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ABSTRACT. It is known that regions of warm- and cold-based ice sheets modify
and protect the landscape. respectively. Investigations on a small plateau-top ice field,
Oksfjordjokelen (40 km™). in north Norway have indicated that this situation can exist
at a small scale. Margins of the plateau, exposed by ice retreat since AD 1850, provide
evidence of a complex basal thermal regime: in some localities blockfields with
patterned ground and, in others, abraded and quarried bedrock forelands have been
exposed. Exposed blockfields are interpreted as areas covered by cold-based, non-
erosive ice. In areas of sliding ice, substantial quantities of erosion are evident. Locally,
bedrock shows three joint sets intersecting which produce joint-hounded blocks.
Removal of these blocks during the Little Tee Age has produced small rock steps about
5 10m long and 1-3 m high. Present-day basal sliding velocities at the snout are low
(13ma ) and ice thickness over the whole glacier is < 190 m. Simple modelling for
block removal shows a direct relationship with glacier-sliding velocity and inverse
relationship with ice thickness. Preglacial weathering is shown to influence the size ol

removable blocks.

INTRODUCTION

It is known that cold-based and wet-based ice can exist
beneath ice sheets and that this thermal differentiation
may result in either preservation or modification of the
underlyving landscape (Sugden and Warts. 1977: Kleman,
1994; Kleman and Borgstrom. 1994). Such selective
crosion/protection is suggested for Oksfjordjokelen, a
plateau-top icefield in north Norway.

Oksfjordjokelen is situated approximately 150 km
northeast of Tromso at a latitude of 70°10°'N (Fig. 1),
and covers approximately 10 km” (Gellatly and others,
1989). Bedrock is composed of mainly Silurian banded
gabbros (Krasukopf, 1954) and thus is “mechanically™
resistant. Camp Glacier (Fig. 1) is the bext example of the
few localities where the glacier margin terminates as a
small lobe on top of the plateau (average bedrock slope
< 107). A large inner moraine encloses the now deglaciated
foreland, with a number of fragmented older moraines
outside. The present snout position is approximately 350 m
from the inner (Little Iee Age, LIA) moraine. The foreland
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extensive subglacial quarrving. Beneath the snout a cavity
stretches some 70 m across- and 100 m up-glacier, provid-
ing access beneath ice <50m thick (Rea and Whalley.
1994). The present thermal regime is apparently complex.
In some areas the ice is actively sliding, e.g. Camp Glacier

(Rea and Whalley, 1994, while in others there is retreat of

protective ice. In these localities of protective ice, blockfield
covers with patterned ground are being exposed.
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At present, four nunataks are located towards the
margins, and represent very small sources ol supraglacial
englacial material (in the ablation areas no supraglacial
material is seen ). Thus, everything lound in the plateau-
top moraines can be assumed to have a subglacial origin.

Observations in the cavity at the snout indicate that
subglacial water is at atmospheric pressure. The
“roughness”™ of the foreland suggests that during the
summer months when shiding velocities are greatest,
cavities would have formed. No water-pressure informa-
tion is available for the localities further up-glacier. For
the following analyses, basal water pressures are taken as
zero, Such an assumption is probably valid [or the snout
and localities where basal water pressures are reduced,
e.g. during periods of northerly weather in summer when
melting is reduced and the subglacial meltwater system is
well developed.

This feld site provides an excellent opportunity to
combine subglacial with proglacial erosion evidence 1o
evaluate how this small outlet has produced substantial
amounts of subglacial erosion during the LIA. Tt should be
noted that the erosion is not the removal of blockfield
which covers some areas of the plateau) but the quarrving
and plucking of material from coherent bedrock.

SUBGLACIAL EROSION

Bedrock fracture occurs when the imposed stress exceeds

the strength of the bedrock. Plucking is the removal of

121


https://doi.org/10.3189/1996AoG22-1-121-125

Rea and Whalley: Subglacial erosion beneath a maritime ice field

2 \@:n};rlest
& Sellandsjokelen

Alta

@ksfiordjokelen

Fig. 1. (a) Location of Oksfiordjokelen. (b) The snoul
(s) of Camp Glacier is just exposed. The Little Ice Age
inner moraine (m) iy clearly visible but the foreland () is
still covered by snow.

material produced from [racture processes, or the removal
of pre-existing loosened or jointed material. Fracture is
most olten associated with the lee side of bedrock
obstacles where the flow-induced stresses are highest
(Morland and Boulton, 1975), shown by the plucked lee-
side [aces of roches moutonnées. The existence of cavities
reduces the eflective strength of the bedrock, increasing
the potential for failure,

Rea (1994a,h) investigated the potential for cavity
formation beneath Camp Glacier. The results of these
imvestigations showed that cavities could exist in the lee
sides of small [ <8m wavelength) bedrock obstacles
(wavelength/amplitude rato 4:1). Using the safety-
factor equations from Boulton (1974), Rea (1994a,b)
found that there was no likelihood of bed failure from
low-induced stresses alone. However, removal of material
is known to have occurred, so other factors such as
structure and squeezing of ice must be considered.

Effect of structure

Although often modelled as an isotropic material, rock
has a number of discontinuities through a large range of
scales: [aults, joints. bedding, foliation, cleavage. At the
scales to be dealt with in this paper, joints are the most
important. They allect the response of the rock mass
especially at pressures below 500 MPa (Morland, 1974,
iLe. for pressures generated beneath all known terrestrial
ice masses. On the plateau, three major joint sets are
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identifiable, T'wo of these are sub-vertical and the third
sub-horizontal: the three sets intersect to produce joint-
bounded blocks which [it together to make up the hed
(Rea, 1994a). The shear strength of the jointed bedrock
can be taken to lie between one half and one third the
value of the intact rock (Jaeger, 1959, 1971). Using the
largest possible reduction in strength, Rea (1994a,b)
found that, for the reconstructed LIA ice dynamics, no
quarrying would have taken place beneath Camp
Glacier. The fact that the joints break the bed into
blocks is, however, significant. If the blocks can be
plucked, subglacial erosion can still proceed without
active fracturing of intact bedrock.

Subglacial plucking/shear removal

Figure 2 shows that the block at the crest of a step can be
removed by shear displacement. Once this has been
removed, the block behind is exposed to the same shear
displacement and removal. This shows how a headward
retreat of the lee-side face could occur. From Figure 2 the
total resultant shear stress (7pg) and total normal stress
(on) acting on the bottom face of the block is given by:

s = cos T — sin (X + B,,) (1)
a, = sinfT + cos (X + By) (2)

where X is the eryostatic load, T is flow-induced drag, By
is the weight of the block and # is the angle of up-glacier
dip of the rock step. Figure 2 is simplified and extra shear
resistance from the sides of the block will provide added
resistance to that produced along the bottom face.

ice flow

Fig. 2. Cryostatic load, flow of ice over the bed and lateral
Jorees from adjoining blocks provide forces which can be
resolved fe give shear (removal) and resistive stresses
(X= cryostalic load, T = flow-induced drag, and
o, = laleral force).

The Coulomb-Navier law can be used to give the
limiting resistance to shear (7,) along a joint plane
(Morland, 1974):

T = Tje + HON (3)

where g is the coeflicient of static friction, and 7 is the

Joint cohesion, The “cohesive” shear strength of the joint

(Tje) 1s a function ol'its roughness such that a joint can still
support a shear stress even at zero normal load. Equation
(3) describes the situation where joint-bounded blocks
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can be removed from the bed, provided that the glacier
can exert a shear stress at the ice/rock interface which
gxececds T

The removal of blocks along the crest of a rock step for
horizontal and vertical joint-controlled surfaces has been
[verson (1989). The conditions modelled
were for situations of steady or slowly changing basal

modelled by

water pressures so that water pressures in eracks remained
equivalent to cavity water pressures. However, in this
analysis basal water pressures are assumed to be atmo-
spheric and the stoss sides of rock steps have a shallow up-
(1994Db)
resolved the forces acting on a block at the crest of a

glacier dip. Following Iverson (1989), Rea

subglacial rock step for an up-glacier dipping stoss surface
with basal water pressures taken as atmospheric. The
upward [rictional support from adjoining blocks must first
be calculated in order to determine the total shear
resistance. When

owAz/24; (1 + poL) > 1 (4)

where A is the contact arca in the x. y, z directions, the
block is pressed onto its bottom face and bottom [rictional
resistance is registered.

Two inequalities allow evaluation ol the removal
potential of specific block sizes for any ice dynamics, bed
configuration and joint characteristics. When the upward
frictional support from the sides is exceeded (ic..
Inequality (4)> 1) and frictional force is mobilised along
the bottom block lace,

RS > pon + (24,/A.) (e + poL)(1 — p)] + 15 (5)
When the upward frictional support from the sides is not
exceeded

TRS > 2-4_1;//1:(T_ir s .”(Tl.) = Tie- ((i)

Using Inequalities (4], (5) and (6) an evaluation of the
plucking potential beneath sliding ice is possible.

EVALUATION OF SHEAR REMOVAL BENEATH
CAMP GLACIER

Determination of variables

Inidally, values for 7. and p are taken as 3.79 x 10° N m

and 0.66, respectively (Jaeger and Cook, 1979). Values of

! will be variable but can be measured in the field
subglacially, or on [orelands as is the case for this
research. A reasonable average from measurements
taken on the foreland of Camp Glacier is 137, The size
of the block in question controls the value of A, A, A..
Over 100 boulders were measured on the inner moraine,

and average values for the three major orthogonal axes of

a particle (a, b, ¢ axes) were calculated. The average
values are 1.38, 1.00, 0.74 m=1.02 m’. For simplicity, this
is initially taken as a cubic block with length of side I m,
which equates to a block ol about 3000 kg.

The value of £ is taken simply from the eryostatic load
(pigh), and T is the drag imparted on the block by ice

flow over it. The solution for a cuboid is complex
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Lliboutry, 1979). However, as a [irst approximation
the drag imparted on the block face is inferred [rom that

1979, 1987) the drag (T
imparted on a hemisphere with cavitation is:

lor a sphere. From Lliboutry

T'= wlhi* o+ B) 2 (7)

g, is for the condition where velocity from plastic
regelation melting—relreezing are
Nye, 1969) or
controlling obstacle size (Weertman, 1957). A cubic block

deformation and
equal, i.e. at the transition wavelength

with length of side 1 m les within this range.

Horvizontal laminar flow is assumed, such that the ice
low 1s directed perpendicular to the ervostatic load as
shown in Figure 2. In Equation (7) the cross-sectional
arca is given by the term 7R* /2. This will be replaced by
the eflective cross-sectional area (E.,) ol the block which
faces vertically up-glacier, i.e. L, = (xsinf)(y). Thus

Equation (7) can be rewritten

where

Ty =

[5.29 % 10°(1;)""]/10 (9)

(Lliboutry, 1979).

A reasonable minimum for the lateral stress (o) can
be taken as Xv/(1 — v) where v is Poisson’s ratio (=0.25
for strong rock: Iverson, 1989), which gives op = 1/3%
and a reasonable maximum value of o =X (Rea.
1994a).

Rea (1994h) undertook reconstructions for Camp
Glacier from its snout position on the inner LIA
moraine to the ice divide using an iterative model first
used by Schilling and Hollin (1981). An interpolated
subglacial bedrock topography was produced [rom ice-
marginal bedrock and nunatak heights. Using this
bedrock profile the basal ice parameters were fine-
tuned initially to it the 1976 ice surlace. Once a
satsfactory [it had been achieved. similar bed condi-
tions were assumed for the LIA and reconstructions
completed. The maximum ice thickness was 190 m and
the maximum sliding velocity approximately 15 ma
(Rea, 1994hb).

Results

Using the wvalues given above, an evaluation of the
upward [rictional support on a block from the adjacent
if 'op, = 2 the
upward frictional support is never > 1 and [riction along

blocks is required. From Inequality (4),

the bottom face is not mobilised, but it . = 1/3% it is
> 1 heneath ice thickness > 105 m.

Both Inequalities (5) and (6) are required to evaluate
the removal potential for blocks. In neither situation is
suflicient drag produced by ice movement around the
blocks to facilitate shear removal (rom the bed. These
calculations are at best rough approximations, but they
do show that there is little chance ol the removal of
bedrock material beneath Camp Glacier. However,
extensive LIA erosion is known to have taken place.
Proglacial and subglacial observations showed that many
of the joints were iron-stained and had thus been affected
by some form ol preglacial weathering.
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EFFECT OF WEATHERING

The value of 7. taken initally of 3.79 x 10°Nm * from
Jaeger and Cook (1979) is for “moderately rough
surfaces”. There is no information on how weathering
will affect this value. Tt is likely that it will increase the
joint-roughness coeflicient, i.c., [rom the preferenual
action ol weathering some minerals will be removed.
Normally a higher joint-roughness coellicient would
increase the strength of the joint. However, with weath-
ering and removal of crvstals, the surface may lose shear
strength hecause exposed erystals on the surface will have
little support around them and so are likely to fracture
and rotate more easily. Thus, in the absence of any
published data, 7j. is halved. o 1.895 x 10°Nm °
account of the weathering. It should be noted that in
places on the foreland and in arcas of “immature”
blockfield, blocks can be removed from in situ positions by

. taking

hand. In such situations weathering has reduced 7. to

7eT0,
Results

From Inequality (4) the lateral stresses will be overcome
[or ice thicknesses > 37 m, Thus, both Inequalities (5) and
(6) are required to evaluate the removal potential for
blocks. Figure 3 shows that beneath ice of approximartely
< 50 m thickness, blocks may be removed from the bed. It
is interesting to note that the potential for removal
increases as the ice thins (the snout represents a region of
high potential erosion). This eflect is a result of the
decrease in normal force on the bottom face of the block,
and of the form drag still remaining high. Figure 3 shows
that, in certain circumstances, shear removal of blocks is
possible. However, there are other bed parameters which
can alter the removal potential.

207 .
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]
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-
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Fig. 5. Blocks can be removed from the bed beneath ice just
less than 30m thick. ( Basal sliding velocity =15ma '
o= 1|3, weathering has reduced i by half.)

BEDROCK PARAMETERS

Changes in block geometry and up-glacier dip of the stoss
side of rock steps will also affect the potential for shear
removal of blocks. The following introduces these factors
and shows how they may affect the block removal.

‘
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Block geometry

The modelling above was for a | m” rock cube. If blocks
arc not cubes but cuboid, certain orientations will favour
removal while others will reduce removal. On the inner
moraine the average a, b, ¢ axes of large blocks were found
to he 1.38, 1.00, 0.74 m. Adopting these values such that
the x, y, z axes are now 1.00, 1.38, 0.74 m, respectively,
provides the lowest possible lateral stress and the largest
possible shear removal stress. Assuming pre-weathering
along joints, then lateral stresses are overcome beneath all
thicknesses of ice. Thus Inequality (5) is used to evaluate
the shear removal stress. Figure 4a shows that blocks can
now be removed bheneath ice <80m thick.

254
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Fig. 4. (a) Modification of the block geometry allows
removal beneath ice wp to 80m thick. (Basal sliding
velocity = 15ma ': op = 1/3; weathering has reduced T
by half; 0=15; x, », 2 axes =100, 1.538, 0.7¢m,
vespectively.) (b) Using the values above but increasing 6
Srom 157 1o 20° enhances the removal polential further.

Dip of stoss faces

Increasing up-glacier dip (@) of the stoss faces allows the
lateral stresses to be exceeded under lower ice thicknesses.
The greater f the lower the normal stress oy, but the form
drag increases because Ei, increases. If the bed dip is
taken as 207 and a cuboid block is used, then the potential
for block removal is further enhanced (Iig. 4b). It should
he noted, however, that the maximum dip up-glacier
which could feasibly be considered would be /30", Above
this, the dip of the down glacier face of the block will
gradually deerease, resulting in cavity suppression.

PROCESSES OF REMOVAL ENHANCEMENT

A number of other processes are known to exist in the
subglacial environment which could potentially aid the
process of block removal.

Squeezing of glacier ice along lateral joints was first
described by Anderson and others (1982). Beneath
Camp Glacier the same process has been observed, and
indeed it has gone a stage further with ice being
squeezed along the bottom face, suggesting that the
block is totally encased in ice (Rea, 1994a; Rea and
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Whalley, 1994). The sides provide no frictional
resistance to movement, and the presence of ice along
the bottom face is likely to reduce 7. ellectively to zero.
Only the [riction along the bottom and sides of the block
in contact with ice provide any resistance. In this
situation blocks may be easily removed.

Iverson (1991) has shown that, as a result of the
recluction in normal stresses for a horizontal rock step, the
potential for shear removal of blocks is greater for higher
basal water pressures. The hydraulic-jack effect of
Raothlisberger and Tken (1981)
mechanism for the removal of joint-controlled blocks
[rom the bed. The reduction of the normal stress on blocks

provides a further

at the cavity origin favours removal (crvostatic load is
recduced by the water pressure).

The Robin heat-pump effect (Robin, 1976) relates to
the production of cold patches beneath a glacier at the
ice/bed interface. From the work of Jellinek (1939,
Iverson (1989) gave the shear strength of these adhesion
honds as about 0.2 MPa. This could eflectively increase
s by about 25%.

If it occurs, stickslip motion provides very short
periods of rapid movement. High velocities. and thus
increased form drag, results in increasing erosion potential.

REGIONS OF PROTECTION

Beneath parts of Oksfjordjokelen, intact blockfields with
sorted stone circles are being exposed by ice retreat. These
blocklields are at least pre-LIA in age and probably much
older (Rea and others, in press; Whalley and others, in
press). Thus, past and present ice coverage must have
been cold-based. It is likely that only during warm
interglacial periods do the outlets slide over their beds and
erode. Such problems remain to be fully investigated for
this arca.

CONCLUSIONS

Evidence has been presented above to show that this
relatively thin, slow-moving plateau-top maritime ice
field can produce substantial erosion of a mechanically
hard bed. The erosion is controlled by the favourable rock
structure such that joints intersect 1o produce blocks
which can be removed [rom the crest of an up-glacier
dipping rock step. Preglacial weathering is also important
as it has reduced the “joint cohesion™, allowing blocks to
be removed more casily. Once entrained these blocks
provide ideal abrasion tools. Lliboutry (1994) suggested
that little erosion occurs when the preglacially weathered
and frost-shattered debris has been removed from the bed.
This paper supports his findings to some extent. However,
the evidence above also points to the snout being a zone of
potentially high erosion, while up-glacier there may be
much less occurring, even under [aster sliding ice.
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