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- ABSTRACT

Creep instability,.the runaway increase of internal tempera- o
ture and deformation rate, has been suggested as a posSible
cause of surges of cold glaciers. We‘investigate,this by

considering a simple slab model which includes the effect of

ice advection normal to the surface. . Whether a steady-state

solution of the heat transfer equation exists depends on the

value of a "stability parameter' proportional to the ratio

~ of the rate of deformational heat production to the rate at

which this heat is conducted away. If the pafameter exceedS 

a certain critical value, instability occurs and basal ‘ice

‘eventually reaches melfing point. The ice mass can then start

to slide over its bed. If the stability parameter exceeds a

second higher critical value, a layer of basal ice at melting

point will form. The critical values depend on geothermal

heat flux and strongly on advection. Upward advection, as in

the ablation area, decreases stability whereas downward adQecf
tion (accumulation) incréases it. On the other Hand, if un-
stable conditions exist, accumulation increases the Qrowth‘.
rate of tHé instabiifty while ablation decreases it. Calcula-

tions suggest that certain natural ice masses may be unstable.

‘The tfme for the instability to develop, however, is of fhefc

order of 100 to 10,000 yr., whereas the residence time of the .
ice in many glaciers is less than 10,000 yr. Moreover, obser- .

ved periodicities of glacier surges are between 10 and 100 yf,;'

It thus appears that creep instability cannot exp!ainvglacier'

'surges. These arguments do not, however, eliminate the pos-

sibility of creep instability causing Surges‘in‘the‘Antarttic‘,,



ice sheet or in large ice-age ice sheets with low accu~

mulation rates.
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main differences between our analysis and those of previoﬂe

INTRODUCT ION

The deformation rate of ice, for a fixed stress,‘increases

with temperature. Thus a small increase in deformatlon rate,, e '

by increasing the deformational heatlng and thus the tempera-_,’f

ture, will result in a further increase in deformatlon rate.'

This system has positive feedback and, under certa:n condl-'
tfons, a runaway increase in temperature will result._This is
the process of creep instability. In a glacier frozen’toritsV, -

bed this process might'in time raise the basal ice to meltjngbf

point. The ice would then start to slide over its bed,'lubri-"

cated by meltwater, thus changing the g]aciers"velocity"andvfe
dimensions. : |

Robin (1955) was the first to suggest this as a poseiyle .
mechanism of glacier surges; he did not, however; investigate.
the conditions under which it might occur. Stability_criteriar
have been derived for (a) a thick isothermal slab under con-
stant stress (Nye, 1971), (b)'laminar flow under a pewer fleé <

law in a slab of f:n:te thickness wuth base at the meltlng

point (Neave and Savage, 1970), and (c) ‘as case (b) except that:"'

the base is below the melting pannt (Bozhinskiy and Gr:goryan,f  'f

1974; Bozhinskiy, 1975). Lliboutry (1964, p. k17) and Budd

(1969) have also studied thermal instability in ice sheefs.

In this paper we make 2 further theoretical analysus of creep

instability as a p055|ble mechanism of g]acser surges.  The



workers are (a) lnclusaon of the effect of vertncal advec—

tion, an important means of heat transfer, and (b) use of

- the Arrhenius .relation for the temperature dependence of the

. flow law of ice rather than an approximatlon to it (Frank-
;Kamenetzky,~1939) We have recently made a general ana!ysus o
'of strain. heating and creep lnstablllty in glac:ers and ice

sheets (Clarke and others, 1977). This gives further details

of some’of the matters treatedffn'the present paper._
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'BASIC EQUATIONS
The model is a parallel-sided intompressible‘slab-of thick?
ness h, resting on an inclined plane of slope a ', and de-
'fférming‘underbits ‘own weight} »The'drigfh is‘onithe surface
Jfand'the y-axis normal to the surface, poé?tivefdownwérds;
"We assume
(a) Longitudinal heat transport,ié nég]igfble'dpmpared Qﬁthv»
~vertical
(b) Longitudinal strain rate is zero.
The heat transfer équation is then
- 32T - v .97 _ 1 .3T = -20.. t /KJ‘
. "3y?Z T %k 3y kK ¢ | DR el 4l 2
e/ L : . g
e R

Here T is temperature, v velocity perpehdfcu!ar to surface,

oxy shear stress, Exy shear strain rate, k thermal diffusivity,

K thermal conductivity, and J mechanical equivalent_bf»heét: ”f ,""

Strain rate can be expressed in terms of stress by,thé‘fIOW.Iaw

of ice (Nye, 1953) which in this caSé‘redUQeS:fOAff;*‘_i 

L2

€
xy

i

A exp (-E/RT) °¥yn‘  o ()

Here A and n are constants, E is the activation énergy for

creep, and R is the gas constant.

.



-ln‘rRIS‘ﬁxédél)sﬂee}:strees fncreégés.13"eaV‘Y with depth

O)ty = .y ‘OB./ .’hk; ;‘.1,"_"‘ ‘, (3)
, jwhete‘tﬁe easattsheer stres;wis : 7V‘

/‘ _erePT ) | L - P9 5 ein vds ft N _»"t ()
»id_sf“EY9%€> with P the’densitYOtkiee anJV 9_‘#he 9#3V{t;¥§§“a'

acceleration.

(¢) Densily ,0"1'5 constant.

We make Fhe furfher assumplions:

(d) ,Verticalbvelocity'decreases linearly with depth
v ) = v, Gmym )

Here and throughout the paper sufflx o denotes the S
surface value. fFor the thlckness of the slab to rematn't
: constant.vov must. be equal to the accumulatlon rate i:

(v°;>0) or the .ablation rate (v, < 0). We also assume‘i'

(e). the temperature at the base is below the meltlng
pofnt. Thus our - analysns does not . apply to surges of

ey

>'~wtemperate glacners.e S s

" The boundary conditions are
o

T, =T e

aT(n OOy | = K




Here Q is the geothermal heat flux.v For tnme—dependent solu- ;
tions of (1), the initial temperature dlstrlbut|on T(y, 0)

must also be specified.

“"We introduce dimensionless variables as follows:

TN i
; é;;'fHETA E temperature 8 = E(T-T)/ RT 2
o ~ : , o o
\Q’,fp/)/ depth ~ E = y/h
time T = k t/h? R
(7)
constant a = E/ RTo
z 4 . A}qnnxj'~advection parameter Y = h Vo / k
»FY"Q ‘ (Peclet number) S
o geT™
« Wi , ‘
’*\Q':ﬁm' stability parameter : ZAEhzoB n+1 exp .(~E/RT )
~y g -= L .0
2
KJ RTO
geothermal parameter ¢ = hEQ/K RTO2

The stability parameter is proportionalAtQ the ratio between -
the rate of production of deformational heat and the fate'ate

which this heat is conducted to the boundaries of the s)ab.‘
Equations (1) and (6) become

%%3— - vYU -£) -g—g— + B | exp}/O/(l-l-ed- ‘?}= 3_3_1(}8)?]



‘“are given in Table 1.

-with boundany’conditidnsr

S 6(0,1):v o '=e d*‘=, ot 'f_f,;;« : 'f(9)v

ae(l;r)/ ok = ‘¢

" ‘Appropriate values for the various physical constants

'TABLEllz”jPhysicalveonstants

‘ E; #neeneaeffnatidn’energy eirn'6ub}x16“J'mele-fv'
R éae‘eonstant.' ; "E -. v "  8. 3]h J mole™? deg {
t’K Thermal conduet?V|ty. o f2 Sl w m‘1 deg 1
» £ wThermal diffusiv:ty w'v v : I. 33x10 s m2 s-f_;egfn
iJi-Mechanlcal equnvalent of heaf l,' ” i
n  Flow law exponent o 'l‘.'.r3‘ -

A Flow Iaw constant (n 3) . 8. 7leo”'l'ﬁni35~'J j
e Density ji, 4";;’it ‘ ;"‘ —7900 Kg m 3- ,,
. Q'”Geo;hermal flux i_f. 8 l kHj>h lelO "2 v nrz

o HFU

"Our cholce of the value of A lles ln the mlddle range of

‘values cited by Weertman (1973) Some experimental evidencez;e

’“suggests ‘that the Arrhenius relation exp (- E/RT) breaks down:ff;>ﬁ

between'-lo C and O C (Mellor and Testa, 1969), but thls ‘has fi:; .‘

f'not yet been clearly established (Weertman, 1973)
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STEADY STATE SOLUTION FOR CASE OF NO ADVECTION

‘MWe first consider this simplified case in‘which'(8)'reddce5hhf:'

to
a2 . n+l : : M_x » | '_' . ’f:
%—5-3 *OBE T exp [6/(1+eq )J = 0 (10)
with Bounaary conditions (9) Thns equatlon has to be solvedf

numerically; our method is described by Clarke and others

‘».Q-([977). Because the equatnon is non- llnear, multlp]e solutlons:t'h

are possible. Figure 1 is a schematic dnagram that lllustratesi

the physical situation. The solid curves represent the rate

of strain heating for three different values of the stability

.parameter B. They have the shape shown because for large 6

the exponential term tends to exp a, a constant. The broken
curve represents the rate of heat conduction across the slab'
g the dimeasionless pasal I‘emperat‘ure
it will increase indefinitely as 8;lincreases. (The dimension-
less surface temperature is zero.) For a steady-state solu-

tion of (10) the two heat transfer terms hust'balance.vThue_”‘

intersections of the broken and solid curves correspond to

solutions. The.number of solutions dependshonfthe value of B,nf

For B less than some critical value B *'there is'oneh(IOW‘"
temperature) solution, point P. For B greater than another»'

crltlcal value Bi* (>B ) there is one. (hsgh temperature)

solutlon, ponnt T. For B1*% > B>B * there are three solutlons.h



E”Ihe middle solution (R) is unstable because a small in-
‘crease in temperature wiiiLincrease'the‘strain‘heating '
‘amore than the conductlon loss and the temperature will con~

'tinue to rise untii ponnt S is reached.; Slmiiariy, a smaii _a'h

decrease in temperature w:ii start a cooilng that w:ii con- .

tinue to point Q. Thus for 81* > B > B * the steady state“

’bed temperature cannot lie between Q and S.

- Figure 2 is a schematnc diagram of the steady state basai
,temperature as a functlon of B. |f, for_a glven giacier,

B < B1%, the basal temperature will be represented by a

point on the segment AB;‘kSuppbseinow'that'the~ice-thickness.'

..or. surface slope"increases-sufficientiY to make"B 81

the basai temperature will move to Cand then jump towards D

“In fact, substitution of numerical values of the parameters'.'
Vappropriate to giaciers and ice sheets shows that the high
f,temperature solutions . (point D in Figure ‘2 and points S and
oo T kno Figure 1) invariabiy correspond to’ temperatures farlf;yifi'w';

:Qwabove;the meitingzpoint of~ice. -Thus, in reality, when _@T
.reaches - Bi* the: temperature wili rise untii the ice at the“
. -bed reaches;meiting point. . This changes the basai boundary

;ﬁcondition,‘the’iceiwiii'start to siide, :ts velocity wiii in-:‘?"

- crease, and the: dimensions of the giacier may change drastu-lfféig;gi

cally, - This is how creep instabiiity can affect giaciers and‘{'i

ice'sheets.k Analysis of”(lo) with basai-boundary condition.

01 = constant (melting base) shows that if 8 is increased !

"beyond Bi1* a second critical value B2* is'eventuaiiy‘reached ff
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at which a layer of basal ice (of finite'thfckness)'at,melt-
"ing point starts to form.f.ln some caaes of cohrse”the basal
-temperature will be at meltlng poant for B < 31* and there is

then no |nstab|lity.

fThe Frank Kamenetzky approxlmatlon, frequently used to ex-4p
H press the temperature dependence of the strasn heating term,

consists in writing

E/RT E/RT - ,E(T\- To_) / RT 2 G .7(11)';

The exponential term in (10) then reduces to exp G:and the

rate of strain heating is represented by the dotted curve"inf'

Figure 1.. In this case (10) has two solutions, a low tempera-‘

ture stable one and a high temperature unstable one, whzch=¢s

te==dwyr=td—melrdao—aadar—af—ice This case has. been analysed

extensively, in the case of glacners by Budd (1969), Neave and .

Savage (1970), Bozhinskmyand Grigoryan. (1974), and Bozhinskiy

(1375). It is found that there exists a single crstical valuezzae;‘”

of B, that depends on ¢, above which there is no steady state{v_f’.'

solution. Because the Frank-Kamenetzky approxlmation exagge-*

rates the temperature dependence of the strain heating, this

critical value of B is less than Bi1*. Numerlcal calcu!ations‘t'

- show that the ratio of the two values is 0.97 for _61‘V=rlp'

0.8 for 01 = 3, and 0.4 for ©0; = 6.



EFFECT OF ADVECTION:
'Advection merely changes:the-slope of‘the heattloss (broken)l
,curve,in;Fjgure,l and so it does not\qualitativeiyrchange
'“the-resuits.outlined;jn the ﬁrQVi°9§75e°ti°h'*¥The sizé'of
;_the change was investigated by:numericai’solutfon'oftthesteadu'
_gstate heat transfer equation, (8) w:th 30/9t ‘¥40 (Clarke and
L others,_]977)i:,Figure 3;preseqt§_jhe results:‘thetya]uetof 31*
forta range ofqvalues ofiadvectiongparameter Yy and geothermalrv
5oarameter ¢ 'approbriate to glaciers and ice sheets. We took
La‘= 30. If the creep actlvatlon energy E has the value given
“in. Tab]e l 26 7~<-a < 33 for‘natural ice masses. Varying o
_over this. _range would not change Figure 3. sugniflcantly.v It is
k';vclear that advectnon has ‘a- very large effect on stabllity,'ithe

i

can change the value of B;* by ‘up. to 4 orders of magnltude.f'

Downward advectlon (Y > 0), as -in .the accumulation area, carrles »hé

cold: fce down from the surface ‘and thus lncreases stablllty,that

is, Increases B1* Upward advection,~as in the ablation area,

fgstability.l,'

- Figure 3 also shows the values ofrthe dtmenSIonless basal |
’ temperature 91 when B Ba*.: The values are unlquely deter-zf.
v_mined by Y and ¢' To a-rough.approxlmation‘ T - T f= IO 6  5.
hthus 01 = 6 lmplies a basal temperature 60 degrees above the
A’surface temperature. The flgure shows that, in many cases,_ ,

R " particulariy’with'upward advection (ablation); B1* oorresponds

:lncreases the. temperature of the ice mass and thus decreasesfeel_uaa
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to aiﬁésal temperature above melting'pointiéhd thp$ cfeep"'

instability cannot occur.

To use Figure 3 to . determine the stability of a*givena;ce_f

mass, the valueé of TO , V. , h, Oé, and Q must be known.

o]

" The values of " Y, ¢, and B are calculated frOm'equatiohs‘G.

The value of Bi*, for the given ¥ and   ¢' , Is deter-.
mined from Figure 3. The i;e-mggssz stable dr unStablé t 

according as B is less than 6r greatef than Bi*. Table 2‘.

“‘shows some examples. Data sources are Budd and others (is71),

Weertman (1968), and Paterson (1972)L;flfféppeérﬁithé£5many”i 13

natural ice masses may be close to instability. However, these 7
calculations are subject to certain'limitations:

(a) They are based on a theoretical model which rests on

certain assumptions that may not be valid. Moreover, Ehe;"'

model is a pufely thermal one;.icé éyﬁamics is

iéaned;:ﬁ

(b) Ve havé used numerical values of the flow law parametgrs i':;“

and creep activation energy which are subject tbitbnsider“”fi-

able uncertainty.

(c) Basal shear stress and geothefmal heat flux are seldom

known precisely. Uncertainties in OB'“afe partfcularly.:
_ , ‘ . . B ,

~serious because 6 is proportional to O/ " .



- TIME CONSTANTS =~

A further important questio ‘is: How long'does-the insta~ '

| bllity take to develop? _If this time exceeds the resudence f‘?L;

time of ice in the particular glacier or ice sheet, the rﬁ-,ff

istability is of no practical importance., Again, if creep

‘“_lnstability is a cause of glacner surges, the build-up time

smust correspond to the observed interval between surges.

To examine this question a steady state solutlon of (8)
with boundary conditions (9), was first obtalned for a glven
set of the parameters g8, Yy and ¢ The value of 3 vas chosen- :

to be just below critical (B = 0.98 81*) This solutlon was

xthen used as initiai condition, the value of B was increased -

fto 1. 5 31 and the time dependent solution examined by a

finite difference method (Clarke and others, l977) Figures

':k and 5 show‘the temperature distributlon as a functlon of tlme

.—-—-

after the. step change in B for accumulation and ablatlon areas

(y-=' 8) These curves are for the special case ¢ = 0- this :

rhe basal ¢

lzmperahme

is zero. ~

“in these examples) the basal temperature starts to increase:

‘explalns why aﬁqfﬂ§==£==ﬂ4 The temperature increases with tlme,’gz'

and at- an increasing rate. At a certain time (0 l3 T and 6. 3 T

bf’extremely rapidly, this can be regarded as the time constant . i

‘of the instabllity.t The characteristic time for thermal dlf°'r

o fus fon through a slab Is h2/ k, or one unit of dimensionless"* -

“time’ t°=1. This is the order of magnitude of the time for an o

instabllity to develop in the absence of advection.. We saw




e

: earlier that; in comparison wnth the case of no advectlon,

’downward advectlon (accumulatlon) decreases ‘the chance of inf--

stablllty. However, Flgure L shows that, of lnstabll:ty does

b occur in the accumulation area, lt develops more qu:ckly thanr
rit'would in the absence of advectlon., This is because down-,'h;‘
dward advectlon compresses any layer ln-whlch’lnstabllltyfls'_'
\fdeVeloplng. Th|s concentrates heat‘ln‘theklayerhso thatither4'
;mal feedback proceeds more rapidly” and the time’constant is
_reduced. Upward advectlon’(ablatlon), on. the other hand-
rbstretches‘the layer, dlsperses the heat and increases the time"

‘constant,,as Figure 5 shows.

The thermal regime of an ice mass may change in various ways. B

For example, surface temperature may change (chang:ng ¢ B, q)

ice thlckness may change (changlng 6, B,Y), basal shear stress

-

may change (changing B), or mass balance may change (changing Y).

We consider that changes in 8 are the most interesting because

the effect of a change in this variable is lnstantaneouslyA

~transmitted throughout the thickness of,the'slab._ we'thereforé;v?

”concentrated our analysls on perturbations ln B and calculated

tlme constants for an appropriate range. of values of y and ¢

Ve found that for a given fractlonal step change in Sa_the

tlme constant was virtually |ndependent of ¢, Wthh is an lm-_ﬁ;

portant'5|mplificatlon. The factors that favour rapld growth
of |nstab|l|ty are strong downward advectlon and a large ln-.‘

crease in B/ B1*.



“can cause lce sheets to surge.' '

..; 16 ;«, .

Table 3 shows the actual tlmes for lnstablllty to develop

for the unstable or: marglnally stable cases in Table 2

'fThe thlckness of the ice mass, assumed to be marglnally

stable lnntlally, is assumed to |ncrease by the amount

The quantitylit;: ls the order of tlme for the lnstablllty .

n:to develop that ls, for the basal ice to reach melttng
'.>p0|nt.' Tlme constants are of the order of 100 yr for glacler-,
Z'accumulatlon areas and between lOOO and lO 000 yr for abla-

‘tion areas. The latter times exceed the resndence time‘of-

thevlce”ln’hanyfblacler ablation areas. Moreover, the com-

" mon lnterval between surges of giaéiefs ls4l0 to‘lOO fr;hlt
‘appears lmpossible to get time constants as short as thls in-

_the ablatlon area. To obtaln such tlme coustants ln the

accumulation area requires accumulatlon rates that are re-
latlvely large for cold glaclers,‘comblned WIth relatlvely

large changes in fce thlckness or basal shear stress.. We‘;

shown. This Increases B ‘and makes the ice mass unstable.,_,;“J‘

therefore conclude that creep instablllty is not the cause yéi:7<"

but are’ certaln “to be much langer ‘than for glaciers.} Thus j'ﬂfv*"

‘we do not rule out the posslbillty that creep instability

. Of surges of cold glaclers. “Actual” surge periodncutles for ;:ﬁif?"':

’*large ice sheetS. “if in fact they surge ‘at all are unknown %

¢
ar
"«
~
I
I3
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 DATA FOR REAL ICE MASSES.

Tabie h contains data for 'some real ice'masses-to show-the»“
range of values of the various parameters encountered

practice Data sources are Gow and others (1968)," Budd

and others (1976), Holdsworth and Bull (1970), Buli and i
b‘Carnein (1970), Dansgaard and others (1973), Weertman (1968)
.Hattersley-Smith and othersr(1969), Muiier_(l963a,’ 1976),r

Redpath (1965), S.G. Collins (unpublished data), B.B. Narod

_and G.K.C.Clarke (unpublished data), Paterson (1968.11976);

R.M. Koerner (unpubllshed data), J. R Weber (unpubilshed

data), Weber and Andrieux (1970) Where the geothermal heatdif'

flux is unknown the world-wide average value of 1.2 H.F.U.

was used. (I H.F- V. = 418 xilo~l.\A/ m-2)

- The calculations show that if the ice sheet'at BYrd Station

is near a steady-state, the basal ice mus t be at meitlng ponnt,

a fact confirmed by observation (Gow and others, 1968) L

" the surface temperature were lowered enough to brlng the basali_,,r
ice below melting point, instability wouid tend: to develop.;rl”"°"w'
'On the other hand, Station Crete and Camp Century tn Greeniandtf{

are both strongly stable with a frozen bed as a result of the_lﬂi:{

‘greater downward advection there. Three representat|Ve ice

caps in arctic Canada appear to be stable. The threevglaciersd;
chosen all appear to be melting at the bed in their ablationk
areast In the case of White Glacner thcs is conflrmed by‘

temperature measurements (Mulier. 1976). ﬁAs Otto.and Hazard’
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Glaciers are surging glaciers

_‘these calculations seem td‘provide,no\basis-fbr distinguish;
ing;surgjng;glatiers-fromuqthers. .Thié éppéér§ t§,chfirm
;the‘cpnc]usiOn that creep instability is not the c?use of

~glacier suégqsniAv

whereas ‘White Glacier is not,
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EFFECT OF CHANGE IN VALUE OF ACTIVATION ENERGY =

_In the conference discussion the question was raised as to

‘ how,sensitive'the‘results‘were'to’the'vaiue chosen:fof:the

creep activation energy E. It was even suggested that,'

because the Arrhenlus relat:on w:th constant E does not re-

present the temperature dependence of the- flow law near the'

meltlng pount (Mellor and Testa,,1969) that relatxon should
be abandoned. We do not consnder that the experlmental evi-
dence at present avallable JUStlfleS abandonlng the Arrhen;us

relation. Ve dld however examine the effect on the txme con- .

-stant of changing the ‘activation energy. Changlng E changes

the values of o and ¢ and thus also B3 *%. 7 Moreover, a

change in E has a large effect on the value of B. The;yalue.r
of B/81%, and thus the apparent stability, is therefore'changed.
An analysis that is perhaps more rea\istic,isvto keep the

value of B/B1* constant and find how mdch a change in E

affects the time constant. Table 5 presents the tesdlts”of

such a test. The values of E (54 and 133 k J /mole) represent‘h
the lower and upper limits of suggested»values.‘ The'}ow valueb
was'obtained by.Paterson (1977)>ffdm’analysis’cf Bcrehofe'clcefd
sure rates in the temperature range -16 to —28°C., The high{.
value is that of Glen's (1955) Iaboratory experiments at
temperatures between 0 and -13°c.  In this test, two values

of advection parameter y and two values of geothermal heat

flux Q were used . T° was taken as 250 K, and B/B;* was kept

‘constant at 1.1. Table 5 shows that a change in E changes the‘:”

time constant To by not more than 30‘0/9;-
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TABLE 2. Results of stability calculations for glaciers and ice sheets.

‘Lo:catio,n | o v, T, Og © g , Stabillty
(m) = (m/yr) €K (07 Pa) (H.F.UL) -

East Antarctica, céntral 3000 + 0.03 Zlgk‘ 0.5  1.35 m#réinal
Antarctica, coast | 1500 + 0.5 253 1 | '1.5 ﬁarginal'
Camp Century . 1387 + 0.35 249 0.5 1. stable |
Laurentide lce Sheet 3500  + 0.3 253 0.5 1.0 stable
Laurentide lce Sheet 3500  + 0.3 253 T O T unstable
Glacier, accuhulatién 300 + 0}5 263 : 1 f7}.0 : éfabie
Glacier, accumulation 300 + 0.5 . 263ﬂ 2 ].O.f ﬁnstab1e
Glacler, accumulation | 600 +.0.25‘ 263. . 1 . _I;O' maréiﬂai‘h
Glacier, ablation 300 - 0.25 263 1 1.0 stablev.
Glacier, ablation 300 - 0.5 263"{ o1 1.0 unstable

| MEU, = 4-18 x 10 W m™*

4
Ko




”"TAB[‘_'E 3‘.b : ’T:i.rlne cylénstakhbt‘s{ fbr_'g’lé‘cvfer. andxce sheet ins‘vtajbil‘ity. |

leestfan® T g e T

| : (m) (m) pee (nT/_yvr?) (yr) .
*~~»- }*=1-:-§55;Aﬁtér'cctca',i central S 3oo‘o (8 '3001;; 4+ 0.03 ":}-{750,opov .

k ')’ fo Antar"c‘:fniqa,;;‘;czvo_ejtsvt 3 | : ?:'} 1500 f .* ‘50 2 "=_;" 0 5 : “:,‘]'5’009,“1“?

. ’Léureritidfe”f‘“*-‘ g . | o ooy .3506' S “3 50 - }-l- 03 g "1“3,060.“:
“Glacier, ajct_:»umulatiokn o _’ A300 - - »750 _+.l.5v - - 96
Glacier, aa»c;tv:_;umd!_a;cion PR | 30de g "' Lo :  5‘0 ' ;4-!-. 0.5. - . 270 3
}l(‘;l_a;’iel’_,'":la'bAla‘t‘Ic.)ri'_Tl_» SR 300 L ;56 ol 05 B -‘441,1001

“ . } . . o "

Glacler, ablation 300 50  {- 1.5 10,000 -




;TABLE 4, Stablllty calculations for some natural lce masses.

'i‘Locatfon o , “h Vo To ‘ Op- ' Q‘ N Y o !¢v By Remarks

(m) (m/yr) ok IO$Pa’ H.F.U.

~Antarctica _ , , : v , _
Byrd Statlon ' 2164 + 0.15 245 0.6 1.85 0.585 +7.71 29.8 8.12 0.568 melting

‘ /bqse
‘Law Dome, 74 Hole 390 +'o.ll 261 0.8 1.2 0.329 +1.02 28.0 0.84 1.71 bstable
Meserve Gl., tunnel 30 "~ 0.34 254 0.7 1.2 '5'6u -0.24 28.8 0.068 2.22 stable
: ‘ x10° :

Greenland

créte 3200 + 0.27 243 0.2 1.0 0.013 +20.5 30.1 6.60 4.08 stable’
Camp Century 1387 + 0.35 249 0.5 1.1 0.181 +11.5 29.3 3.00 A.1h stable
. Canada' o S S R AR o EEE TN
~ Otto G.* 1000 m 700 O 255 0.7 1.2 0.337 0 28,6 1.57 0.732 stable
. Otto G.* 450 m . .340 - 0.80 258 - 0.9 1.2 0.296 -6.46 28.3 0.75 0.025 melting
Tl RPN | e ) R D SRS L E ‘base ..
 White G., "Beaver" 280 + 0.19 263 0.6 1.2 0.065 +1.26 27.8 0.59 2.12  stable
White G., "Moralne" 300 = 0.80 257 1.9 1.2 4.13 =5.70 28.4 0.66 0.073. Eélting
White G., "Annlversary" 220 - 2.00 261 1.2 1.2 0.53 =-10.5 28.0 0.47 1.6  melting
a | ) ‘ R o . . . Co (. . B o ‘ x]o-‘u base .




fAB;g b, cbﬁtiﬁﬁg& >; 
Location
Canada ,
Hazard G.*,"230Q m
Hazard G.*.“ZéSO m
: Hazafd G.*, 2150 m

" Meighen lce Cap

Devon'lcevCap,:dee;“'

hole

Devon, lce Cap Station
fL ‘DeVon; S.E,bblSOO m";

: Penny.lceFCap‘ ; 

#* surging glac!er: j 

(m)

180
132

| lhb 

jjzi"
300
_"37_5
650

VVfSOO;f.

267

267

267

255.5

250

255

260

1.0

0.2
.2
;'l;j

1.1

1.2

1.2

1.2
o t.2

12

-4.28
;7A;71

-6.65

+1.71

+1.07

45,10

27-1'

27.4

27;4f

28.6

29.2f

28.6

28.9

28.1°

0.27

0.70

0.408

0.411

0.123

1.98

‘1.72

2;9o‘v

4.08

Remarks

melting
base.
melting
base

melting
base.

stable

stable

stable

§tabie

“stable




 TABLEv5.> Effect of change fh aétivation éﬁergy

constant T .
: o

E(kJ/mole)

54
133

5k
133

54
133

.. 54
133

<

11.88

11.88

11.88

11.88

73

.27
.73
.27
b6
.53

.6
.53

5.88
2.87

" 0.665
0.076

‘ !3_897“7 
0.918

0.203
0.003

"E on;time 

lo

.61
. 0.54

kf3.38 o
S 3.10

0.58

0.k

’ "3.29 -
- 2.73



" FIGURE CAPTIONS

_Schematlc lllustratnon of solutlons of equatlon (IO)

Solzd curves show how the rate of straln heatlng depends

, on. basal temperature for dlfferent values of B ) Dashed

ncurve shows the rate at whlch thIS heat is lost by conduc-

S

“tion. lntersectlons of these curves represent solutlons

of (lO). Solution R .is unstable, all others are stable

but the hlgh temperature soluitions § and T are not physi-

' cally reallstlc. Dotted curve shows rate of straln heat-

ing using the Frank Kamenetzky approxlmatlon, the lnter-

"sectlons represent one stable and one unstable é&sé;ma-

EEEEEEEEEQ solutlon.

Schematic solution of equatlon (lO) for small ¢{7 As B
‘lncreases the basal temperature increases along the path

AB. At point C, correspondlng to the crltical value B,*; |

the basal temperature increases dlscontlnuously.ﬂ

Crltlcal values of stablllty parameter 81* for varnous
values of advectlon parameter Y and of geothermal para- |

'meter '¢ and for' o = 30. Values of dlmenSIOnless basal

temperature 0;. at onset of lnstablllty are also shown .

Dlmenslonless temperature proflle as a functlon of dlmen~b'

Slonless tlme 1 after an increase ln B: from'0.98 B1%

to 1.5 Bg,*% for ¢ = 0 and y 2.8 (accumulation)(left-hand

and bottom axes). Dimensionless basal temperature Gllsbu-b

also shown as a function‘of'T‘,(right-handvand'top axes).




Dimensithess temperature profile as a function of
dimensionless fime T raftér an>increése‘in B"fr;m
0.98 81* to 1.5 31* fOr,‘¢ = 0 ahd~ Y = - 87(abla-w
tfon)(left—hand and bottom axeé).‘.pimensibnless b$§a1'  
femperéture‘el, is also shown as'éifuncffoﬁ'of f‘(}fghf; o
hand and top axes).. | Ea
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