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ABSTRACT. During the snow-melt season of 1982, basal
water pressure was recorded in 11 bore holes communicating
with the subglacial drainage system. In most of these holes
the water levels were at approximately the same depth
(around 70 m below surface). The large variations of water
pressure, such as diurnal variations, were usually similar at
different locations and in phase. In two instances of
exceptionally high water pressure, however, systematic phase
shifts were observed; a wave of high pressure travelled
down-glacier with a velocity of approximately 100 m/h.

The glacier-surface velocity was measured at four lines
of stakes several times daily. The velocity variations
correlated with variations in subglacial water pressure. The
functional relationship of water pressure and velocity
suggests that fluctuating bed separation was responsible for
the velocity variations. The empirical functional relationship
is compared to that of sliding over a perfectly lubricated
sinusoidal bed. On the basis of the measured velocity—
pressure relationship, this model predicts a reasonable wvalue
of bed roughness but too high a sliding velocity and
unstable sliding at too low a water pressure. The main
reason for this disagreement is probably the neglect of
friction from debris in the sliding model.

The measured water pressure was considerably higher
than that predicted by the theory of steady flow through
straight cylindrical channels near the glacier bed. Possible
reasons are considered. The very large disagreement between
measured and predicted pressure suggests that no straight
cylindrical channels may have existed.

RESUME. Mesures simultanées de la pression d'eau sous
glaciare et de la  vitesse  superficielle  sur le
Findelengletscher, Suisse: conclusions sur le systeme de
drainage et le mécanisme du glissement. Pendant la période
de fusion de la neige de 1982 la pression deau a été
enregistrée dans 11 forages communiquant avec le réseau de
drainage sous glaciaire. Dans la plupart de ces forages le
niveaux d'eau étaient 2 peu prés 4 la méme profondeur, 2
environ 70m de la surface. Les grandes variations de
pressions, comme les variations diurnes, étaient généralement
d’amplitude comparable et en phase aux différents points de
mesure. Néanmoins a4 deux reprises, & I'occasion de pressions
exceptionnellement élevées, des différences de phase ont été
observées, traduisant la propagation vers I'aval d'une onde
de haute pression a la vitesse d'environ 100 m/h.

Les vitesses superficielles étaient mesurées plusieurs fois
par jour sur 4 lignes de balises. Les variations de vitesse
sont corrélées avec les variations de pression. La relation
entre pressions et vitesses suggére que les fluctuations de
vitesses sont causées par des fluctuations du décollement. La
relation empirique est comparée A celle du glissement sur un
lit sinusoidal parfaitement lubréfié. Sur la base des relations
pression-vitesse observées ce modéle prévoit une valeur
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raisonnable de la rugosité mais des vitesses de glissement
trop importantes et un glissement instable pour une valeur
de pression trop faible. La principale raison de ce désaccord
provient sans doute du fait que l'on néglige le frottement
dd aux débris rocheux dans le modéle de glissement.

Les pressions d'eau mesurées sont beaucoup plus élevées
que celles prévues par la théorie de I'écoulement permanent
dans des chenaux cylindriques rectilignes prés du lit. Les
raisons en sont examinées, le trés grand désaccord entre
pressions observées et mesurées conduit A penser qu'il
n’existe jamais de chemaux cylindriques rectilignes.

ZUSAMMENFASSUNG. Kombinierte Messungen von sub-
glazialem Wasserdruck und Gletscheroberfldchengeschwin-
digkeit, Findelengletscher, Schweiz: Schlussfolgerungen auf
das Abflusssystem und den Gleitmechanismus. Wihrend der
Schneeschmelze wurde 1982 in 11 Bohrldchern, die mit dem
subglazialen Abflusssystem in Verbindung standen, der
Wasserdruck am Gletscherbett registriert. In den meisten
Bohrldchern waren die Wasserspiegel etwa gleich tief (um
70 m unter der Oberfliche). Im allgemeinen waren die
grosseren Schwankungen der Wasserdrucke an verschiedenen
Orten #hnlich und in Phase. In zwei Fillen mit
ungewdhnlich hohem Wasserdruck wurden jedoch
systematische Phasenverschiebungen beobachtet: Eine Welle
hohen Wasserdruckes wanderte mit einer Geschwindigkeit
von etwa 100 m/h gletscherabwirts.

Die Oberflichengeschwindigkeit des Gletschers wurde an
4  Stangenprofilen mehrmals  tiglich  gemessen. Die
Schwankungen  der Geschwindigkeit des  Gletschers
korrelierten mit den Wasserdruckschwankungen. Die
funktionale Beziehung von Wasserdruck und Geschwindigkeit
weist darauf hin, dass die Geschwindigkeitsschwankungen
durch Verinderungen der Abldsung des Gletschers von
seinem Bett verursacht wurden. Die empirische funktionale
Beziehung wird mit derjenigen verglichen, die fiir
reibungsfreies Gleiten fiber ein sinusfdrmig gewelltes Bett
gilt. Aufgrund der empirischen Beziehung wird mit diesem
Modell ein' verniinftiger Wert der Rauhigkeit des Gletscher—
bettes ermittelt, hingegen wird eine zu hohe Gleitgeschwin-
digkeit berechnet und instabiles Gleiten bei einem zu
niedrigen Wasserdruck vorhergesagt. Der Hauptgrund fiir
diese Diskrepanz ist wahrscheinlich die Vernachlissigung der
Reibung durch Schutt im Modell.

Der gemessene Wasserdruck war erheblich hdher als
derjenige, der theoretisch fir stationiren Durchfluss durch
gerade, zylindrische Kanile in der Nihe des Gletscherbettes
zu erwarten wire. Mogliche Ursachen werden betrachtet.
Der sehr grosse Unterschied zwischen gemessenem und
berechnetem Druck Ilisst vermuten, dass keine geraden,
zylindrischen Kanile existierten.
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1. INTRODUCTION

1.1. Aim of study and organization of this paper

The purpose of the present study was to gain detailed
information on the influence of the subglacial water
pressure on the velocity of a glacier. Findelengletscher was
chosen for this study because a pilot study had revealed a
sensitive reaction of the glacier to changes in melt-water
input. In particular, some instances of a diurnal cycle of
velocity had been observed (Iken, 1978). These observations
suggested that the classic concept of sliding with bed separ-
ation (Lliboutry, 1968, 1979; Kamb 1970; Iken, 1981;
Fowler, in press) might be relevant for this glacier. The
present study indirectly confirms this conjecture.

This paper is arranged as follows:

Experimental results are presented together with a discussion
of the immediate implications in section 2:

2.2. Water-level variations.

2.3. Velocity records and relation to water pressure.
2.4. Special events in the drainage system.

2.5 Experiments carried out by other investigators.

Observational facts are compared with (heoretical pre-
dictions in section 3:

3.1. The relation between subglacial water pressure and
sliding velocity.
3.2. The water pressure in subglacial conduits.

The probable situation of the drainage system of
Findelengletscher in spring is described in section 4. Section
5 is a summary of results.

1.2. Description of the glacier

Findelengletscher is a temperate valley glacier; the
valley section is 3km long and 500-1000 m wide. It
descends in several steps; the.mean slope, taken over 2 km
around the study area, is 6.5 . On the steeper sections the
glacier is heavily crevassed, partly because it began
advancing in 1979. As a consequence of the broken surface,
there are hardly any streams other than rills on the glacier
surface, and the melt water may perhaps reach the glacier
bed at many places. A map of the study area is shown in
Figure 1. The contour lines indicating the glacier bed refer
to radio echo-soundings (Wichter, unpublished). Seismic
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Fig. 1. Map of the study area. Thin contour lines: glacier
surface, contour interval 10 m. Thick contour lines: glacier
bed (from radio echo-soundings by H.P. Wdchter), contour
interval 20 m. Poles of transverse profiles (A to D) are
numbered, starting at the margin with 1. Pole D2 is
between bore holes 9 and 10.

soundings  (SGsstrunk, unpublished) have revealed two
reflecting horizons, 10-15m apart on the south side of the
glacier, and 20—60 m apart on the north side. On the south
side the lower of these horizons coincides with the horizon
reflecting the radar waves. On the north side, however, the
radar waves seem to have been reflected at the upper
seismic horizon or, in some places, at an even higher hori-
zon. A possible interpretation for the south side of the
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glacier is the existence of a dirt layer in the basal ice. This
interpretation is corroborated by the fact that bore holes
penetrated the upper horizon there; the drilling progress was
slow in the last 5-10m, and the drill stem became
scratched. (It is surprising, however, that a layer which
could be penetrated by the hot-water drill caused a
reflection of seismic waves.) No certain interpretation can
be given for the north side of the glacier; one possible ex-
planation could be a layer of ground moraine overlying the
rock bed. (No bore holes have been drilled on the north
side so far.)

2. MEASUREMENTS, RESULTS, AND PRELIMINARY
DISCUSSIONS

2.1. Field techniques

Four lines (A to D) of poles on the left side of the
glacier at distances of 300m were surveyed several times
daily. The instruments were Kern—DKM2A and Wild-T2
theodolites with automatic levelling. They were screwed on
to short metal instrument poles cemented into rock and in-
sulated with foam pads. The marker poles were frozen into
the ice using a salt/ice mixture.

Twenty-five bore holes were drilled to the glacier bed
with a hot-water drill described elsewhere (Iken and others,
1977). The water levels were recorded with VDO membran
gauges and 6-channel Goerz "Miniscript" recorders. The
tolerance of records corresponds to an uncertainty in heights
of water levels of 24 m, depending on the performance
of individual gauges. The bore holes were flushed for
several hours daily, in general with a constant measured
water discharge in the range of 0.2-0.4 I/s. Flushing was
accomplished by means of a water-line system of hoses
sucking water from pools or crevasses up-glacier. Small
natural streams were flowing only into hole 7 and, from 7
June onward, into holes 4 and 6.

Seismic activity was recorded with two standard micro-
earthquake recorders operating in the frequency range
2—50 Hz. They were situated near the centre line and
separated by a distance of 870 m.

2.2. Water-level variations
2.2.1. The records

Eleven bore holes connected with the subglacial drain-
age system for different periods of time (in a pilot study
in 1980, five holes out of eight connected). Near the
margin, drilling was less successful than in the central part
of the glacier. In the connected holes the water level
dropped quickly to a depth of approximately 70 m below
the surface. In at least two cases this happened before the
drill had reached the glacier bed; when the holes were re-
drilled later, they could be made a few metres deeper.
Some of the holes, or their connections with the subglacial
drainage system, soon became obstructed in spite of efforts
to flush them. The water-level records indicate whether
there was an efficient connection between a hole and the
subglacial drainage system; if the connection was poor, the
water level would rise when the water input was turned on,
or drop when the water input was turned off. The pressure
records for such holes do not give a reliable indication of
the pressure in the subglacial drainage system.

The pressure records of four holes which had good
connections with the subglacial drainage system during most
of the time are shown in Fig. 2b, together with the veloci-
ties of two poles, the discharge of the terminal stream, and
air temperatures. Figure 2a gives additional velocity data.
The variations of water level in these holes were in general
quite similar and obviously correlated with the velocity
variations. On a more detailed scale, the individual records
show frequent, irregular deviations from the general trend.
In June, diurnal variations in water levels became distinct,
with peaks in the late evening. There were two cases when
a systematic phase shift occurred between records of bore
holes at different locations with respect to distance down-
glacier: the large peaks on 30 May and 12 June. These
events will be considered in a later paragraph. Although the
four holes were located in different zones with respect to
slope and longitudinal compression of the glacier (Fig. 3),


https://doi.org/10.3189/S0022143000006936

Tken and Bindschadler: Subglacial water pressure and surface velocity

[mm/h] Horizontal velocity Horizontal velocity [mm/h]
30 30
a
; 20
=
|
|
L) 10
e May! T8 Taol Tzal ToaT Tag! Teal T uTam T T TaT Tg T TgT ToT T2T Na' '16' "18. June
S T (B T O B TR (R [ [ 1 . i
. |
30~ [mm/h] [mm /n]-3C
Horizontal Velocity Horizontal Velocity
25
25 r
1
s — ,
15w
e (e O N SO S 0 S

[m] Depth of water level below surface

50+
100~
4
2
J R - ' 10
o
+18AMWW\M NAI% 0
-10- [°c] Temperature femperature [°C] --10
T D o 1 | [ ) R s S T . T | T s | T [ [ el T el 1 Fee b o] Tan 0 |
May 18 20. 22. 24, 26. 28. 30. 1.6. 4, B. 8. 10. 12. 14. 16. 18, June

Fig. 2. a. Velocily records for poles near the centre line of the glacier. Broken lines indicate mean
velocities over periods when no short-interval measurements were made.
b. Top: velocity of two poles of profile c. Broken lines indicate mean velocities over periods when no
short-interval measurements were made.
Upper middle: depth of the water level below surface in four bore holes.
Lower middle: discharge of the terminal stream (by courtesy of Grande Dixence, S.A.). Broken line: a
dam had broken and discharge data refer to only part of the outlet stream.
Bottom: thick line: air temperature near the glacier terminus (by courtesy of Grande Dixence. S.A.).
Thin line: temperature of the free atmosphere at the 700 mbar level near Payerne (by courtesy of
Schweizerische Meteorologische Anstalt).

the water level was very roughly, that is within
approximately 10 m, at the same depth below surface in all
of them. This applies also to holes 8 and 9 during the brief
period when they had connections.

In the two semi-marginal holes, 1 and 5, where the ice 2700
is only 110 and 85m thick, respectively, the water levels
tended to be somewhat deeper. That is, the piezometric sur-
face, which approximately paralleled the ice surface in the 2600
central part of the glacier, appeared to drop slightly towards
the margin; transverse profiles over the ice surface were al-
most horizontal in the study area. The record of hole 5,
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Fig. 3. Longitudinal sections through the part of glacier 2700
studied. (a) Vertical section along a straight line through
bore holes 1, 7, and 10. Poles or bore holes which were
located at a significant distance from this section are 2600
indicated  with broken lines. (b) Section following
approximately the Talweg of the glacier and passing -
through bore hole 4. otl 0 500 m

IIIIIIITII
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Fig. 4. Water-level record in semi-marginal bore hole 5_ (the
record in hole 4 is shown by a thin line for comparison).
At hole 5, the glacier is only 85 m thick, and the pressure
gauge was at a depth of 78 m. The record is shown by a

broken line when the water level was below the gauge.

which was situated on a relatively steep slope (and thus
may not be representative for semi-marginal positions in
general) is shown in Figure 4. The record of the other
hole, 1, was only very brief. On the whole, the conclusion
that water levels in semi-marginal positions were lower, is
not absolutely certain, because data are too few.

Water-level records for holes 7 and 10 are quite
different from the others; the daily peaks occurred earlier
and the water levels were usually higher (see Fig. 5). A
small local melt-water stream was flowing into hole 7.
Additional water input through one or two hoses is
indicated in Figure 5 with "+" signs; it caused a significant
rise in water level in hole 7. This means that the hole had
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Fig. 5. Water-level record in bore holes 7 and 10 with
particular drainage conditions. (The record of bore hole 11
is shown for comparison.)

+ water is led into hole 7.

¥ water input enlarged (flow through two hoses).
- water input through one hose stopped.

= water input through both hoses stopped.

When the water-level record was greatly disturbed by
artificial input through the hoses, it is shown with a
broken line.

a poor connection with the subglacial drainage system. The
maximum daily water level is therefore markedly shifted to-
wards the time of maximum discharge into the hole. In
early June, the snow depth was 0.5m in this area. Accord-
ing to Colbeck and Davidson (1973), the maximum melt-
water volume flux from such a snow cover should be
expected in the early afternoon. No stream was flowing into
hole 10 from the surface but it is conceivable that the hole
communicated with a system of nearby crevasses. The
records would then indicate impeded drainage of that system
and a considerable storage capacity at shallow depth
(approximately 20 m below surface). Storage at that depth
caused a time delay of daily maximum water levels. In this
hole the water level was not much affected by water input
through hoses.

In summary, the majority of bore holes had similar
water-level records with daily maximum levels in the late
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evening. These records correlated with the velocity variations
of the glacier. In the two semi-marginal holes, the water
levels were often a few metres deeper. Two holes had quite
different records; the water levels tended to be higher and
reached the daily maximum several hours earlier. The water
level of one of these holes (7) was definitely affected by a
local melt-water stream flowing into the hole.

2.2.2. Preliminary conclusions on the drainage system

In the study area, small melt-water streams were flow-
ing into many crevasses and presumably reached the glacier
bed. It is noteworthy that the existence of such streams did,
in general, not cause deviations from the uniform depth of
water levels in different bore holes. Furthermore, the very
marked* diurnal variations in discharge of these streams did
not affect the variations of subglacial water pressure. The
recorded pressure maxima occurred up to 6 h later than the
maxima of melt-water flow from the thin local snow cover.
The synchronous response of pressure variations in different
bore holes excludes a delay due to water storage as a
possible reason. We believe that the water-pressure variations
corresponded to the wvariations of melt-water flow
originating in the large area up-glacier where the snow
cover was still 2-3m thick. Which are the conditions to
render possible the dominating influence of water flow from
areas up-stream and the suppression of effects of the
numerous local streams?

First, it is necessary to assume that the discharge from
the upper glacier contributed the largest proportion of the
total discharge (precisely, of the total discharge in that
section of a conduit where the largest part of the total
hydraulic head is consumed). Secondly, one has to assume
that the loss of hydraulic head along the local tributaries
was small, even during times of peak discharge. Either they
joined a larger stream with melt water from the upper
glacier after a quite short distance (this presupposes a large
number of such streams) or the gradient of hydraulic head
along the tributaries was small, or both. (The records of
hole 7 demonstrate what happens if this condition is not
fulfilled.)

Subglacial streams may either flow in semi-cylindrical
channels melted into the ice or flow through existing sub-
glacial cavities (Lliboutry, 1968), or seep through sediments.
Which of these flow modes appears to correspond best to
the observed facts?

Seepage through till can be ruled out as a major
mechanism of subglacial flow in this area because of the
very low seepage velocity in till (Lambe and Whitman,
1979, tables 3.2 and 19.1). More permeable sediments,
namely remnants of a former outwash plain, are not likely
to be present in the study area but may exist down-stream
of it, below a riegel (personal communiccation from C.
Schluechter).

If water flows through subglacial cavities, a slight
increase of water pressure causes an immediate expansion of
the cavities and also opens connections to neighbouring
strings of cavities, which prevents a large build-up of water
pressure. In contrast, a compact channel adjusts much more
slowly to a change in pressure.

The characteristics outlined above suggest that the small
local melt-water streams largely flowed through subglacial
cavities. That would explain why the strong wvariations of
discharge were accompanied by only small variations in
water pressure. Furthermore, extensive bed separation would
also provide an explanation for the sensitive reaction of the
velocity of the glacier to the variations of water pressure.
The subglacial water pressure can affect the sliding velocity
only if it acts on a large proportion of the glacier bed (and
not just in the vicinity of a few channels).

2.3. Velocity records. The relationship between subglacial
water pressure and velocity of the glacier

In Figure 2a, the horizontal component of the surface
velocity of poles near the centre line of the glacier is
plotted against time; a similar plot for two poles of profile

*The amplitude of diurnal variations of melt-water flow is
larger when the snow cover is thinner.
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Fig. 6. Velocity of pole C3 as a function of the subglacial
water pressure (shown as depth of water level below
surface). The water pressure, equal to the ice-overburden
pressure O, at the centre line, corresponds to a depth of
water Ieve? of 18 m below the surface. Different symbols
refer to different periods:

O large open symbols indicate that the scatter of depths of
water levels in different bore holes was small, as well as
the scatter of velocity values at profiles B to D.

B small, full symbols indicate a larger scatter.

vt upward pointing arrows indicate that cavities were
presumably shrinking (water levels were dropping). In
this case, the sliding is too small compared to the steady
state.

1 downward pointing arrows indicate that cavities were
presumably growing. In this case, the sliding velocity is
too large compared to the steady state.

The lower part of the figure is an enlarged section.
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C is shown at the top of Figure 2b. (The method of calcul-
ation of short-term velocities and of the estimation of
tolerances is described in Appendix L)

Velocity variations of longer duration and larger
amplitude were in general similar at profiles B to D. (An
obvious exception is the marked velocity peak occurring at
profile D on 7 June) Velocities measured at profile c,
which was in the centre of the study area, correlate best
with the water-level data, also shown in Figure 2b. In Fig-
ure 6, the velocity of pole C3 is plotted against the mean
depth of water levels in bore holes 3, 4, 6, and 11, which
were all between 160 and 175 m deep. The points of this
plot were selected subject to certain conditions, as explained
in Appendix II. The plot shows some remarkable features
from which important conclusions can be drawn:

(1) The points cluster along a distinct curve which
appears to have an asymptote where the subglacial
water pressure approaches the ice-overburden pressure
or a value close to that. (At its centre line, the glacier
is 180m deep and the ice-overburden pressure is
equivalent to that of a column of water 162m in
height; the corresponding water level is 18 m below the
surface).

(2) A functional relationship is still distinct down to
water levels as low as 80 m below the surface.

(3) Data points of different periods, indicated by
different symbols, are approximately on the same curve.
This applies even to the data from the pilot study in
June 1980. (Exceptions are the low-pressure points of
the period 30 May—4 June 1982.)

The first feature will be discussed in a later paragraph.
Feature (2) permits a definite conclusion to be drawn on
the mechanism of water-pressure dependent motion rele-
vant in the study area. There is no doubt that it is the
sliding motion which is affected by the water pressure, and
that the short-term variations of measured surface velocity
are related to those of the sliding velocity. Possible mechan-
iSms are:

(a) Growth of water-filled cavities at the glacier sole
as a function of subglacial water pressure (e.g.
Lliboutry, 1968, 1978, 1979; Iken, 1981) or, in
Weertman’s (1979) terminology with some modification,
non-uniform growth of a water layer which has a
non-uniform and locally substantial thickness.

(b) Decoupling of glacier sole and bed where the
glacier is afloat.

(c) Increased sliding when the pore pressure in
subglacial sediments is large enough that deformation of
subglacial sediments can take place (Boulton, 1979).

In the study area the glacier is up to 180 m thick. It
can only be afloat if the water level is not deeper than
18 m below the surface. Clearly, mechanism (b) above is in-
adequate to explain most of the velocity variations.

Deformation of granular sediments (c) is possible if

/(05— py) > Fy )

where T is the shear stress, 0, the overburden pressure, Pw
the pore pressure in the sediment, and F. is the friction
factor, a constant.

For densely packed granular sediments, F, is in the
range of 0.8—1.1; for loose packing F, is between 0.6 and
0.7 (Lambe and Whitman, 1979). Near the centre line, at
the glacier sole, Oy = 15.9 bar = 159 x 10° Pa  and
T w1 bar = 10° Pa.

(The latter figure was estimated from glacier geometry.
Assuming that the sliding velocity is constant along a trans-
verse profile, one finds with a geometric shape factor o{
0.58 and a mean surface slope, taken over 2 km, of 6.5
that T » 1,05 bar. Assuming, alternatively, that the basal
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shear stress is constant along a transverse profile, one finds
T » 0.9 bar) Choosing F, = 0.6, a low value favourable
for shearing of the sediment, we find from Equation (1)

Pw ? 142 bar = 142 x 10° Pa.

This water pressure at the glacier sole corresponds to a
depth of water level of 35m or less. The functional
relationship in Figure 6 obviously extends to much greater
depths of water levels. If the subglacial sediments are not
granular but rich in clay, deformation may be possible at a
lower pore pressure. In this case, however, the permeability
would be very low (in the order of 10°® mm/s) and simul-
taneous variations of water pressure at various places in
spite of storage would be very unlikely.

We therefore conclude that it is the mechanism of
formation of water-filled cavities at the glacier sole which
is operating in the study area. This conclusion is in agree-
ment with the considerations in section 2.2.2. The existence
of extensive bed separation implies that the amount of
sediment between the bedrock and the glacier sole cannot
be very large; if it were, the sediments would tend to fill
up cavities and interconnecting channels, and prevent an
uneven pressure distribution at the glacier sole which is the
pre-condition for cavity formation.

Feature (3) concerned the approximate invariability of
the functional relationship with respect to time or progress
of the melt season. Strict invariability implies that neither
the basal shear stress nor the proportion of the glacier sole
affected by water-pressure variations in the subglacial con-
duits changes with time. In fact, if for instance the basal
shear stress increases, the sliding velocity at a certain sub-
glacial water pressure also increases and then the data points
would be above the present curve. On the other hand, if
small subglacial channels are abandoned while a few large
ones grow, presumably a smaller proportion of the glacier
sole would be affected by water-pressure changes in the
channels. In this case, an increase in the subglacial water
pressure does not cause as large a velocity increase as be-
fore, and the data points would be on the right side of
the present curve. Of course, the extent of the cavity
network and the degree of interconnection varies as a
function of water pressure; but this function did not change
significantly in the course of time. Exceptions are the data
points depicted by triangles and referring to the period 30
May—4 June 1982, which are somewhat above the drawn
curve. A possible explanation is that during the significant
drop in water level following the high-pressure event on
29/30 May a large number of cavities became essentially
disconnected and temporarily retained a higher pressure than
that in the conduits. (Such a situation is depicted by the
broken line in Figure 12 in section 3.1.) Eventually, these
cavities may have drained further by seepage resulting in a
corresponding adjustment of water pressure within them (for
a given bed topography the pressure in isolated cavities is a
function of their volume and of the sliding speed).

2.4. Special events in the drainage system
2.4.1. Drainage of a small lake into the glacier

In the ni§ht and early morning of 6/7 June approxi-
mately 3000 m® of water drained from a small lake through
the moraine near theodolite-station A. The water was then
flowing along the glacier margin and into a moulin just
up-stream of profile B.

Features in the data were:

(@ On 7 June, between 10.00 and 16.30h, the
horizontal velocity increased strongly at all poles of
profile D but at no other survey marker. (The velocity
of pole D3 is shown in Figure 2a.)

(b) During the same period (i.e. between two surveys)
pole C1 moved upward by 14 mm in addition to the
normal vertical movement and later downward by the
same amount (Fig. 7). None of the other poles showed

a significant deviation from the regular vertical
movement.

(c) The records of subglacial water pressure were not

affected. (Holes 3, 4, 6, 7, and 11 were functioning at
that time.)
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Fig. 7. Vertical displacement of poles of profiles ¢ and D.
In the night of 6/7 June, a small lake had drained into
the glacier; only at pole CI the vertical displacement seems
to have been affected.

These observations suggest that the water could not
enter the main cavity network before it had reached
approximately profile D. It seems to have flowed in the
area beneath pole Cl causing there a temporary uplift that
was possibly localized because of the small ice depth.
Apparently, the conduits in the marginal zone were not
connected with the main cavity network. This is plausible if
indeed the water level was parallel to the glacier surface,
which implies a relatively small subglacial water pressure
near the margin. The scarcity of connecting bore holes near
the margin can perhaps be explained in this way. At
profile D and just below, the glacier is crevassed and
appears to descend over a step or knob on the south side
of the wvalley. Possibly, the water could enter the cavity
network near this irregularity in the glacier bed.

The local velocity increase should be accompanied by
longitudinal straining of the ice and consequently by a
downward movement of the ice at or up-stream of profile
D. This was, however, not observed. A very speculative
explanation is that the downward movement was
compensated by an upward movement due to subglacial
water storage.

242. Waves of high water pressure travelling down the
glacier

Two events of waves of high water pressure were
observed in the spring of 1982: on 30 May and on 12 June.
A similar event had been observed in 1980. That event had
been preceded by a period of very strong melt while a
similar relationship to such periods was not obvious in 1982.

The wave of 30 May 1982

The situation before the event: 25 and 26 May were
sunny and warm; the following days were cooler and more
cloudy. At profile ¢ the snow melt varied between 4cm of
snow/d from 24 to 25 May, 5.5cm/d from 26 to 28 May,
and 3 cm/d from 29 to 31 May. The mean snow depth was
06m on 29 May. The velocity of the glacier and the dis-
charge of the terminal stream increased slightly and
gradually from 26 to 29 May (Fig. 2b).

The event. in the evening of 29 May the water level in
the bore holes began to rise very rapidly; at first in the
upper bore holes but some hours later in the lower ones. In
two holes, 3 and 11, the water rose to a higher level than
corresponded to the ice-overburden pressure (no water
flowed into these holes from the surface). The water level
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Fig. 8. Water level in two bore holes and seismic activity at
two seismographs during the passing of a wave of high
water pressure,

remained high for a few hours and then dropped gradually,
The typically sharp rise and gradual decrease in water levels
and of seismic activity is depicted in Figure 8. The times
of rising and of maximum water levels in various bore
holes are listed in Table I together with data on seismic
activity. The scatter of wave velocities, also given in this
table, is in part due to uncertainty in interpretation (the
leading edges of pressure curves, for instance, were
disturbed by the ordinary daily fluctuations of water
pressure). To some extent, however, this is real. After the
event the water pressure fell to particularly low values and
the connections of some bore holes with the subglacial
drainage system became obstructed.

Various water-filled crevasses and a small supraglacial
lake drained in the night 29/30 May. A lake of turbid
water formed temporarily at the southern margin between
profiles ¢ and D; its level had a maximum before 08.00 h
on 30 May. The discharge of the terminal stream increased
strongly on 30 May. A dam broke, and therefore only part
of the total discharge was recorded, and the time of
maximum discharge may have been later than shown in
Figure 2b.

In the night of 29/30 May the horizontal velocity
nearly doubled (during a shorter, not observed period it was
probably much larger). At profile A, and only there, the
velocity was already quite high in the afternoon of 29 May
(Fig. 2a). The velocity data do not demonstrate the
propagation of the wave beyond that, because no measure-
ments had been made overnight.

In the records of vertical displacement, however, the
passing of the wave can be recognized quite distinctly (Fig.
9). The descending part of these graphs resembles the
decrease of a draining reservoir and is thus suggestive of
temporary water storage during the passage of the wave of
high water pressure. This question is considered in detail in
Appendix IIIl. The analysis in Appendix Il suggests that
temporary water storage, equivalent to a layer of 100 mm
thickness, had occurred. That analysis is based on the
assumption that the (few) measurements of longitudinal
straining of the ice at the glacier surface are not very diff-
erent from the longitudinal straining averaged over the
ice thickness. In a recent paper by Balise and Raymond
(1985) it has, however, been shown that this assumption is
wrong, if the perturbation of sliding velocity is restricted to
a section of the glacier bed which has a length in the
order of the ice thickness. The wvalidity of the result in
Appendix III is therefore doubtful.
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Fig. 9. Vertical displacement of several poles during the
passing of the wave of high water pressure.

The measurements show that the maximum upward dis-
placement was completed 4-5 h after the maximum of
water pressure, at a time when the water level had dropped
by about 15m. (The last statement refers to hole 11 and
profile D. The maximum water pressure was recorded at
hole 11 at 0530 h. If the wave of high water pressure
travelled with a velocity of, say, 125 m/h down-glacier, it
would have arrived at pole D2 at 05.50 h and at pole D3 at
06.10 h. The maximum upward displacement of poles D2
and D3 was measured at approximately 10.00 and 11.00h,
respectively.)

The wave of 12 June 1982

In the preceding week the weather was cloudy and not
very warm. The wave passed during a time of dense fog
and some drizzle.

The event showed some distinct differences compared
to that of 30 May:

(a) The basal water pressure stayed well below the
ice-overburden pressure in all bore holes.

(b) The rise and decrease of water pressure was more
gradual. In two holes (3 and 4) the peak of water
pressure consisted of several maxima (Fig. 2b).

(c) In the lower part of the observed area the
water-pressure peak had become low, and the seismic
activity hardly exceeded the background noise.

(d) The velocity of the wave of high pressure was
distinctly smaller than that of 30 May (Table I).

(e) The wvariation in vertical displacement of the ice
was smaller by at least an order of magnitude.

The wave of 16 June 1980

In that year not much melt had occurred before 12
June. The snow cover was still 2m thick at profile B.
Between 12 and 14 June an unusually high temperature
with a clear sky and strong winds caused very high melt-
water production which stopped abruptly on 15 June. One
bore hole, 80 m east-north-east of hole 11 (Fig. 1), was
functioning in this pilot study. The water-level record shows
two peaks, on 15 and 16 June (Fig. 10). The maximum
level (on 16 June) was 26m below the surface, which
corresponds to a basal water pressure of 0.9 bar below the
ice-overburden pressure. Glacier movement was measured at
profiles B and D. The data suggest the propagation of a
wave (Fig. 10). The velocity of propagation can, very
approximately, be determined from the records of wvertical
displacement. The result is a velocity of = 67 m/h which is
comparable to that of 12 June 1982.
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TABLE 1. VELOCITIES OF WAVES OF HIGH WATER PRESSURE ON 29/30 MAY 1982 AND ON
12 JUNE 1982

(The distances given in the table are the projections of the distances between two holes on the valley
axis.)

1. 29/30 MAY 1982

(a) LEADING EDGE OF WAVE

Bore holes Time of arrival at Period Distance Velocity
Upper Lower Upper Lower h m m/h
hole hole hole hole
3 7 22.15 01.35 i3 430 130
3 11 22.15 01.45 3.5 610 174
4 11 22.35 01.45 3.15 560 178
5 11 22.15 01.45 35 410 117
Seismographs
1 I »21.00(7) 03.30 6.5 870 134
(b) PEAK OF WAVE
Bore holes
3 7 00.30 «04.45 4.25 430 101
3 11 00.30 05.30 5 610 122
4 11 01.30 05.30 4 560 140
5 11 02.15 05.30 3.25 410 126
Seismographs
1 11 22.30 05.40 T2 870 121
3* 22.30 00.30 2 315 158
3* 11 00.30 05.40 52 555 107
2. 11/12 JUNE 1982
(a) LEADING EDGE OF WAVE
Bore holes
Upper Lower
hole hole
3 6 «21.00(?) 00.25 34 320 94
6 11 00.25 03.25 3 290 97
(b) PEAK OF WAVE
3 6 01157 06.40 5.4 320 59
6 11 06.40 12.00 53 290 54
Seismographs
i 11 05.30 15.30 10 870 87

*Bore hole 3.

TTime refers to first maximum.

Source of waves Similar waves observed by other investigators

There was no obvious relation between the events of
high water pressure and periods of strong melt in 1982, and
yet the discharge of the terminal stream increased markedly
just after these events. This suggests that the events were
caused by the break-out of a water reservoir up-stream of
the study area. Before the main outbreak, some leakage may
have occurred, causing a gradual increase in discharge in
the days preceding these events.

The event of 1980 was related to a period of strong
melt. It is conceivable that the first peak of water pressure
corresponded to the maximum melt-water volume flux from
the thick snow cover, while the second peak was caused by
the break-out of a reservoir.
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Waves of high water pressure have been frequently and
more comprehensively observed at Variegated Glacier during
melt seasons before a surge. These waves, termed "mini-
surges", will be described in a paper being prepared by
Kamb and Engelhardt. Specific aspects of these mini-surges
have been studied by Humphrey and others (in press),
Raymond and Malone (in press), and Balise and Raymond
(1985). In these mini-surges the water pressure exceeded
the ice-overburden pressure. The waves travelled
down-glacier with velocities in the range of 300—450 m/h
and were observed over distances of several kilometres.
Typically, the water pressure in a bore hole rose rapidly
and dropped gradually. The water-pressure waves were
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Fig. 10. Wave of high water pressure on 16 June 1980:
horizontal velocity and vertical displacement of two poles
B3* and D3* near the 1982 poles B3 and D3, water level
in a bore hole between these poles, discharge at the
terminus, and air temperature at the terminus and of the
free atmosphere at 700 mbar (by courtesy of Grande
Dixence, S.A. and Schweizerische Meteorologische
Anstalt). The dotted line is an extrapolation of the
vertical displacement of pole D3*, indicating the probable
time of maximum upward displacement.

accompanied by corresponding waves of dramatically
accelerated glacier motion, in which the flow velocity
increased several times, by an uplift of the glacier surface
and by a strain wave. In general, the strain wave could not
account for the uplift of the glacier surface. The latter was
therefore interpreted as partly due to basal water storage.
As the waves propagated down-glacier, they eventually
attenuated; initial growth of a wave has also been
observed.

On the whole, the waves of high water pressure in
Findelengletscher resembled these mini-surges, although
they were less conspicuous (the water pressure reached the
ice-overburden pressure only locally or not at all) and
propagated at slower velocities.

Interpretation

The waves will be discussed in detail in a separate
paper being prepared by Kamb and others. Here we outline
briefly the conditions relevant to the occurrence of the
waves described above. In the three observed events the
water pressure was unusually high. Apparently, the existing
subglacial drainage system was insufficient to accommodate
a sudden water input. At a high water pressure the
sheet-like cavity conduits could enlarge much faster than
the cylindrical channels. Moreover, in the zones where the
water pressure was at or above the ice-overburden
pressure, bed separation could occur very rapidly. A sub-
stantial part of the accumulated water was therefore routed
through developing or expanding sheet-like spaces below the
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glacier sole. This mode of flow determined the features of
the waves of high water pressure.

The velocity of propagation of these waves follows
from a balance of discharge and thickness changes (storage)
in the water layer at the wave front. The velocity of the
wave is therefore in general different from the mean
velocity of flow in the conduit up-stream of the wave
front. A detailed analysis shows that storage, additional to
that in the sheet-like conduits themselves, has to be
assumed in order to account for the low propagation
velocities observed. The velocity of the wave decreases with
increasing water storage outside of the conduit. (The
seemingly lower wave velocity on 12 June compared to that
on 30 May seems to conflict with this prediction, because
water storage was larger on 30 May. On 12 June, however,
the peak of water pressure was well below the ice-
overburden pressure. Therefore, no complete, continuous
separation of the glacier sole could occur but presumably
there was an enlargement of existing sheet-like conduits
along strings of cavities. This implies a zig-zag path of
water flow along which the wave propagation would have
been faster than the velocity given in Table I. That velocity
refers to a propagation along a straight line. The assumption
of water flow along various zig-zag paths would also pro-
vide an explanation for the large scatter of wave velocities
found between different points in this case.)

In the regular diurnal variations in water levels no
systematic phase shifts between the records in different bore
holes are evident. A possible explanation is that the
maximum water pressure was then not very high and
therefore storage outside of the conduits was small. Con-
sequently, the wave velocity may have been too large to be
detectable.

2.5. Experiments carried out by other investigators
2.5.1. Dye tests

Uranin, rhodamin B extra, and tinopal ABP solutions
were injected into bore holes and later in the summer into
moulins, approximately at the time of daily maximum dis-
charge (Moeri, unpublished). Usually the maximum dye con-
centration was detected at the terminus 1—4h after
injection, corresponding to mean velocities in the range
0.12-0.48 m/s if the streams were flowing along straight
lines. These velocities are within the range usually found
in such experiments but on its lower side (Stenborg, 1969;
Ambach and others, 1972; Behrens and others, 1975; Lang
and others, 1981; Burkimsher, 1983). In June, when the
experiments commenced, and in the autumn the velocities
were smaller than in summer. For comparison, the mean
velocity in straight cylindrical channels is given in Table II
using various assumptions. (B=8°corresponds to a straight
channel under Findelengletscher; B =3 corresponds to a
meandering channel.)

A characteristic result was the presence of multiple
peaks of dye concentration in samples taken at the snout.
Large secondary maxima tended to occur in the afternoons
of the following days, during times of rising or high
discharge and subglacial water pressure. Such secondary
peaks were not significantly broader than the maximum
peak. As an example, the result of a test in bore hole 1 is
shown in Figure 11. Besides these large secondary maxima,
several irregular pulses of increased concentration were
detected; they became more frequent and sharper in the
autumn.

The multiple peaks indicate a complex subglacial
drainage system, with various branches and/or storage
spaces. The particular finding that secondary peaks were
often sharp and tended to occur in the afternoons of the
following days cannot be wunderstood by simply assuming
flow through various channnels of different length, but an
additional assumption is needed:

(a) One possibility is to assume that some of the
subglacial conduits had pressure-controlled valves, so
that water could flow through them at times of high
water pressure but was trapped during times of low
water pressure.

(b) Another possibility is to assume intermittent rinsing
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TABLE 1. MEAN VELOCITY ;t OF TURBULENT FLOW THROUGH STRAIGHT CYL-
INDRICAL CHANNELS FOR DIFFERENT VALUES OF MANNING-ROUGHNESS, DISCHARGE,
AND CHANNEL SLOPE. THE PRESSURE GRADIENT IS TAKEN TO BE ZERO

Et = 2°1/2 14 k3[4 Ql“ sin B%/8

Q = discharge m®s’};

) K

m3s! m'/% g1
1 10
0.1 10
0.01 10
0.1 1
0.1 50
0.1 10

of storage spaces by the transfer of local surface melt
water at times of high melt rate. (The simpler concept
of storage spaces without flow through them would
result in a different timing of the concentration
peaks, which should then occur at times of low water
pressure, when subglacial cavities are shrinking and
releasing stored water.)

2.5.2. Conductivity measurements

Collins (1979) recorded the electrical conductivity of
the terminal stream of Findelengletscher as well as of the
neighbouring Gornergletscher. On the assumption that the
two components of a terminal stream, "subglacial flow" and
"englacial flow", had a certain constant solute concentration,
he derived the proportion of subglacial flow in relation to
the total discharge. (Collins defined "subglacial flow" as flow
in intense contact with the glacier bed, and "englacial flow"
as flow with insignificant contact with the bed. The latter
definition includes large streams at the glacier bed.) His
analysis revealed three principal differences in the subglacial
drainage systems of Findelengletscher and Gornergletscher:

(a) Diurnal variations of subglacial flow were
approximately in phase with those of the total
discharge at Findelengletscher; they were out of phase
by nearly 12 h at Gornergletscher.

(b) The mean solute concentration was four times
larger in the terminal stream of Findelengletscher than
in that of Gornergletscher.
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Fig. 11. Tracer experiment in bore hole 1, 14 June 1982.
Input of dye at 17.10 h ( from Moeri, unpublished).
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K = Manning-roughness coefficient m

1/3¢-1. B = channel slope.

8 P
deg ms!
8 1.4
8 0.8
8 0.45
8 0.14
8 2l
3 0.55

(c) In the event of an unusually large run-off, the
subglacial flow of Findelengletscher increased quite
suddenly and took over the greater part of the total
discharge (this refers to Collins’ (1979) figure 4; 11
August 1977). Nothing similar has been observed at
Gornergletscher.

These differences can be explained if one assumes
numerous small conduits under Findelengletscher and fewer
but larger conduits under Gornergletscher. In particular, if
the conduits under Findelengletscher consist in part of sub-
glacial cavities, they can adjust quickly to a sudden increase
in run-off and water pressure by expansion of bed separa-
tion.

In the case of Gornergletscher, Collins assumed that the
subglacial flow was retained in times when discharge and
pressure in the major drainage channels were large. At low
water pressure, however, water from subglacial storage was
released into these channels.

In summary, Collins’ results on the drainage of
Findelengletscher agree well with the results of the present
study. The different type of drainage system of Gorner-
gletscher, namely the smaller frequency of subglacial
conduits, may be responsible for the absence of diurnal
velocity variations in that glacier (Iken, 1978).

3. COMPARISON WITH THEORETICAL PREDICTIONS

3.1. The relation between subglacial water pressure and
sliding velocity
3.1.1. The relation in a simple model

We consider a perfectly lubricated bed (no tangential
stress) undulating sinusoidally in the flow direction. The
pressure which the sliding ice mass exerts on the bed is not
distributed evenly but is larger than the ice-overburden
pressure on the up-stream faces of undulations and smaller
on the down-stream faces. The pressure at the glacier bed
can in general be expressed as

P(x.y) = Py(x,y) + 0,
where O, is the ice-overburden pressure and P (xy) is a

fluctuating contribution which is related to the basal shear
stress, Ty, by

7y = =] Poles)=tx 4
;A X¥) T s
b Arjr° i S

Here A, is an area large enough to be statistically
representative of the glacier bed; the x-axis points down-
stream in the direction of the mean bed slope, and the z-


https://doi.org/10.3189/S0022143000006936

Iken and Bindschadler: Subglacial water pressure and surface velocity

axis points upward. In the case of the simple sinusoidal
bed, considered now, P,(x) fluctuates sinusoidally with the
amplitude

b
|P0| = /3 Th @
max an

where <P *>!/? js the root-mean-square value of P,, X is
the wavelength, and a is the amplitude of the bed undula-
tions.

The minimum pressure occurs at the inflection points
of the down-stream faces of the bed undulations and is
termed the separation pressure, Pg-

AT
p = Gy = of 2EHE = gy - —B- 3)

The separation pressure has been introduced and given
in quantitative terms by Lliboutry (1968), Nye (1969),
Kamb (1970), Morland (1976), and others. If the subglacial
water pressure exceeds the value p;, the ice starts to
separate from the bed, water-filled cavities form, and the
sliding velocity increases. If the subglacial water pressure
exceeds a critical value, namely

T
iy = =, ()
m
the glacier is pushed upward along the steepest tangent of
up-stream faces of bed wundulations with accelerating
velocity. B, is the angle between the steepest tangent of
the up-stream faces and the direction of the mean bed
slope (Iken, 1981).
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Fig. 12. Sketch of the functional relationship between the
subglacial water pressure and the sliding velocity on a
sinusoidal bed supporting no tangential stress.

Pg  Separation pressure.

p. critical pressure.

O, ice-overburden pressure.

ve  sliding velocity at the separation pressure.

= perfect connections between cavities
zones) and subglacial drainage system.

--- degree of interconnection of cavity nmetwork decreases
as the pressure in the subglacial drainage system
decreases. The water pressure in the disconnected
cavities remains above the pressure in the subglacial
drainage system.
pressure in disconnected cavities has adjusted to the
minimum pressure in the drainage system by seepage.
During the subsequent increase in water pressure in the
drainage system, the pressure in the disconnected
cavities remains too low. At high water pressure,
connections are re-established.
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In the case of a sinusoidal bed,

2na
tanB, = "t
and "
T
pc = O’o = Eg; . (5)

In Figure 12 the functional relationship between sub-
glacial water pressure and sliding velocity is sketched for
the case of steady cavities and a constant basal shear stress.
The sketch illustrates the two characteristic features:

(a) The sliding velocity is constant at water pressures
below the separation pressure.

(b) The sliding velocity becomes infinite when the
subglacial water pressure attains the critical value Pe-

3.1.2. Comparison with the empirical relation

Comparing the above sketch with Figure 6 suggests
that the range of measured water pressures was considerably
above the presumed ‘"separation pressure® of Findelen-
gletscher. One may speculatively infer a value for the
separation pressure at the bed of Findelengletscher by
extrapolation of the curve in Figure 6 until it has a
horizontal tangent. The corresponding depth of the water
level is in the range 140—240(m below the surface. As an
illustration, we will consider two cases in detail:

(a) The separation pressure corresponded to the depth
of the water level of 180 m below the surface, which

is equivalent to a water pressure of zero bar (the
glacier is 180 m thick).

(b) The separation pressure corresponded to the depth
of the water level of 140 m below the surface. This
represents an upper limit to the possible separation
pressures obtained by extrapolation of the curve in
Figure 6.

Case (a). Inserting a water pressure of zero bar for p. in
Equation (3) and 0, = 159 bar, and Tp » | bar, yields a
bed roughness a/» = 0.02. This is a relatively low value
and compares well with the appearance of the now exposed
bed of Findelengletscher 2 km down-glacier from the study
area (Fig. 13). On the other hand, if we insert
a/x = 0.02, gy = 15.9 bar, and Tp = 1 bar into Equation
(5), we obtain a critical pressure  p. = 7.9 bar,
corresponding to a depth of the water level of 99 m below
surface. Obviously, no sliding instability was observed
anywhere near this value at Findelengletscher (Fig. 6). The
result therefore indicates that the idealized model is not
adequate for an interpretation of the data. Possible reasons
for the discrepancy will be discussed later.

Case (b). An analogous analysis leads to a/) = 0.027 and
Pe = 9.9 bar (which is also far too low). In this context, it
is also interesting to compare the sliding velocity predicted
by the model with the measured velocities.

The sliding velocity at the separation pressure can be
calculated from Kamb’s (1970) equations (92) and (96).
Numerical values have to be specified for the following
parameters:

N and n, parameters of the flow law of ice
¢ = (T/2N)",

I, a constant in Kamb’s theory expressing thermal
properties of ice and rock (I is only influential if
regelation is significant);

A = 2n/h, the wave length; and

t = a/» the roughness of the bed.

The roughness has been inferred above: [ = 0.02 (case (a)).
Other numerical values adopted are;
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n=3.

N = 1.32 bar a'/® (a value inferred from bore-hole
deformation at Athabaska Glacier (Raymond,
1973)).

I = 120 bar a m~? (a value from the range suggested
by Kamb).

For two choices of %, 3m and 2.05m, the sliding
velocity has been calculated; the results are 13.4 mm/h and
9.2 mm/h, respectively.

With X = 2.05m, a sliding velocity compatible with the
measured surface velocity is found, while for X = 3 m the
calculated sliding velocity is certainly too large. On the
other hand, the visual appearance of the bed undulations
(Fig. 13) would suggest an even greater wavelength.

42

Fig. 13. The former glacier bed 2km down-stream of the
study area. Bedrock undulations with wavelengths of several
metres or less have small amplitudes.

The value chosen for N is a relatively large one; in
fact, Raymond (1980) suggested a smaller value in a re-
interpretation of the Athabaska Glacier data. A smaller
value of N would result in even higher values of calculated
sliding velocities. On the whole, the idealized model tends
to predict too large a sliding velocity.

3.1.3. Possible actual conditions preventing instability of the
glacier

Based on the low values of separation pressure and bed
roughness inferred from the measurements, the idealized
models predict instability at a far too low water pressure
and too high sliding velocities in general. Possible reasons
for this discrepancy are discussed below.

(1) Different bed topography

If we assume asymmetrical undulations rather than
sinusoidal ones, in particular roches moutonnées, a low
separation pressure is compatible with a substantial bed
roughness and steep up-stream faces, and hence a higher
value for the critical pressure than that derived above. Or,
if we simply assume a sufficient frequency of vertical up-
stream faces of bedrock protuberances, the critical pressure
even coincides with the ice-overburden pressure.

(2) Limited water supply

In the derivation of the critical pressure, it has been
assumed that water has access to all low-pressure zones at
the bed (cavities). At low water pressure this is hardly the
case. Near the critical pressure, however, when the ice sole
touches bedrock in small areas only, one would expect good
connections between all cavities. However, in the initial
phase of unstable sliding, it is also necessary that water is
supplied to the bed at a high rate, equivalent to the
accelerating growth rate of subglacial cavities. Under natural
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conditions of water supply, the velocity at the critical
pressure is therefore controlled by the finite actual rate of
(net) water input into the glacier. As a result, the subglacial
water pressure should not rise above the critical value for
an extended time span, namely the time of upward sliding
along the larger obstacles. The observations do not
demonstrate this feature. This therefore suggests that factors
other than limited water input into the glacier prevent
instability.

(3) Local occurrence of sediment layers between glacier sole
and bedrock

While the observed relation between subglacial water
pressure and velocity suggests the existence of an undeform-
able, undulating (rock) bed in the study area, other parts of
the glacier may rest on substantial sediment layers, for in-
stance the north side of the glacier. Also within the study
area there may be interspersed sediment patches. Since the
permeability of the sediment layers is small, the rate of
water supply to the interior of these patches is limited.
Therefore, at increasing sliding velocity suction may develop
in the sediment patches and prevent unstable sliding if the
water pressure outside these patches rises to the critical
value.

(4) Friction between glacier sole and bed

"Perfect lubrication", i.e. no tangential stress at the ice/
rock interface, has been assumed in the idealized model. In
reality, rock particles, partly embedded in the basal ice or
jammed at the bedrock, cause friction. The friction
effectively reduces the basal shear stress available for sliding
over the large-scale undulations, and determining sliding
velocity, separation pressure, and critical pressure. If the re-
duction of the basal shear stress by friction were the same
at the separation pressure and at the critical pressure, then
the relation

Sat By (6)

Pe = 2

which is valid for a perfectly lubricated sinusoidal bed,
would still hold in the case of friction. This implies that
the method of estimating the separation pressure from
Figure 6 and then deducing the critical pressure would still
give the same unrealistically low critical pressure as derived
above. However, an analysis based on Hallet’s (1981) theory
shows that the reduction of basal shear stress by friction is
larger in the case of extensive bed separation than without
separation, for a given debris content in the basal ice. This
will be described in a separate paper. The consequence for
the present discussion is that the critical pressure is no
longer given by Equation (6) but it is larger. Although this
is the desired effect, it is noteworthy that the observations
do not only indicate a higher critical pressure than
predicted by the idealized model but a coincidence of
critical pressure and ice-overburden pressure.

In summary, a variety of natural conditions may be
responsible for the absence of instability and for the
reduction of sliding velocity. We presume that debris in the
basal ice, and locally below it, are the main factors.

3.2. The water pressure in subglacial conduits

3.2.1. Calculation of steady-state water pressure in straight
cylindrical channels in the ice near the glacier bed
Assumptions and results of calculation: these calculations
are based on a theory by Rothlisberger (1972). At a given
discharge, channel closure due to ice pressure and channel
expansion due to the melting of ice at the channel wall
balance for a certain water pressure. This water pressure is
calculated. Important simplifying assumptions are:

(a) No heat is transported by the water.
(b) The stress in the ice is isotropic and homogeneous.

The governing equation is


https://doi.org/10.3189/S0022143000006936

Iken and Bindschadler: Subglacial water pressure and surface velocity

d 11/8 d
[ﬁw + Py g tan B] - 0.316 -2 4 Py, & tan B]

3/8
d_&_wp = @)
x

= DK—S/( (MA)'HQ-”‘(COS B)-ll/!(ao [ pw)ﬂ

(Rothlisberger, 1972, equation (20).

O, is the ice-overburden pressure, p.. the water pressure,
Py the densitg of water, B the bed slope, D (=3.63 x 100
(Nm2)1/8 m~3/8) a2 constant related to material properties
of water and ice, X (=10 m'/*s')), the roughness coefficient
of the conduit wall, Q the discharge, and n and A the
flow-law parameters if the flow law is written

€ = (T/A.

The x-axis is horizontal and curvilinear following the longi-
tudinal centre line. B(x) and o (x) are calculated from the
glacier geometry. Near the terminus the discharge was taken
to be 1 m3s? as is suggested by the discharge record (Fig.
2b). At x = 0 (3km up-stream of the terminus) a discharge
of 0.7m3s7}, increasing linearly towards the terminus, has
been assumed. The calculations have been carried out for
four different sets of flow-law parameters.

In Figure 14 the results are depicted as hydraulic grade
lines which represent the heights of water levels in piezo-
metric pipes connected with the drainage channel. Case 1

2900 = ———

Elevation [m]

|‘ —_1
2000 3000
Distance [m]

|
0 1000

Fig. 14. Longitudinal section through Findelengletscher and
hydraulic grade lines of the main stream calculated with
different flow-law parameters.

1: A = 58 x 10" N m? si/n » = 3
2: A =1 x 10" Nm?si/ny-=3,

3: A =09 = 10" N m? s p = 42
4: A =1x 108N m3 st/ 5= 42
WE: water-equivalent line.

refers to the flow-law parameters derived by Nye (1953)
from measurements of ice-tunnel closure. In this case, the
hydraulic grade line is below the bed. In case 2, the height
of the hydraulic grade line is comparable to that of the
recorded water levels. The flow-law parameter A is,
however, much smaller than any value given in the litera-
ture (e.g. Paterson, 1981, p. 38; Lliboutry, 1983, p. 220).
Case 3 refers to the flow-law parameters derived by Glen
(1955) with n = 42. The hydraulic grade line is only
slightly higher than in case 1. In case 4, the parameter n
also equals 4.2, while the parameter A4 is smaller by a
factor of 10 (which corresponds to an even greater
reduction in viscosity than was assumed in case 2 relative
to case 1). The water-equivalent line is also shown in
Figure 14. (The water-equivalent surface is obtained if the
ice is replaced, column by column, by an equivalent mass
of water.)
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3.2.2. Comparison of calculated and measured water pressure

The calculated examples suggest that the hydraulic
grade line of a large cylindrical channel is much lower than
the recorded water levels. Can such a channel exist in
connection with the cavity network to which the recorded
water levels refer? Given this case, two observed features
cannot be understood:

(1) In general, the water level was at approximately the
same shallow depth in all bore holes. (An interesting
exception is the water level in hole 4, which at the
end of June was about 20m deeper than elsewhere
with a trend towards a progressively greater depth.)

(2) The time of daily maximum water pressure
recorded in the bore holes did not coincide with the
time of maximum local melt-water input into the
cavity network. The time lag was 6 or 8h in early
June, at least twice the unsystematic scatter of peak
times of individual bore-hole levels (Figs 5 and 2b).

The first condition excludes the existence of tributaries
which transferred substantial quantities of local surface melt
water from the cavity network to the considered large
drainage channel with a low grade line. Because these tribu-
taries would also have relatively low grade lines (Fig. 15),
they would therefore cause a considerable drop in the water
level in the adjacent parts of the cavity network, in con-
trast to the observed uniform, shallow depth of the water
levels.

2800

surface

2700—§_ﬁ

Elevation [m]

2600+

2500 T T i
0 100 200 300 400
Distance [m]

Fig. 15. Transverse section of the glacier at profile ¢ with
grade lines of tributaries flowing towards a major
drainage channel near the valley axis. The discharge of
the tributaries increases from 1 1/s at the margin to
49 I/s at the confluence. Two hypothetical conditions of
the main stream are considered.:

A: the grade line of the main stream is at the glacier
bed.

B: the grade line of the main stream is 70 m below the
surface.

The label 1 refers to flow-law
A=58x10"Nm? s and n = 3.

The label 2 refers to A = 107 N m™ s'/% n = 3.

WE is the water-equivalent line which has here a shallow
local depression at a distance of 200 m from the
margin.

parameters
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The second observed fact has a similar implication; the
gradient of the hydraulic head along the outlet(s) from the
cavity network (i.e. the connection(s) between the cavity
network and the main channel) cannot have been large,
otherwise the considerable daily variations in discharge of
local surface melt water would have been accompanied by
considerable variations in water pressure at the head of the
connection(s). The storage capacity of the cavity network
can, to some extent, dampen and delay water pressure vari-
ations. This delay is likely to be different at different bore
holes. The relative synchroneity of the recorded water-level
variations therefore suggests that the storage capacity was
not responsible for the absence of a water-pressure peak at
the time of maximum local melt-water input.

It is concluded that the height of the grade line of a
major channel connected with the cavity network was not
very different from the recorded water levels, in contrast to
the result of the calculations. Which of the assumptions
made in the calculation were not adequate?

In the snow-melt season, the discharge generally in-
creases and is not steady as assumed. Calculations by Spring
(unpublished, fig. 3.28), based on a theory of conduit flow
of a fluid through its solid phase (Spring and Hutter, 1981),
show, however, that the new steady state is almost reached
within a few days after a change in discharge. Periods of
this length with a constant daily mean discharge did occur;
in such cases calculations based on Equation (7) should give
adequate results.

In order to obtain agreement between the calculated
grade line and the water levels measured at Gornergletscher,
Rothlisberger (1972) assumed flow-law parameters corres-
ponding to a relatively small viscosity for the basal ice:

A=32x% 10T Nm?si/" n = 3.

The high content of impurities and unfrozen water in the
basal ice, as well as its structure, may reduce its viscosity
significantly, though probably less than required here
(Duval, 1977). A further reduction in the apparent viscosity
may be attributed to the non-isotropic stress state (Glen,
1958) and to the occurrence of transient rather than second-
ary creep. (A very small apparent viscosity has been
inferred from strain-rate measurements in ice tunnels at the
foot of ice falls (Haefeli, 1951; Glen, 1956).) Lliboutry
(1983) has discussed several of these aspects including the
effect of a non-homogeneous stress distribution along a
channel at the glacier bed. The latter situation may also
give rise to a higher energy dissipation which is required to
prevent channel closure.

Altogether, it seems justified to assume a flow-law
parameter A smaller than 5.8 x 107 Nm2s'/" (with
n = 3),

In the case of Findelengletscher, many streams originate
at various crevasses through which surface melt water
reaches the bed. Initially, these streams largely follow the
existing cavity network and take a meandering path. We
believe that this type of conduit was, to a large extent,
preserved during the observation period. We will return to
this point in section 4 and consider here only the
consequences for the present discussion; the mere assumption
of a multitude of conduits with a smaller discharge does
not introduce a significant change in the calculated steady-
state water pressure. This follows from the small exponent
of Q in Equation (7); (0,—py) is proportional to oV/in,
However, the conduits considered here meander which
implies a smaller conduit slope, B, as well as a greater
conduit roughness (a smaller value of K) than originally
assumed. Furthermore, these conduits do not generally have
circular cross-sections, which may be expressed as a further
reduction of A.

In summary, a combination of changes of the numeric-
al values in Equation (7) seems to be appropriate. It is
doubtful, however, whether these changes are sufficient to
produce the required result. Since Equation (7) really applies
to englacial channels, one should expect more substantial
modifications if the channels are subglacial and if basal
sliding is substantial. This aspect will be considered in more
detail in section 4.
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4. THE SUBGLACIAL DRAINAGE SYSTEM OF
FINDELENGLETSCHER AT THE BEGINNING OF THE
MELT SEASON

Before the start of the melt season, the glacial run-off
is small and the (steady-state) water pressure in the
subglacial drainage system is high (Ré&thlisberger, 1972).
Records of water pressure in two bore holes near hole 11
agreed with this prediction; the water level was only at
60 m depth in early March, well before the start of the
snow melt. The discharge of the terminal stream then
amounted to 801/s (Moeri, in press). (We estimate that at
most one-tenth of the discharge originated from basal melt
due to the sliding motion and due to geothermal heat flow;
the largest part was presumably ground water.)

As a consequence of the high subglacial water pressure,
the interconnected subglacial cavities are large. Non-inter-
connected cavities (Weertman, 1964), which may have
drained during the previous melt season, would also have
grown during winter, as pointed out by Lliboutry (1978).
The small discharge serves to interconnect several of the
cavities, at least intermittently.

When the snow melt starts, many small streams flow
into the numerous crevasses of Findelengletscher and pre-
sumably reach the bed at many different places. As the
water accumulates there and the pressure builds up, the
cavities within reach grow. New cavities form where the
contact pressure between the ice and the bed is gradually
overcome by the water pressure so that connections to more
distant strings of cavities may develop. In this way, the
water advances along the bed on a zig-zag path. The direc-
tion of flow along the bed depends, at a scale of tens of
metres, on the local bed topography which determines the
location of subglacial cavities. On a scale of hundreds of
metres, these streams tend to follow the steepest slope of
the water-equivalent surface; this has been explained by
Weertman (1966) and by Shreve (1972), and applies in the
first place to water flow in a sheet between the ice and the
bed. If one assumes an even distribution of ground-water
springs and of drainage conditions, it also applies to the
cavity network. In this case, the "hydraulic grade surface”
(the surface through water levels in bore holes or piezo-
metric pipes) of the cavity network is parallel to the water-
equivalent surface. If, however, a large stream with a low
grade line forms, it disturbs the original hydraulic grade
surface in its vicinity and in the vicinity of its larger
tributaries. This disturbance is illustrated in Figure 15
which shows grade lines of a large and a small tributary to
a large stream, cases 1A and 2A, respectively. (As an alter-
native to the condition given in the figure caption, case 2A
may be interpreted as the grade line of a much smaller
stream in ice of higher viscosity than stated.)

Such a large stream apparently did not develop under
the study area during the observation period. What may
have prevented its formation? Up-stream of the study area,
the width of the glacier increases markedly and the surface
is irregular with several depressions. In the study area, the
transverse slope of the water-equivalent surface is very
small relative to the longitudinal slope. At profile c,
between the margin and C2, for instance, the transverse
slope is 1.3° (Fig. 15). It is therefore possible that several
individual streams flow more or less parallel to the valley
axis for a considerable distance before they join to form a
(or a few) single stream(s),* in spite of interconnecting
cavities. During the recent advance, the surface of the
lower part of the glacier has become more convex; this is
obvious at profile D and below. The transverse slope of the
water-equivalent surface may therefore have become even
smaller than indicated in Figure 15, which was drawn from
an old map. A paper in preparation by R&thlisberger has
suggested that the flattening of the transverse slope of the
water-equivalent surface of an advancing glacier may play
an important role in the mechanism of advance through its
effect on the subglacial water pressure.

*In this context it is interesting that calculations of grade
lines based on Equation (7) seem to give more realistic
results for less steep glaciers (Bindschadler, 1983). i


https://doi.org/10.3189/S0022143000006936

Tken and Bindschadler: Subglacial water pressure and surface velocity

Another question concerns the relatively high grade line
of the smaller streams. As anticipated in the previous
section, the high grade line is not so much a consequence
of a small discharge but of a meandering path along
cavities. This point is considered now in more detail. As
long as the discharge is small, the zig-zag path along
cavities is most appropriate because not much energy dissi-
pation is required to keep this type of conduit open. When
the discharge increases, channels are melted into the cavity
roofs and these channels move along with the ice. Since
cavities and strings of cavities tend to be oriented transverse
to the sliding direction, the new channels are carried away
from the original position of the stream and into a zone of
higher contact pressure and closure rate. Here the channel
cross-section is reduced and this causes the pressure to rise.
At the higher pressure, however, the original conduit along
the cavities expands much faster than the cylindrical
channel. Therefore, an increasing proportion of the stream
follows the old path while the developing cylindrical
channel may be closed off. The condition that the discharge
varies diurnally may add to the difficulty of channel
formation; when the melt-water flow into the glacier
increases at a fast rate, the presence of the cavity network
prevents a corresponding build-up of the water pressure.
The surplus of flow is not routed through the cylindrical
channel but through the cavity network which quickly
adjusts its size to a slight pressure increase. Whether or
not a cylindrical channel detached from the original cavity
path can develop depends on the magnitude of discharge
and sliding motion which have opposite effects. We do not
follow this question further here; it is part of a theory
(paper in preparation by Kamb) on subglacial water flow.
For the present purpose, we conclude that the interference
caused by the sliding motion, together with the loss of
discharge into the cavity network, may provide an explana-
tion for the apparent stability of inefficient meandering
conduits along strings of cavities. In the calculation based
on Equation (7), we could have accounted roughly for the
situation described here by multiplying the terms on the left
side of the equation by a correction factor smaller than 1.
(The expression on the left side of Equation (7) is pro-
portional to the energy available for channel enlargement,
Here it is assumed that a part of this energy is wasted by
enlargements which are continuously removed by the sliding
motion.)

5. SUMMARY OF RESULTS

The observations have given an indirect insight into
conditions at the glacier bed. Some of the conclusions
drawn appear quite positive, whereas others remain contro-
versial. The results and implications are reviewed below.

In the study area, the subglacial drainage system con-
sisted of a cavity network and presumably of a substantial
number of medium-sized meandering conduits.

The existence of an extensive cavity network is evident,
in particular from the sensitive reaction of the velocity of
the glacier to the variations in subglacial water pressure.
The prominent variations in water pressure in this network
were, in general, similar at different locations and correlated
with the velocity variations. In June, they corresponded to
daily variations in the flow from the thicker snow cover on
the upper part of the glacier. Smaller fluctuations were
different at different sites, which indicates that water
flowed through the cavity network and that the
interconnections between individual cavity conduits were not
perfect. Flow through the cavity network is also evident
from the daily variations in solute concentration; an analysis
of these data showed that the variations in "subglacial flow"
were in phase with those of the total discharge at this
glacier (Collins, 1979). Dye tests (Moeri, unpublished)
showed concentration maxima (not only maxima of the
quantity of detected dye) at the terminus typically at the
time of peak discharge, which implies that the relative
amplitude of daily discharge variations was larger in the
cavity network than in the terminal stream. In fact,
branches of the cavity network seem to have been blocked
off temporarily, so that the captured dye was released with
the next peak of discharge (and of water pressure). The
strong diurnal variations in the flow from the thin snow
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cover in the study area were not detectable in the pressure
records, nor did the local streams cause significant
differences in the spatial distribution of water pressure.
These features demonstrate a characteristic of the cavity
network; it offers only a small hydraulic resistance to small
streams and adjusts quickly to a sudden increase in
discharge by enhancing bed separation. We believe that the
recorded pressure variations reflected mainly those which
occurred in the larger streams carrying water from the
upper part of the glacier. These variations were transferred
by the cavity network to the bore holes.

The degree of interconnection within the cavity
network is a function of water pressure. This function did
not change noticeably in late May and June. In the study
area, the drainage system at the southern margin was not
interconnected with the main cavity network.

The larger subglacial streams cannot have had a much
lower water pressure than the cavity network. According to
the calculations, however, the water pressure in straight
cylindrical channels with a constant discharge in the order
of 0.1 m%s is approximately atmospheric in the study area.
No certain explanation for this discrepancy can be given., A
possible solution to the problem is the assumption of a
sufficient number of moderately sized meandering conduits
partly attached to subglacial cavities. The streams in
question would be large enough to melt fragmentary
channels into the cavity roofs but too small to become
detached from the cavities themselves. The actual properties
and conditions of the basal ice may also be different from
those assumed.

In the event of a sudden large water input into the
glacier, presumably from a hidden reservoir, the subglacial
drainage system could not adjust quickly enough to
accommodate this flow. At the resulting high pressure,
water was routed through the cavity network which
included newly opened sheet-like spaces. Substantial storage
slowed down the propagation of the wave of high water
pressure; it passed through the study area with a velocity of
approximately 100 m/h.

There was a functional relationship between water
pressure and velocity of the glacier over a large pressure
range. This is a consequence of the dominant role of the
cavity mechanism. The functional relationship has been
compared to that in a simple model: sliding over a perfectly
lubricated sinusoidal bed under the action of water pressure
at the ice sole. Assuming this model, an extrapolation of
the plot of measured pressure against velocity yields a
"separation pressure" of approximately Obar and a bed
roughness of 0.02. This small value for the bed roughness
agrees well with the visual appearance of the polished rock
in front of the glacier, which was formerly covered by the
glacier. Based on this value, however, the model predicts
too high a value for the sliding velocity at the separation
pressure and unstable sliding at quite a low subglacial water
pressure. These unrealistic predictions are probably for the
most part a consequence of the assumption of perfect lubri-
cation. Actually, the friction at the glacier sole due to
debris particles is substantial.

A remark is appropriate here on the validity of the
picture of subglacial conditions outlined above. In order to
reach conclusions, it was often necessary to generalize the
results of measurements made at a very limited number of
points and, furthermore, to decide sometimes what was
typical or irregular. Thus, a certain amount of subjective
judgement is included in the interpretations.
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APPENDIX 1

1. Determination of the horizontal component of velocity of
poles

Coordinates of poles were determined twice with an
electronic distance meter. Short-term displacements of poles
were calculated from angular displacements by multiplication
by a constant factor. The latter was calculated from the dis-
placement between the two points with known coordinates
and the angle between these two positions. Accuracies of
horizontal angles were estimated as one-half of the
difference of an angle measured in the direct and in the
reversed theodolite positions, or were estimated from
repeated sets of measurements. The corresponding tolerances
of velocities are shown in Figure 2a for the most distant
pole, B4, where tolerances are largest.

2. Determination of the vertical component of velocity of
poles

Vertical displacements were calculated from successive
vertical angles and the distance between pole and theodolite
(the lines of sight only differed slightly from the
horizontal). Repeatedly measured vertical angles differed
usually by less than 6cc, which would correspond to
differences in height of 2.3 mm, for a pole (e.g. pole C2)
at a distance of 250 m. One would expect additional errors
due to temperature-dependent variable refraction. However,
the plots of vertical displacement versus time usually show
almost straight lines (e.g. Fig. 9, 25-28 May) in spite of
marked diurnal variations of radiation and temperature (clear
weather). This suggests that errors due to refraction did
not vary significantly.
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APPENDIX 11

1. Selection of data concerning the relation of subglacial
water pressure and sliding velocity

Points of the plot of velocity against depth of water
level (Fig. 6) have been selected according to the following
conditions:

(a) The scatter of the depths of water levels in the
different bore holes was not very large (less than
15 m).

(b) Water levels did not change quickly.

(c) Velocity variations were similar at profiles B, c,
and D. This condition includes the fact that the second
derivative of the velocity with respect to distance
down-glacier did not vary significantly.

The two latter conditions require some explanation:
ideally, the plot (Fig. 6) should show the relation between
the subglacial water pressure and velocity for steady-state
subglacial cavities and for a fixed value of basal shear
stress, This requirement is not fulfilled if, for instance, the
water level rises quickly. In this case, subglacial cavities
grow and the sliding velocity is greater than in the steady
state (Iken, 1981). Or, if 8%u/8x® changes, the longitudinal
gradient of the stress deviator also changes and hence the
actual basal shear stress. (The latter is approximately given
by

i a0x
Ty, = Pghsin « + 2hax—

TABLE III. COORDINATES OF POINTS IN FIGURE 6

No. Date Depth of Velocity of pole C3
water level
m mm h?!
1 15 May 1982 55 19.0
2 15/16 53 20.0
3 16/17 33:5 20.5
4 17/18 64 19:11
5 19/20 66 18.3
6 20/21 62.5 18.8
7 21/22 54 199
8 23/24 66 18.8
9 24/25 62 18.4
10 25/26 57 19.4
11 26 535 18.8
12 26/27 52 20.8
13 27 59 18.9
14 27/28 57 20.4
15 30 46.5 2291
16 1 June 1982 79 184
17 1/2 79 18
18 2/3 i 18
19 3/4 67.5 19
20 4 68 17:5
21 4/5 60 20.1
22 5 71 15.71
23 5/6 69 18.3
24 6/7 =71 17.5
25 7/8 62 18.61
26 8 74 17.0
27 8/9 61 19.4
28 9/10 64 18.5¢
29 10 72 17.14
30 12 73 15.81
31 14/15 =91 16
32 17 83 15.5
33 17 47 21.5
34 17/18 =52.5 19.5
35 18 =78.5 16.0
36 18 52 22 i
37 19 84.5 172
38 19 56 20.2
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where h is the glacier thickness (assumed to vary only

slightly with x, distance down-glacier), and Ox is the mean
value of the x-component of the stress deviator averaged
over the ice thickness.)

The dates and coordinates of the points in Figure 6
are given in Table IIIL

2. Examination of data with unsteady water levels

In Figure 6 those points which refer to situations
where the water level was slightly unsteady, are marked
with arrows. The arrows point towards locations in the
diagram which the points should have, if the water levels,
and the subglacial cavities, had been steady. Indeed, shifting
the points in the direction of the arrows would somewhat
reduce the scatter in Figure 6.

A more complete survey of the data with unsteady
water levels does, however, reveal the following trends:

(a) If the water level drops, data points tend to 'be
below the curve of Figure 6, as they should according
to theory.

(b) If the water level rises, data points are, for the
most part, also below the curve, in contrast to the
theoretical prediction.

We interpret this result as a consequence of imperfect con-
nections between cavities and the subglacial drainage system
(not envisaged in the theory). The data suggest that the
opening or obstruction of the connections as a function of
water pressure occurred with a time lag.

APPENDIX III

VARIATIONS OF VERTICAL VELOCITY AS A CON-
SEQUENCE OF WATER STORAGE AND VERTICAL
STRAINING OF THE ICE

The events of high subglacial water pressure were
accompanied by an upward movement and subsequent
downward movement of the ice. This uplift was largest on
29/30 May (Fig. 9) when a wave of high water pressure
travelled down-glacier concurrently with a wave of large
horizontal velocity. One would have expected marked longi-
tudinal compression in front of a wave of large velocity,
and extension in its rear. In the following we attempt to
analyse the movement of one pole, C2, during this event.

At the glacier surface the vertical velocity of the ice,
dz/dt, is composed of three terms: sliding and flow over an
inclined bed, vertical straining of the ice, and subglacial (or
englacial) water storage.

dz o o ds (A-1)
— s utan Y + € # — -
dt 2z dr

or, equivalently
dz a3 . H/ ds (A-2)
— wtan Y 4+ € U+ — -
dx 22 dx

where

X = horizontal component of ice movement,

z = vertical component of ice movement,

u = horizontal component of the surface velocity
(which is essentially due to sliding),

2 = bed slope,

€,, = vertical strain-rate,

H = ice thickness, measured in the z-direction,

ds/dt = rate of water storage.
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Among these variables ds/d¢ (or ds/dx) are not known
and ¥ and é,, can only be estimated if certain assumptions
are made. From the plot of z(x), the movement of pole C2
in a wvertical plane (see Fig. 16), it is seen that the slope
dz/dx is fairly uniform. A good estimate for the average
value of dz/dx occurred during the period 3—6 June when
daily velocities were close to the mean value for the season
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Fig. 16. Movement of pole C2 in a vertical plane through
a flow line.

Heavy line: measured movement.

Thin lines: calculated from straining of the ice and flow
over an inclined bed without water storage for
various assumptions explained in the texi.

case 1.
case 4.
o (a few unconnected points) cases 2 and 3.

at C2 as well as at the neighbouring stake profiles. If it is
further assumed that the change in stored water was
negligible over this interval as well as over the entire period
(15 May—16 June), then Equation (A-2) can be integrated:

dz
tany + €,,H/u = a = —0.07. (A-3)

Here u = 157mmh™! is the horizontal velocity component
of pole C2 over the period 36 June, and H = 151 m is
the ice thickness at pole C2, The overbars indicate average
values from 3 to 6 June. Two unknowns remain in
Equation (A-3: 7 and ¥, . An approximate value of
the bed slope 7 can be taken from the radio echo-sounding
results, but a second approach is to calculate ¢,, from the
incompressibility relation:

e g (A-4)

A value for & can be obtained from the wvelocity
measurements of poles B3 and D2 which were separated by
616 m roughly following a flow line. While the value does
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not necessarily equal the local value at C2, it is probably
close and it does show similar variations over time: ¢ oy =
— 2.83 x 10® h™! (compressive).

By making an additional assumption about the character
of the transverse flow, & in [Equation (A-4) can_be
expressed as a certain fraction, «x, of €., and &, =
R &, = ~(140) &y,

S:')me of the possible assumptions are listed below:

Assumption 1. Unrestricted lateral expansion of the ice, that
is, no effect from valley walls and a |:u;-.rl'ectlyu lubricated
bed; €y = "*‘xx' Then R = —0.5 and 7 —-48 .
Assumption 2. Vertical and Jparallel valley walls; éyy = 0.
Then R = -1 and ¥ = =55 .

Assumption 3. Vertical but converging valley walls;

AW
é ,__u'.w_._
Y9 o oax W

Here W is the width of the wvalley and u, the mean
velocity in the considered cross-section. Numerical values
are W = 645m, AW/Ax = 0.22 (mean value over 365 m) and
Uy, = u(C2) = 157 mmhL, This_ gives &, = —535x
10¢h!, R = —29, and 7 = —8.4°.

Assumption 4. ¥ = —11° (from radio echo-sounding). Then
R = —4.8; this is a rather unlikely condition because it
means that the lateral compression of the ice is considerably
larger than the longitudinal compression.

Accepting one of these assumptions, the vertical
movement of pole C2 can be calculated by integrating
Equation (A-2). This gives:

z(x) — s(x) = #{xp) — s(xg) + tan Y(x —x,) +

(A-5)
+ HRre xxdt.

0

The integration begins on 25 May when x = x.. s(x,) is
assumed to be negligible; z(xg) is equal to the elevation of
pole C2 at this time. The plot of z(x) — s(x) for each case
detailed above, when compared with the measured z(x)
gives a measure of s(x), the amount of stored water (see
Fig. 16). In all cases the calculations suggest that at least
0.1 m of water was stored on 30 May. In cases 1 through
3, water was stored at a large rate between 19.00h on 29
May and 0740h on 30 May. Water was released from
storage after 07.40 h. On the other hand, if case 4 is valid,
water storage increased until 12.00 h on 30 May. This is an
unlikely occurrence since the largest amount of water was
observed to have already exited from the glacier at the
southern margin before 08.00 h.
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