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PRIMARY TRANSVERSE CREVASSES* 

By G. HOLDSWORTH 

(Institute of Polar Studies, Ohio State University, Columbus, Ohio 432 10, U.S.A. ) 

ABSTRACT. M easurements of strain-ra tes on a temperate g lacier in a region of initial transverse fracturing 
indicate a critical strain-ra te of 3.5 ± 0.5 X 10-; d - ' , associated with a regiona l strain-rate gradient of 
5 X 10- 8 d - ' m- '. At only one section of the glacier is the theoretical longitudinal st ra in-rate (Nye, 1959[c] ) 
in approxima te agreement with the value measured at the surface at that point. Corresponding m easure
ments on a polar g lacier (temperature - 27 .90C at 10 m depth during the summer) indica te that the critica l 
strain-ra te is about 0.6 ± 0.05 X 10- 5 d - ' , which is associa ted with a gradient of strain rate of about 3 x 10- 9 

d - ' m- '. At one section there is close agreement between the theoretica l a nd measured longitudina l strain
rate. For the temperate glacier crevasse depths ra nged from 23 .5 to 28 m ; in the polar glacier one crevasse 
was 23.9 ± 0.5 m d eep, assuming a wedge form. Only an approxima te agreement with the measured va lues 
of depth is obtained by using the regional strain-rate values in Nye's crevasse-depth formula. 

Over a dista nce of 1.2 km the tempera te glacier transverse crevasse spacings a re very variable, ra nging 
from 30 m to g6 m, but ini tia lly the spacings range fi'om 55 m to g6 m, and for the first four cases the spacing 
.f va ri es from 2.7 d to 3.3 d, where d is the crevasse depth. In the cold ice, crevasse spacings are far more 
uniform, ranging from 57 m to 66 m. A value of 5 == 2.5 d is obtained in only one case. This greater uni
fo rmity of spacing may be expla ined in terms of the d ynamics of flow. Despite large differences in thermal , 
dimensional a nd strain-ra te parameters between the two glaciers, ( I) the crevasse d epths are closely simil ar, 
and (2) the spacings of crevasses are similar. It has been demonstrated from two lines of ev idence that the 
assumption that the strain on a n intercrevasse block is negligible is not correc t. The direction of the principal 
extending strain-ra te is, in the most reliable cases, perpendicula r to the crevasse traces within 2° to 7°. 

R ESUME. Crevasses primaires trallSversales. Des mesures de la vitesse d e deformation d'un glacier tempere 
dans la region origine d e crevasses transversales donnent une vitesse-limitc pour la formation des c revasses 
de 3,5 ± 0,5 X 10- ' par j our, jointe it un gradient d e vitesse de deforma tion de 5 X 10- 8 par m et j our. En 
une coupe du glacier seulement, la va leur mesuree it la surface est a pproximativement en accord avec la 
vitesse de deforma tion theorique de Nye. Des mesures sur un glacier polaire it la tempera ture d e - 27,90 et it 
une profondeur de 10 m donnent une limite d e rupture par 0,6 ± 0,05 vitesse d e deforma tion par j our avec un 
gradient de la vitesse de deformation d 'environ 3 X 10- 9 par metre et jour. Dans une section, il y a un bon 
accord en tre la vitesse d e deformation longitudina le theorique et mesuree. Les profondeurs des crevasses du 
glacier tempere va ri ent de 23,5 it 28 m ; une crevasse du glacier pola ire en form e d e coin e ta it de 23,9 ± 0,5 m . 
La fOl'mule d e la profondeur de crevasses d e Nye utilisant les va leurs de la vitesse d e deforma tion regionale 
ne donne qu 'un accord a pproximatif avec les profondeurs mesurees. 

Sur le glac ier tempere, sur une distance de 1,2 km les dista nces entre les c revasses tra nsversa les sont tres 
va ri a bles, de 30 m it 96 m; mais les distances initi a les sont de 55 it 96 m. Pour les qua tre premieres crevasses, 
les di sta nces varient entre 2,7 et 3,3 fois la profondeur. D ans la g lace froide , les di stances sont beaucoup plus 
uniformes, d e 57 it 66 m. Dans un cas seulement la distance es t de l'o rder de 2,5 fois la profoundeur. 
L 'uniformite plus marquee d es distances peut etre expliquee a l'a ide des lo is de fluage. En depit d es differences 
importantes du regime thermiq ue, d e la taill e et de la vitesse de deformat ion entre les deux glaciers, la pro
fond eur et la distance des crevasses sont tres sembla bles. 11 a ete demontre par deux lignes d'evidence qu'on 
ne peut pas considerer la deformation d 'un bloc de glace entre d es crevasses comme negligeable. La d irection 
d e la vitesse de deformation principa le es t da ns les cas les plus surs, perpendicula ire it la direction des crevasses 
2° it 7° pres . 

ZUSAMMENFASSUNG . PrimaTe QJlers/)(I/ten. M essungen der Verformungsgeschwindigkeit im Gebiet begin
nender Querspaltenbildung cines temperierten C letschers ergcben einen G renzwert fur Spaltenbildung von 
3,5 ~ 0,5 X 10- ' pro T ag einem ort lichen Gradienten d er Verformungsgeschwindigkeit von 5 X 10- 8 pro 
T ag und M eter. Nur in einem Querschnitt d es G letschers stimmt die a n der Oberflache gemessene 
Verformung a ngena hert mit Nyes theore tischer La ngsverformungsgeschwindigkeit uberein. Entsprechende 
M essungen auf einem Pola rgletscher mit Sommertemperatur - 27,90C in 10 m T iefe fuhren a uf eine 
G renzgeschwindigkeit d er Verformung van etwa 0,6 ± 0,05 X 10- ' pro Tag, verbunden mit einem 
G radienten von 3 X 10- 9 pro Tag und M eter. In cinem Querschnitt besteht gute Dbereinstimmung zwischen 
theoretischer und gemessener Langsverformungsgeschwindigkeit. Die Spalten a uf dem temperierten 
C letscher waren 23,5 bis 28 m ti ef; eine Spa lte a uf d em Pola rgletscher wa r bei keilfo rmigem Q uerschnitt 
23,9 ± 0,5 m tier. Nyes Formel fur die Berechnung d er Spa ltentiefe a us den ortIichen Verformungsgesch
windigkeiten stimmt nur angenahert mit den M essungen uberein. 

Auf dem temperierten G letsch er haben die Querspalten uber einer Strecke von 1,2 km stark wechselnde 
Abstande zwischen 30 und 96 m; die ursprunglichen Abstande liegen zwischen 55 und 96 m. In den ersten 
4 Fa llen betragt der Abstand das 2,7- bis 3,3-fache d er Spaltentiefe. Die Spalten im ka lten Gletscher ha ben 
weit gleichmassigere AbsUinde zwischen 57 und 66 m. Nur in einem Fall ist der Abstand ungefahr das 2,5-
fache der Tiefe. Diese grossere Einheitlichkeit der Abstande kann mit Hilfe der F liessdynamik erklart 
werden. Trotz grosser Unterschied e in W a rmeha ushalt, in den Dimensionen und in den Werten der Verform
ungsgeschwindigkeit zwischen beiden G le tschern ha ben ihre Spalten annahernd gleiche Tiefe und a hnliche 
Abstande. Auf zweifache vVeise wu rde gezeigt, dass die Annahme, die Verformung der Eismasse zwischen 
den Spalten durfe vernachlassigt werden, nicht zulassig ist. Die Richtung d er H auptdehnungsgeschwindig
keit ist in den zuverlassigsten Fallen innerhalb von 2° bis 7° senkrecht zur Spaltenrichtung. 

• Contribution No. 114 of the Institute of Polar Studies, Ohio State University, Columbus, Ohio. 
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PRIMARY TRANSVERSE CREVASSES 109 

INTRODUCTION 

A previous attempt (Paterson, unpublished) to test the theoretical expression for the 
longitudinal strain-rate at the center of a valley glacier (Nye, 195 1; 1959[c] ) has shown, at 
best, inconclusive results. This has been partly due to the use of only the simplified equation 
for strain-rate (Nye, 1951 ) and an apparent omission of testing quantitatively the validity of 
the curvature term in Equation ( I). 

It will be shown in this paper that where the curvature term is valid the theoretical value 
of strain-rate is in fair agreement with the values measured on the surface of two glaciers, one 
temperate and one polar. 

Previous estimates of the strain-rate associated with initial fracture of the glacier surface 
are given by Meier and others (1957 ) and Mellor (1964) as 1% year - I (2.8 x 10- 5 d - ' ) and 
10- 9 S - I (8.7 X 10- 5 d - I

) respectively . The former was for a glacier in which the lo-m tem
perature was - 6.5°C; the temperature of the latter was unspecified. These values were not 
related with a strain-rate gradient although this is considered to be significant by the present 
author. 

Crevasse d epths have been m easured with varying degrees of accuracy for many decades 
but few plausible theoretical analyses have been made and even fewer attempts to test them . 
The current investigation indicates that the initial formation of crevasses is associated with 
local strain-rates approximately the same magnitude as the regiona l values. 

Previous analyses of crevasse spacing have been either completely empirical or analytical 
with doubtful validity, and further work remains to be done. 

GEOGRAPHICAL AND PHYSICAL D ESCRIPTIONS OF THE Two GLAC[ERS IN VESTIGATED 

(I ) The Kaskawulsh Glacier li es within the I cefield Ranges, St Elias Mountains, Yukon 
Territory, Canada. The area inves tigated covers 4 km ' of glacier surface located approxi
mately at lat. 60° 47' N., long. [39° 28' W. , on the north arm of the glacier above an ice fall 
(Fig. I). 

The a rea lies in the accumulation zone, between 2 390 m and 2 450 m a.s.l., the balance 
line being at about 2 [50 m a.s.1. H ere the glacier is about 4 km wide and more than 600 m 
d eep. Late in the summer the ice is at o°C to a depth of at least 24 m so that the glacier here 
may be regarded as temperate. The mean central surface ice fl ow is about 130 m year- I 

horizonta lly. Surface slopes are about 2°. Ice flow is convergent as well as extending in 
nature. 

At about [0 km from the ice divide where the north arm originates (2650 m ) the first 
transverse fractures were detected at a bout 2 435 m a.s.1. There is strong marginal crevassing, 
which extends up-glacier beyond the first transverse fractures. The influence of the former 
on the latter has been neglected. The field observations were made between 4 July and 
r 5 August 1964. 

(11 ) The Meserve Glacier (Fig. 2) occupies an elongated cirque on the south side of 
' '''right Valley, Antarctica. The a rea investigated covers less than I km' of glacier surface 
located at approximately lat. 77° 35' S., long. [62 ° 42' E. at an elevation of I 200 m , in the 
firn area above an ice fall. The ice is up to 200 m thick and about 1.3 km wide. The tempera
ture at r 0 m depth is - 27.90C. Mean central surface velocities are 8.8 mm d _ I (3.2 [ m 
year- I) and ice flow is convergent as well as ex tending in nature. 

Transverse crevasses are strongl y developed but are difficult to detect, so that the position 
of crevasse I (Fig. 3) is only approximate. On the western margin shear crevasses distort the 
ends of the transverse crevasses, but this is not the case on the eas t side. The observations 
reported here were made between November 1966 and January [967. 
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THEORETICAL CONSIDERATIONS 

Longitudinal strain-rates 

JOURNAL OF GLACIOLOGY 

Nye (1951 , 1952, 1957, 1959[a] , Cb] , [c] ) has developed an equation for the longitudinal 
strain-rate in an ice sheet or at the center of a valley glacier whose width is much greater 
than its depth. The terms of the equation are measurable parameters . 
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PRIMARY TRANSVERSE eRE V ASSES III 

Ice is assumed to be both homogeneous and isotropic. Allowance is made for the fact 
that the shear stress on the bed is not constant. 

From the results ofNye ( I959[a], p. 401; 1959[c], p. 506) the longitudinal strain-rate Ex 
in a model glacier can be expressed as: 

mVb (a l oh _ OK) 
Ex = mVb + U

S 
;;+ UsKacotex - h3t - iy + thV ox 

where m = empirical constant ;::;t(n + I ) where n ;::; 3 is given in the flow law, 
Vb = basal sliding speed (m d - ' ), 
V = mean ice speed over the depth and width at a given cross-section of the glacier, 

Us = central surface velocity component at a point parallel to the glacier surface 
(m d- I

), 

a = rate of accumulation or ablation at the surface of the glacier expressed as equi
valent ice thickness (m d - I

) , 

h = ice thickness (m ), 
Ka = curvature of surface, 

ex = slope of surface, 
t = time, 

Ey = transverse strain-rate (d - I
), 

x,y = coordinate axes where x is the direction down-glacier along the central flow line, 
and y is transverse. 

Other terms used in this paper are: 

B = empirical factor in flow law (bar- n year- I) : E = Ban where E is the effective 
strain-rate; a is the effective stress. The value of B is temperature dependent, but 
also is influenced by the geometric and crystallographic orientation as well as the 
density of the ice, 

Bo = value of B at oOK, 
k = empirical constant, 
(J = temperature (OC), 
T = temperature (OK), 
p = mean density of surface layers of firn and ice (g cm-3), 

Q = ul timate tensile strength of surface ice (bars), 
s = crevasse spacing (m ), 

Ec = critical strain-rate for fracture (d - I
), 

EK = strain-rate across a crevasse (d - I
), 

w = width of glacier at a given cross-section (m ), 
Wc = crevasse width (m ), 

U = surface ice speed (in a horizontal direction) due to plastic deformation only; 
U = Us - Vb , 

Os = mean central surface velocity component parallel to the glacier surface over a 
given length of center line (m d - ' ), 

Vc = mean ice speed over the depth h, on the center flow-line, 
f3 = bed slope, 

Kf3 = curvature of the bed, 
ac = critical stress for fracture (bars) . 

Crevasse depths 
Nye (1957) derives a depth formula of the type 

d = ~ (~) l /n(3 sin2 ex+ 1 )_1/2 
pg B 
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112 JO U RNAL OF GLACIOLOGY 

which is obtained by replacing the yield stress in tension by the equivalent strain-rate for 
extending flow . The appropriate values of Band n are presumably given by the experimental 
resul ts of Glen (1955). The appropriate strain-rate which has not been clearly defined , has 
been previously taken by the author and M eier and others ( 1957) as Wc/Wc. It will be shown 
that the regional value of E is more appropriate, and physically justifiable. 

Crevasse spacing 
There is a paucity of general information bearing on the problem of crevasse spacing. 

Approaches hitherto have been either empirical or analytical of questionable validity. M eier 
and others (1957) suggest a mean spacing of about 4 d for certain unclassified crevasses in the 
Blue I ce Valley, Greenland. Holdsworth (1965) found that a mean spacing s is given by 
s = 2.8 d with a range of 2.7 d to 3.3 d for true transverse crevasses. Nielsen ( 1958, p. 47 ) 
claims to provide an explanation for the apparent uniformity of crevasse spacing. He con
siders a flowing cantilever ice slab, which, on attaining an unsupported length s, fractures in 
elastic bending. If the ice thickness is h (constant) and the tensile strength of the upper layers 
Q (assumed approximately equal to the bending strength ), then it may be shown that the 
spacing 

(3) 

Nielsen's expression can be modified by inserting the surface strain-rate, assuming that 
bending and direct extension have essentially the same effect on the surface layers of the glacier. 
Thus the spacing formula becomes 

S2 = 3;Ai) I / n. 

This implies that for small variations in h and fe, s is approximately a constant for a given 
glacier . 

If plastic theory is used, the resul t obtained is not substantially different ; it will not be 
given here. Nielsen 's concept suffers from the fact that the bending moment, which is a 
function of h, cannot be produced by cantilever action. In addition, the existence of adjacen t 
fractures is not considered whereas the few data coll ected suggest a reasonable correlation 
between the depth of primary transverse fractures and the fracture spacing. 

By considering only the distribution of surface stress built up behind the last crevasse, 
and assuming this to be roughly linear, we could write 

(
0 )_1 

S = ae ;xx 

where s is the distance from the existing crevasse, where ax = 0, 

incipient fracture, and oax/ox = gradient of stress up-glacier. 
Equation (5) may be rewritten as 

s = Eel/n _ x __ (
OE 1/11) _1 

ox 

to the position of the next 

(6) 

Therefore, by knowing a value of Ee and being able to measure Ex at points up-glacier, a 
value of the next spacing s could be estimated . This has not been tested because of the lack 
of accurate closely-spaced strain values in the area concerned. 

A fundamental approach to the problem would be to investigate in a suitable model 
study the stress distribution around a crevasse, using photo-plastic techniques (Frocht and 
Thomson, CI 958) . 
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FIELD MEASUREMENTS AND R ESU LTS 

(I ) Kaskawulsh Glacier 
Velocity determination. Surface velocity measurements in the a rea of the crevasse investiga

tions for the one-year period [962- 63 have been made by Sharni (unpu blished ), and for the 
year 1963- 64 by Brecher ( [ 966), who a lso attempted to d etermine short-term variations of 
surface velocity during the summer of [964. The configuration of velocity vectors is shown in 
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Figure 4. Any variations of velocity were obscured by the standard error of measurement, 
which was about ro % . Figure 5 shows the surface velocity distribution (horizontal component) 
for July to August 1964. * 

Strain-rate determination. Standard strain diamonds provided values of central strain-rate 
for the period from 1 July to II August 1964. Procedures of data reduction followed those of 
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o 
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500 
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: VELOCITY MARKER 

/ '" PATH OF FLOW LINE 

~ ICE FLOW VECTOR 

Fig. 4. Configuration of flow-line field based on velocity data, Kaskawulsh Glacier. 

Nye (1959[b] ) . Values of regional strain-rate have been computed from the area I velocity 
measurements over an area much larger than that of the direct strain-rate measurements. 
A value of the regional critical extending strain-rate is obtained by overlaying a plot of the 
crevasse traces on the principal extending strain-rate diagram (Fig. 6a) . An estimate of 
+ 3.S ± o.5 X ro- 5 d - I is thus obtained. The associated strain-rate gradient is about 

* For purposes of later calculation, the basal slip rate, Vb, was assumed to be about 25% of Us on the basis 
of known values for glaciers of similar geometry, and on the basis of the maximum surface flow-rate variations 
(Brecher, 1966). 
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PRIMARY TRANSVE R SE CREVASSES 115 

0.005 X 10- 5 d - I m - I. Table l a shows component values of theoretical longitudinal extending 
strain-rate calcu lated from the terms in Equa tion ( I) . Each of these terms will be discussed 
briefly. 

The accumulation term is positive in sign . Values of mean net annual accumulation 
have been obtained from R . H . Ragle (personal communication) for 196 1 to 1963, and from 
pit studies in 1964 (Holdsworth, 1965, p . 37). 

TABLE 1. COMPONENT AND TOTAL THEORETI CAL STRAIN- RATES; ALL COMPONENTS x 10-; d - ' 

n Vdw I dh 
.. hV

dK 
<x <x 

Point h Vc tan a ta n f3 VC Ka, cot a Vc Kp cot f3 Wdx €y hdt - dx su rface bed Ex 
m m cl - I meas. dimens. dimens. rncas. 

(a ) KaJkawulJh Glacier 

+ .. 660 0.320 0.030 0.093 + 6·4 - 5.18 + 0·7 - 5·5 - 0·5 - 0 .1 '2 + 7·5 + 0.9 1 + 2·5 
± 0·5 ± 0·5 ± 0.2 

3'A 670 0.3 15 0.026 0.075 term not va lid 0.64 - 5.6 - 0 · 5 - 0. 12 2.8 
3' 670 0.329 0.016 0.035 0.64 - 5.6 - 9. 1 - 0·5 - 0. 15 4·3 

2'A 660 0.342 0 .012 0.033 0.64 - 5·4 - 11.5 - 0·5 + 0. 17 5. 2 

+ 
2' 660 0.362 0.009 0.008 0.56 - 5·9 - 10 . 2 - 0·3 0·39 10. '2 

I'A 665 0.389 0.008 0.043 term not va lid 0·49 - 6·5 - 12 .0 - 0·3 0. 10 1 1 .0 

690 0-405 0.005 0.078 0.46 - 7·3 - 14·4 - 0·3 14. 1 
(b) Mesave Glacier 

+ 
220 0.07 0.049 0.077 - 0.20 + 0.07 0.04 - 0.26 - 0.25 - 0.015 - 0·74 0.6 1 + 0.69 

:= 0, 10 ± O.IO ± 0.05 
2-5 term not va lid 

Kaskawulsh G lacier points I' through 4 li e on the "geophys ical ce nter-line" of the g lacier. This line has been se lec ted 
on the basis o f symmetry of velocity and stra in ciistribution data. 

The so-call ed curvature term, US K" cot 0<, is valid onl y if IhK,,1 ~ 0< a nd h do< jdx ~ dhjdx. 
T hese conditions are seen not to apply except in one shor t section of th e g lacier. For con
venience curvature and slope are referred to the su rface of the g lacier but this has never been 
fully justified. T he value of transverse strain-rate that has been used is the value obtained 

Vd W 
from the strain diamond data, rather than from W~' as suggested by Nye (I 959[ c] , 

p. 506). To use the surface values m eans that any variation of Ey wi th d epth is neglected 
V d W .. . 

whereas W dx presumably takes account of thI s. H owever, sll1ce all the measurements 111 

this case are restricted to the surface of the glacier , the surface value of Ey is more appropriate. 
The rate of change of ice thickness is positive if the glacier surface at a point is rising with 

time. Since 196 1 there has been a lowering of the surface, hence the term is negative, giving 
a positive contribution to Ex (see Equation ( I )) . The con tribution of this term is small. 

_ OK 
The true bending term, th V ox' which takes into account rates of change of curvature, 

is for the present case generally less than 10- 5 d - I, whether the surface or the bed slope is 
considered. Table I a lso shows computed and m easured values of longitudinal strain-rate. * 
At station 4 strain-rates of + 0.9 1 X 10- 5 d- I to + 7.5 X 10- 5 d - I are obtained depending on 
whether surface slopes or b ed slopes a re used. The measured value of + 2.5 X 10- 5 d - I li es 
between these values. 

* The term mVb!(m Vb + US ) tS evaluated using the va lues m = 2, Vb = iUs, see the section on veloc ity 
determination above. 
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The fact tha t there is very little correspondence between measured and computed strain
ra tes is probably due to the rapidly changing geometry of the glacier in the restricted length 
of glacier studied and to the presence of the crevasses. One of the most important terms in 
Equation ( I) is Us K cot lx. Since this term holds only for low rates of change of curvature, 
it is suggested that if the bending term is used , it must be used on smoothed-out profiles, as is 
done in the present case. 
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Fig. 5· Velocity contoursJor Kaskawulsh Glacier. (a) Contollrs oJ total velocity V, III d- '. (b) Contours oJ velocity compollerzt V x , 
m d- ' . (c) ContollTs DJ velocity component Vy, m d- ' . 

Strain-rates measured on labora tory ice which is tes ted to failure in tension, generally 
show little agreement with strain measurements made on glaciers. These differences may be 
attributed to inhomogeneity of the surficial layers of a glacier where firn and firn-i ce pre
dominate. 

Thermal shock may be significant a nd the ra te of development of thermal stresses im
portant in determining the local value of a c and hence of Ec. 
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Figure 8 shows that the direction of the principal extending strain-rate (i d is in mos t 
cases nearly perpendicu lar to the crevasse traces. 

Crevasse depths. Nye and others (1954) and Nye (1955) have discussed, generally, the 
problem of the depth of crevasses . Schuster and R igsby (1954) sta te that observed crevasse 
depths generally vary from so ft to 100ft ( Is m to 30m) but may extend to ISOft (4sm) 
or m ore. According to Seligma n (19SS) most crevasses in the European alpine glaciers do 
not exceed 30 m in depth, but Loewe (19SS, p . SI I ) cites a crevasse in the Bernese Oberland 
as being nearl y 40 m deep (the position was probably in cold ice) . 
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Fig . 6. Strain-rate contours Jar Kaskawulsh Glacier. (a) COll tours oJ principal extending strain-rate (i ,) . (b) Contours oJ prillcipal 
contracting (least extending ) strain-rate (i , ) . (c) Call tours oJ maximum shearing strain-rate (I i , - i , Il 

Estim a tes of crevasse depths from Alaska n glaciers ra nge from 20 m to 40 m . Som e of these 
values have been obtained from seismicda ta (e.g. Goldthwait, 1936, p. S03; Miller in Nye, 
19S5)· Crevasses in Greenla nd and An tarctic glacier s have been reported as being up to 
I SO- 200 ft (4S- 60 m ) in dep th . J n few of these repor ts has the type of crevasse been specified . 

F ive of the prima ry tra nsverse crevasses on K askawulsh Glacier show a range of m easured 
dep ths between 24 ± 0.S m and 28 ± I m . 
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M eyerhof (in Nye and others, 1954, p. 340) obtains an expression which gives fracture 
depths of from 23 m to 46 m , but since soil m echanics theory is used , the validity of the 
method is suspect. 

Before proceeding it must be pointed out that previous investigators (M eier and others, 
1957; H oldsworth , 1965) incorrectly used the relationship attributed to Nye (1955) 

_ I (E)I I1! 
d - - -

pg B 

where B is the constant in the relation between tensile stra in-ra te and tensile stress on the 
glacier surface. A corrected relationship is found in Nye (195 7, p. 128) which is obtained by 
putting U x = 0 in the stress equation (p . 118) and solving for d (Equation (2)) . Because the 
surface slope IX is small , (3 sin2 

IX + I ) _ 1 / 2 ~ I and Equation (2) reduces to 

_ 2 (E X)' /1/, d - - -
pg B 

Thus table IV in M eier a nd others (1957, p . 40) and table 2 in Holdsworth (1965, p . 40) must 
be recalculated. 

TABLE 11. CREVASSE D EPTHS, KASKAWULSH G LACIER 

P = 0 . 70 Mg m - J ; 11 = 3 . I 7 

El{ d 
T emperature across Ex calclllated measured 

Crevasse () B crevasse regional EK Ex 
No . °C b a r- n year- 1 yea r- I year - I m m m 

6 (a ) 0 O. I 7 1.6 0.020 57 . I 14.6 23 .5- 2 4 
(b) - 1.5 0.023 27· 3 

7 (a ) 0 0·17 1.5 0.022 15. 1 26 

(b) - 1 ·5 0.023 1.5 0.022 28·5 
8 0 1.7 0.025 15.6 25.5- 26 

9 0 2. I 0 .03 2 16. 8 28- 28 ·5 
10 0 1.3 0.037 27 
14 0 0.8 0.046 26·5 
18 0 0.053 19 .8 25 

TABLE Ill. R ECALCULATION OF d FROM D ATA OF M EIER AND OTH ERS ( 1957, p . 40 ) 

2 ( E )"" d~ --pg B 
d d 

Crevasse p 11 B () E calculated lIIeasured 
No. Mgm- J ba r- n year- I °C year- ' m m 

2 0.65 3 ·3 0.022 - 1· 5 0.0056 18.8 22 
0 .01 I - 3.0 0.0056 2 5.0 

3 0.65 3·3 0.022 - 1. 5 0.0097 22 .0 26 

- 3 .0 29 ·5 

The corrected results for Holdsworth 's data a re shown in Table II and for Meier and 
others, data in Table Ill. In both cases there is now a close correspondence between the 
observed and the computed values of d (especially in Table Ill ), obtained by taking values of 
B appropriate to the mean temperature (- 1.5 0c) within the first few m eters of firn. The use 
of a value of B corresponding to e = - 12°C (which is actually not in agreement with the 
tem perature d a ta) is therefore considered to be incorrect (see also M eier and others, 195 7, 
P· 52 ) . 

Using the expression obtained by Nye (195 7), Equation (7), an estimate of the theoretical 
crevasse depth corresponding to a known strain-rate is obtained. Data from Glen (1955, 
p . 5 I 9) have been used to provide appropriate values of Band n. Regional as well as " across 
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crevasse" strain-rates have been used to compute d in Table 11. Only values of regional strain-rate 
produce a close correspondence between computed and observed depths. In a previous paper, 
H oldsworth (1965) used EK = Wc/ W c to obtain EK across a crevasse, where W c is the crevasse 
width . R egional values were ob tained from the velocity distribution a nd from E = Wc/so 

In this la tter case it was assumed that strain on inter-crevasse blocks is negligible. T hat thi s 
is not so has been demonstrated by placing strain diamonds between crevasses on the M eserve 
Glacier, discussed in the second part of this paper. Further evidence that the assumption is 
incorrect is furnished by a plot of crevasse spacings (Fig. 7) through the " ice fall " on the 
K askawulsh Glacier, where it is seen tha t crevasse spacings decrease down-glacier to a bout 
half of their maximum value up-glacier, indicating secondary rupture of the primary crevasse 
system . This is also supported by direct measurements of E on in ter-crevasse blocks on the 
Meserve Glacier. 

130 

3 . 

NOTE ' LATE RAL OI FFERENCES IN SPAC ING FOR TWO 
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SC AL E BUT THESE ARE AVER AGED FOR THE 
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Fig. 7. Plot of crevasse spacing with distance down-glacier, Kaskawulsh Glacier. 

According to Equation (7) the depth of an individual crevasse will vary as Ex vanes. 
Therefore once a crevasse has formed, its depth will fluctuate with time. 

From Equation (7) it can be shown that 
dd 1 dE x 
d = ;;. i; (8) 

Thus for a 10% change in E, and assuming n ~ 3, the percentage change in depth given by 
Equa tion (8) is 3.3% . 

The empirical constant B in the flow law is extremely temperature sensitive, so tha t an 
accura te value of englacial tempera ture must be determined. R ecalcula ting the da ta of 
M eier and others (1957) shows tha t if the minimum recorded tempera ture is used to determine 
B, a value of d = 30 m is obtained using Equation (7). The actual temperatures ranged 
from - 0.5° to - 6. 5°C, with a mean of about - 3.0°C, corresponding to a value of B which 
would yield a value of d = 25 m (crevasse 2). It is not fully clear why a value of - 12°C 
was used , al though this produces a good agreement b etween the measured depths and those 
computed from the incorrect equation, 

d = ;A~)' / n . 
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In the case of temperate ice, B is fixed and any anomalies are produced by the value of E 
used. For Kaskawulsh Glacier Os :::::: 130 m year- ' and s vades between 55 m to 96 m fOl
the first six crevasses (or an average of s :::::: 69.5 m ). That is, two crevasses are formed each 
year, on the average. 

There are two possibilities : * Either (i) the crevasses are formed at different times, for 
example, one in the winter and one in the summer, or (ii ) the crevasses form in pairs during 
the winter when surface temperatures are lower and a lower value of Ex is required to break 
the ice, although it must be noted that the value of Gc is roughly the same for the temperature 
range considered (see Appendix I1 ) . 

Assumption (i) is based on a consideration of Equation ( I) from which one may conclude 
that the position of fracture is dependent only on the physical geometry of the glacier boun
daries at that point and on the rate of flow both at the surface and at the base. Consequently 
it is reasonable to conclude that, given the values of Os and s for Kaskawulsh Glacier, the 
crevasses form at the rate of two per year, approximately six months apart. In saying this we 
are not neglecting temperature changes as might first appear to be the case. Appendix I 
shows that a 10 % change in Vb, which is in effect temperature controll ed , produces only a 
6.6% change in E, or a 0.23 X 10- 5 d - ' departure from Ec = 3.5 X 10- 5 d - ' which is within 
the limits of error in the measurement of Ec. 

Assumption (ii) is, on the other hand, worthy of consideration . First we have to establish 
what is the criterion of failure : strain-rate or stress. If the general flow law is used for the 
temperate and polar glaciers with appropriate values of B, the critical stresses Gc are not 
greatly different in the two cases (Appendix I1 ) . H ence, applying this reasoning to the 
Kaskawulsh Glacier a lone, for summer and winter conditions, if we lower the temperature 
at a point where E < EC in the summer, G will correspondingly rise and may reach the tensile 
strength of the material even though E < Ec (summer) has remained substantially the same. 
This reasoning prompts us to abandon the strain-rate as a criterion for failure . However, 
since the latter parameter is so easily measured direc tly, its use is understandable. 

The dilemma is therefore not satisfactorily resolved . J n concluding, som e l'emarks on th e 
strain-rate gradient, thermal stresses and stress concentrations will be added. 

(a ) Strain-rate gradient : From the point of view of the response of material to the rate of 
stress application , this parameter should be considered because it is known that the ultimate 
strength of certain materials is dependent on the rate of a pplication of the deforming stress. 

(b ) Thermal stresses: Although the effect of temperature has been considered in conjunc
tion with the flow-law calculations (see Tables Il , Ill , IV and Appendix IT ), direc t stresses 
due to thermal shock have not been considered independently. 

If, for ice, the horizontal components of stress are given by 

EjlX 
G x = Gy = - -( --) . t:.T 

I - I-' 
(9) 

where E is Young's modulus (bars), IX is the coeffi cien t of linear expansion (d eg- I
) , I-' is 

Poisson's ratio and t:. T is the temperature change (deg) . Then the thermal stresses which will 
be tensile for a decrease of temperature may be estimated. 

Dorsey (1940, p. 446 and p . 472) gives for ice E:::::: 935 kg mm - 2 
:::::: 9.16 x 104 bar, 

I-' :::::: 0·35, IX :::::: 50 X 10- 6 deg- l
. 

Using these values, G x = Gy :::::: 7 bars per degree, which is significant compared with the 
stress produced by the flow of ice induced by boundary conditions of a purely geometri cal 
nature. The existence of these stresses has been recognized by the author on areas of bare ice 
on Meserve Glacier. After a significant air temperature drop of 5 to 10 deg, the passage of a 

• These could be tested by installing a pattern of seismographs on the surface of the glacier and a llowing them 
to record for a year. The position and time of an energy pulse would thus be known. 
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person wearing crampons over the surface caused the latter to fracture violently. This 
phenom enon was both audible and visible. 

H owever , primary transverse crevasses occur a lmost exclusively in areas of firn and 
consequently the values of the parameters used in Equa tion (9) will be different. In the 
a bsence of information a bout fL and IX for snow, only a rough estimate o fa x can be made 
using E ~ 50 kg mm- ' ( ~ 5 kbar) (Dorsey, 1940, p. 445). Then a x ~ 0.3 77 ba r , which is 
still comparable with the stresses genera ted by the dynamic factors. T o be considered also is 
the ra te of temperature change on which a ny adjustment of the snow pack tending to relax 
the stresses will depend. 

Since therma l shock is a near-surface phenom enon and since we have postulated tha t 
crevasses form initi a lly at the surface, it may be seen that therma l stresses may be significan t 
in certa in cases. 

(c) Stress concen tra tions: In a previous paper (H oldsworth, 1965) it was found necessary 
to a ppeal to local concentrations of stress in order to produce a computed value of d which 
would agree closely with the measured values. \Vith the use of the correct depth formula , 
Equa tion (7) , this concep t need not be pursued , excep t to add that once a fracture has formed , 
it may be propaga ted by stress concentra tions developed at the bottom a nd ends of the crack. 
In m eta ls, before rupture in tension , "Griffit h cracks" are considered to exist a nd the local 
concentrated stress is given by a = 2ar (if R) 1/ ' where 2l is the crack length, R is the radius 
of curvature of the ends and a r is the regiona l stress acting perpendicular to the crack leng th. 
T hus as R tends to sm a ll values, the local stress a can a ttain very high values. Using this 
information we may suppose tha t the crevasse may propagate latera lly in to regions where 
ax ~ ac, a lthough the direction of crack propagation is governed by the relat ive va lues of 
ax, ay, and T yx (see Appendix lII ) . W ith depth, the crack termina tes when the tensile stress 
is less than the tensile strength of the ice a t that dep th . 

Field m easurements (M eier and others, 195 7; Nye, 1959 [b] ; Paterson, unpublished ; 
W u and Christensen , 1964; H oldsworth , 1965) indicate that large varia tions of the direc tion 
a nd magnitude of El do occu r on the surface of a glacier, tending to support the concept of 
stress concen tl"ations. 

Crevasse spacing . Measuremen ts of crevasse spacing a re plotted against position on the 
g lacier (Fig . 8) . Where a significant latera l varia tion in spaci ng between two adjacen t 
crevasses occurred , the individual values a re plotted together; the mean was taken . O ther
wise', in some cases a 20 % variation was recorded . Figure 8 shows tha t crevasse spacings vary 
from about 30 m to 100 m with a mean of a bout 75 m . A decrease in spacing appears to 
occur with increasing age of the crevasses a nd this can p robably be expla ined by secondary 
fract ure on in tercrevasse blocks, meaning that strain on such blocks is not negligible as had 
been assumed previously (M eier a nd others, 1957; H oldsworth, 1965) . 

Another a pproach, in order to expla in variations in s, would be to appeal to surface a nd 
dep th changes in the structura l properties of firn and ice. La boratory tests on the ul tima te 
tensile strength of ice (see for example [SIPRE], 195 1) commonly show varia tions over 300% . 
Such a variation of ac wo uld be m ore tha n sufficient to account for the observed variations 
in s (e.g. 70 ± 35 m ). H owever, the concept of secondary fracture explai ns satisfactoril y the 
apparent gradien t of spacing a nd is supported by the observation that crevasse 18 was onl y 
20 cm wide but was Ran ked by crevasses at least 5 m wide, suggesting a d ifference of age. 

Using the form ula of N ielsen (1958, p. 4 7) and putting h = 650 m , Q = 2 ba rs (estimated , 
from laboratory tes ts, etc. ) a nd p = 0.70 Mg m - 3, a value of s ~ 79 m is obtained . T his 
agreemen t with the observed spacing is considered to be fortui tous, however, as indicated in 
the previous discussion of the formula a nd because the value of s in N ielsen 's treatmen t is 
dependen t on h, which is unreasonable. 

As a matter of interest, if Equation (4) is used for the K askawulsh G lacier, with EC = 0.0 128 
year- I (3.5 X 10- 5 d - I), the value ob ta ined , s < 25 m , is a spacing which has not been 
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recorded, so Nielsen's formula does not give correct results when using observed values of 
strain-rate. 

(I1 ) Meserve Glacier 
Velocity determination . Surface velocity m easurements in the neve region are shown in 

Figures 2 and 3. Central horizontal components of ice flow rates indicate extending flow, 
being 0.47 cm d - I at Band 0.88 cm d - I at A for the period 3 December 1966 to 27 January 
) 967. It is not yet established whether the flow rate shows significant variations from season 
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Fig. 8. (a) Configuration of principal strain-rate field in region of the transverse crevasses. (b) LOllgitudillal variatioll of 
principal extending strain-rate. 

to season. Because there is no basal slip, any variations in Us can only be due to changes in 
accumulation rate and in temperature, neither of which are likely to produce variations of 
Us beyond the standard error of measurement. 

Strain-rate determination. Figure 9 shows the pattern of strain diamonds, arranged so that 
the principal strain-rates spanning consecutive crevasses and those confined to intercrevasse 
" blocks" could a ll be measured. The results show that the strain on intercrevasse " blocks" 
is not negligible but is a lmost the same as the value obtained from the diamond spanning the 
crevasses. 

https://doi.org/10.3189/S0022143000020797 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000020797


PRIMARY TRA NSVE R SE CREVASSES 

Principal strain-rates for the three compound diamonds show a consistency, a lthough for 
the second net the strain-rate spa nning crevasses is a little less than the inter-crevasse value, a 
condition which is not readily understood. On the other hand, regional values of strain-rate 
tensors show marked variation of El and EZ as is usually the case (M eier and others, 1957; Wu 
and Christensen, 1964 ; Holdsworth , 1965; and others) . A value of the critica l strain-rate has 
therefore been obtained from the diamond network (0.60 X TO - 5± 0.05 X 10- 5 d - I

) and this is 
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Fig. 9. Strain network in transverse crevasse region, M eserve Glacier, 1966- 67 . 

seen to be 25 % less than the regional value to which less confidence is given. A local value of 
the gradient of strain-rate is given as 0.0003 X 10- 5 d - I m - I which is an order of magnitude 
lower than the value obtained for Kaskawulsh Glacier. 

Table I (b) shows component values of theoretical longitudina l strain-rate calculated from 
the terms in Equation (I). The accumulation term is positive (based on a net gain of 3.0 
cm of ice year- I in this area of the basin ) . The conditions for the curvature term to be valid 
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occur at point I (Fig. 3) . The value of bed curvature has been used and thus Ey has been 
Vd w 

calculated from - -d since there is no longer any res triction on the surface strain-rates but 
w x 

rather the average over the depth is considered. The rate of change of ice thickness has only 
been recorded at A with sufficient accuracy for calculations to be made. Allowing for surface 

I dh 
slope, a drop in h of dh = 3 cm in 54·g2 d - I gives a value of - 0.248 X 10- 5 d - [ for h dt· 

Figure 10 shows cross-sections of the Meserve Glacier in the crevasse region obtained by 
radio-sounding equipment. Table I (b) shows computed and measured values of longitudinal 
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strain-rates . At point I there is a close agreement , but as in the case of Kaskawulsh G lacier, 
the boundary requirements for the bending term to be valid a re rarely met. Conseq uently 
calculations for points 2- 5 (Fig. 3) have been omitted . 

Crevasse depths. Only one crevasse (IV) (Fig. 11 ) could be plumbed for d epth with sufficien t 
accuracy; a value of23.9 ± 0 '5 m was obtained. This is very similar to true transverse crevasse 
depth m easurements on m ost other glaciers and is at the lower end of the range of values fOI" 
Kaskawulsh Glacier. Table IV shows computed crevasse depths. Several assumptions have 
been made : ( I) the fracture initiates at or near the surface, (2) the Row law holds for material 
of density less than o.g Mg m - 3, and (3) the horizontal strain-rate is constant with depth . 
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The first assumption implies that a temperature appropriate to the first few m eters of firn 
should be used in order to compute Band n in the flow law. Glen's (1955) data extend as far 
as - 13°C, which is about the mean summer temperature of the first meter. 

T hat the density of the material in this zone is about half that of ice may be a serious 
obj ection. Nevertheless, the ultimate depth of the fracture must depend on the density of the 
material below ; hence a m ean density (0.7 Mg m - 3) over the depth d has been used . By this 

Crevasse IJ 
No. °C 

I V - 13 
1II 
II 
I - 13 

- 20 

! 
:r 
>-

MORPHOLOGY OF CR EVASSE III 

TEMPERATURE (--Cl 
o 10 2030 40 

o ..... 
.Ill 

:r 
>-

o 

4 

DENSITY ( G o.{=- ' 
o 0.5 1.0 

a. 8 ::; 8 
"' o 

10 

12 

14 

16 

p 
Mgm- J 

0·70 
0.70 
0.70 
0.70 
0.70 

o 

12 

14 

16 

o 2 6 METERS 

~ORIZJNTAL ! AND I 

VERTICAL SCALE 

h = 24 ME TERS 

Fig . ; I . Morphology oJ crevasse I V. Meserve Glacier. 

TABLE IV. CREVASSE DEPTHS, MESERVE GLACIER 

£1>: i .I; 
B 1/ across regiol/al 

bar- n yea r- I crevasse 

0.001 7 3. 15 704 X 10-; yea r- I 254 X 10- ; yea r- I 
0.00 17 3.15 232 X 10- ; year- I 
0.001 7 3.15 2 16 x 10- ; year- I 
0.001 7 3. 15 2 1g X 10 - 5 year- I 
o.ooo l g 3. 15 2 1g X 10- ; year- I 

Surface slope < 5°. 

d (m ) 
Calwlated 

lIsing i\tJeasllred 
El>: Ex 

47 32.3 23·9 ± 0·5 
31.7 
30.6 
31 
64·5 

reasoning, the fracture, once formed at the surface, propagates to a depth d by local increase 
in a at the lower end of the crack as it penetrates colder ice. * G len's (1955) flow-law con
stants are onl y determined as far as - 13°C a nd extrapolation of his graphs is of dubious 
validity. If this is done, then B_2 8 ~ 1.35 X IQ - i bar- n year- 1 and d ~ 154 m. Sim ilarly 
B_2o ~ 19.05 X 10- 5 bar- n year- " d ~ 64.5 m. 

* Since E = Ban = B o e - k1' an a decrease in temperature is accompanied by an increase in a, if E remains 
constan t ; n is a lso assumed constant , over the depth concerned. 
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Hence it is apparent that it is the stress distribution rather than the strain which must be 
analyzed in an attempt to understand the limiting depth of a transverse fracture. In using 
Equation (2) it is evident that one must be consistent in taking a temperature known to exist 
in the region where E was measured . 

In order to further convince oneself that the use of the strain-rate across a crevasse is 
inappropriate, the calculation of d is made using 

(i) EK across a crevasse, and 
(ii ) Ex regional. 

It can be stated that (i) gives unreasonably large values of d in this case. For crevasse IV, 
EK ~ 1.932 X 10- 5 d - I ~ 704 X 10- 5 year- I and hence d ~ 47 m for B appropriate to a 
temperature of - 13°C, or d ~ 230 m for B appropriate to a temperature of - 28°C, bearing 
in mind that the latter value of B is a gross extrapolation. 

Crevasse spacing. Three measurem ents showed values of s = 57, 60 and 66 m , and for the 
case of crevasse IV, s = 2.5 d, which is close to the empirical relation obtained for Kaskawulsh 
Glacier. 

ACKNOWLEDGEMENTS 

The author acknowledges assistance from the Institute of Polar Studies, and the Depart
ment of Geology, Ohio State University, a lso the Icefield Ranges Research Project for the 
work done in Canada. For the investigations in Wright Valley, Antarctica, the author 
acknowledges the support of National Science Foundation grants GA-205 and GA-532 to the 
Ohio State University Research Foundation, and the U .S. Navy. 

In the field, Dr C. Bull , Mr H. Brecher, Mr F . Erdmann, and Mr L. Irwin gave much 
valuable assistance . 

For constructively criticizing the manuscript the author is indebted to Dr C. Bull, Dr F. 
Loewe, and Dr T. H. Wu, Institute of Polar Studies, Ohio State University. 

MS. received 9 April 1968 and in revised form 5 June 1968 

REFERENCES 

Brecher, H. H. 1966. Surface velocity measurements on the Kaskawulsh Glacier, Yukon Territory, Canada. 
Ohio State University. Institute oj Polar Studies. Report No. 21. 

Dor,ey, N. E. 1940. Properties of ordinary water-substance in all its phases: water-vapor, water and all the ices. New York, 
R einhold. (American Chemical Society. Monograph Series, No. 81. ) 

Frocht, M. M., and Thomson, R. A. [CI958]. Studies in photoplasticity. Proceedings of the third V .S. National 
Congress of Applied Mechanics . .. 1958, p . 533-40. 

Glen, J. W. 1955. The creep of polycrystalline ice. Proceedings of the Royal Society, Se!'. A, Vo!. 228, No. 1175, 
p. 5 19- 38. 

Goldthwait, R. P. 1936. Seismic sounding on South Crillon and Klooch Glaciers. Geographical Journal , Yo!. 87, 
No. 6, p. 496- 517. 

Hill, R. 1950. The mathematical theory oj plastici~y. Oxford, Clarendon Press. 
Holdsworth, G. 1965. An examination and analysis of the forma tion of transverse crevasses, Kaskawulsh Glacier, 

Yukon Territory, Canada. Ohio State University. Institute of Polar Studies . R eport No. 16. 
J aeger, J. C. 1962. Elasticity, fracture and flow; with engineering and geological applications. Second edition . London. 

Methuen. (Monographs on Physical Subjects.) 
Kamb, [W.] B., and LaChapelle, E. [R.] 1964. Direct observation of the m echanism of glacier sliding over 

bedrock. JouTllal of Glaciology, Vo!. 5, No. 38, p. 159- 72. 
Loewe, F . 1955. The depth of crevasses. JouTllal of Glaciology, Yo!. 2, No. 17, p. 511 - 12. [Letter.] 
Meier, M. F. , and others. 1957. Preliminary study of crevasse formation , by M. F. M eier, J. E . Conel, J. A. 

Hoerni , W. G. Melbourne, C. J. Pings, Jr., and P . T. Walker. U.S. Snow, Ice and Permafrost Research Establish
ment. Report 38. 

Melior, M. 1964. Snow and ice on the Earth's surface. U.S. Cold R egions R esearch and Engineering Laboratory. 
Cold regions science and engineering. Hanover, N.H., Pt. Il, Sect. C, p. 65- 89. 

Nielsen, L. E . 1958. Crevasse patterns in glaciers. American Alpine Journal , Vo!. 11, No. 1, p . 44- 51. 

https://doi.org/10.3189/S0022143000020797 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000020797


PRIMAR Y TRA N SVER SE CR EVASSES 1'27 

Nye, j . F . 1951. The flow of glaciers a nd ice-sheets as a p roblem in p las ticity. Proceedings of the Royal Society, 
Ser. A, Vo!. 207, No. 1091, p . 554- 72. 

Nye, J. F. 1952 . The m echanics of glacier fl ow. J ournal of Glaciology, Vo!. 2, No. 12, p. 82-93 . 
Nye, J. F. 1955. Comments on Dr. Loewe's le tter a nd notes on crevasses. Journal of Glaciology, Vo!. 2, No. 17, 

p. 5 12- 14. 
Nye, J. F. 1957. The distribution of stress a nd velocity in glaciers a nd ice-shee ts. Proceedings of the R oyal Society, 

Ser. A, Vo!. 239, No. 12 16, p . 11 3- 33 · 
Nye, J. F. 1959[a]. The deforma tion of a glacier below a n ice fal!. J oumal ofGlaciology, Vo!. 3, No. 25, p . 387-408. 
Nye, J. F . 1959[b] . A method of determining the strain-ra te tensor a t the surface of a glacier. J ournal ~fGlaciolog)', 

Vo!. 3, No. 25, p . 409- 19. 
Nye, j . F. 1959[C]. The motion of ice sheets and glaciers. J ournal of Glaciology, Vo!. 3, No. 26, p . 493- 507. 
[Nye, J. F., alld others.] 1954. The mecha nics of glacier flow : discussion . [By j . F . ye, M. M. M iller, j . M. 

H a rtog, G . Sel igma n, W . V . Lewis and G. G . M eyerhof.] J ournal of Glaciology, Vo!. 2, No. 15, p . 339- 4I. 
Pa terson, W. S. B. Unpublished . O bservations on Atha baska G lacier a nd their rela tion to the theory of glacier 

Aow. [Ph .D. thesis, U niversity of Bri tish Columbia, Vancouver, 1962.] 
Schuster, R . L. , and Rigsby, G . P . 1954. P relimina ry report on crevasses. U.S. Snow, Ice alld Permafrost Research 

Establishment. Special R eport 1 I . 

Sel igman, G . 1955 · Com ments on crevasse d epths. J ournal of Glaciology, Vo!. 2, No. 17, p . 5 14. 
Sha rni, D . U npublished. Icefield R a nges R esearch Project. Survey report. [Writ ten 1963 for Ohio S tate U n iver

sity. Institute of Polar Stud ies.] 
[SIPRE .] 195 I. R eview of the proper ties of snow a nd ice. U.S . Snow, I ce and Permafrost R esearch EstablishmC/lt. 

R eport 4 . 
Weertma n, J. 1957· O n the sliding of glaciers. J ournal of Glaciology, Vo!. 3, No. 3 I , p. 33- 38. 
Weertma n, J. 1962. Catas trophic glacier advances. Vnion Giodisique et Giophysique Internationale. Associatioll 

Intem ationale d'Hy drologie Scientijique. Commission des Neiges et Glaces. Col/oque d' Obergurgl, 10-g--18- 9 1962, 
P·3 1- 39 · 

Weertma n, J. 1964. T he theory of glacier slid ing. J ournal ofGlaciology, Vo!. 5, No. 39, p. 287- 303. 
Wu, T . H. , and Ch ristensen, R . W . 1964. Measurement of surface stra in-ra te on T aku G lacier, Alaska. J ourllal 

ofGlaciology, Vo!. 5, No. 39, p . 305- 13. 

APPENDIX I 

E qua tion (I) provides a m eans of ana lysing the factors which produce va ria tions in the longitud inal strain-ra te 
in a glacier. If we consider onl y the accumula tion a nd the curvature terms, then for a glac ier which is sliding 

(10) 

or 

Therefore 

assuming tha t any changes in a/h a re so small as to be negligible. Dividing Equation ( 12) by Eq uation (10) we get 

di x V dVb VbKcot a d Vb - + - (13) 
i x (111 + 1) Vb + V' Vb (a/" + Us Kcot a) ' Vb 

assum ing tha t the accumula tion rate is constan t a nd that variations in ix a re due to cha nges in Vb onl y. 
For the purposes of discussing the sim ple varia tion of i x with Vb we now take the case where the term K -> 0, 

tha t is the base is a pproxima tely pla na r. 
T hus Equation (13) becomes 

Taking values of Vs = 0.35 m d - ', 
Vb = 0.09 m d - ' , 

d <x d Vb 
Tx"" = 0 -49 V;;-' 

V dVb 

(m+ l ) Vb+ V' Vo ' 

we see tha t for a 10% cha nge in the basal sliding rate, there will be a corresponding cha nge in the longitudi na l 
strain-ra te of a bout 5 % . 

If the second term in Eq ua tion (13) is re ta ined , then subst ituting the va lues appropria te to point 4 (Table I , 
p. 115), we obtain 

H ence a 10% change in Vb produces a 7.4% cha nge in stra in-ra te. Such changes in basa l sliding (Weertman , 
1957, 1962, 1964) a re not unfounded a nd could be exceeded in extreme cases such as surging or "catastophic 
advances". 
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If changes in a are considered to be significant (changes in It being neglected ), then we may write, assuming 
VI) and a are functions of a common variable : 

di", U dVb VbKcota dV" a[a U ] - 'da - + --+- - + s Kcota - . 
i ", (m+ l ) Vb + U Vb [a /It+ UsKcota] Vb h h a 

Using the values for point 4 in Table I, Equation (16) reduces to 

d" x dVb da 
i; = o .74~+o.,--;. 

For a 10% change in both Vb and a in the same sense, there is thus a corresponding 8-4% change in i x. 
Such changes in strain-rate at a point on the glacier could be used to explain the irregularities in the spacings 

of crevasses. In the case of the cold glacier V" = 0; therefore, changes of i x can only come about by changes in a 
which have been shown to produce only small changes in i x . One would expect, therefore, crevasse spacings on 
cold glaciers to be more uniform, and in fact this has been shown to be the case. 

APPENDIXII 

If we consider the flow law 
i = Bo e- k 1" an = Ba" 

for the case where " = i c corresponding to a = ac, 

then G c = 

and assuming 11 to be roughly constant = 3, then for the temperate case (Table 11, p. 118) 

ac = 0.43 bar, 

and for the cold glacier case, taking T = 2600 K (Table IV, p . 125) 

ac = 1.09 bar. 

If in the first case a value of B appropria te to - I.5°C is taken 

ac = 0.82 bar. 

So if we consider that the first crevasse on the tempera te glacier is formed in the winter, the mean temperature 
of the upper few meters wi ll certainly be - 1.5°C or less, and allowing for a small percentage change in i c (see 
Appendix I ), it is seen that the values of ac for the " temperate" and cold glacier cases are not greatly different 
and are approximately I ba r, a value hitherto assumed (e.g. Nye, 1951 ) . 

APPENDIX III 

Consider a model glacier in which flow is confined to a linear channel (Fig. 12 ) of width 2a. If we consider 
only th e stresses acting in the pla ne of the glacier, a x, ay a nd T y "" then if we express ay and Ty x in terms of ax 
(Hill, 1950), it should be possible to plot crevasse traces on the model accord ing to different values of ay = a la x l 
a nd Ty*x = ,8 1 a x l, that is, for varying lateral constraints to flow. T:x is the boundary value of T~ X' a nd a a nd ,8 
a re pure numbers. 

We may proceed with the result (e.g. J aeger, 1962, p . 7) 

tan 2'" = 2Ty x 
(I x - a y 

where", is the incl ination of the principa l stress ax is to th e cente r-line of the glacier (x-axis) . 

Now T y*X ,,;; l ~x21 
(Hill , 1950) depending on the side constraint. At the boundary, le t 

T';x = f3a x 
where,8 ,,;; I /V 2. For a po int distance y from the cente r-line 

T y x = ,Bax y /a 

where the assumption is made that the va riation of T y x across the surface is linear, in order to simplify the problem. 

L et ay = aax 

be uniform across the width for a particula r value of a. 
Substituting these values in Equation (17 ) we get 

tan 2'" = --=i.. .~, 
I - a a 
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Fig . 12. Plot of crevasse traces Ior various vallies of a alld f3, where a = ay/a ., ; f3 = T!t-rl a .T (see Appelldix Ill ) . 

therefore 

which has a 

Now 

2f3 clY 
2 sec ' 2</> d </> = I - a -;;, 

d </> = __ f3 _ COS' 2</> 
d), a( I - a ) 

maximum when </> = 0 , i.c. on the center-li ne . 

dy I + COS 2</> 
Ch = cot</> = tan 2</> COS 2</>; 

on substi tuting for </> , 

therefore 

y 

dy 
dx 

[a' ( I - a )' + 4f3'y' ]l + a( I - a ) 

2f3y 
x 

J
. 2f3ydy 

la ' ( I - a )' + 4f3'Y' l l + a( I - a) ,/
' 

o 

dx. 

For the left-ha nd integral p ut 
u' = a' ( I - a )'+ 4' f3 J" 

therefore 21l d ll = Sf3' Y dy 
la ' ( I - a)' + 4,B'y' ] 0/, 

J I l.t d u I [ ] [a ' ( I - a)' + 4,B'y'l o/' 
then - f3 . ( ) = - f3 u - a( I - a) In {a ( I - a)+ u } 

2 " + 0 I - a 2 a( , - a) 
a( l - a ) 

or x = ~{ l a' ( I - a)' + 4f3'y' JI - a( l - a) - 0( I - a ) In [ a( l - a ) + [a' ( ; - a );+ 4f3' Y'll]}. ( 18) 
2f3 2a I - a 

We can now proceed to plot va lues of (x, ),) given by Equa tion ( IS) for va rious va lues of Cl and f3, except 
that there is a restri ction tha t f3 > o . 

The crevasse traces a re shown in Figure 12 fo r va rious values of Cl and f3. T he traces of crevasses on the K aska
wulsh a nd M eserve G laciers a re plotted a lso. For M eserve G lacier we know tha t ay ~ - a x (F ig, 9) . T herefore 
a ~ - I , a nd ta king f3 = 1/"/ 2, the resulting trace fa lls very close to the trace measured in th e field ; therefo re, 
we a re led to bel ieve that in a cold glacier the maximum bounda ry shearing stress is developed . 

For the K askawulsh G lacier a = - I as a near approximation, f3 just exceeds ~, so that a lower degree of 
la te ra l constra in t at the m a rgins of the g lacier occurs here, 

SA 
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