
Journa/ DiG/aciD/OK)', Vol. 13, No. 68,1974 

FLOW OF BLUE GLACIER, OLYMPIC MOUNTAINS, 
WASHINGTON, U.S.A.* 

By MARK F. MEIER, 

(U.S. Geological Survey, Tacoma, Washington g8408, U .S.A.) 

W. BARCLAY KAMB, CLARENCE R . ALLEN and ROBERT P. SHARP 

(California Institute of Technology, Pasaciena, California gl 109, U.S.A.) 

ABSTRACT. Velocity and stra in-rate patterns in a small temperate valley glacier display flow effects of 
channel geometry, ice thi ckness, surface slope, a nd ablat ion. Surface velocities of 20- 55 m /year show year­
to-year fluc tuations of I .5- 3 m /year. Tra nsverse profiles of velocity have the form of a higher-order para bola 
modified by the effec ts o f flow around a broad bend in the cha nnel , wh ich makes the velocity profile asym­
metric, with maximum velocity displaced toward the outside o f the bend. M argina l sliding rates are 5- 22 m/ 
year against bedrock a nd nil against debris. Velocity vectors diverge from the g lacier center-line near the 
terminus, in response to surface ice loss, but converge toward it nea r the firn line because of channel narrowing. 
Plunge of the vectors gives an em ergence flow component that falls short of bala ncing ice loss by a bout 
I m /year. Center-line velocit ies vary systematically with ice thickness and surface slope. In the upper half 
of the reach studied , effects of changing thickness a nd slope tend to compensate, a nd velocit ies are nearly 
constant ; in the lower half; the effects a re cumula tive a nd veloc ities decrease progressively down-stream . 
Where the slope increases down-stream from 7° to gO, refl ecting a bedrock step, there is localized longitudina l 
extension o f 0.03 year-I followed by compress ion of 0.08 yea r- I where the slope decreases. M a rginal shear 
(up to 0.5 year- I) is strongl y asymmetric due to flow around the bend: the stress center-line, where one of 
the principa l axes becomes longitudinal, is disp laced 150 m toward the inside of the bend. This effec t is 
prominentl y visible in the crevasse pat tern . I ce fluxes calcula ted independentl y by " la mina r" fl ow theory 
and by continuity disagree in a way which shows tha t interna l defo rma tion of the ice is contro lled no t by 
local surface slope but by a n effec tive slope tha t is nearl y constant over the reach studied. 

R ESUME. EcouLement du BLue GLacier, Olympic M oulltains, Washing tOil, U.S.A. Les comportements de la 
vitesse e t de la vitesse de deformation dans un pe tit g lacier tempere de vallee refl etent les effets sur I'ecoule­
ment d e la geometrie du chena l, de l'epaisseur d e la neige, de la pente d e la surface e t de I'abla tion. Les vitesses 
en surface d e 20 a 55 m pa r an montrent des fluc tua tions d 'une a nnee sur l' autre de 1,5 a 3 m pa r an. Les 
profils transversaux de vitesse ont la forme d 'une parabole d 'ordre eleve modifiee pa r les e ffets d e I'ecoulement 
autour d 'une la rge courbure d ans le chenal qui rend le profil des vitesses asymetrique avec le maximum d e 
vitesse d eplacee vers l'exteri eur. Le g lissement la tera l a tteint 5 a 22 m par a n contre la roche en place et 
s'annule contre les debris. Les vecteu rs vitesse divergent depuis la ligne centrale des glaciers pres d e la langue 
en reponse a la perte de glace a la surface, mais convergent vers ce tte ligne centrale pres de la ligne des neves 
a cause du re trecissement du chena l. Le pendage de ces vec teurs mon tre une composante remontante de 
I'ecoulement qui ne compense pas, a I m pa r a n pres, la per te d e glace. Les vitesses a la ligne centrale 
varient systema tiquem ent avec I'epa isseur de la neige e t la pente d e la surface. Dans la moitie superi eure du 
secteur e tudie, les effets des changements en epaisseur et en pente tendent a se com penser et les vitesses sont 
a peu pres consta ntes : dans la moitie inferi eure, les e ffe ts sont cumula tifs et les vitesses decroissent progressive­
ment de I'amont a I'aval. Lorsque la p ente a ugmente de 7° a gO, ce qui reflete une marche dans le lit, il ya 
une extension longitudina le loca lisee d e 0,03 a n- r su ivie d ' une compression de 0,08 a n- I lorsque la pente 
decroit. Le c isa illement la tera l (plus d e 0,5 an - r) es t fortement asymetrique en ra ison de l'ecoulement 
autour de la courbure: la ligne centra le des tensions OU I' un des axes principaux devient longitudinal es t 
deplacee de 150 m vers l' inter ieur de la courbe. Cet e A'et es t specia lement visible d a ns le sys tbne de 
crevasses. Les ecoulem ents de glace calcules independam ment par la theorie de I'ecoulement "laminaire" 
et par continuite sont en desaccord, ce qu i montre que la deformation interne d e la glace est reglee non par 
la pen te surperficielle locale mais par une p ente moyenne effecti ve qui est a peu pres constante sur tout le 
tronc;:on e tudie. 

ZUSAMMENFASSUNG. Das FLiessverhaLten des BLue GLacier, Olympic Mountains, Washing tOil, U.S.A. Die Gesch­
windigkeit und die Spa nnungsverteilung in einem kleinen, temperierten T algle tscher spiegeln die Fliesseffek te 
der Gletscherbettgeometrie, d er Eisdicke, der Oberflac~enneigung und der Ablation wider. Die Oberflachen­
geschwindigkeiten von 20- 55 m /a zcigen j a hrliche Anderu ngen von 1,5- 3 m /a. Geschwindigkeitsprofil e 
haben die Form einer Para bel ha herer Ordnung, modifiziert durch die Auswirkungen e iner weiten K.urve d es 
G le tscherbettes, was ein asymmetrisches Geschwindigkeitsprofil zur Folge hat, wo bei d as Geschwindigkeils­
maximum gegen die Aussenseite d er Kurve verscho ben ist. Die G leitgeschwindigkeiten a m R ande betragen 
5- 22 m /a bei anstehendem Gestein und N ull bei Schu tt. Die Geschwindigkei tsvektoren dive rgieren am 
G letscherende von der Mittellinie infolge des E isverlustes an der OberAache, konvergieren aber in d er Nahe 
der Firnlinie wegen der Verengung des Gletscherbettes. Das Eintauchen der Vekloren verursacht eine 
aufsteigende Fliesskomponente, die j edoch d en Eisverlust um etwa I m /a nicht ausg leichen kann . Die 
Geschwindigkeiten langs der Mittellinie schwa nken in Abhangigkeit von Eisdicke und Oberflachenneigung 
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systematisch. In der oberen Halfte des untersuchten Bereiches tendieren die Einfliisse wechselnder Machtig­
keit und Teigung zum Ausgleich, die Geschwindigkeiten sind nahezu konstant; in der unteren Ha lfte wirken 
die Einfliisse kurnulativ, die Geschwindigkeiten nehrnen gletscherabwarts standig ab. Wo das Gefalle 
gletscherabwarts infolge einer Felsschwelle von 7° auf gO zunirnrnt, tritt lokal eine longitudinal e Dehnung von 
0,03 a - I auf; es folgt bei wieder geringerern Gefalle Kornpression von 0,08 a - I. Wegen des Durchflusses durch 
die Kurve ist die Randscherung (bis zu 0,5 a - I) stark asyrnrnetrisch. Die Spannungrnittellinie, wo eine der 
Hauptachsen longitudinal verlauft, ist gegen die Kurveninnenseite urn 150 rn verschoben. D as zeigt sich 
deutlich in der Spaltenanordnung. Die Abweichungen der Eisbewegungen, die unabhangig rnit Hilfe der 
"Larninar"-Fliess-Theorie und der Kontinuitatsbedingung berechnet wurden, zeigen, dass die innere 
Deformation des Eises nicht von der lokalen Oberflachenneigung, sondern von einer effektiven Neigung 
abhangt, die irn Untersuchungsgebiet beinahe konstant ist. 

I . INTRODUCTION 

Many local measurements of flow velocity have been made on valley glaciers, but only a 
few studies have provided detailed areal coverage of the velocity field and strain distribution. 
Movement and strain data are needed for testing theories of glacier flow and response to 
climatic change. They also aid in the interpretation of glacier structures such as crevasses, 
foliation, and ogives. In this study of a small valley glacier between firn line and terminus, 
primary emphasis is on relationships between the velocity field and its controlling factors such 
as channel geometry, ablation, surface configuration , and velocity boundary conditions 
(basal and marginal sliding). 

Field work for this study began in 1957 and 1958 as an International Geophysical Year 
activity, supported by the U.S. National Committee, and continued in 1959 and 1960 with 
National Science Foundation support. M eier 's participation was made possible by the U .S. 
Geological Survey. Equipment was loaned by the Office of Naval R esearch (contract 
N-1896-00). The National Park Service granted permission for the study, and per onnel of 
Olympic lational Park greatly aided the work. Initia l supplies and equipment were flown 
to the glacier by the U.S. Coast Guard and the U.S. Air Force. We are indebted to the 
University of Washington group operating on the snow dome for much aid. James N. 
J ohnson of the U.S. Geological Survey assisted in the analyses of the strain and velocity data. 
Many field colleagues, especially C. R. Benson, J. C. Savage, R. L. Shreve, Loren Mosher, 
and Noel Hinners of the California Institute of Technology, and Dean Johnson of the U.S. 
Geological Survey gave assistance. The late William R . Fairchild provided superb logistical 
air support and invaluable help in many ways. 

2. PHYSICAL SETTING 

Blue Glacier is a small valley glacier draining the northeas tern slope of Mount Olympus 
('2 424 m ) in north-western Washington, U .S.A. It is 4.3 km long, I km wide at the firn edge, 
covers 4.3 km 2, and descends from an elevation of 2 375 m to a terminus at I '265 m. The 
firn edge has a mean elevation of about I 600 m, and the bare ice tongue extends roughly 
2 km to a terminus that bifurcates over a longitudinal bedrock ridge. Up-glacier 0.8- 0.9 km 
from the firn edge is a 300 m ice fall separating lower Blue Glacier from its principal accumula­
tion basins. Index maps of the glacier, showing the above features, are given by Alien and 
others (1960, fig. I ) and Shreve and Sharp (1970, fig. I) . The topography of the part of the 
glacier studied here is shown in Figure I. 

The ice flows in a general northerly direction following a gently curving course, convex 
to the east over an arc of roughly 60° with a radius of approximately I km (Fig. I ) . The 

Fig. 1. Swface and bedrock topography of the lower part qf Blue Glacier. l ee margin shown stippled. Numbered points are 
locations of seismic control for bedrock topography. Bore holes are shown with open circles. B edrock topography is smoothed. 
Longitudinal and transverse cross-sections (Fig. 2) are located with solid lines . Numbered triangles are surveying instrument 
statiOTls . 
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surface slope below the firn edge is mostly near 6°. It steepens at the apex of the bend (about 
9° in the middle of the glacier) and near the snout (about 30°). Because of marginal rock 
falls and snow banks, the apparent glacier margin shown on maps does not everywhere 
correspond precisely with the edge of the flowing ice mass. The flow margin, as indicated by 
marginal crevasse patterns, is shown as a heavy dashed line in Figure 3. 

The Blue G lacier is a temperate glacier (Harrison , 1972) . It has a high d egree of activity, 
judging from its relatively sm a ll size and high rates of accumulation and ablation (LaChapelle, 
1959, p. 445) · The general flow pattern of the glacier, and the relations between flow and 
internal structure of the ice, are described by Alien and others (1960) . 

3. B EDROCK CHANNEL CONFIGURATION 

Seismic reflection shots were made at 33 stations on Blue G lacier. At 18 of these, readable 
reflections were obtained, and provide the basis for the bedrock contour map (Fig. I) and 
cross sections (Fig. 2). Although the glacier floor is shown as smooth in the cross-sections, 
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Fig. 2. Longitudinal and transverse cross-sectio.~s of Blue Glacier. Locations of sections and numbered control points are giveTI 
in Figure I . Where dip of the bedrock surface could not be determinedfrom seismic reflections, control on the bedrock topo­
graphy is based on a radius drawn about the shot point as shown. 

the subglacia l topography is probably of considerable relief, like that presently exposed on 
the valley walls and below the terminus. On many of the seismic records it is seen that reflec­
tions a rrived from several directions. Even for very clear refl ections, it is often difficult to 
follow a single reflected phase completely across the geophone spread, or to pick its beginning 
accurately. Thus we estimate that most of our depth determinations near the center of the 
glacier are accurate to no more than 10 m, and many near the margins a re less accurate. 

To d etermine the seismic velocities, refraction profiles of lengths 680 m and 558 m were 
shot across and along the length of the glacier. These profiles were respectively perpendicular 
and parallel to the predominan t foliation in the ice, bu t both gave velocities close to 3 660 
m/sec, with no indication of increase with d epth . 

The seismic survey confirms the step-like nature of the glacier floor, which can be inferred 
independently from the surface profile, from the crevasse pattern, and from the results of a 
gravity study (Corbato, 1965) . 
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Fig. 3. Location and numbering of velocity markers, showing positions in August 1957, 1958, alld 1959. Bore-hole positions 
in 1960 and 1961 are also shown, Horizontal surface velocity ufor 1957- 58 is shown by COil tours with contour interval 
5 m/year. Marginal sliding velocities in 1961 (stations SI- s7 ) are plotted at a scale given in the legend. Location of 
stream sheet followed in flux calculations is shown by train of crosses, with t values indicated. 

https://doi.org/10.3189/S0022143000023029 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000023029


JO U RNAL OF GLACIOLOGY 

4. S URFACE VELOCITY 

Method of measurement 

Flow velocities were measured by means of marker stakes emplaced in the surface ice 
along nine transverse profiles across the glacier, as shown in Figure 3. Each transverse profile 
is d esignated by a letter (from a to i) and the individual markers in each profile are identified 
by a following number (Fig. 3) . 

The markers were surveyed by triangulation from instrument stations loca ted a longside the 
glacier (seven numbered triangles in Fig. I). A base line 403.02 m long was established on 
bedrock and its length determined by subtense bar. The instrument stations consist of 
aluminum tubes 0.9 m long cem ented to bedrock (in one instance, stabilized moraine); 
their coordinates were determined from the base line by a third-order triangulation survey. 
The surveys utilized K ern DKM 2 or Wild T-2 optical theodolites. * 

Three types of markers were used on the ice: 49 consisted of 3.6 m non-floating aluminum 
tubes, 3.8 cm in diameter, closed with a cork or wood dowel at the lower end to prevent 
melting into the ice. Holes in the ice were drilled 3. I m deep using an auger powered by a 2t 
H .P., 2 cycle gasoline engine. 27 other markers consisted of smaller diameter tubes or wood 
sticks 2 cm square, emplaced with the aid of the one-inch SIPRE hand auger. The projecting 
casings of five deep bore holes were also used for velocity m easurem ents. 

Marker stakes were reset as a blation required , and were surveyed one or more time 
during August 1957, 1958, and 1959. The bore-hole casings were a lso surveyed in 1960 
and 1961. 

The m easured m arker displacements a re plotted in Figure 3, and velocity components 
derived from the displacements for 1957- 58 and 1958- 59 are listed in Table I. The velocities 
represent averages over the periods of measurement, which a re approximately but not 
exactly one year. 

Coordinates 

An x-, y -, z-coordinate system is defined with the x-axis directed east, the y -axis directed 
north, and the z-axis directed vertically up (Fig. 3) . The flow velocity is described in terms 
of the following components: 

ux, uy, W = components of velocity parallel to the x , y, Z axes. 
u = horizontal component of velocity, u = (UX2+Uy2)~ . 

AccuraiJI 

1> = azimuth of horizontal velocity component, measured clockwise from the 
+ y-axis as seen in map view. 

(J = angle between the velocity vector and a horizontal plane, taken positive when 
the vector plunges downward in the direction of flow. 

WE = w + u tan ex = emergence flow component (Section 6) . 
ex = slope angle of ice surface. 

Errors of closure indicate that the locations of the instrument points are correct to within 
3 cm in a horizontal direction and 7 cm in a vertical direction. The precision of sighting and 
reading a surveying instrument and errors caused by varying refraction of the line of eight 
can be evaluated to some extent by the consistency of locations of markers which were 
surveyed from more than two instrument points. Differences in horizontal coordinates of 
stakes revealed by these data averaged 14 cm. The effect of steady refraction is ignored , 

* Bra nd names a re given for information only and do not imply endorsement by the U .S. Geological Survey 
or California Institute of Technology. 
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TABLE 1. VELOCITY COM PONENTS 

Upper figures for 1957- 58, lower for 1958- 59 

Ux Uy W u OC WE - a P(u) 
Marker m/year m/year m/year m/year '" deg 

8 
deg deg m/year m/year m/year 

± 
a r 

a2 

br 

b6 

er 

C2 

C3 

C5 

dr 

d6 

er 

- 23·7 + 15·3 
- 21.5 + 16·4 

- 25.2 + 20·4 

- 24.8 
- 25.0 

- 23·4 
- 22·4 

- 13. 1 
- 14·9 

- 25.2 

- 26·4 

- 27.8 
- 28·4 
- 28. 1 
- 29.8 

- 27.8 
- 26·4 

- 27·4 
- 24·9 
- 22.6 
- 23.2 

- 38.0 

- 31.6 

- 28 4 
- 3 1 4 
- 28. 1 
- 28·7 

- 25.6 
- 28.2 

- 24.8 
- 24·3 

- 27.6 
- 26·3 

- 24.8 
- 27.2 

- 23·4 
- 25.8 

- 22.6 
- 24.6 

- 19.0 
- 22.1 

- 9·9 
- 10.0 

- 5. 1 

+ 21.5 
+ 20·7 

+ 22.6 
+ 20.2 

+ 22·3 
+ 15·5 

+ 18·3 
+ 20. 1 

+ 23.8 
+ 21.5 

+ 23.8 
+ 27.8 

+ 27.8 
+ 24.0 

+ 28. 1 
+ 27 .2 

+ 26.6 
+ 1.6 

+ 21.2 
+ 22 ·9 

+ 29 .2 
+ 32.5 

+ 32 .8 
+ 30 . 1 

+ 34·7 
+ 31.5 

+ 28·4 
+ 26.8 

+ 39.8 
+ 27.6 

+ 44·5 
+ 39.6 

+ 45.6 
+ 4 1 .2 

+ 48.9 
+ 44.6 

+ 46.4 
+ 44·9 

+ 32 .8 
+ 30 .3 

+ 354 

- 7·3 + 43.8 
- 9.6 + 39·4 
- 8.8 + 48.2 

- 10·7 + 45 ·4 

+ 2.5 + 32.8 
+ 0·4 + 32.4 

- 0 ·4 + 32 .5 
+ 0.7 + 30.2 

+ 0·7 + 25·9 
+ 2.0 + 21.6 

+ 2.2 + 31.0 
- 0·7 + 33.2 

- 1.5 + 36.5 
- 0·4 + 35·7 

- 0·7 + 37.6 
- 1.2 + 40.8 

- 0.2 + 394 
+ 0.0 + + 35.6 

- 1.5 + 39·4 
- 3·5 + 37.2 

- 0 ·7 + 35.0 
- 7. 1 + 33.0 

- 6·9 + 43·5 
- 2.5 + 38.8 

- 6.2 
- 2·7 

- 5.8 
- 1.8 

- 6.2 
- 1.7 

+ 0·7 
+ 2·9 

- 17.2 

- 10·5 

- 8.8 
- 7.6 

- 5·5 
- 6.1 

- 5. 1 

- 5·4 
- 1.1 
- 2·9 
- 1.8 
+ 1.0 

- 4·7 
- 5.6 

- 3.6 
- 3.8 

+ 40.8 
+ 45. 2 

+ 43·5 
+ 4 1 •6 

+ 43.0 
+ 42 . 2 

+ 38.0 

+ 36.2 

+ 47.8 
+ 38 .2 

+ 5 1.0 
+ 44.1 

+ 51.5 
+ 484 

+ 54.0 
+ 51.0 

+ 50.0 
+ 50.0 

+ 34·3 
+ 32 .0 

+ 35.8 

+ 44·5 
+ 39.2 

+ 48.5 
+ 47·5 

- 57. 1 

- 52 .6 

- 50 .9 

- 49.0 
- 50 4 
- 45·9 
- 47 ·9 

- 30 .5 
- 44.0 

- 54. 1 

- 52 .7 

- 49·5 
- 52 .9 

- 41.6 
- 46.9 

- 45.0 

- 47·7 

- 44.2 

- 42 4 

- 40 .3 
- 44.6 

- 6 1.0 
- 53 ·9 

- 44·3 
- 44. 1 

- 40 .5 
- 43.6 

- 364 
- 4 1 •8 

- 49. 1 

- 42 .3 

- 33 .8 
- 43.6 

- 29. 1 

- 38.2 

- 27. 1 

- 28.8 

- 24.8 
- 28.8 

- 22·3 
- 26.2 

- 16·7 
- 18·3 

- 8.2 

- 9·5 
- 13.6 

- 10·3 
- 13. 1 

3.0 

1.4 

- 2.6 

- 44 
- 0·7 

0.6 
- 1·4 
- 1.6 
- 5·3 

- 4.0 

1.1 

2·3 
0.6 

1. 1 

1.6 

0·3 
- 0.1 

2.1 
5·4 
1.2 

12.1 

9. 1 

3.6 

8·7 
2. 1 

7·7 
2·5 
8.2 
2·3 
1.1 

5. 1 

19·7 
15·5 
g.8 
9.8 

6.1 
7.2 

5·4 
6.0 

1.3 

3·3 

3.0 

- 1.8 

7.0 

6.1 
8.2 

4·3 
4 .6 

6·3 
6.8 

5·7 

6.0 
5·7 
4.8 
5·4 

5·5 
4·9 
8.2 
6.8 

6.8 
6.8 

6-4 
6·3 

6·3 
6.0 

6.2 
6·3 

5·7 
6.8 

I 1.9 
9·9 

9·9 
8.0 

8.2 
7-4 

7·7 
7. 1 

7·3 
7·4 

16.6 
15. 1 

I 1.6 
11.6 

8·9 
9·9 

H 
8.8 

7·5 
7. 1 

6·4 
6·3 

9.8 

8·3 
8.0 

6·9 
7·4 

+ 6.2 
+ 3.6 

+ 2.6 
+ 3.6 

+ 3·3 
+ 2.0 

+ 6.6 
+ 3·3 

+ 2·9 
3·9 

+ 3·7 
+ 4·4 

+ 4.2 

+ 3·7 

+ 2·9 
+ 0.6 

+ 2·9 
- 3. 1 

+ 2.2 
+ 4·3 

+ 1.1 
+ 3.6 

+ 0·4 
+ 3.6 

- 0·4 
+ 3·5 

+ 5·5 
+ 1.8 

- 2·9 
- 0·3 

+ 1.8 
+ 1·4 
+ 2.6 
+ 24 

+ 1.8 
+ 2·5 

+ 5·5 
+ 3·4 
+ 2.2 
+ 2·5 

+ 1.8 

+ 1.8 
+ 0.1 

+ 2.2 
+ 2.2 

4. 1 

4·3 
6. 1 

2.2 
3·4 

4·4 
3.8 

5·9 
4 .0 

3. 1 

3·9 
3.8 
3·5 

4 · 7 
4. 1 

3·4 
3·9 

4·5 

3.2 

4. 1 

4. 1 

4·3 

4·9 
3.8 

4 .8 
3.8 

4. 1 

4.0 

2.6 
3·4 
2.6 
3. 1 

3.0 

3·3 

2·7 
3.6 

6.1 
4.0 

3.0 

3·9 

3·4 
4.2 

2·3 
2.8 

2·4 
2·7 

0-4 
1.0 

0 ·4 
1.2 

0.2 
0·7 

0·4 
1.9 

0.2 
0·5 

0·4 
0·5 

0.2 
1.5 

0·4 
1.1 

1 . 1 

1.1 

1.0 
0·4 
0.2 
0·5 

0-4 
1.0 

0.2 
0·3 

0-4 
0 ·3 
0.6 
0.2 

04 
0.2 

0 ·5 
1.0 

0 ·4 
1.1 

0·4 

0·4 
0.2 

0·3 
0.2 
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P(W) 
m/year 

+ 
1. 2 
1.4 

0·7 

1.2 

0·7 
0 .2 

1.2 
1.2 

0·7 
0·4 

0.8 
1·7 
1.2 

1.7 

0·7 
1.2 

0.2 
1.2 

0·7 
1.5 

0.2 
1.0 

1.2 
1.7 

0.2 

1.1 

0.8 
0·9 
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0 .2 
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TABLE I- con tinued 

Ux Uy W u 

'" deg Marker m/year m/year m/year m/year 

tS 

.15 

gr 

is 

i6 

i8 

i9 

- 9·5 
- 11.9 

- 10.2 
- 7·4 
+ 0.2 

- 0·7 
- 2·3 

- 0·3 
- 2·9 

- 0 ·7 
- 2.8 

- 04 
- 2·9 

+ 2·9 
+ 2.6 

+4-4 
+ 5.0 

+ 6·9 
+ 4·9 
+ 6.6 
+ 5·4 
+ 6·9 

+ 12.0 
+ 10·5 
+ 14.2 
+ ' 0·9 
+ 16.8 
+ 12.6 

+ 12.0 

+ 12.0 

+ 16.8 
+ 13.6 

+ ' 5.0 

+ 12·4 

+ 13·5 
+ 1 1.2 

+ 11 ·7 
+ 10.2 

+ 5.1 

+ 3.0 

+ 5 1.8 
+ 48.7 

+ 50 .3 
+ 55·5 
+ 38.7 

+ 45·3 
+ 43·7 
+ 49.2 
+ 47·9 
+ 5 1.5 
+ 49·5 
+ 50 .7 
+ 49 .0 

+ 3 1.4 
+ 29·9 

+ 43.0 
+ 42 .6 

+ 48.5 
+ 45 ·5 
+ 50 .0 

+ 47·4 
+ 47 .8 

+ 34.6 
+ 30 .6 

+ 38.7 
+ 35.6 

+ 39.8 
+ 4 1.5 

+ 47.8 
+ 46.5 

+ 49 .2 
+ 45.6 

+ 49.6 
+ 46.2 

+ 48 .9 
+ 45·4 
+ 44. 1 

+ 42 .0 

+ 30 .3 
+ 26·9 

+ 10.2 + 454 
if I 

i r2 
+ 16·3 

M J + 5.8 
+ 4·3 

M 2 + 9.8 
+ 8·3 

+ 45.2 

+ 50 .4 
+ 47 .6 

+ 49.2 
+ 46.3 

- 3.6 
- 2·3 
- 2.6 
- 3.6 

- 2·9 

- 3·3 
- 3·5 
- 3.6 
- 3.2 

- 3.6 
- 3.0 

+ 52.9 
+ 50 . 2 

+ 5I.4 
+ 55 ·9 
+ 38.7 

+ 45·5 
+ 43 ·7 
+ 49.2 
+ 48.0 

+ 5 1.5 
+ 49.6 

- 2.2 + 50.7 
- 2.2 + 49.2 

- 0·4 + 31.4 
+ 0 .9 + 30 .0 

- 2.2 + 43.4 
- J.I + 42.8 

- 0 .0 - + 48.9 
- I.4 + 45.8 

- 0 ·7 + 50 4 
- 0·9 + 47.6 

- 0.2 + 48. 1 

- 4·7 
- 6.8 

- 6.6 
- 3·9 
- 5. 1 

- 4 ·7 
- 3.6 
- 4.0 

- 6.2 
- 4. 1 

- 6.6 
- 4·7 
- 5. 1 

- 4 . 1 

- 4 ·4 
- 4.2 

- 3·3 
- 6·9 

+ 35.8 
+ 32 4 
+ 41.2 
+ 37.8 

+ 43.0 
+ 43·5 
+ 49.2 
+ 48.0 

+ 52 . 1 

+ 47.6 

+ 5 1.8 
+ 47 ·9 
+ 50 .7 
+ 46.7 

+ 45 .6 
+ 43.2 

+ 30 .6 
+ 27.0 

- 10 4 
- 13.6 

- 1 1.5 
- 7.6 

+ 0·3 

- 0 ·9 
- 3.0 

- 0 ·3 
- 3·5 
- 0.8 
- 3·3 
- 04 
- 3·4 

+ 5·3 
+ 4·9 
+ 5.8 
+ 6·7 
+ 8. 1 
+ 6. 1 

+ 7·5 
+ 6·5 
+ 8·3 

+ 19·7 
+ 19.0 

+ 20.2 
+ ' 7. ' 
+ 22 ·9 
+ 16·9 

+ 14.1 
+ 14·5 
+ 18 .8 
+ 16·7 
+ 16.8 
+ 15.0 

+ 15·4 
+ 13·9 
+ 14.8 
+ 13·7 

+ 9.6 
+ 6·3 

- 5.3 + 50.0 + 12·3 

- 5. 1 

+ 1.1 
+ ' ·9 
- 5·5 
- 0 4 

+ 48 .0 + 19.8 

+ 50.7 + 6.6 
+ 47.8 + 5·[ 
+ 50.4 + I 1.3 
+ 46.0 + ' 0. 1 

- 3. 1 + 45·7 + 7·9 

IJ 
d eg 

4 .0 

2·7 
2.8 
3·7 

4·3 

4 . 1 

4·5 
4. 2 

3.6 

4. 1 

3·4 
2·5 
2.6 

0·7 
1.7 

2·9 
- [ ·5 

0 .0 

1.7 
0.8 
1. 1 

7.6 
11.9 

9. 1 

5·9 
6·7 
6.2 

4. 2 

4·7 
6.8 
4·9 
7. 2 

5· 7 
5.8 
5.0 

5·5 
5·5 
6.[ 

' 44 

2.8 

6. 1 

6. 1 

- 1.2 
- 2·3 

6.2 
0 ·5 

3·9 

IX WE - a P(u) 
d eg m/year m/year m/year 

± 
6.2 
6.8 

6.0 
7·4 
6.1 

6·4 
7·7 

5·7 
6.8 

5·3 
6·3 
5. 1 

5·7 
4·5 
54 
5.0 

5· [ 

4· 7 
4.6 

4·5 
4·5 
4·3 

10·7 
9.6 

8·9 
8.0 
8.2 
6.8 

5·9 
5·[ 
8.2 
6 .0 

7. 2 

6.0 

5·7 
54 
5.8 
6·3 

5·9 
6.0 

5. 1 

+ 2.2 
+ 3·7 

+ 2·9 
+ 3·7 
+ 1. [ 

+ , .8 
+ 2·4 

+ 1.5 
+ 2·5 
+ 1. 1 
+ 2·5 
+ 2.2 
+ 2·7 
+ 2.2 
+ 3·7 
+ 1.5 
+ 2.8 

+ 4.0 

+ 2·3 

+ 3·3 
+ 2·9 

+ 3·4 

+ 2.2 
- 1.3 
+ 0.0 
+ '·4 
+ 1. 1 
+ 0·5 
+ 1.5 
+ 0·4 

+ 1.5 
+ 1.0 

0.0 

+ 0·3 
0.0 

+ 0·3 

+ 0 ·4 
+ 0.6 

- 0·4 
- 4. 1 

+ ' ·9 

4·9 - 1.[ 

+ 0·9 
+ 2.6 
+ 5·7 
- 1. 1 
+ 3. 1 

2.8 
3·3 

3·3 
4·4 
3.8 

2. 1 
2·7 
1.9 
2·7 

2·3 
2.8 

3·9 
4.0 

2·5 
4. 1 

1.6 
2.8 

4. 2 
2.6 

1.5 
2·7 

4·5 

2.6 

2.8 
2·7 
2.1 
2·5 
1.0 
1.8 

2·3 
2.2 

2·9 

1.4 

2.2 

0-4 
0.2 

0.2 
0.2 

0.2 
0.2 

0.2 
0 .2 

0·4 
1.0 
0 .2 
0·3 
0.2 
0.2 

0·5 
0 ·5 
0·3 
0.2 

0 ·5 

0 ·4 
0.2 

04 
0.2 

0 ·4 
0.2 

0·4 
0·9 

0·4 
04 

04 
0.6 

0·3 
0·3 

0·4 
0 .6 

0·5 
1.1 

0.2 

0 .6 

P(W) 
m/yea r 

+ 
1.3 
0 .8 

1.2 
2·5 
1.2 

0 ·7 
0 ·7 

0· 7 
0·9 

0·7 
1.0 
1.2 
1.5 

0·7 
0·9 

0· 7 
0.8 

0 ·9 
0 ·9 
0 .8 
0·9 
1.3 

0·7 
0.2 

1.2 
0·7 
1.2 
0·7 

0 ·7 
0·5 
1.2 
0·7 

0·7 
0·5 
0 .8 
0.8 

1.3 
0.8 

0.8 
24 

0.2 

0.6 

0 ·3 
0 ·3 
0.2 
1.0 

0.2 

0 .2 
0.2 

0.2 
0 ·4 
0 .2 
0·5 
0 .2 
04 
0.2 
0.2 

0.2 
0·3 
0.6 
0 ·4 
0 ·3 
0·4 
0·3 

0.2 
0.2 

0.2 
0.2 
0 .2 
0.2 

0 .2 
0·5 
0 .2 
0 .2 

0.2 
0·5 
0 ·3 
0·3 

0 ·3 
0·3 

0 ·3 
0·4 

0 .2 

0.6 
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because only changes in apparent stake location were used to compute velocity components. 
Errors due to resetting of stakes, and the wobbling, leaning, and settling of stakes were 
estimated in the field. Estimated probable errors for u and w, combined from the various 
sources mentioned , are reported as P (u) and P (w) for each marker in Table 1. The asymmetry 
in P(w) arises from leaning and settling of stakes; the resulting errors that would algebraically 
decrease w tend to be larger than those that would increase w. Taking into account these 
asymmetric errors, the permissible range of w is obtained from the measured w values in 
Table I by adding and subtracting the separate ± P(w) values as indicated . 

Time variations of velocity 

Velocities at most of the markers for 1958-59 were less by 1- 4 m year- I than those for 
1957- 58. For the a- c profiles the decrease (averaging I. 1 m year- I) is attributable mainly to 
motion of the markers through a longitudinally varying velocity field. Above the d profile, 
where longitudinal gradients are small, the decrease represents a time variation in the velocity 
field. Time variations over the period 195 7- 61 were shown by the bore-hole casings, which 
were moving in an area where longitudina l variations in velocity were small and well defined 
(Fig. 3) . Compared with the 1957- 58 velocity field, the 1958- 59 velocities of these markers 
were low by about 3 m year- I, the 1959- 60 velocities low by about 1.5 m year- I, and the 
1960-61 velocities high by a bout 2 m year- I. 

Three markers showed substantial increases in velocity from 1957- 58 to 1958-59 (b3, C2, e5, 
Table I ) ; these were localized at the individual markers and do not conform to the general 
pattern observed. 

Year-to-year velocity fluctuations of the magnitude observed could be caused by changes 
in ice thickness and surface slope. From glacier flow theory, a decrease in ice thickness of 
I m should reduce u by 0.7- 1.4 m year- I, and a decrease in surface slope of 0.05 ° (which 
would lower the ice 0.5 m less at the e profile than at the i profile) should reduce u by 1.0 to 
2.0 m year- I. The data in Section 6 show such changes in thicknes. Year-to-year changes 
in the contribution of basal sliding, which could result not only from thickness changes but 
also from changes in the extent of " lubrication" that promotes sliding, may also be responsible 
for the velocity variations. 

Velocity measurements over periods of 7 to 24 d during August suggest that summer 
velocities may be slightly greater than the yearly velocity at some markers, but no consistent 
pattern is evident in the observed variations. 

Pattern of the velocity field: longitudinal flow component 

Figure 3 displays a pattern of velocities that vary smoothly over the area studied. As 
shown by the contours in Figure 3, the flow velocity near the center-line remains nearly 
constan t longitudinally over a la rge region from the i profile down to the d profile. Below the 
d profile there is a fairly uniform down-stream decrease in flow velocity. 

Transverse profiles of fl ow velocity (Fig. 4) display a flat-bottomed, inverted U-shape of 
the typical higher-order paraboli c form that results from non-linear flow. A detailed profile 
(h-profile, * Fig. 3), with markers 15 m apart, shows that the velocity gradient close to the 
margins is steep, but the velocity increases smoothly inward from the m argins. Marginal 
sliding (Section 5) occurs where the margin is a steep bedrock face . 

Lack of symmetry about the mid-line of the glacier in some of the velocity profiles (Fig. 4) 
may be due in part to asymmetry in the bedrock channel. The east wall at profiles a and b 

* Marker d isplacements in the h profile were measured only in a direction perpendicular to the profile line, 
from a single theodolite station. The velocity profile given in Figure 4 was obtained by assuming a flow direction 
parallel to that measured at Lr and i4. 
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Fig , 4, Transverse profiles oJ flo w velocity. Length oJ annual motion vectors is shown at a scale enlarged 6.35 times relative to 
the positions oJ the velocity markers in the profiles. Flow vectors areJor 1957- 58, except at s3- s5. Velocities on h profile 
represent longitudinal flow component only (see text) . "Cellter-line" corresponds to flow lille oJ stream sheet (Fig, 3 ). 
The two vectors at i3 are explained in the text (Section 4) . 

and the west wall at profiles c, d, and c are especially steep , and the marginal sliding velocities 
(Section 5) are high there. 

A definite cause of asymmetry in the velocity profile is the prominent bend in the glacier 
channel between profiles i and c (Fig. 3). The theoretically predicted effect of flow in a 
horizontally curving channel (W. B. Kamb, unpublished work), is seen clearly in profiles d, 
c, and!, where the channel curvature is greatest, and also to a certain extent in profiles g and i. 
The effect is a "tilting" of the higher-order parabolic velocity profile toward the inside of the 
bend, which shifts the maximum velocity toward the outside of the bend (Fig. 4). This occurs 
in profiles d, c, and f despite the suggested asymmetry of the bedrock channel (Fig. I), which 
would tend to produce the opposite effect. In a separate paper the effect of channel curvature 
on the fl ow will be considered in detail. 
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The velocity at i3 for 1957- 58 (solid arrow in Fig. 4) is anomalously low in relation to the i 
profile as a whole, and cannot be explained by a local bedrock irregularity as far as known 
(Fig. I) . From Uy at i3 in 1958- 59, and from the average change in Uy between 1957- 58 and 
1958- 59 at il - 2 and i4- 7 (Table I ), one would expect U y ~ 43.1 m year- J at i3 in 1957- 58, 
which corresponds to a velocity u that is reasonable in relation to the i profile as a whole, as 
shown by the dashed arrow in Figure 4. 

Transverse flo w component 

In the vicinity of the firn edge (profiles e, g, i, Fig. 4) the velocity vectors converge toward 
the center-line, whereas in the lower part of the ice tongue (profiles a- d) they diverge from it. 
Convergence a bove the firn line and divergence below it might be expected as consequences 
of accumulation and ablation , from an argument given by Nielsen (1955, p. 8). However, 
Raymond (197 I, p. 78) shows that the lateral flow expected on this account should take place 
mainly at depth, and is so observed in Athabasca Glacier. The surface flow convergence at 
profiles e, g, and i occurs below the firn line and hence cannot be due to an accumulation 
mechanism ; it is caused instead by the well-defined narrowing of the channel down-stream 
between the i and d profi les (Fig. 3). Below the d profile there is a local widening of the 
channel on the west side, and the outward splaying of velocities at dl and Cl is probably in 
part the result of this. However, the general splaying of the vectors in the lower part of the 
glacier , which is seen also in the marginal sliding vectors (Section 5), cannot be attributed to 
channel widening. It can logically be explained as a response to ablation, in spite of its 
conflict with the observations and reasoning of Raymond ( 1971 , p . 78), by considering the 
role of areal strain rates (see Section 6 and Kamb and Meier, unpublished ). 

Plunge of flow vectors 

On the upper profiles the velocity vectors plunge downward from horizontal, whereas 
on the lowest profiles (a and b) they are nearly horizontal or directed slightly upward (Fig. 5) . 
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Fig. 5. Plunge of flow vectors 0 in relation to ice swface slope a in transverse profiles. Positive values represent downward 
plunge in direction of flow. 
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Almost everywhere the measured velocity vectors p lunge more gently than the local ice surface 
slope, so that the ice movement is surfaceward, as needed to counterbalance ice loss by 
ablation. The difference between plunge of the velocity vector () and glacier surface slope Cl 

is sm all on the i profile, near the firn line, and increases down-glacier to about 7° on the a 
profile, reflecting the progressive increase in annual ice loss down-glacier. 

On profiles d and e, () and Cl increase progressively toward the west (Fig. 5) . This results 
from the westward bend in the g lacier channel, which requires, geometrically, a westward 
increase in surface slope. The plunges of the flow vectors increase in response to Cl. In effect, 
the glacier pour over a small , localized ice fall as it goes around the inside of the bend. 

5· MARGINAL SLIDING 

In August 1961, motion of the ice past the bedrock margin was measured at the seven 
sites la belled SI- s7 in Figure 3. At each site the position of a wood en stake fixed in the ice 
was d etermined in relation to a stake fixed in the adjacent bedrock by m easuring the length , 
bearing, and plunge of a string stretched between the two stakes . M easurements at successive 
times give, by difference, the movement vector of the ice. The results are given in Table n . 

TABLE H . MARG'NAL SLID' NG, AUGUST 196, 
Displacement vector 

Date 
Site from to Length H orizontal Vertical u 

'" 
(J 

m m m m / year deg d eg 

Sf 3 11 0.24 1 0 .2 ,6 + 0. 102 10.0 306 + 25 
ll* 19 0.234 0.216 + o.ogo g.g 3 ' 2 + 22 
19" 25 0.180 0. 177 + 0.034 10·3 320 + 1' 
25 3 ' 0. 192 0. ' 92 + 0.026 , 1.9 3 '7 + 7 

3 3 ' 0.835 0.796 + 0.252 ' 04 3 ' 3 + ' 7 

S2 3 " 
0.2 ' 9 0.2'9 - 0.028 94 287 - 7 

' g" 25 0 .222 0.222 - 0.0 " 12·9 305 - 3 
25" 3' 0.20 ' 0. ' 92 - 0.059 11·9 305 - ' 7 
Ig 3 1 0.420 04 '4 - 0.070 12.6 305 - g 

s3 I' ' g 0.448 0.448 + o.o ' g 20·5 333 + 2 
' g" 25 0.363 0.363 - 0.009 21.4 33 ' - , 
25 3 ' 0.363 0.363 + 0.009 2 1.9 338 + 1 

" 3 ' ' ,'72 ' . ' 72 + 0.0 ' 9 21.4 334 + 1 

s4 3 6 0.06 . 0.058 - 0.0 ,6 7· ' 344 - ' 5 
6 

" 0 .085 0.082 - 0.0'3 5·9 323 - g 
11 " ' 9 0,'58 0.'52 - 0 .045 6·9 358 - , 6 
Ig" 25 0.082 0.082 - 0.0 15 4·9 335 - ' 0 
25 31 0. ' 3 1 0. '04 - 0.079 6.2 319 - 37 

3 31 0 .488 0·459 - 0. ,68 6.0 338 - 20 

S5 12 19 0.152 0" 52 0.000 8.0 17 0 
' 9" 25 0. 152 0. '40 - 0.057 8·9 8 - 22 
25" 31 0.137 0. ' 22 - 0 .063 74 358 - 27 
12 31 0428 0.4 10 - 0.120 7·9 8 - ,6 

s6 6 I' 0. 104 0. ' 01 - 0.026 7.2 18 - ' 4 
11 ' 9. 0.,68 0, '58 - 0.055 7.2 8 - 19 
'9 25 0,' 46 0, '46 - 0 .020 9 .2 3 - 8 
25 31 0. 11 6 0.110 - 0.042 6·7 ,8 - 20 
6 31 0.53 1 0.5 11 - 0.143 7·5 11 - I .~ 

s7 12 Ig 0 .174 0. 168 - 0.034 8.8 20 - 11 
Ig 25 0. 11 6 0 .11 3 - 0.02g 7.0 10 - 14 
25 3 ' 0. 165 0. 137 - 0.Og2 8·5 10 - 34 
12 31 0 ·445 0.416 - 0.155 8 .0 14- - 20 

* Marker s ta ke reset. 
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Marginal sliding velocities are shown in Figure 3 at a scale en larged relative to the annual 
motions of the surface markers, and velocity vectors at s3- 5 are shown in Figure 4 at the 
margin of the nearest velocity profile. 

The effect of m easurement error on sliding velocities depends on velocity, time interval, 
string length , and direction. At most stations the veloci ty vector made a high angle ( ~65 0) 
with the string direction, and for strings of typical length (0.4- 1.1 m ), the velocity accuracy 
reflects mainly the accuracy in string direction (0.5 °) rather than string length (0.3 cm) . 
For m easurements over time intervals of seven days, the uncertainty is about 0.6 m /year in u 
and about 4° in q, and (J, for u ~ 8 m/year. For the overall m easurement period of about 
28 d, the uncertainties are a fourth as great, except for errors due to resetting of stake. 

The observed sliding rates (Table II ) range from 5 to 22 m/year. The largest (at s3) 
occurs where the glacier is starting over the small ice fall on the inside of the bend (Section 4) , 
and the second largest (S2) is where the glacier descends a steep bedrock slope near the 
nout. Marginal sliding is 12- 47 % of the adjacent center-line surface velocity. Local varia­

tions in velocity from site to site are larger than any systematic variation down-glacier. The 
ratio of marginal sliding to center-line veloci ty tends to increase down-glacier (as reported for 
Austerdalsbreen by Glen and Lewis, I g6" p. I 109) , mainly because of the down-glacier 
decrease in center-line velocity. Extrapolation from marginal sliding to basal sliding is not 
possible, but the data support the probability of large variations in the contribution of basal 
sliding to total flow velocity from place to place along a vall ey glacier (Savage and Paterson , 
1963) . 

In plan view the marginal slip has a component directed outward from the glacier (Fig. 3), 
which is consistent with the splaying of the velocity vectors discussed in Section 4. The 
divergence from the flow center-line ranges from 18° to 34°, with 20° the most representative 
value. 

Inclination of the sliding vector with respect to horizontal ( (J in TabJe II , plus indicating 
downward plunge in the direction of motion) is upward except at SI and S3, which are site 
whel-e the ice surface slopes steeply down valley. 

The consistency in magnitude and direction of m ovem ent at sites s5- 7, which are separated 
by only a few tens of m eters, show that local bedrock configuration on the scale of a few ten 
of m eters does not seriously affect the magnitude and direction of ice movement, contrary to a 
conel usion of Glen and Lewis ( I g6 I , p. I I 17). 

The data in Table II sugges t temporal variations in marginal sliding. Short-term motions, 
measured over successive periods of 6- 8 d , show variation up to 1- 3 m /year in rate and up to 
10°- 40° in direction (both (J and q,). In relation to m easurement errors, the larger variations 
in rate appear real, but the variations in direction are questionable, particula rly because they 
increase roughly in inverse proportion to the sliding rates. 

The h profile (Figs. 3, 4) provides evidence that where the glacier margin is a steeply 
sloping moraine, there is no marginal sliding, and the flow velocity decreases continuously to 
zero at the margin. (The small reversed motion of the outermost h marker nearest the glacier 
margin (Fig. 4) is probably due to creep of a marginal snowbank.) Along much of the east 
margin of the glacier the situation appears similar. 

6. R E LATION BETWEEN FLOW AND ABLATION 

The emergence flow component WE (called em ergence velocity f by M eier and Tangborn 
(1965, p. 561 ), " Eisnachschub" by Schimpp (1958, p. 310), and Vd by M eier (1960, p. 24)) 
represents the component of movem ent that tends to compensate for the net gain or loss of 
ice from the surface. I t is given by 

WE = w+ u tan et 

where et is the surface slope. If compensation is not complete, the surface profile changes ; 
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the rate of change in thickness of the glacier, h, is related to the annual net balance a and the 
emergence flow component WE as follows: 

h = wE + a ( I) 
a represents the net yearly gain (+) or loss (-) of ice at the glacier surface due to accumula­
tion and ablation, measured vertically, in the ice thickness per year. 

Values of WE and a, computed at each stake where sufficient data are available, are 
presented in Table 1. The large variation in the results is due only partly to the cumulative 
effect of several sources of measurement error ; actual variations in the flow and the net 
budget due to local irregularities in topography and albedo a re apparently also of importance. 
A prime source of difficul ty is determining the surface slope (x, which is required for the 
calculation of WE. Different results are obtained if one uses the local slope measured over 
distances of 30 to 100 m in the vicinity of a stake, as in Table I , or averages the slope over 
longer distances. 

In Table III are given the average values of WE, a, and h for each transverse profile during 
'957- 59. The magnitudes of WE and a both increase down-glacier, but h remains approxi­
mately constant, indicating a rate of overall thinning of about I m /year. This is consistent 
with the negative mass budgets measured during this time by LaChapelle (1959, p. 445 ; 
1960, p. 19)· 

7· 

TABLE Ill. AVERAGE VALUES OF WE, a, AND h ON TRANSVER SE 

PROFILES 

Distallce 
below 

Profile fim edge WE a It 
m m/yea r m/year m/year 

a 1 340 + 3·4 - 3·9 - 0·5 
b 1 120 + 3.0 - 4 .1 - J.I 

c 980 + 2.6 - 4 .1 - 1.5 
d 790 + 1·9 - 3-4 - 1·5 
e 560 + 2·3 - 3.2 - 0·9 
f 400 + 2.0 - 2·9 - 0·9 

~ 210 + 2·9 - 2·9 0.0 
I - 40 + 0·3 - 2·3 - 2.0 

S U RFACE STRAIN-RATE DISTRIB UTION 

A1easurement method and accuracy 

Surface strain-rates are calculated from the velocity m easurements by modification of a 
procedure previously employed (M eier, 1960, p . 32 ) . In principle the instantaneous surface 
strain-rates are given by 

Cxx = oUx/ox, Cyy = OUy/ oy , Cxy = t (oux/ oy+ ouy/ox) 
where Ux and Uy are the instantaneous velocity components, and where the x- and y -axes 
here are tangent to the local ice surface. The velocity gradients were determined from a 
weighted average of velocity differences read across a square grid 100 m on the side on 
contoured plots of Ux and Uy. Since Ux and uy are m easured over a finite period of time, the 
calculated strain-rates are spatial and temporal averages. The known time- and space­
variations in the velocities are sufficiently small that the difference between the average 
strain-rates and instantaneous local values is negligible in comparison with the measurement 
errors. U se of the horizontal x, y coordinate system defined in Section 3 gives negligible errors 
because the surface slopes are small. 

Principal strain-rates El (greatest) and Ez (least), and the angle IjJ between the El axis and 
the x-axis (positive from + x toward + y) were determined from the standard formulae 
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T he resu lts are g iven in Table IV and Figure 6. 

TABLE IV. SURFACE STRAIN-RATES, 1957- 58 

x y Cx x iyy eXY <I <'2 if; 
m m year- I yea r- I year- I year- r year- r deg 

350 1 950 - 0.012 + 0.004 + 0.024 + 0.021 - 0.029 54 
450 1 950 + 0.007 - 0.0 13 + 0.032 + 0.03 1 - 0 .037 37 
550 1 950 + 0.02 1 - 0.02 7 + 0.03 1 + 0 .03 fi - 0.042 26 
350 1850 - 0 .005 + 0 .023 + 0.020 + 0.033 - 0.0 15 62 
450 1 850 - 0.001 + 0.009 + 0.02 7 + 0 .03 1 - 0 .023 50 
550 1 850 + 0.007 - 0.0 16 + 0 .024 + 0 .022 - 0 .03 1 32 
650 1 850 + 0.0 19 - 0.038 - 0.003 + 0.0 19 - 0 .038 - 3 
450 I 750 - 0.0 16 + 0 .035 + 0.030 + 0.049 - 0.030 65 
550 I 750 + 0.009 - 0 .002 + 0.029 + 0.033 - 0.026 39 
650 I 750 + 0.025 - 0 .054 + 0.0 15 + 0.028 - 0.057 10 
750 I 750 + 0.0 12 - 0.09 1 - 0 .0 13 + 0 .0 13 - 0.093 - 7 
550 1 650 + 0.086 - 0.052 + 0.075 + 0 . 11 9 - 0.085 24 
650 1 650 + 0 .022 - 0.058 +0.0~8 + 0.03 1 - 0.067 17 
T;O 1 650 + 0 .0 14 - 0.067 + 0.001 + 0.0 14 - 0.033 
850 1 650 + 0.024 - 0.083 + 0.042 + 0.038 - 0 .098 - 19 
550 1550 + 0.079 - 0.028 + 0 .042 + 0.094 - 0 .042 19 
650 1 550 +- 0.023 - 0.038 + 0.006 + 0.024 - 0 .039 6 
750 1 550 + 0.026 - 0.0 11 - 0.0 14 + 0.03 1 - 0.0 16 - 19 
850 1 550 + 0.022 - 0.02 7 - 0.032 + 0 .038 - 0.043 - 26 
650 1 450 + 0.0 15 + 0.026 - 0.0 11 + 0 .033 + 0.008 - 59 
750 1 450 + 0.0 15 + 0.0 18 - 0 .009 + 0 .026 + 0 .007 - 50 
850 1 450 + 0.008 - 0 .0 13 - 0.0 18 + 0.018 - 0.023 - 30 
650 1350 - 0.004 + 0.009 0.000 + 0.02 1 - 0.007 - 70 
750 1 350 - 0.003 0 .000 - 0.0 11 + 0.010 - 0.0 13 - 49 
850 1 350 - 0.004 - 0.007 - 0.02 1 + 0.0 15 - 0 .027 - 43 
650 1250 - 0.0 17 - 0 .003 + 0 .0 13 + 0 .005 - 0 .025 59 
750 1 250 - 0.006 - 0 .006 - 0.009 + 0 .003 - 0.01 5 - 45 
850 1 250 - 0.002 + 0.002 - 0.0 16 + 0.0 16 - 0.0 16 - 49 
650 I 150 - 0 .008 + 0.004 + 0.023 + 0.02 1 - 0.026 57 
750 1 530 - 0.005 + 0.004 - 0.002 + 0.004 - 0.005 - 78 
850 1 530 - 0 .008 + 0.005 - 0 .0 17 + 0.017 - 0.020 - 56 
550 1 050 - 0 .005 - 0.02 1 + 0.034 + 0 .022 -0.048 38 
650 1 050 - 0.00 1 0.000 + 0.0 15 + 0.0 15 - 0.0 16 46 
750 1 050 - 0.006 + 0.004 - 0 .002 + 0.oc4 - 0.006 - 8 1 
850 1 050 - 0.0 11 + 0 .008 - 0.0 12 + 0.0 14 - 0.0 17 - 64 
550 950 0.000 - 0.042 + 0.03 1 + 0.0 17 - 0.059 28 
650 950 - 0 .0 16 - 0.009 + 0.020 - 0.004 - 0.030 44 
750 950 - 0.0 13 - 0 .001 + 0.00 1 - 0.00 1 - 0.0 13 85 
850 950 - 0.0 18 + 0.002 - 0.0 12 + 0 .008 - 0.024 - 65 
550 850 + 0.002 - 0.049 + 0.008 + 0.003 - 0.050 9 
650 850 - 0.020 - 0.022 - 0.0 10 - 0.01 1 - 0 .03 1 - 48 
750 850 - 0.0 18 - 0.007 - 0.007 0.000 - 0.025 - 64 
850 850 - 0.0 18 + 0 .004 - 0.0 13 + 0.0 10 - 0.024 - 65 
750 750 - 0.047 - 0 .007 - 0.0 18 0.000 - 0.054 - 69 
850 750 - 0 .026 + 0.004 - 0.018 + 0 .0 12 - 0 .034 - 65 

The la rges t source of error in the strain-ra tes is due to the subjective procedure of con­
structing the velocity contour maps from the locally m easured velocity values. Discrepancies 
among the results of this procedure as carried out by different people indicate an uncerta inty 
of order ± O. OI year- I from this cause, ra ther la rger than the uncertain ty of a bout ± 0.005 

year- 1 expected from the velocity measurement errors . U ncer tainty in the stra in-rates is 
larges t near the periphery of the marker field, where con trol for the velocity con tours is 
sparsest. * 

• The anomalously low lly measured at i3 for 1957- 58 (Section 4) causes la rge anomalies in the calcula ted 
strain-rate field in its vicinity. T he stra in-rate d ata in Table IV a nd Figure 6 a re based on the more reasona ble 
Uy value 41.3 m year- r (see Section 4) . 
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Fig. 6. Surface strain-rates, shown in terms of the orientation and magnitude of the principal strain-rates. D ashed contours show 
the areal strain-rate <1 + <2, in units of year- I. Th in lines are freshly formed crevasses. 

Strain-rate pattern 

The pattern of strain-rates (Fig. 6) is in som e respects similar to that on Saskatchewan 
Glacier (M eier , 1960, p. 33), but it is more complicated because of complexities in channel 
geometry. The Saskatchewan pattern is dominated by marginal shear, in which the principal 
axes tend toward an orientation at 45° to the flow direction. This effect is visible in most 
peripheral parts of the strain-rate field in Figure 6, but velocity control does not extend 
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fully into the areas of greatest marginal strain. The largest marginal shear strain-rates shown 
in Figure 6, uncomplicated by other effects, are EI- E2 ~ 0.08 year- I, much smaller than the 
maximum of about 0.3 year- I found on Saskatchewan Glacier. Shear strain-rates of 0.19 
year- lover the intervals i8- i9 and d5- d6 are indicated by the measured velocities (in 1958- 59; 
0. 17 year- I in 1957- 58), but these high strain-rates do not appear in Figure 6 because the 
velocity control is not dense enough to permit reliable velocity contours to be drawn in these 
parts of the map. On the h profile the marginal shear strain-rate indicated by the velocity 
data in Figure 4 is 0.48 year- I. 

The largest non-ma rgina l strain-rates obset"ved on Blue Glacier are in the reach between 
the c and d profiles. Near the d profile, longitudinal extension of about 0.03 year- I is visible 
in Figure 6 where marginal shear does not dominate, for example a t (x,y) = (650 m , 1 450 m ). 
Near the c profile there is pronounced longitudinal compression , reaching rates of 0.08 year- I. 
These effects relate directly to a localized steepening of the g lacier surface profile: the average 
urface slope at the flow center-line over the 200 m interval between the c and d profiles is 

9. 10, whereas it is 6.30 over the interval just below and 7.1 0 over the interval just above. 
Below the c profile, longitudinal compression at a rate of about 0.03 year- I reflects the 

longitudinal velocity d ecrease in this area, and transverse extension at about the same rate 
reflects the splaying of the velocity vectors (Section 4) ' In the interval between the d and g 
profiles, longitudinal strains are small and the pattern is dominated by marginal shear. 
Up-stream from this, prominent compressions, more or less longitudinal , are related to higher 
surface slopes in the area farther up-stream mostly outside the region of velocity control. 

Over much of Figure 6 the "stress center-line" of the pattern, where one of the principal 
axes of strain-rate aligns with the flow direction, is displaced westward from the geometrical 
center-line of the channel. This results from the westward-curving flow (Fig. 3) . The 
prominent effect of curving flow on the strain-rate pattern is a novel feature of the strain-rate 
results for Blue Glacier; apparently the effect has not been noticed previously in studies of 
other glaciers, a lthough channel curvature is a common feature. In the vicinity of profiles 
e,f, and g, the curvature is almost constant and the fl ow is a lmost perfectly circular, that is, the 
velocity vectors a re essentially perpendicular to a radius vector originating from a point fixed 
in space. In flow around a bend of constant curvature, the surface velocity and strain-rate 
fields are best described in polar coordinates r, c/> with origin at the center of curvature. If the 
stream lines form circles about this center, then the velocity field is completely described by 
the </>-directed velocity component v", (r, </». When v", d epends only on r, as is approximately 
true for profiles e- g, the only non-vanishing surface strain-rate component is the shear strain­
rate er"" which is given by 

The term - v", /r affects the shear-strain-rate distribution in a curving channel but not in a 
straight one (r --+ (0) . It shifts the "stress center-line" , where er", = 0, away from the " flow 
center-line" (where v", is a maximum) and toward the inside of the bend. Figure 7 shows that 
the channel curvature near profile f in Blue Glacier should shift the stress center-line about 
140 m toward the inside of the bend . The solid curve labelled er", in Figure 7 is calculated 
from Equation (2) on the basis of the velocity profile v", (r) shown, which approximates the 
observed profil es e- g (Fig. 4) . The center of curvature is about 1 400 m from the flow center­
line. For comparison , the dashed curve in Figure 7 shows the corresponding shear-strain-rate 
distribution for a straight channel. 

The plotted points in Figure 7 are observed shear strain-rates ± HE 1 - Ez) obtained from 
the data in Table IV for points in the vicinity of profiles e-g, with choice of sign dictated by the 
orientation of the local principa l strain-rate axes relative to the local flow direction (Fig. 6) . 
The quantity ± t(EI - Ez) represents er", if the principal axes are at 45 0 to the flow direction 

2 
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(absence of longitudinal or transverse strains), which is generally true in the interval e-g. 
The good correspondence between observed and calculated strain-rates verifies the effect of 
the curvature term -v", lr on the strain-rate distribution. 
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Fig. 7. Effect of flow curvature 011 distribution of shear strain-rate er", in a transverse profile. Effect rif curvature tenn - v",lr is to 
displace stress center-line (where er", = 0) away from flow cmter-line as shown. Plotted points are observed shear strain-rate 
values for y = 950-[250 m, as explained in text. 

Relation cif crevasse pattern to strain-rate distribution 

Crevasses form when the greatest principal extending strain-rate exceeds about 0.03 year- I. 
The crevasse orientation tends to be perpendicular to the principal extension axis, as shown 
in Figure 6, in which crevasse orientations have been plotted from vertical aerial photographs 
(see Allen and others, 1960, plate IB). The orientations plotted are those of the thinnest, 
most recently formed crevasses. 

Longitudinal extension superimposed upon marginal shear in the region near profile d 
causes the formation of curving transverse crevasses there. Toward the snout, longitudinal 
compression gives rise to a typical splaying crevasse pattern, which is prominent from profile a 
downstream. The two types of crevasse pattern correlate closely with the strain-rate field in 
the way expected by Nye (1952). 

The effect of channel curvature on the surface strain-rate distribution is reflected in 
asymmetry of the marginal crevasse fields: on the outside of the bend (east side of Blue 
Glacier) the crevasse field is much wider than on the inside (Fig. 6). This asymmetry is direct 
evidence that the stress center-line is shifted from the channel center-line toward the inside of 
the bend. The effect is most pronounced near profile d, where the flow curvature is greatest. 
The stress center-line is here made visible by the curving transverse crevasses: it is located 
where the crevasse orientation is perpendicular to the flow direction. Near (x,y) = (650 m, 
1 450 m) the stress center-line is displaced half-way from the channel center toward the inside 
(west) margin. 

https://doi.org/10.3189/S0022143000023029 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000023029


FLOW OF BLUE GLACIER 

Areal strain-rate 

The distribution of cxx + Cyy over the glacier surface is shown by contoUI"S in Figure 6, 
based on the data in Table IV. At the southern edge of the area studied , there is a strong 
southward increase in compressive areal strain-rate, which is doubtless related to the smaller 
ice thickness and greater surface slope to the south (Figs. I, 2). Within the area studied, 
cxx + Cyy is for the most part small (magnitude < 0 .02 year- I) , except in the vicinity of profiles 
c and d, where there is a pronounced lateral gradient from - 0.08 year- I on the east side to 
+ 0.05 year- r on the west side. The S shape of the contours defining this lateral gradient 
indicates superposition of a band of somewhat higher areal expansion rate ( ~ + 0.03 year- I) 
extending across the glacier just south of the d profile, and a similar band of relatively high 
areal compression rate ( ~ - 0 .0 3 year- I) just south of the c profile. The po ition of the exten­
sional band correlates wi th the down-glacier increase in surface slope mentioned previously 
and with transverse crevassing (Fig. 6), while the compressional band similarly correlates 
with the subsequent down-glacier decrease in surface slope and termination of the transverse 
crevassing. The large lateral gradient in areal strain-rate near profiles c and d does not have a 
certain explanation but may refl ect a longitudinal variation in the shape of the glacier crcss­
section, such that the glacier becomes relatively thicker down-stream on the north-east side 
and relatively thinner on the south-west side. Figure 7 suggests that above the d profile, the 
channel is somewhat asymmetric with the deepest poin t lying toward the west side, whereas 
below the c profile the asymmetry is reversed . 

The relation between areal strain-rate and net balance is discussed in a separate paper 
(Kamb and M eier, unpublished ). 

8. I CE DISCHARGE 

Continuity requires tha t any change in ice discharge down-stream must appear as a non­
zero emergence flow WE at the glacier surface. Integration of measured WE values gives dis­
charge variations that should be compatible with discha rge values obtained from m easured 
flow velocities and channel cross-sectional areas. The degree of agreement between discharges 
calculated in these two independent ways is a measure of the extent to which the available 
velocity data and flow theory give reliable information on the fl ow of the glacier as a whole. 
Related types of calculation, on a somewhat different basis, have been carried out earli er by 
M eier (1960, p. 45) for Saskatchewan Glacier and M eier and Tangborn (1965, p . 562) for 
South Cascade Glacier . 

The stream sheet 

Because flow velocity and channel shape are more reliably known in Blue Glacier near the 
glacier center than near the margins, the discharge calculation is carried out along a thin 
" stream sheet" that follows a flow line near the center. The stream sheet consists of an ice 
volume bounded laterally by two surfaces parallel to flow lines a small distance apart, and 
bounded top and bottom by the glacier surface and bed . The flow line is shown in horizontal 
projection in Figure 3. Horizontal distance measured along the projected flow line is desig­
nated by g, and is measured from the origin marked " 0 " near S2 and i4 in Figure 3. The 
projected flow line is drawn parallel to the horizontal componen t u of the velocity vector at 
the glacier surface. The velocity vectors at depth are assumed parallel in horizontal projection 
to tho e at the glacier surface vertically above, hence the lateral boundaries of the stream 
sheet are taken as a pair of vertical surfaces, the thickness of the sheet depending only on g. 
This assumption is more likely to be satisfied near the cen ter-line of the glacier than elsewhere: 
it is a definite limitation on the validity of the flux calculations. 
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The width's of the stream sheet is taken arbitrarily as's = 1.00 m at t = 0, and else­
where it is computed by integration of 

where Us is the horizontal component of the surface velocity, and e" is the extension rate 
transverse to the flow line. Values of e" are obtained from the strain-rate data (Table IV) by 
a local rotation of coordina te axes through the angle </> between the proj ected flow line and the 
v-axis. Computed 'S values are given in Table V. 

TABLE V. CONTINUITY AND FLUX CA L CULATIONS 

Marker ~ ~s us h sin Cl Qc Q~' liB sin (x,* lIB* 
m m nl year- I m m 3 year- I m J year- 1 m year - l m year - l 

X 10 3 X 10 3 

i5 - 115 1.05 52.2 230 0. 13 10·5 9·5 - 11 0.115 10 
i4, S2 0 1.00 49.6 254 0. 10 10·4 10·4 7 0. 10 7 

g3 160 0·97 49.0 255 0.08 10.0 11.0 26 0. 10 7 
fJ 300 0 ·93 49.2 (25 1) 0.095 9·7 10.6 12 0.095 11 
e3 495 0.92 48 .5 235 0 .12 9 ·3 8. 1 - 6 0.095 21 
d3 7 15 0 ·93 5 1.5 (203) 0 .1 55 8·7 7·3 - 12 0. 11 26 
'3 910 0·97 434 208 0 .14 8. 1 6.6 - 9 0.09 23 

b3/4 1 050 1.08 38 .5 (202) 0 .115 7.6 7·3 10 0. 10 19 
a/b I 185 I.I 8 35.0 184 0. 10 7. 1 7. 1 2 1 0. 10 21 
a3 I 275 1.24 32.8 ( 174 ) 0 .095 6·7 6·7 25 0.095 25 

There is a general agreement between the observed width of ice stream BI (Fig. 3; see 
Alien and o thers, 1960, p. 607 and fig . 3) a nd the calculated's values scaled to match BI 
at t = 0 (Fig. 8) . T his provides a rough check on the calculation of 's( t). 

Continuity calculation of ice flux Qc 

For a stt'eam sheet of infinitesimal width,s, the vertically integrated form of the con-
tinuity condition is 

o~c = 's ( - ws+ us ~~s) = 'SWE 

where the subscript S refers to surface values along the stream sheet. 
flow line is calculated by integrating Equation (4) in the form 

dQ.c = 's ( - Ws dt + us dzs) 

Flux variation along the 

(5) 

which uses the directly m easured velocity data and avoids the intermediate quantity WE. In 
Blue Glacier, the dominating term in Equation (5) is 'sus d?:,s . Smooth curves used in the 
integration of Equation (5) are shown and compared with measured data points in Figure 8. 
The us( t) curve is based on the velocity data for 1957- 58. Observed W values for both 
195 7- 58 and 1958- 59 are used in drawing the w(t ) curve, on the grounds that the annual 
variation, if percentage-wise the same as for u, would be small compared to the scatter in 
measured W values. M easured ablation values a are compared in Figure 8 with the curve 
- WE (g), computed on the basis of the surface slope IX averaged over 100 m intervals 6.f 
T he ablation values follow the -WE( 0 curve systematically, with small discrepancies indi­
cating ice thinning of 0 to I m year- I, according to Equation ( I). However, anomalously 
large discrepancies occur in the interval g = 800 to 1 000 m , where - WE (g) has a sharp, 
localized minimum. This is caused by the unusually large negative values of W measured on 
the c profile for 1957- 58, which contrast sharply with those on the sam e profile for 1958- 59 
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Fig . 8. Variables eIltering into Ihe ice flux calculaliolls plotted as afullclion of longiludinal coordinale t alollg the stream sheel. 
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BI (Fig . 2), scaled to match ~ at t = o. zs and Z B are ice su!face and bottom elevations, h is ice thickness, 11 is cellter-lille 
horizontal su!face velocity, Cl is su!face slope averaged over 1 00 m intervals /',. t, w is vertical component of velocity , W E is 
emergence f low component, and a is annual ice balance (shown as measured points) . 

(T a ble 1). M easured w values in general correla te well with the curve of surface slope O! (O 
(Fig. 8), but for the c profile in 1957- 58, the correlation is strongly viola ted. W e choose to 
remove this unexplained anomaly by disregarding the c-profil e w values for 1957- 58 and using 
the dashed curve w(g) in the interval g = 800 to I 000 m, which correla tes with O! (g) (Fig. 8). 
This gives fluxes down-stream from c tha t a re lower by '2 30 m3 year- I than would be obtained 
if the c-profile w values were not disregarded (solid curve w(g) between g = 800 a nd I 000 m 
in Figure 8). 

Flux values Q.c( f ) obtained from integration of Equation (5) in steps !::"f = l OO m, 
starting from Q.c(o) = 10.4 X 103 m 3 year- I (see below), are given in Table V . 
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Flux calculation from flo w at depth (QF) 

Bore hole S2 near t = 0 provides flow velocity data to a depth of 180 m (Shreve and 
Sharp, 1970). The velocity profile u(z ) fits the empirical formula 

us - u(z ) = C(zs - z)n+l (6) 

where C = 1.80 X 10- 8 m - n year- I and n = 2.9. Because this corresponds tolerably with 
laboratory evidence on the flow law (Glen, 1955) and with some measurem ents on other 
glaciers (Mathews, 1959), * it is reasonable to extrapola te Equation (6) from depth 180 m 
to the bottom at 254 m. A basal sliding velocity UB = 7 m year- I is indicated for 1957- 58. 
By integration of Equation (6), the flux QF (O) = 10.4 X 103 m 3 year- l is obtained for 1957- 58. 

If Equation (6) represents a flow law of general validity, in which the shear strain-rate 
depends non-linearly on shear stress, and in which shear stress is proportional to depth and to 
sin a , then the ice flux in the stream sheet should be given everywhere by 

[ (
sin a)"(h)n+2] QF = ush- ~qo --:- - - 'S sIn ao ho 

where 6.qo (= 2 220 m 2 year- I) is obtained from Equation (6) for h = ho = 254 m , and 
ao is the surface slope at the S2 bore-hole site, taken as 5.7°. Derivation of Equation (7) from 
Equation (6) involves the assumption that the channel shape factor (Paterson and Savage, 
1963, p. 4539) remains constant, which is reasonable as an approximation since the range of 
channel cross-sectional shapes is not great (Fig. 2) . It also assumes that the longitudinal stress 
state, and longitudinal gradients thereof, do not appreciably affect the flow. This type of 
flow has been called " laminar" (Nye, 1952, p . 68) . Corresponding to Equation (7), the bed 
slip rate UB is given by 

(8) 

where 6.uo = 42.7 m year-I. Q F and UB values calculated from Equations (7) and (8) at 
10 points along the stream line are given in Table V . These are points where the surface 
velocity is established by measurem ent at a nearby marker or by reliable interpolation between 
adjacent profiles from the us ( 0 curve (Fig. 8) . At some points the ice thickness h is well 
controlled by a nearby seismic reflection, whereas at others (for which h is given in parentheses 
in Table V ), interpolation between reflections is required . The h values are read from the 
curve h(t ) in Figure 8, which is obtained from the surface and bedrock profiles of Figure 2, 

shown at an enlarged vertical scale in Figure 8, with control points indicated. The surface 
slopes a used in calculating QF and listed in Table V are averages over 200 m intervals 6.g 
(approximately the ice thickness) , while the curve a(g) in Figure 8 is based on 100 m intervals. 

Significance of discrepancies between Q F and Q c 

The QF values depart by as much as 15 % (1.5 X 103 m 3 year- I) from Q c( t ) (Table V and 
Fig. 9) . M easurement errors are not the main source of the large discrepancies. Errors of 
about 0.5 m year- I in u and w (Table I ) would cause errors of about 0.1 X 103 m 3 year- I in 
the decrement in Qc from one p rofile to the next, giving an accumulated error of about 
0.3 X 103 m 3 year- I in Q c at the a profile. Strain-rate error causes errors in 's(t) amounting 
to ± 0.02 m per 100 m integration interval, which affect Q F directly and Q c incrementally; 

* ate, however, that Pa terson and Savage (1963) and Nye (1953 ; 1957) find higher values of n, from 4 to 5. 
At bore holes K, P2, and N, near bore hole J in Blue Glacier (Fig. I), the flow law has n = 5.2 (Kamb and 
Shreve, 1966). From data for five bore holes in the general area of the stream sheet between profiles g and i, 
Shreve and Sharp (1970, p. 84) deduce n = 3.3, but this value does not differ significantly, within the scatter 01 
the data, from the value 2.9 used in the present calcula tions. 
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near the a profile the resulting possible errors in QF (±6%) and Q c ( ~ ± 2%) are significant 
in relation to the observed d iscrepancies between QF and Q c, bu t the occurrence of large 
d iscrepancies near g = 0 (g and i profiles), where the errors in's must be small, shows that 'S 

error is not the main source of the discrepancies. An error in ice thickness !:lh = 10 m will 
given an error in QF of approximately uB!:lh, which amounts to 0.1 X 103 m 3 year- I or less 
for profiles c-] and i, m uch less than the discrepancies between QF and Q c there. Larger 
errors in h are possible at points where the thickness is interpolated between seismic soundings, 
bu t large discrepancies between QF and Q c occur both for points with well-controlled and 
with interpolated h . 
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Fig. 9. R esults of ice flux calculations : flux in the stream sheet is shown as afunction cif longitudinal coordinate r Q c (con­
tinuous curve ) is calculated from continuity, and QF (points ) from suI/ace flow velocity and the assumed flow law. Solid 
circles represent points where ice thickness h is well determined, open circles where h is interpolated between determinations. 
Upper curve shows sin a. ( 200 m average) as afunction of t, plolted with increasing slope downward; the associated open 
circles show the effective slope values a.* (see text). 

Since the reach studied lies below the firn line, the erroneous down-stream increase in Q F 

of 1.5 X 103 m 3 year- I from g = - 115 to + 160 m and of 0 .7 X 103 m 3 year- I from g = goo 
to 1 050 m shows that the QF calculation contains errors comparable to the discrepancies 
between QF and Q c. The source of the discrepancies is thus mainly in the QF calculation . 
This calculation would be invalidated if deformations parallel to the surface caused the velocity 
profile u(z) to depart significantly from the assumed form of Equation (6), but the observed 
discrepancies between QF and Q c are opposite to what could be expected on this account: 
the relatively h igh surface strain-rates near c and d (E = (2 L Cij2P = 0.12 year- 1 at 
(x,y ) = (650 m , I 650 m» should result in internal deformations greater than calculated on 
the basis of u(z) at S2 (where E = 0.05 year- I), whereas the actual internal deformations 
must be less than calculated because QF < Q c at c and d; conversely, QF > Q c at] and g, 
where the surface strain-rates are low (E = 0 .0 1 year- I). Failure of the assumption as to the 
shape of the stream sheet at depth could lead to errors in the comparison of Q c and QF that 
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are difficult to assess, but which doubtless would vary only slowly and smoothly with g, in 
contrast to the pattern of abrupt variation shown by Q.F in Figure g. 

The main source of trouble in the Q.F calculation is suggested by the similarity shown in 
Figure 9 between the curve lX (g) and the pattern of deviation of the Q.F values from Q.c(g). 
Where the surface slope IX is small (profiles f and g) , the calculated fluxes Q,F are high. Where 
IX is large, Q,F is low, and the calculated basal sliding velocities UB are negative, which is 
inadmissible (Table V, profiles c, d, e, and i). A smaller ice thickness could rectify the negative 
UB values, but since Q.F at these profiles is near its maximum as a function of h (which occurs 
where UB = 0), no choice of h is able to increase Q.F enough to even approach agreement with 
the substantially larger Q.c values there. 

The primary trouble is evidently an exaggerated dependence of Q,F and UB on IX in Equa­
tions (7) and (8) . The extent of exaggeration is shown by finding the effective slope IX * such 
that, when used in place of IX in Equation (7), agreement between Q.F and Q.c is achieved. 
The effective slopes 0: * correspond via Equation (8) to basal sliding rates UB* that are more 
reasonable than the rates UB based on the observed surface slope 0: (Table V ). 

The IX * values show substantially less variation than 0: (Table V and Fig. g) . They indicate 
that the internal deformation of the glacier over the reach studied is better described by 
trcating the surface slope as constant than by taking into account its actual longitudinal 
variation. Since the internal deformation refl ects the shear stresses parallel to the surface at 
depth, most importantly near the bottom , it follows that these stresses respond little if at all 
to local variations in surface slope. This conclusion is som ewhat similar to the one reached by 
Budd ( I g68; see Nye, I g6g, p. 2 I 2), that in large ice sheets the basal shear stress is determined 
by a longi tudinal average of the surface slope over distances of order 20 times the ice thickness. 
An average over 20h (4 km) in Blue Glacier, which would extend through the steep ice fall 
a nd into the accumulation basins above, is not reasonable. Moreover, near constancy of IX * 

does not imply near constancy of basal shear stress, because ice thickness varies substantially 
(174- 255 m ) over the reach studied . The mechanical situation in this small valley glacier, 
where 0: and h vary greatly over distances of order 20h, is not closely similar to that in a large 
ice sheet. Nevertheless there seems to be validity in the qualitative conclusion that the shear 
stresses and deformation at depth are mainly governed not by the local surface slope but by a 
longitudinal average over distances much larger than the ice thickness. Longitudinal 
averaging is accomplished mechanically by the action of longitudinal stress gradients (Budd, 
1 970), whose importance is thus emphasized by the present results. Extending the longitudinal 
averaging interval from 200 m (as used for IX in Table V and Figure g) to 700 m does not 
produce detailed agreement between IX and IX*. Better agreement, but still not complete, is 
obtained by equating h sin 0:* to a longitudinal average of h sin IX, which would be expected 
mechanically. It appears that if IX * is indeed a longitudinal average, the averaging process is 
not everywhere simple and symmetrical abou t the point to which it applies. 

The IX * value for the i profile is intermediate between the local IX and the roughly constant 
value 0:* ~ 0 .10 applicable to the flow down-stream (Fig. g). It appears that the internal 
deformation at i already responds partia lly to the generally increased surface slopes up­
stream (sin IX ~ 0.2 for goo m up-stream, with even higher slopes above). 

g. FACTORS CONTROLLING FLOW VELOCITY 

Although the local surface slope seems to have little effect on ice deformation versus depth 
(Section 8), nevertheless it does have a definite influence on the surface flow velocity, as shown 
by the strain-rate field and pattern of crevassing near the c and d profiles (Section 7) . Influence 
of ice thickness is suggested by the decrease in veloci ty down-stream from the c profile, where 
ice thinning toward the terminus becomes pronounced. The plot of m easured center-line 
velocities versus sin IX and h in Figure 10 shows that the velocities behave in a systematic way 
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in relation to these variables, such that contours of u (sin 0(, h) can be drawn. Velocities from 
the i to d profiles (represented by the numbers 49- 52 in Figure 10) show little longitudinal 
variation and fall near the 50 m /year contour, suggesting that over this reach the variations 
in 0( and h have compensating effects on u. V elocities for the c to a profiles (44- 33 in Figure (0) 
plot in succession away from the 50 m /year contour, suggesting that both hand 0( contribute 
to the velocity decrease in this reach ; the suggested contribution is non-linear in a curious way. 
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Fig. 10 . Center-line surface velocities u plotted against center-line ice thickness h and surface slope ex ( 200 m average ). Measured 

velocities are heavy numbers; the velocity 53 m/year at lower right was measured at borehole P 2 (Fig. I ) ill 1964- 65. 
Contours are drawn to COliform approximately to the velocity data. 

The seeming implication in Figure 10 that u is a function only of the local variables h 
and 0( , as has often been assumed in glacier-flow theory, must be viewed with suspicion, since 
it contradicts the conclusion that longitudinal stress gradients influence the flow (Section 8), 
and since it overlooks the possible effects of other varia bles on the sliding con tribu tion . These 
addi tional influences would appear in failure of data points from other glaciers to conform to 
the simple pattern in Figure 10. 

I f the flow contribution from internal deformation is controlled by an effective surface 
slope 0(* that is made constant by longitudinal stress gradients (Section 8), a m echanical 
explanation is needed for how the stress distribution required to control the flow in this way is 
achieved. In fact a strictly constant 0(* is not established , as noted for profile i in Section 8, 
nor is the basal shear stress constant. The flow contribution from the implied basal sliding 
(UB* in Table V ) necessitates an unconventional control mechanism, since UB* generally 
d ecreases (though erratically) with increasing h and therefore with increasing basal shear 
stress. The effects of longitudinally varying bedrock roughness and " lubrication" could be 
responsible for such behavior. W e conclude that the flow is controlled by many factors in a 
complex way that is poorly unders tood , even though it shows a simple, systematic pattern in 
relation to ice thickness and surface slope (Fig. 10) . 

MS. received 6 June /972 
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