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Figure 8. (a) Plot of velocity components u,v, and
flow lines generated from them.
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Abstract

Measurements taken in 1970 and 1971 of the
positions of 43 surface stations along a transect (10.4 km
long) from the divide to the northeast margin of the
south dome of Barnes Ice Cap, have enabled surface
velocities and strain rates to be computed along surface
“flow lines’ generated from the velocity distribution. Using
a variation of a method developed by Budd (1969), the
parameters n = 42 * 0.1 and B8 = 119 (£1.0).
MN m=251/4.2 in the flow law are determined for the stress
range 0.05 < 7 < 0.1 MN m~2 where 7 is the effective
stress. From the measured vertical velocities of the ice and
the buildup of superimposed ice over the period 1970-73, it
appears that this part of the ice-cap surface is rising. This is
not necessarily the case elsewhere or when averaging is done
over longer periods of time. More data are required before
it is known whether the divide is stable or is still migrating,
as the result of a surge.

Résumé

Les mesures effectuées en 1970 et 1971 sur la
position de 43 stations d‘observation en surface le long
d'une virée transversale de 10.4 km, entre la ligne de
partage et la marge nord-est du déme sud de la calotte
glaciaire Barnes, ont rendu possible le calcul des vélocités
superficielles et des taux de déformation le tong des lignes
de flux déterminées par la distribution cinétique. A I'aide
d'une variante d'une méthode créée par Budd (1969),
les paramétres n = 42 * 0.1 et B = 119 (x 1.0).
MN m 25'/42 dans la loi du flux sont déterminés en
fonction de ['échelle de contrainte 0.06 < 7 < 0.1
MN m7™2, ol 7 représente la contrainte effective. |l ressort
des vélocités verticales mesurées de la glace et de I'accumu-
lation de la glace entre 1970 et 1973 que cette partie de la
surface de la calotte glaciaire s'éléve. Cela n'est pas
nécessairement le cas ailleurs ou lorsque la moyenne est
établie en fonction de périodes plus longues. 1l faut re-
cueillir plus de données avant de pouvoir déterminer si la
ligne de partage est stable ou encore en déplacement par
suite d'une crue.

vii



Deformation and Flow of Barnes Ice Cap, Baffin Island

G. Holdsworth

INTRODUCTION

The present program was initiated to study the
dynamics of ‘the south dome area of Barnes Ice Cap (69°
45' N; 172° 15’ W) which possesses some characteristics
that are not well understood in general. One of these is the
thermal regime which has feedback into the dynamic
behaviour of the ice cap. Owing to the formation of
superimposed .ice, the ice temperature at the top (20 m
below the surface) of the south dome area is about 8°
higher than the mean annual air temperature and 3.5°
higher than the marginal ice temperature. Such a condition
may have persisted for a long period of time; in which case
there is a strong possibility that the basal ice temperature
beneath the divide may be at or close to the pressure
melting temperature.

Another phenomenon is the occurrence, on certain
areas of the ice cap including one on the south side of the
south dome, of highly irregular surface topography that is
almost certainly due to surges {Lgken, 1969; Holdsworth,
1973a). Surges may be intimately-linked with the thermal
regime and imply that at least part of the base of the ice
has been at the pressure meiting temperature. The occur-
rence of narrow transverse crevasses, spaced' about 50 m
apart and extending down the ice cap to at least 3.5 km
from the divide, may be related to the foregoing pheno-
menon. The crevasses are still sustained under a longitudinal
stretch of 1.6 x 103 a~1 across the divide.

The divide, defining the southwest end of the present
survey, has been displaced to the northeast by a relatively
recent surge (Holdsworth, 1973a). The ice-cap profile lying
to the southwest of the divide has not yet recovered from
the surge; one of the purposes of this paper is to
present data that might show whether the northeast profile
has fully adjusted to the new divide and whether the latter
is stable.

Loken, Geiger and Langlais (1968) give preliminary
measurements of ice movement at three poles near the

northeast margin of the south dome, where movements of
nearly 5 m yr=1 were determined at about 1.5 km from the
ice edge. Stations A and B on bedrock outcrops were used
for the survey and had been assigned geographic co-
ordinates earlier, as a result of geodetic measurements by
Henderson in 1966.

The present survey, based on observations made in
1970 and 1971, uses these two stations, as they form a
conveniently oriented base line from which movement
vectors for stations on the ice may be determined. The
positions of these stations have been used to provide
horizontal and vertical control for ice depth values deter-
mined in 1970 (Jones, 1972).

INSTRUMENTS

For the 1970 and 1971 surveys the following
instruments and accessories were used:

- two Wild T2 theodolites, one of which was adapted
for accepting the aiming head of the Distomat,

— one Wild DI-10 Distomat {serial number 10510),

— three prism reflectors,

— four Wild targets,

— seven tripods,

— two MRA-3 Tellurometers, and

—two Wallace and Tiernan (0-7000 ft) altimeters
with thermometers and hygrometers.

‘METHOD OF SETTING OUT THE NETWORK

The centre line of the network was laid out as near as
possible along a flow line, which was assumed to be running
down the line of maximum slope. The centre line consists
of two straight segments deviating by 3.5° from one
another at 4.5 km from the divide. Using the Distomat, the
network of poles was set out from May 23 to May 29,
1970. The array {Fig. 1) was designed as a series of linked
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Figure 1. Map of south dome of Barnes Ice Cap showing location and structure of the array of reference points in the ice.

diamonds of diagonal distance < 1 km. This latter distance
was dictated by the range of the Distomat rather than by
the curvature of the ice cap down to about 4.5 km from the
divide. Beyond this point the curvature of the ice cap
forced a progressive reduction in the size of the diamonds.

The whole ice-cap network could be covered by using
only the Distomat—a relatively simple instrument with
which distances may be rapidly measured. The network was
stopped about 0.5 £ 0.1 km from the edge of the ice cap on
account of increasing debris within the ice (which hindered
drilling operations), increasing curvature of the surface, and
because the ice depths were too shallow beyond here to get
results using a 35 MHz radio echo sounder {Jones, 1972).
The deformation of the marginal areas is complicated by the
existence of structures within the ice {Hooke, 1973a, b).

The poles were aluminum tubing, 1.25 in. (3.175 cm)
o.d. and 16 ft {4.88 m) long, originally set in the ice so that,

approximately 4 m was frozen-in. This was accomplished
by pouring water onto the ice chips and filling the
remainder of the hole. The reference point for the stations
was the top centre of the pole. A 1-foot (0.3-metre) sleeve
with hose clamps enabled an extension pole, 2.44 m long,
to be attached for identification purposes. This was
removed for surveying purposes. In 1971 it was still
possible to set up over each pole without having to cut the
tube or use an eccentric station.

SURFACE MASS BALANCE MEASUREMENTS,
1970-73

In the spring months (May, June) of the 1970-73
period, soundings were taken at each station to determine
the net gain or loss of ice, as well as firn and snow depths
(Table 1). Figure 2 shows surface superimposed ice gain or
loss versus elevation over the period from fall 1969 to fall
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Figure 2. Net ice balance over the period from fall 1969 to fall
1972.

1972. The net carry-over of old snow or firn into the spring
1973 is not included, as the prime concern is to obtain an
average value of ice gain or loss over a period of several
years. This can then be compared with the vertical ice flow
rates.

Table 1. Snow and Firn Thickness

Extent of firn
Mean snow | Standard | Number location/average
depth deviation of thickness
Year (cm) (cm) poles (cm)
1970 108.1 26.1 42 not available
1971 133.6 23.5 43 divide /48 to
pole 06875S /0
1972 115.1 19.5 43 divide /32 to
pole 0358 /0
(uncertain)
1973 121.5 8.5 40 divide /30 to
pole 0725 /0

Note: average snow density = 350 kg m~3
firn density = 500 kg m~3

SURVEY PROCEDURE

The 1970 survey lasted 28 days (May 31 to June 27);
12 days were lost due to the weather. In 1971, the survey
began on May 28 and ended on June 22; of a total of 26
days, 8 days were lost on account of the weather. In both
years the survey was extended to include a strain network
on top of the south dome, but the results of this survey will
be given separately. This survey occupied a further 5 days
on the average. In late June the divide snow usually
contains free water, and the instrument set-ups become
relatively unstable because of the settling of the tripod.
Therefore the ice-cap survey should be finished before the
end of June.

In 1970, the survey points were occupied according
to the order in which they were set out, so that about 7
days had elapsed before the pole was assumed fixed within
the ice. The survey was done in 1-day sections (Fig. 3)
usually taking from 6 to 8 hours to complete depending
on the conditions. Immediately following the completion
of a section (normally involving six stations and ten
individual station occupations), tripods were erected and
centred at stations involved in the next section. In this way
the tripods, having been set on wooden blocks buried more
than 0.5 m below the snow surface, stabilized overnight.

OI5N 025N

020 030

0i5s 025s

Figure 3. Typical daily survey
section.

Angles at each station were measured by taking sets
of direct and reverse readings until the spread of three sets
was less than 5" (5 seconds) of arc. Individual readings were
made to 1" (arc}. On the average, six stations per day were
completed. Triangular misclosures within the 1-day section
were not usually permitted to exceed 10" (arc), otherwise
individual angle readings were repeated to supplement the
original observations. This was not strictly enforced in 1970
because of time restrictions. Three readings taken in 1971
violated this criterion, but could not be repeated for several
days because of poor visibility constraints. Ice deformation
during this time contributed to the misclosure. Histograms
of the angular misclosures for 1970 and 1971 are given in
Figure 4. Simultaneous reciprocal vertical angles between
stations were observed until three individual sets gave an
angular spread of less than 10" (arc). Slope distances were



measured in one direction using only the Distomat.
Readings were taken until six values gave a spread of less
than 3 cm. The distances from the bedrock stations A and B
to the lowest ice-cap stations were measured with a
Tellurometer.
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Figure 4. Histograms of triangular misclosure before adjustment

where n = number of observations, X = mean, 0 =
standard deviation.

Tellurometer lines were measured using seven fine
readings. All distances were corrected for temperature and
pressure in the usual way.

ACCURACY

As suggested by the histograms in Figure 4, the
angular measurements made in 1971 show an improvement
over the 1970 measurements. The 1971 mean angular
misclosure results in an average adjustment of about 1.4"
per angle.

Distances measured with the Distomat have a stand-
ard error of *1.5 cm. For the lengths involved this
represents an accuracy of from 1.5 x 10-5 1o +3 x 105,
For the distances measured with the Tellurometers the
corresponding accuracy is*1 x 1075 for lines up to 6000 m,

DATA REDUCTION

Horizontal and Vertical Control

Elevation differences between stations were com-
puted from the observed vertical angles (which, because
they are simultaneous, allow the curvature and refraction
terms to be eliminated by averaging) and the slope distances.
These elevation differences were adjusted by least squares
using the computer program LEVELOB (Peterson,

unpublished) to obtain the adjusted values of the station
elevations. Using these elevations, all slope distances were
reduced to horizontal sea level distances.

The sea level lengths and the horizontal angles were
then used in a least squares adjustment program GALS
(Geodetic Adjustment by Least Squares) developed by
the Geodetic Survey, Department of Energy, Mines and
Resources. This program computes the adjusted geographic
positions for each survey point. The co-ordinates for the
fixed points A, B have been assumed from the results of a
previous survey in 1966 by Henderson.

In the GALS program the refative weighting of angles
and distances (inversely proportional to the variance of the
observations) is generally important because of the influ-
ence of the weights on the computational position accuracy
of the stations. Several adjustments were carried out before
deciding on a suitable set of relative weights for the lengths
and angles.

This procedure was implemented separately on the
1970 and 1971 sets of observations and the final geographic
co-ordinates were converted to 6° UTM co-ordinates.

To obtain correct velocities, the sea level distances
were converted to corresponding lengths at the actual
station elevations. In practice, it was sufficient and simpler
to recalculate co-ordinates and distances at a mean eleva-
tion for the survey of 700 m asl. Any scale change
introduced by the use of the UTM system is assumed to be
negligible over the distance of the traverse.

The results of these procedures are two separate sets
of co-ordinates (xy;, vh;. 2h); (X)), Yhj. ;) (where i =
station number, j = 1,2...trial number, 0 subscript is
initial survey, and 1 subscript is final survey) applying, by
hypothesis, at two ':imes——?cJ for the initial survey and ?1
for the final survey. These times are taken arbitrarily to be
on the day midpoint in time for each survey. Since the
result of the actual survey is a series of stepped traverses
(Fig. 5) caused by the time differences between the 1-day
sections, these co-ordinates represent a first approximation
only to the actual values that would apply at the time To
and at the time T1.

Velocity Determinations Including Position Adjustment to
Epoch (Specified Instant)

A program VELS does the following operations:

a) Computation of the apparent velocity compo-

nents u; v}, wji in the directions x, vy, z where x =
latitude, y = longitude, z = elevation (Fig. 1) from:




Figure 5. Simplified concept of the stepped traverse.

( ) (xm)
=(vai)A-_(va;)
( ) (ZOJ)

w' =
where AT =T, - T,

b) Determination of the time differences, 6t,
between the actual time a station observation was made and
T (k =0 for the initial survey and k =1 for the final
survey). For either survey, if TL is the actual time of
observation for a point P!, then:

and the displacement components are:

iﬁxik,j = uij 8t
i&y}(,j = v} dtl (k =0,1) (2)
8z | = w; 8t}

where the sign depends on whether the time Ti is before or
after T.

c} Determination of the new co-ordinates of the
point P/, which then become:

Xij+1 = Xij * 8x
y‘k,i"“' = ylk’, i 5Y'klj (k = 0, 1) (3)
Zik' = Zik’j + Bzik,j

BEal

d) Recalculation of the velocity components using
equations (1) where j is put equal to j + 1.

Equations (2) in step (b) are then used to calculate
the new displacement components with j=j +1.

The iteration represented by steps (a) to {c) can be
stopped at step (c) when:

i [
X j+1 = Xk,
vi =yl

K,j+1 k.

i R
4 i+ T L

consistent with the accuracy of the data. This was achieved
atavalueof j= 5.

ACCURACY OF RESULTS

From the results of the GALS output for 1970 and
1971, means and standard deviations for the residuals of
lengths and angles are shown in Table 2. This provides a
measure of the accuracy of the original data, and the
severity of the assumption of simultaneity.
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Figure 6. Profile from the summit of the south dome to the margin along the divide. Ice depths are from Jones

(1972) and Jones and O’Neil (unpublished data).

Table 2. Statistics on Length and Angular Adjustment
(length adjustment in metres, angle adjustment in seconds)

1970 1971

>
=
bt
=

Quantity |Instrument

For lengths

involving Telluro-
only meter
AandB MRA-3. i0.0345 0.0200 4|0.0062 0.0028 5
For lengths
involving
points only
on the ice wild
cap DI-10 [0.0061 0.0049 103 (0.0053 0.0038 104
Angles Wwild T2 (24 2.06 181 (2.8 24 174
Note: X = mean
s = standard deviation
n = number of values
Relative angular changes between individual

diamonds in the network do not exceed about 1" (arc) per
day in conjunction with lines stretching or contracting up
to 3 mm per day, principally in the direction of the long
axis of the network. The lowest poles in the network are
only moving in the order of 1 cm per day, in the direction
of the long axis of the network.

It is therefore justified, from a practical standpoint,
to adjust the whole network as if the observations were ail
done simultaneously, since the adjustments done in one
section rapidly become less dependent on the adjustments
made in another section as the latter becomes more remote
in the adjustment sequence. The subsequent iterative
adjustment of stations to epoch should not, in principle,
reduce the degree of accuracy obtained previously; that is,
the final positions (reduced to epoch) can still be quoted

with an error as determined by GALS initially. The
adjustments of stations to epoch involve displacements
ranging up to 3% of the total annual movement.
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Figure 7. Error ellipses obtained from the adjustment program
GALS for selected stations—relative to the fixed point A
(Fig. 1). Relative co-ordinates are used but orientations
are true. The possible error in the ice flow vectors can
thus be seen.




VELOCITY RESULTS

Program VELS outputs the final velocity components
ul, vi, w' in the directions {Fig. 1) x—horizontal-north,
y—horizontal-west and z—vertical, and the resultant velo-
city, at the points P!, Table 3 shows values of the horizontal
components of flow. It is seen that the requirement
for the horizontal flow rate to be small or zero in the
region of divide stations OOON, 000, 000S can be met;
hence we have an independent check on the reliability of
the velocity results. Since the divide is not continuously
level, containing local humps (Fig. 6), some flow along

and parallel to the divide is expected. 1t will be shown later,
however, that we are able to isolate a point of zero
horizontal flow rate, lying 149 m to the northeast of 000S.
Figure 7 gives the error ellipses obtained from the GALS
program applying at the 1970 and 1971 positions for 000,
010, 020, 030, 045, 050N, 060S, 0910, all relative to A.
These ellipses, plotted on the same grid for comparison and
convenience, form the basis of the probable errors in the
resultant horizontal flow rate components given in Table 3.

The second part of the VELS program uses the
General Purpose Contouring Program (GPCP). An ice

Table 3. Horizontal Components of Ice Flow Rate (m a~ 1)

. i Resultant horizontal Bearing from
Data point P! velocity component north (gegrees) Remarks
(station) ul vi \/(ui)2+(vi)2 terror * error
0975 N 3.423 -1.485 3.731 23447 Northeasterly flow
0975 S 1.998 -0.633 2.096 17.573
0975 3.936 -1.634 4.262 22.546
09425 N 5.381 -2.079 5.769 21.125
09425 S 5.293 -1.735 5.571 18.151
0910 6.229 -2.028 6.550 +0.10 18.032 1.5
0875 N 6.517 -2.008 6.820 17.128
0875 S 6.424 -1.632 6.628 14.258
0840 6611 -1.705 6.646 14.465
08125 N 6.621 -1.776 6.856 15.014
08125 S 6.558 -1.648 6.762 14.106
0785 6.610 -1.679 6.819 +0.11 14.252 +2.0°
0755 N 6.525 -1.664 6.734 14.307
0755 S 6.465 -1.586 6.657 13.787
0725 6.417 -1.594 6.612 13.952
06875 N 6.284 -1.578 6.479 14.095
06875 S 6.256 -1.550 6.445 13916
065 6.240 -1.561 6.433 $0.11 14.043 +2.6°
060 N 6.002 -1.568 6.204 14.642
060 S 5.729 -1.479 5.917 10.11 14471 +2.7°
055 5.770 -1.547 5.974 15.011
050 N 5.635 -1.654 5.873 40.10 16.354 +3.0°
050 S 5.267 -1.628 5.513 17.177
045 5.141 -1.697 5414 10.11 18.263 +3.5°
040 N 4.719 -1.580 4.977 #0.11 18.513 +4.0°
040 S 4603 -1.606 4.875 19.240
035 N 4.177 -1.434 4416 18.892
035 4.137 -1.488 4.397 19.779
035 S 4.056 -1.444 4.305 19.599
030 3498 -1.250 3.714 10.11 19.662 +6.25°
025 N 3.106 -1.049 3.279 18.654
025 S 2.865 -1.070 3.058 20.472
020 2.402 -0.880 2.559 10.11 20.117 +10°
015 N 1.893 ~0.680 2.011 19.774
015 S 1.783 -0.615 1.886 19.031
010 1.190 -0449 1.272 10.12 20.669 122.5°
005 N 0.730 -0.286 0.784 21403
005 S 0.565 -0.151 0.585 14.963
005 0.686 -0.230 0.723 18.514
000 N -0.008 - -0.118 0.118 93.744
000 -0.129 -0.011 -0.130 0.3 175.109 +50°
000 S -0.215 0.043 -0.219 191.394 Southwesterly flow
005 W -0.968 0.216 -0.991 192.562




surface contour map is produced using the station elevation
data and known pole heights. Slopes at centre-line stations
were determined by levelling traverses. Values of the
surface slope of the ice af (parallel to the flow line} are
obtained at points Pi. The ‘“true” wvertical velocity
component of the pole and hence the ice, w'™, is given by:

w* = wi ot [(u)2 + (v)2]% - tand (4)

where the negative sign applies when wi - AT falls below

the horizontal plane through the top of the initial pole
position, and the positive sign applies when wi - AT rises
above the horizontal plane. The former case applies in the
accumulation area when wi > [(ui)2 + (vi)2]”2 - tan a'. The
latter case applies in the ablation area. Values of wi* are
given in Table 4 together with the errors determined from
the residual appearing in the output of the LEVELOB
program. As with the horizontal velocities, we have assumed
that the adjustments to epoch have not affected the error in
the original elevation values.

Table 4. Vertical Components of Ice Flow Rate (m a~})

Angle of
. emergence (+)
wht or Resultant
. component descent (—) ice flow
Data point P! ] . perpendicular from horizontal _ _rate vector _
(station) w! t error wi* t error to ice surface tan‘l(w‘*/\/(u')2+(v‘)2) \/(u‘)2+(v‘)2+(w‘*)2
0975 N 0.512 | *0.015 0.851 40,03 0.847 +12.8° +0.5° 3.827 40.10
0975 S 0.382 10.016 0.586 10.03 0.583 15.6 2.176
0975 0.613 10.023 1.036 10.04 1.031 13.7 4.386
09425 N 0.522 +0.026 1.062 10.05 1.057 104 5.866
09425 S 0.402 $0.025 0.924 10.05 0.920 9.4 5.647
0910 0.199 10.026 0.737 10.05 0.734 6.4 6.591
0875 N 0.122 10.029 0.689 10.05 0.687 5.8 6.855
0875 S 0.275 +0.029 0.827 10.05 0.824 7.1 6.679 $0.11
0840 0.105 $0.031 0.597 40.05 0.602 5.1 10.5° 6.673 40.11
08125 N 0.129 10.034 0.572 130.054 0.608 4.8 6.880
08125 S 0.003 +0.034 0.440 10.053 0458 3.7 6.776
0785 0.073 10.035 0476 +0.055 0.493 4.0 6.836
0755 N 0.091 +0.038 0.444 +0.055 0.460 3.8 6.749
0755 S 0.111 10.038 0.460 10.055 0.496 +4.0 6.673
0725 0.074 +0.039 0.388 10.056 0.401 34 6.623
06875 N 0.147 10.044 0427 #0.060 0419 . 3.8 0.6 6.493 #0.11
06875 S 0.166 +0.042 0.445 +0.058 Wif 2wl 4.0 10.6° 6.460 40.11
065 0.122 10.043 0.375 +0.059 3.3 6.444
060 N 0.121 10.046 0.351 10.060 3.2 6.214
060 S -0.013 10.046 0.204 +0.060 2.0 5.921
055 -0.012 10.046 0.199 10.060 1.9 5.977
050 N -0.130 10.048 0.073 10.062 0.7 5.873
050 S -0.115 10.048 0.075 +0.062 0.8 5.514
045 -0.001 | 10.049 0.178 | 10.062 +1.9 +0.6° 5417 #0.11
040 N -0.068 10.051 0.088 +0.063 wl* %w‘f +1.0 10.8° 4.978 10.12
040 S -0.160 40.051 -0.044 +0.056 -0.1 4.875
035 N -0.159 10.053 -0.032 +0.064 -0.6 4416
035 -0.153 10.052 -0.026 $0.063 -04 4.397
035 S -0.147 10.054 -0.027 +0.065 -04 4.305
030 -0.145 10.054 -0.051 +0.063 -0.8 3.714
025 N -0.235 +0.056 -0.163 10.065 -2.8 3.283
025 S -0.215 +0.056 -0.151 +0.064 -2.8 41.2° 3.061 10.12
020 -0.229 10.057 -0.178 +0.064 wi* &yl -3.9 +1.7° 2.565 10.12
015 N —-0.288 10.058 —-0.246 10.064 -7.1 2.027
015 S -0.262 +0.058 -0.222 +0.064 -6.9 1.900
010 -0.280 $0.059 -0.254 +0.064 -11.3 1.297
005 N -0.305 10.060 -0.293 10.064 -20.6 0.838
005 S -0.270 10.061 -0.262 +0.064 -24.3 0.642
005 -0.298 +0.061 ~-0.286 +0.064 -21.6 0.776
000 N - -0.308 10.062 -0.308 10.063 -69.0 +20° 0.330 +0.11
000 -0.288 10.061 -0.287 $0.062 . -65.6 125° 0.315 10.24
000 S -0.285 +0.062 -0.285 +0.064 Wi = wf -52.5 0.359
005 W -0.289 10.064 -0.272 +0.064 -15.3 +5° 1.028 10.20




Next a horizontal velocity (component) grid is
established for the purposes of deriving a) ice flow lines
and b) velocity gradients for strain rate determination.

Using program FLOW, flow lines are generated by
selecting a suitable starting point near the divide where
there is a finite flow rate. The program computes distance
moved using a time increment of one year and interpolates
from the grid to obtain {u, v) values for deveioping the flow
line. Several flow lines were produced in this way on the
Calcomp plotter (Fig. 8).

Velocity gradient values determined previously are
now used in a program RATE, which computes principal

strain rates at each data point using the components of the
strain rate tensor:

., _ ou v
b T B Ty
(5)
. oul v s
Yy :8—y ™ (note e, =% 7, ).

The principal strain rates '61 and éz and their orientations
are then computed using the equations of Nye (1959). It
should be remembered that these strain rates apply within a
horizontal plane lying at the surface of the glacier. Table b
gives the values at each data point P'.
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Figure 8. (a) Plot of velocity components u,v and flow lines generated from them; (b) flow vector directions
and flow lines as generated in the previous plot by the program FLOW. Flow line ON begins where

u,v =0.



VERTICAL PROFILE FOR FLOW ANALYSIS

The flow line ON (Fig. 8), generated from near the
point of zero flow rate and passing through it, defines a
convenient profile (Fig. 9) along which variations of strain
rate and stress (Fig. 10) are next examined. Ice thicknesses
along the profile {Fig. 9) have been determined by
preparing an isopach map using the data of Jones (1972).
Basal temperatures have been computed using the simple
model of Jenssen and Radok (1963); see also Holdsworth

(1973a). Principal strain rates (Fig. 11) are seen to be acting
nearly parallel and perpendicular to the flow line.
Deviations up to 3° (arc) occur.

Co-ordinate System

Adopting a new right-handed rectangular co-ordinate
system where x is in the direction of the flow line, ¥ is
transverse to it and z is perpendicular to the glacier surface
(z is positive downward), in which lies the origin, we take

€1 =€y and €, =€),

Table 5. Principal Strain Rates at Data Points

Data point pi Bearing of él

(station) él x107327YH & (x1073a7h direction from north Remarks
0975N -7.04 10.10 +0.10 10.10 13.4 3°
09758 6.94 +0.44 32.2 Variable due to shallow
0975 6.16 -0.38 26.8 ice and structure
09425N 4.37 -0.26 18.5
094258 5.83 -0.32 27.5
0910 2.50 -0.35 21.5
0875N 0.62 -0.23 34.1
08758 0.86 -0.37
0840 -0.03 0.29 16.9
08125N +0.10 0.21 11.3
081258 0.07 0.19 15.3
0785 0.12 0.17 13.6
0755N 0.29 0.07 12.8
07558 0.27 0.12 13.5
0725 0.30 0.07 13.9
06875N 0.35 0.02 14.5
068758 0.38 0.05 9.2
065 0.37 0.05 3.9
060N 044 0.03
0608 0.56 0.14
055 0.54 0.08 Bearings unreliable
050N 0.96 -0.02
0508 0.72 -0.01
045 0.97 +0.03
040N 1.08 £0.11 0.00 *0.11 10.2
0408 +1.01 10.11 +0.08 10.10 13.5 +2°
035N 1.13 0.06 13.9
035 1.18 0.05 15.2
035S 1.17 0.04 15.6
030 1.23 0.07 15.2
025N 1.21 0.09 13.6
0258 1.21 0.07 14.9
020 1.23 +0.03 15.5
015N 1.25 -0.01 15.8
0158 1.25 -0.04 17.5
010 1.29 0.05 15.8
005N 1.45 0.06 12.8
005S 148 0.12 15.9
005 1.51 0.08 13.9
000N 1.52 0.12 12.8%* *divide region-deviation
000 1.57 0.10 14.3 (194.3)12: of él, from flow lines
000S 1.55 0.07 14.5 (194.5)%2" | (Fig. 15)
005w +1.66 10.11 -0.10 #0.10 14.6 (194.6).‘t2°

(cf. col. 5)

Table 3

Note: Sign convention: ~compressive
+extensive |

Contrary to normal practice € has been taken as the principal strain rate closest to the x — direction, along the flow line.
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gradient of 0.02°Cm™!; Curve II corresponds to a geothermal gradient of 0.0344°Cm™!
(Holdsworth, 1973a).



1.8

1.6

14 L4

.2 1.2

EXTENSION

10 L1o

0.8 08

06+ [06 STRAIN
04 104 RATE
0.2 10.2

xi03a™
00 . < ‘ 00
\/

-02 0.2
-04 10.4
-06 06
-08 08

-10 COMPRESSION \ 1.0

-1.2 \ 1.2

-l.4 \ 1.4

|
-1.6 \ 1.6
0 I 2 3 4 5 6 7 8 9 10 KM

DISTANCE ALONG FLOW LINE

Figure 10. Variation of strain rate components éxx and éyy along the flow line ON.

Flow Law

We assume a flow law of the type (Nye, 1957):

where éij and o;j are the strain rate and stress deviator
components, respectively, and i, j are now the symbols for
repeated subscripts:

Lj=x,vy,z.

The quantity

)\ = B—nTn—l

where B is a factor dependent on crystal size and
orientation, impurities in the ice, and temperature. As a
function of the latter, B is usually written:

B = By (7)

where B, iska constant under uniform crystal properties; v
is a factor = k =~ 0.1 {Budd, 1969) and 8 is the {negative)
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temperature in °C; n is an exponent which seems to vary
with stress; and 7 is the “‘effective stress’’ defined by:

212 = oy - ol (8)

The ““effective strain rate’’ is defined by:

2€2 = ;- ¢

Since the strain rate data show that the transverse com-
ponent &, is an order of magnitude less than é1 (uptox=
7.5 km), we make the simplifying assumption that:

eyy~0

and the incompressibility condition then gives:

€xx T €z -

Consequentty, from (6):

! !

=-0y,- (9) \

ox X




/

7( ;(/ 2 ext
% | COMPRESSION
/ PRINCIPAL STRAIN | |
RATES x 103%™ ’

),( % / o . )
(o]
SCALE KM

0
0 V=0
U:o

v,y

Figure 11. Principal strain rate directions in relation to
flow line ON. See Table 5 for detailed values.
Central values are small and orientations
unreliable.

Determination of Flow Law Constants

From the flow law, Equation (6) and the equations of
motion, Budd (1969, p. 119) has derived the following
equation which accounts for deformation in three dimen-
sions along a flow line in the absence of basal slip:

0 o= % 1T 1 e
- 5% (HB, &, 1/M) ~ EpigHO‘
1/n (10)
2
_ By (gt 1y _pig-a—zzaﬁ:"
2 2 H 6 Ox

where H is the average ice thickness and « is the average

surface slope smoothed over 2-kilometre distances and §1
and 7, are the flow law parameters averaged over the
thickness of the glacier. B, and n., are the average values
for the basal zone (Budd, 1969, p. 118), u, is the surface
longitudinal flow rate, p; is the average density of the ice
and g is the acceleration of gravity.

Foliowing Budd (1969):

C* .
€xx = ¢exx

where

( r r 23 -(n-1)/2
¢ = \1+— 1+3
)G

and
r = éyy/éxx )
Assuming B can be written in the form of Equation (7),
Equation (10) may be rewritten:
Hoa + 0 gg7 -0 S*1/n
Y p;g Ha 273 (HBo,1 e €.5/"1)
(11)

= —ke .us 1/)’!2 _7__ . iz __3
(e F) T g P9 52 O

where

_ 2 1/n, B
Y —<n2 T 1) 0,2

To solve Equation (11) for B and 7 it is necessary to make
The following approximations by putting:

2

02 _
We now examine the term containing 2 {aH3).
X

Figure 12 shows a plot of aH® with actual values and
smoothed values. Averaged over the interval 1 < x <8 km

(in which we are seeking to obtain average values of B and
o 2

n) it can be seen that — (aH3) =~ constant. Therefore —
B ox ox2
(aH3) = 0, which is the general result reached by Budd
(1969} when averaging over distances of 10 to 20 times the

ice thickness. Equation (11) now simplifies to:

2 Y pg 2 " O (g.-v8 zxim
<n+1) .%Ha + 2 e y He €y x
u 1/n
=(7-/§ e‘k9> . (12)
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Figure 12. Plot of quantity aH? versus distance along the flow
line. Open circles—point values; closed circles—values
smoothed over 2 km.

Initial trial values of B, = 18.762 MN m~2 50-265, andn =
a 17 .
3.77 were obtained by taking — (H e~¥0¢&_1/n) =0, and
' dx XX
17 uS .

plotting aH versus (ﬁ)e‘lw on log-log paper and obtaining
the slope of the curve.

procedure involves taking the

The subsequent

u
(ﬁ) e7%0 values just obtained and plotting these against:
sFa + y > (Fev9 ¢* un
ox ¢ €xx

where

2 \/n
£ = <n+1> Pig/ By

2 1/n
y=2 <n+1)

to produce a better value of n. The iteration is stopped
when the last value of n substituted equals the value
obtained from the slope of the curve to within the accuracy
of the fit. This also satisfies the solution for B,.

and

Figure 13 represents a fourth iteration and vyields a
value of n=4.2 £ 0.1.

The lower line represents model | and the upper line
model Il of the basal temperature distribution (Fig. 9). In
Figure 13, the lower line appears to have a slightly greater
slope than the upper line (i.e., using the thermal model
notations n, > n;) and this would agree with the
relationship:

(118" = (1184, )" (8o, > By,)
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obtained from the flow law. If we accept the values of:
By, ~ 10.95 MN m~2 51/4.2

B ~ 12.856 MN m=2 s1/4.2

on

obtained from the two lines in Figure 13 then:
n,/n, = 1.009

or, if we accept

n, = 4.2
then
n,, = 4.16.
50, 50
10 10
] Us k8
M H
, x 1070 g-1
’4 b
4
| |
0.001 0.0l 0.05
—_ _ . x n-b
sAx + yRFEP e )
s—l/l‘l

- — 0 _ A
Figure 13. Plot of uge k0/11 versus EHa+y 3 (He Voex‘;cl/").
Curve I-temperature model I; Curve II--temperature
model II. .

This result is not meant to imply an increase of
accuracy, but to reconcile the different values of B,
obtained, and to show that moderate errors in assumed
temperature values do not greatly influence n or B,.
Further we have ignored the possibility of basal slip which
might be associated with the first half of model 11, although
this cannot be proven.

A mean value is given as:

By = 11.9 (£1.0) MN m-2 s1/4.2




Calculation of Stresses

If the stresses 0%, 0;, and 0,, (= 0, ) are finite and
Ojvy =0 (0 <x > 7.5 km), then using Equations {8) and {9):

T =[{054)2 + (0,)2]%

where the shear stress 0,,, ~ p;gzsin@ (14)
(p,- is the density of the ice, assumed uniform, and « is the
smoothed surface slope). The basal shear stress from
Equation (14) is:

Ozx lp = Pjgl'—lsma

where H is the smoothed ice thicknesses.

Equation (6) may now be used with (13) and (14) to
give:

éxx =g8n [(o;x)z + (UZX)Z]‘/z(n -1) O;x (15)
where éxx' a;x B and r are assumed to vary with depth z.
(B and n are taken to be about 11.9 MN m-2 s0.238 apd

4.2, respectively only in the Jower part of the ice cap.)

Since the assumption of zero basal slip implies
éxxlp = 0 and hence by (6): 0}, |, = O (at the bottom),

(13)

we now make some simplifications:
a) Assume (Budd, 1969):
sx ! €xxls =ulug =R

where the subscript s denotes a surface value
and the bar denotes an average value over
the depth H. It may be readily shown that
(for isothermal ice) R = n + 1/n + 2 and
hence for the present case A =~ 0.83, very
approximately.

b) It follows that 0, ~ 0.83 0}, l,.

¢) We assume that the T, value occurs at about the
same depth as the U value, which is about 0.704
(again for isothermal ice).

Equation (15) is now used in which éxx and o;x take
values of 83% of their surface values and 0,, takes values
appropriate to a depth of z = 0.70H. We assume that this is
sufficiently deep within the ice for us to use the values of B
and n derived previously.

Equation (15) has been solved for o;x using an
interval halving method and then 7 has been calculated
using Equation (13). These values, together with O,xlp, are
shown in Figure 14. The actual stresses appropriate for the
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Figure 14. Variation of stresses at the base and at about, 0.34 above the base along the flow linel ON. Beyond
Xx =7.5 km variation is only approximate as |0yy| increases to become comparable to onxl'
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B and n values derived are thought to lie between the g,
(=7p) value and the value of 7 which applies at about
0.70H below the surface.

DISCUSSION OF RESULTS
Survey Results

The result from the velocity data that a point could
be found where u, v =0 within 150 m of the “apparent”
topographic divide (as determined by the profile of the
snow surface) suggests that the velocity data are reliable
within the limitations of the methods used. A combined
open-traverse/triangulation/trilateration developed from
station 000 to the top of the south dome was also
completed in 1970 and 1971. Using the same methods of
data reduction described, a zero horizontal velocity point
was found to exist on the top of the dome, thus also giving
a second independent check on the velocity and hence
position determinations. These results will be reported
elsewhere.

The error in velocities (Table 3) could account for the
apparent displacement of the “dynamic divide'’ from the
topographic divide {Fig. 15). The flow lines and principal
strain rate directions in the region of the divide, however,
are realistic, so there is a high probability that the

SCALE M -05 Viog
U m.a-! +V,Y
V—

Figure 15. Divide region showing position of “apparent dynamic
divide” and topographic divide.
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displacement is real. Assuming that under normal steady-
state conditions the point where u, v = 0 corresponds with
the topographic divide, we suggest that to account for
the present observation the divide is drifting to the
northeast (compare Orvig, 1953; Lgken and Andrews,
1966).

The divide has been displaced about 5 km to the
northeast, as the result of a surge of the southern part of the
ice cap (Holdsworth, 1973a). Based on the possible times
when the surge began, average divide displacement rates of
from 26 m a-1 to 147 m a-1 are obtained. We do not
expect such high values to apply now, as it is believed that
the displacement rate decreases with time, being the
greatest in the early stages of the surge phase.

Current Net Mass Balance and Vertical Ice Flow

Figure 16 shows that at the divide the mean annual
accumulation of superimposed ice from 1970 to 1973 is
about 0.386 * 0.15 m a~1 (average density 900 kg m—3).
At the same location the vertically downward ice velocity is
about-0.29+0.06 ma-1.

The average balance line occurs at about 690 m,
whereas the elevation of zero flow rate perpendicular to the
ice surface is about 810 m.

Ice emergence rate and ablation at the lower end of
the network appear to be about 1.0 m a-' and 0.8 m a—1,
respectively. Thus, dynamically, the ice cap seems to be
reacting to a lower accumulation rate and higher ablation
rate than are currently recorded. It should be noted,
however, that aerial photographs taken in July 1961, show
the divide almost stripped of snow and firn, indicating that
the long-term average annual net balance may be lower than
the value recorded in the interval 1970-73. The data of
Lgken and Sagar (1968) indicate a large variation in mass
balance with respect to time, and it is felt that at least a
decade of mass balance measurements should be made.

Flow Law Results

The values of n and B, derived from variation in the
longitudinal dynamic properties of the ice cap, are average
values applying in the stress range 0.056 <7 < 0.1 MN m-2
and in the basal temperature range from -0.277°C to
-10°C. The effect of assuming ny = ny; 80,1 = Bo,z in
Equation (11) is now discussed. The term affected is:

i i</71§0,1 e g 1> (16)

which is normally an order of magnitude smaller than the
term £Ha. In addition, the gradient value in (16) is not
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Figure 16. Plot of flow rate component perpendicular to the ice surface and smoothed accumulation/ablation

data for 1970-73 period.

very sensitive to n,. We expect that averaged over the
vertical section the value of n, is less than the value found
here for the basal region because, as Budd (1969) has
shown, there is considerable evidence that n decreases with
decreasing stress. Figure 17 shows that the gradient values
actually decrease slightly as »n takes values from 4.5 to 3.5.

Of greater importance is the ratio B, /By , > 1
which tends to increase the value of (16} shifting the lines
in Figure 13 to the right, but has only a minor effect on the
slope. Estimates for the actual value of 30,1 are not
available.

The results of this paper are a first step toward the
calculation of vertical profiles of velocity and improved
temperature profiles. More data are needed to decide
whether the position of the present divide is stable or is still

migrating as a result of a surge. Only then can the problem
of calculating flow lines and the age of the ice be attempted
realistically.

Results of Orvig and Ward

In the light of the present data, the recognition of the
effects of a surge on the south part of the south dome
(Holdsworth, 1973a) and the work done on the ice margin
at Generator Lake (Holdsworth, 1973b), we are in a
position to reinterpret some of the observations made by
Orvig (1953) and Ward (1953).

Orvig argued that the northeast side of the south
dome, showing the highest shear stresses, should have the
highest flow rates. Although this appears to be quite logical,
it is found not to be the case if the velocity measurements
1110
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Figure 17. Plot of He K0/ "éx';cl/” versus distance along the flow line for various # values.
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of Lgken, Geiger and Langlais (1968} are correct. We have
(Holdsworth, 1973a) tentatively identified these relatively
high flow rates on the southwest side as due to the residual
effects of a recent surge there. On the basis of observed
marginal forms and moraine evidence, Orvig concluded that
the whole ice cap (in the present study area) was migrating
slowly northeast because of supposed asymmetry of the
flow rates on opposite sides of the divide.

As the present data are unfavourable for the last
supposition and because the known asymmetry in accumu-
lation on either side of the divide {Lgken and Andrews,
1966; Lgken and Sagar, 1968; Holdsworth, unpublished
data) is insufficient to account for a displaced divide
(Weertman, 1973), we are led to believe that the latter
phenomenon has been essentially caused by the surge. The
actual reason, however, for the apparently steady (or
advancing? )} northeast margin and the apparently retreating
southwest margin (apart from the surge lobe) must still be
related to the mass balance.

Ward (1953), in commenting on Orvig's paper,
speculated that if on the northeast side the margin was once
flowing into proglacial lakes and the lake levels were
subsequently lowered, the ice margin would advance and
continue to do so for a long time. Although an ice advance
following a rapid drawdown of water level is mechanically
reasonable (Barnett and Holdsworth, 1974), there seems to
be no new evidence to suggest that it has occurred or is still
continuing on the northeast side. If the effect was the same
as a “landslip” (surge? } (Ward, 1953), then one would
expect to find on the northeast side an unusual surface
profile (such as is found on the southwest side) and a divide
displaced to the southwest.

Evidently Ward was seeking a mechanism that we
now know as “‘surge triggering.”’ Holdsworth (1973a) did
not identify a definite “‘trigger mechanism’ for the surge on
the southwest side, although the implication was that
through a steady buildup of superimposed ice sufficient
area of the base would reach the pressure melting point, so
that the outer ring of cold ice would be breached by the
sliding of thick interior ice.

The geomorphological evidence (Lgken and Andrews,
1966; Barnett and Holdsworth, 1974) is incomplete for the
south lobe and might be interpreted in more than one way.
In particular, a detailed subglacial topography and pre-surge
lobe shapes for the south lobe are not yet known. [Radio
echo sounding during April and May 1974 has provided
new depth data {Jones and O'Neil, personal communica-
tion).] Therefore a tentative hypothesis for the “trigger
mechanism’’ is now offered. When Generator Lake first
emptied after a sufficient retreat of the ice margin, the
lowering of the water level {removing a boundary
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constraint) could have led to the triggering of a surge,
provided a sufficient percentage of the basal interior of the
ice cap was at the pressure melting point. The surged ice
would then have dammed up a lake once more. Obviously,
this mechanism is cyclic; after long intervals of time the
lake is catastrophically emptied only to fill up rapidly again
as advancing {surge) ice blocks off the channel once more.
(To produce the volume of water contained in the present
lake approximately 20 years would be required.) If the
duration of the surge cycle could be found, then we could
estimate the number of past surges from the proposed
chronology of Barnett and Holdsworth (1974).

Recent Information on the Surge Concept

Hooke (personal communication) has shown that the
basal ice temperature gradient in two locations, about 1 km
from the margin and 8 km to the northeast and 12 km to
the east southeast of 000, is about 0.022 °C m~1 and 0.037
°C m-1, respectively. This opens the possibility of relating
the three different surge areas (Lgken, 1969) to the high
(tocal} geothermal heat flow values.
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