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ABSTRACT. Strain-rate and surface velocity m easurements were made on a valley g lacier. The measured 
strain-rates were used to calculate the stress condition and velocity distribution in the glacier. The measured 
velocity is in reasonable agreement with that calculated from Nye's plasticity solution. 

R EsuME. Des mesures d e vitesse de deformation e t de vitesse de surface ont ete faites sur le Taku Glacier 
(Alaska) . Les vitesses d e deformation mesurees ont ete utilisees pour calculer les conditions de tension et la 
distribution de vitesse dans le g lacier. La vitesse m esuree est en accord raisonnable avec eelle calculee a partir 
de la theorie de la plasticite d e Nye. 

ZUSAMMENFASSUNG. Am Taku-Gletscher in Alaska wurden Deformationsgeschwindigkeiten und Ober
flachengeschwindigkeiten gemessen. Aus den gemessenen D eformationsgeschwindigkeiten wurde der 
Spannungszustand und die Geschwindigkeitsvertei lung im Innern des Gletschers berechne t. Die gemessene 
Geschwindigkeit stimmt annehmbar mit del' nach Nye's Plastizitats theorie berechneten uberein. 

I NTRODUCTION 
This article presents the results of surface strain-rate and velocity measurements made on 

the Taku Glacier, a part of the Juneau Icefield in south-eastern Alaska. The icefield covers 
about 1,500 square miles (4,000 km.') of area with its upper neve at an elevation between 4,000 
and 7,000 ft. (1,200 and 2, I 00 m. ) . The Taku Glacier is one of the major valley g laciers of the 
icefield (Fig. I) . 

The objective of this study is to obtain information on the stress conditions in the glacier. 
Measurements were made at four points designated as A, B, C, D a long the profile AA (Figs. I 

and 2) . This is one of the several sites on the ice field where continuous records have been 
maintained on the surface velocity and accumulation . The bore-hole deformation measure· 
ments of I 950~53 were a lso made at this loca lity (Miller, 1958) . 

STRAIN-RATE MEASU REMENTS 
The measuremenL of strain-rate followed the procedure outlined by Nye ( 1959) . Squares 

with sides equal to 100 ft. (30' 5 m. ) were set on the glacier surface. The reference points were 
marked by wooden stakes driven into the fil'n. AL each location, two sq ua res were laid out in 
tandem as shown in Figure 3. The stakes had to be red riven after a lo-day interval because of 
the large ablation. The distances between the reference points were taped before and after 
redriving. For each square, the measurements give the normal strain in four directions at 
angles ofo, 45°, 90°, and 135° with the Y-axis (Figure 3) . The X-axis is the direction of g lacier 
flow, which is approximately S. 42° E. at this location. 

The measured strain-rates are summarized in Table I. The two strain-rates in each 
direction are averaged to obtain the strain-rate in that direction for the area covered by the 
square. The results a re checked against the theoretical relationship 

( I) 

w hich holds if the variation in strain-rate is linear within the area of the square. However, the 
values in Table I indicate that this may not be the actual case. At A I and A2, the strain rates 
for the two halves ofa square are very different a nd the quantity (Eo+ E90) -(E4 5+ E' 35) is quite 
large. This suggests the possibility that the measurements are not reliable . However, if we 
compare the individual strain-rates at any location for the intervals 2 I August to I September 
and I September to I I September, we find a high degree of consistency. By means of repeated 
measurements it was concluded that the errors in taping do not exceed ± k in. (3 mm. ) wh ich 
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Fig. 2a. Location of velocity and strain-rate measurements 
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Fig. 2b. B edrock profile along A A (after Poulter and others, 1949; Miller, 1952) 

corresponds to a strain-rate of o· 07 X 10 - 5 hr. _ 1. I t is to be noted that with few exceptions the 
measured individual strain-rates during the two periods do not differ by more than 
O· I5 X I O- 5 hr. - ( at A I and A'2. It is therefore our conclusion that the m easured values are 

reliable. 
At points BI and B'2 , the errors as meas ured by (i o+ i 90)-(i 45+ i( 35) are about the same 

order of magnitude as those at AI and A'2 but the strain-rates are much larger. However, 
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TABLE I. MEASURED STRA[N-RATES ( X 10-; hr. - ' ) 

Point Date Eo £4 5 €90 EI35 (fo+ £90) - ("4; + £' 35) 

AI 2[ August to a, = - °'298 h, = - 0 ' 270 c, = - 0- 1 1 1 d, =-0·[ [8 
[ September a, = + 0'055 h, = + 0 '43 [ C2 = + °'388 d, = + 0 ' 470 

average - 0 ' [22 + 0'080 + 0, [39 + 0'176 + °'°[7-(°'256) 
= - 0'239 

AI [ September to a, = -0'250 h, = - 0'309 c, = + 0' [25 d, = - 0' [77 
[ [ September a, = + 0' [87 h, = + 0'357 Cl = + 0'56 [ d, = + °'442 

average - 0'°32 + 0'022 + ° ' 343 + 0' [33 + 0'3[ [ -(0 ' [55) 
= + ° ' [56 

A2 2[ August to a, = + 0 ' 442 h, = - 0'039 c, = ° d, = + 0'039 
I September a, = -°'387 h, = + 0 ' 509 Cl = + 0·664 d, = + 0'430 

average + 0'028 + 0'235 + °'332 + 0 ' 235 + 0, 360 - (0'470) 
= - 0' [[ 0 

A2 [ September to al = -0'373 h, = ° c, = - 0'062 d, = - 0' [77 
[ [ September a2 = + 0·06 [ h, = + 0 ' 353 C2 = + 0. 62 3 d, = + 0 ' 44[ 

average -0 ' [56 + 0, [77 + 0'28[ + 0' [32 + 0' [25 -(0 ' 309) 
= - 0' [84 

BI 21 August to a, = + 0'39[ h, = - 0 ·67[ Cl = + °'334 d, = + [ '380 
1 September a, = - 1'783 h, = - ['260 Cl = + °'446 d, = + 0'039 

average - 0.696 - °'966 + 0'39° + 0' 710 - 0' 306-( - 0' 256) 
= - 0'°5° 

BI I September to a, = - 0' [87 h, = - 0'703 Cr = + 0, 745 d, = + 0, 703 
1 I September a, = - [ '49 [ h, = - 0·660 C2 = + 0 ' 455 d, = + 0'308 

average -0·839 - 0·682 + 0·600 + °'5°6 - °'239- (-°'176) 
= - 0'063 

B2 21 August to h, = -0' 473 d, = + 0, 395 
[ September h, = - [. [45 d, = + [ '30[ 

average -0' 782 - 0·8°9 + [ '°°5 + 0.848 + 0'233 - (° ' °39) 
= + 0' [84 

B2 I September to h, = - [ . [00 d, = + 0·835 
I [ September h' = - [' 276 d, = + ['540 

average -0·810 -I ' [88 + 1 ' 026 + [. [88 + 0'2 [6 - 0 
+ 0'2[6 

DI 21 August to a, = + ° ' °56 h, = + °'592 C, = + 0·6 [5 d, =+0'5[0 
[ September a, = + 0'224 h, = + 0·[[6 c, = + °'°56 d, = + 0' [58 

average + 0'14° + °'354 + ° ' 336 + 0'334 + ° ' 476 - (0 , 688) 
= - 0'2[2 

DI I September to aI = + °' 284 h, = + 0' 748 c, = + 0 '745 d, =+0 ' 572 

11 September al = + °'435 h, = + °'352 C, = + 0'249 d, = + °'528 
average + 0 ' 360 + °'55° + 0 ' 497 + °'55° + 0 ·857 -( [ '100) 

= - 0'243 
D2 2[ August to a, = + 0' [92 b, = - 0'039 Cl = + 0'1 [2 d, = - 0'473 

[ September a Z. = -0' 4[5 h, = - 0 '2 79 C2 = - 0·895 d, = - 0 '5 [3 
average - 0' [[2 - 0' [58 - 0'392 - 0 ' 493 - 0 504 - (- 0 , 65[ ) 

= + 0' [47 
D2 I September to a, = + 0 ' 497 b, = + 0'088 c, = - 0'062 d, = ° 

11 September a, = + 0 ' 187 h, = - 0'262 Cl = - 0'435 d, = + 0'088 
average + °'342 - 0'088 - 0'249 + °'°44 + 0'093-(-°'°44) 

= 0' [37 

considerable differences are observed between the individual strain-rates (ar, a2, br , b2, . . . ) 
measured during the two time intervals. These differences m ay be the reflection of the 
irregular crevasse movements. 

The results from points DI and D'2 are difficult to a nalyze. The strain-rates changed 
c onsiderably during the time intervals, especially at D'2. Hence it is not possible to use the 
.argument advanced for the measurements at A I and A'2 and we must admit that the measure
ments may not be dependable. The measured strain-rate at c r is equal to zero. At C'2 the 
distance changes measured during the two time intervals are about ± i in. (6 mm.) . A sub
stantial part of this is likely to be due to taping errors. Hence it is concluded that little or no 
strain exists at c. 
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Fig_ 3- Squares for strain-rate measurements 

STRESSE S A N D CRE VASSE P ATTERNS 

The m easured strain-rates Eo, E45, E90, E 135 are used to calcula te the strain-rates in the 
directions pa ra ll el (X ) and perpendicula r (r) to that of glacier flow (Fig ure 2)_ The best fit 
values of E x, Ey, E xy by the princip le ofl east squa res have been shown to be (Nye, 1959, 195 7[b] , 
p- 158- 63) 

EX - t Eo+ t E45+ ! E90 + t E 135 , 

Ey f Eo+ t E45 - l E9o+ l E 135, (2) 

Exy !E45 - t E 135 -

TABLE H _ M EASURED PRINCIPAL STRAI N-RATES (x 10-; hr_ - ' ) 

Point Date ' x 'y Exy ., '2 '"3 e 
AI 2 1 Aug ust to I September + 0 -199 - 0- 063 + 0- 048 + 0 -21 - 0 - 14 - 0-07 98 -70 

AI I September to 11 September + 0 -305 - 0-07 1 + 0 -055 + 0-3 1 - 0 -23 - 0- 08 97 - 7
0 

A2 2 1 A ugust to I September + 0-360 + 0-056 0 + 0-36 -0-30 - 0 -06 900 
A2 I Sep tem ber to I I September + 0-327 - 0- 110 - 0-022 + 0-33 - 0-22 - 0-11 87 -20 

average + 0 -298 - 0-047 + 0 -04 1 + 0 -3 1 - 0 -22 - 0-09 96 -5° 

BI 2 1 Aug ust to I Sep tember + 0-055 - 0 -862 + 0- 838 + 0 -56 + 0-80 - 1- 36 120 -5° 
BI I September to I I September + 0-6 16 - 0- 823 + 0-594 + 0 -84 + 0 - 19 - 1-03 109-5° 
B2 2 I August to I September + 0 -959 - 0- 82 7 + 0 -828 + 1-30 - 0 - 15 - 1- 15 I I I 000 

B2 I Septem ber to I1 September + 0-564 - 0- 865 + 1- 188 + 1-23 + 0- 29 - I -52 11 9 -00 
average + 0- 549 - 0- 844 + 0 -862 + 0 -97 + 0-30 - I -52 11 5 -5° 

DI 21 Aug ust to I September + 0 -390 + 0 - 194 - 0 -005 + 0-39 - 0-58 + 0- 19 90° 
DI I September to I I September + 0-563 + 0 -422 0 + 0 -57 - 0-99 + 0 -42 900 
D2 21 A ugust to I September - 0 -239 - 0- 149 - 0 -169 - 0-02 + 0 -39 - 0 -37 520 
D2 I September to I I September - 0- 284 + 0-308 - 0-022 + 0-3 1 - 0 -03 - 0-28 1800 
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The major and minor principal strains El and E3 and their directions are calculated graphically 
by means of Mohr's circle of strain. The angle between the X-axis and the El vector is denoted 
bye (see Figure 3 for sign) . Assuming no volume change, the intermediate principle strain E2 
is determined by means of the relationship 

Er + E2+ E3 = o. (3) 

The results of the calculations are given in Table II. 
In order to obtain some indication of the general stress conditions in the glacier, the 

measured values are averaged to give an average strain-rate at each site. This is not done at 0 

because of the erratic variations in the measured strain-rate. The stresses are calculated 
from the average strain-rates by the use of the relationship between stress and strain-rate 
obtained by Glen (1955) from laboratory creep tests on ice. 

Nye (1953) defined E and T as follows 

(5) 
and 

T 2 !a~ ja~j 

in which E i j and a t j are the components of the strain-rate and stress deviator tensors. The 
constants Band n are equal to 0 ' 148 yr. - r bar- n and 4'2, respectively. The stress deviator is 
then obtained from the relationship 

(6) 

The principal stresses are 

a, = 2a;+a;, a2 = 0 , a3 = a; +2a;. (7) 
When the principal stresses are not in the X-Y directions, the stresses a x , a y and T x y are 
calculated by Mohr's circle. The results of stress calculations are given in Table Ill. 

TABLE Ill. STRESSES CALC ULATED FROM MEASU RED STRAIN-RATES 

Straill-rates (yr. - 1) (Stresses bars) 
Poillt <, £1 £3 T U , a 3 T xy U x 

~ \ + 0' 0267 -0 ' 0223 - 0'0044 0'035
' 

0·800 + 1,"8 + 0'409 0 1'118 
+ 0'0868 + 0' 0244 - 0'1112 o· 1013 0 ' 9

'
5 + 0' 565 - 1' 225 0·680 "230 

Nye (1952, 1959) and Ward (1955, p. 594) have shown that crevasses in glaciers are the 
result of tensile stresses and that they run in a direction perpendicular to that of the maximum 
tensile stress. To compare the stress conditions with the crevasse patterns, the directions of the 
measured major principal strain-rates at A, B, and 0 are plotted as vectors in Figure 2, together 
with the directions of the crevasses. The general agreement is considered satisfactory. On the 
other hand, Meier (1958) observed at Blue Ice Valley, Greenland, that crevasses in firn form 
at an angle to the trajectories of maximum principal strain-rate. This does not appear to be 
the case on the Taku Glacier. I t should be added that site B is located in an area of numerous 
crevasses, many of them are 3 or 4 ft. (0' 9- 1 . 2 m. ) wide and over 50 ft. (15 m. ) deep. At sites 
A and 0 only a few crevasses are observed. These are only fine cracks in the snow that are 
noticeable only at very short distances. 

SURFACE VELOCITY 

The surface velocity was measured during the summer of 1962 along the same profile by 
triangulation with a theodolite (Miller, 1954). Figure 4 shows the velocity obtained at five 
points on two lines 500 ft. (152 m. ) apart. The location of points 1 through 5 are shown in 
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Figure 2. The velocity measured a long the two lines are almost identical with the exception of 
point 4- The value obtained for point 4 on the left line (Figure 4) appears to be too small and 
is discarded in subsequent calculations. The average direction of the velocity vectors is S. 42 ° E. 
The velocity measurements also show very little movement near point c. Hence we come to 
the conclusion that the ice immediately adjacent to the valley walls is not moving at any 
observable rate. 

To calculate the velocity in a glacier subjected to longitudinal tension, use is made of the 
p lasticity solution by Nye (1957[aJ ). For the stress-strain relationship given in Equation (3), 
the dimension less velocity U is 

(8) 

in which T is the dimension less shear-stress related to the dimension less distance r as follows 

The dimension less variables are 

in which 

'T 
T= - , 

'To 

x x=to ' 

10 = 'TolfJ. 

u 
U=

nolo 

(9) 

The term no denotes the surface longitudinal strain-rate and f3 is the rate of change of'T.tY 

with y . In Nye's case of vertical velocity distribution in an infinitely wide glacier, f3 is equal to 
pgx, the component of the gravity force along the bed, and y denotes the depth below the 
glacier surface. In the present case, equation (8) and (9) are used to calculate the horizontal 
velocity distribution. Then y denotes the horizonta l distance in the direction perpendicular to 
that of glacier flow. The x direction is that of glacier flow. 

I ~ I 

2~ 2 

3 

4 

5 5 0.5 ft/doy , .. 
0 ·/5 "Ydo!J 

Fig. 4. Nleasllred velocity along AA 
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To calculate the surface velocity distribution across the glacier we make use of the 
measured shear stress T xy. I t is 0 · 68 bar at B. If the shear stress varies linearly with y, T xy 

should be between I . 0 and I . 5 bars at the edge of the moving ice. The shear-stress d istribu
tions for these two cases are shown as solid lines in Figure 5b. With a longitudinal strain-ra te 
of o · 550 X 10- 5 hr. _1, the calculated velocity profiles for X = 0, and 7' xy = I' 0 and I . 2 bars 
at the edge are shown in Figure 5a as dashed curves. Since the velocity is very sensitive to the 
value of 7' xy, the agreement is considered satisfactory. Because of the great sensitivity of the 
velocity to T xy it is more instructive to compare the velocity distribution across the glacier 
rather than the absolute quantities. The velocity distributions for 7' xy equal to I '0 and I ' 5 
bars assuming that the velocity at the center is equal to the measured value of 820 ft. /yr. 
(250 m. /yr.) are shown as solid curves in Figure 5a. The agreement with the observed velocity 
distribution is very close. 

A: y 

bOdO 

0 

I 
0 200 

o Measured lJelocity 

---1~-X 

/00 200 300 ilYyr. 
j 

I 
I i I I I j 

400 bOO 800 /000 Fr./yr. 
Velocify U 

y o Measured shear 
Sfrl!S6 

--'---0.--- . -- X 

o 2 8ars 

Shear Stress ""y 
Fig. 5a (left ). Calculated and measured velocities 

Fig. 5h (right ). Measured and assumed shear stresses 

The plasticity solution used in the longitudinal velocity calculation also gives a transverse 
velocity. (In Nye's paper, this is the vertical velocity. ) This transverse velocity is of the order of 
200 ft. /yr. (61 m ./yr. ) which is appreciable. Whether this velocity can be attained at this site 
is indeterminate at present because of the irregularities in the valley and the many small 
tributaries that join the Taku glacier. 

Finally it must be noted that the values of Band n used in all stress and velocity calculations 
are those obtained by Glen in laboratory tests. Their general agreement with field values have 
been demonstrated by Nye (1953) . Nevertheless, considerable variations from these values are 
certain ly possible as indicated by the bore-hole measurements of Miller (1958). T herefore, the 
calculated stress and velocity should be considered as reasonable approximations only. 
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SUMMARY 

The strain-ra te measurements show that the g lacier is subjec ted to a tensile stress in the 
longitudinal direction estimated to be about I bar. The shear stress between the g lacier and 
the vall ey wall is of the order of I . 2 bars . 

The measured strain-rates are in general agreement with the crevasse patterns a nd the 
measured surface velocity. 

Several questions remain unreso lved . First a m ong them is the very erratic variations of the 
surface strain-rate. A problem yet to be investigated is the extent to which stra in-rates 
measured on the firn reflect the actual stress and strain-rate in the g lacier ice. Also, the effect 
of large crevasses on the surface strain-rate is not d etermined. As some of the crevasses are 
50 ft. ( IS m. ) or more deep, nonhomogeniety is certainly introduced by their presence. 

ACKNOWLEDGEMENT 

The m easurem ents were made as a part of the J uneau Icefield R esearch Program during 
the summer of 1963. Funds for the activities were provided by the Foundation for G lacier 
R esearch a nd the National Science Foundation. The writers are grateful to the m embers of 
the 1963 expedition , particularly its director , Dr. M. M. Miller, for their co-operation that 
made this study possible. 

MS. received 6 Februmy 1.964 

REF E R ENCES 

G len, J. \'V. 1955. The creep of polyc rysta lline ice. Proceedings oJ Ihe R~yal Society, Ser. A. Vot. 22B, N o. 11 75 . 
P·5 19- 3B. 

M eier, iV/. F. 195B. The mechan ic3 of c revasse formati on. Union Geodisiqlle el GeO/Jhl'siqlle [nlemalionale. Association 
Internalionale d'H)ldrologie Scienlifiqlle. Assemblie generale de T oronto, 3- 14 sept. 1957. T om. 4, p. 500- oB . 

M iller. M. Nf. 1952. Scientific observati ons of the J un eau Ice F ield R esearch Project, Alaska , 1949 fi eld season. 
American Geographical Sociefy. Juneall Ice Field Research Projecl. Re/Jort No. 6. 

Miller, M. M. 1954. J uneau Ice Fie ld R esea rch Projec t. Alaska , 195n summer fi e ld season. American Geogra/Jhical 
Society. Juneau lee Field Research Project. Report No. 7. 

Miller, M. J\ 1. 195B. Phenomena associated with the ddo rmatioll of a g lacier bore hole. Union Geodesiqlle et 
Geophysiqlle [ntemationale. Associalion [nlernationale d' H,ydrologie Scienlifiqne. AssembLee generale de Toronto, 3- 14 sept. 
1957· T om . 4 · p. 437- 52. 

:\ yc . J . F. 1952. T he mechanics of g lacier Row. Journal of Glaciolog)', Vot. 2, No . 12, p. 82- 93 . 
)lye. J . F. 1953. The Row law of ice from measurem ents in g lacier tunnels , laboratory experiments a nd the 

J ungfraufi rn borehole experi ment. Proceedings of the Roy al Sociel)l, Ser. A , V o t. 2 19, No. 1139, p. 477- 89. 
Nye. J. F. I 957[a]. T he distribution of stress a nd velocity in g la ciers and ice-sheets. Proceedings if/he Roy al Sociely, 

Ser. A, Vot. 239, N o. 1216, p . 11 3- 33. 
)lye, J. F. 1957 [b 1- Ph.ysical properties oJ crystals. Oxford , Gla rendon Press . 
N ye, J. F. 1959. A m ethod of determining the stra in-rate tensor a t the surface of a glacier. Journal oJ Glaciology, 

Vot. 3, ~o. 25 , p. 409- 19. 
Poulter, T. C., and others. 1949. Seismic measurements on I,he Tak ll Glacier. b) , T. C. POllller, C. F. A llen alld S. W. 

NfiLler. Stanford , C alif. , Stan forcl R esearch Institu te. 
Ward, W. H. 1955. Stucl ies in glacier physics on the Penny Ice Cap, Baffin Island, 1953. Part I V . The Row of 

Highway G la cier. JOllrnal of GlacioI9g)', Vot. 2, No. 18 , p. 592-99. 

https://doi.org/10.3189/S002214300002904X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300002904X

	Vol 5 Issue 39 page 305-313 - Measurement of surface strain-rate on Taku Glacier, Alaska - T.H. Wu and R.W. Christensen

