1t wate r is now 
produced faster than it can p ercola te through the bed , the surplus " free" water is d a mmed near the 
surface producing a slurry which b ehaves like a Newtonia n fluid with v iscosity (R oscoe, 1952 ) 

w here w is the vo lume frac ti on of free water, and 7]0 is the viscosity of wa te r. Since mos t of the free 
watel' r em a ins close to the inte rface, t he bed is highl y mobi le a t the top, but a t the li m it o f e ffec ti ve free
wate r penetra tion lfI becomes zero, the "iscosity becomes in fi nite , and the bed is effec tively rig id . 

In o rder to study the contribut ion of bed d efo rma tion to the overa ll fl ow-rate o f a g lac ier . we consid er 
the simpl est situa ti on of an ice sheet of unifo rm thickness H res ti ng on a bed whose ill c lill a tion to the 
horizonta l is IX (Fig. I ) . W e take coordinate a xes x in the direct ion of m a ximum slo pe, y perpendi cula r 
to the bed , a nd z in the tramverse direc tion , a nd choose the o rig in to be a t the inte rface, so tha t 
o < y H corresponds to the ice laye r a nd y < 0 to the till. T he sh ea r stress a nd velocity are assum ed 
to be continuous ac ross the interface v = o . 
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Fig. I. Ice-till model showing coordinate axes. 

If we assume that water penetration into the till is independent of both x and z, the problem reduces 
to that of determining the velocity U of the ice/ till in the x direction as a function of the single independent 
variabley. 

Treating the ice as a Glen fluid, the velocity u(y) for 0 <; y <; H is given by (Nye, 1957) 

u(y) = us-(us-uo)(I-y/H )"+I, 

where !Is is the surface velocity and Uo is the velocity at the interface. The tangential shear at the 
interface is "0 = pIgH sin ex. 

Within the till , we assume that the free water penetrates to a depth I, and that the amount of free 
water present varies linearly with depth , so that w is given by 

w(y) = f (y + l )/l, - I <; y <- o. 

where 0 <; f <; I is the volume fraction of free water at the inter/;lc, ' . All deformation of the till is 
confined to the region - l .;;; y .;;; 0, and in this region the effective \'iscosity of the till is 

1) = 1)o(f(y + l)fl) - S/,. 

The density of the mixture also varies with depth, being p = pww( y) + pt ( 1 - w( y )), where pw and pt 
are the densities of water and saturated till respectively. 

Substituting these values into the Navier-Stokes equations we have, for - I <; y <; 0, 

o = g sin ex(Pt - (Pt - pw ) w(y)) + ~. (1)OW(Y ) - 51, dU) . 
dy dy 

This equation is solved subject to the boundary conditions that the shear at y = 0 IS pIgH sin ex and 
that the velocity at y = - I is zero , giving 

g sin IX • 
u(y) = -- (f/I)S/ {'2[piH + I(Pt - V(Pt - pw)]}( I+y)7 /2/7 -

1)0 

- 2pt(l + y )Q" 19 + f (pl - pw) (l +y ) II / I( Ill)) . 

A typical profile for !I(Y) is shown in Figure 2. Setting y = 0, we obtain 

~ sin ex 
Zlo = -' --/"2!{2 p.H/7 + [4P t/63 + 8f (pw - pt )]l j 

1)0 

2gHl . 
::::: -- pi} 5/ 2 sin 0:, 

71)0 

since we expect l ~ H. For ice thickness about 30 m and penetration depth about 30 cm, pigHl(1)o 
is of the order of 10

" 
m /year, so for realistic values of Zlo we must have f"2 sin ex ::::: 10 - 15. Hence, for 

finite slopes. significant deformation of the till occurs when the proportionf of free water at the interface 
is about 10 - (', and when f is 10- ; we find that Zlo ::::: 100 sin ex m /year. Since doubling I produces a 
six-fold increase in interface velocity, values off greater than 10- ' will produce velocities in the surge 
range unless sin ex is ve ry close to zero ; i.e. the bed is essentially horizontal. This implies a very sensitive 
mechanism for triggering glacier surges. If the normal rate of melt-water production is just below the 
rate at .""hich water can percolate through the bed, any damming of the bed would lead to the trapping 
of free water in the bed and a rapid rise in the velocity until the obstruction is removed. Alternatively, 
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Fig. 2. Ty pical velocity profile in diforming till a'nd adjacent ice. 

a glacier whose rate of melt-water production rose slowly bu t steadily following a corresponding increase 
in glacier thickness, would surge when the melting rate passed the critical level. The consequent 
thinning would lead to a lowering in the temperature at the bed, and hence a reduction in basal melt
water production , and the glacier would return to its qui escent state. 

CONCLUSION 

If the bed of a glacier consists of unlithified till, then the stability of the bed depends critically on the 
rate of melt-water production at the bottom of the ice. Small excess amounts of water liquidize the top 
of the till , making it very mobile, and resulting in high sliding velocities in the till. If the glacier bed 
has a finite slope this may result in surging. 
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