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ABSTRACT. Bakaninbreen, a 17 km long glacier terminating in fjord waters in
central Spitsbergen (77745 N, 17720 E), began to surge between the springs of 1985
and 1986. By summer 1994 the surge front had reached a position 3km from the
terminus and had almost ceased propagation. Structural investigcations were
undertaken to characterise the tectonic evolution of this thermally complex surge-
type glacier, and the role played by thrusting and its effect on debris entrainment.
Much of the glacier surface, particularly within and below the surge front, displaved
transverse high-angle thrusts, deflined by discrete fractures bounded by coarse clear ice.
Some [ractures were associated with a film of mud, whereas in others a discrete layer of
diamicton, with interstitial ice several decimetres thick, was evident. Within the surge
front, and genetically related to the thrusts, was a number of shear zones several metres
wide. These were defined by fine-grained ice that was the product of the grinding up of
crystals during shear (mylonitization). Three main sedimentary facies are associated
with the thrusts: mud, gravelly mud and clast-rich muddy diamicton. The diamicton
has the character of basal glacial debris: grain-size distribution ranging from clay to
cobble size, clasts with a predominance in the sub-angular and sub-rounded classes,
and striated and faceted clasts, Hot-water drilling through the glacier revealed several
englacial layers above the surge front, and debris brought up on the drill stem suggests
a basal origin. At least some of these englacial layers are probably the sub-surface
continuations of the thrusts. The observed facies indicate that the glacier is moving
over a soft. deformable hed and that thrusting is an important process in transferring
debris to the surface, especially when the surge front is propagating down-glacier.

INTRODUCTION

within the body of the glacier, there being no surface
expression of either thrusts or debris (Clarke and Blake,

The role of thrusting in glaciers has been the subject of

considerable debate, and in particular whether the
process can lead to basal debris rising from the bed to
an englacial and even supraglacial position. Evidence has
been presented [rom polar regions that thrusting or
discrete shearing in ice-marginal areas is an important
process (e.g. Souchez, 1967; Hambrey and Miiller, 1978).
Thrusting is also a major feature of both temperate and
polythermal surge-type glaciers. In the case of Variegated
Glacier, Alaska, thrusting was observed 1o take place at the
surge front during its 1982-83 surge (Sharp and others,
1988). Furthermore, basal debris layers beneath surge-
type glaciers are thought to be largely tectonic in origin,
resulting especially from folding and thrusting (Sharp and
others, 1994). The sub-polar Trapridge Glacier, Yukon
Territory, demonstrates the slow propagation of a wave-
like bulge down-glacier, and the movement of basal
debris towards the surface along thrusts that terminate
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1991). On Svalbard tide-water glaciers of surge type, the
changing stress regime ol the active phase of the surge
cycle has also been investigated (Hodgkins and Dowdes-
well. 1994). In the cold and polythermal glaciers that are
typical of the Arctic, thrusts are commonly associated
with large volumes of debris that are demonstrably of
subglacial origin, This paper considers this aspect of
deformation with reference to a surging glacier as it
approaches the end of its active phase.

The manner in which debris is entrained is important
for several reasons. First, it provides evidence of bhasal
conditions, in terms of both the rigidity of the substrate
and the variable nature of unconsolidated material over
which the glacier flows. Secondly, the relation between
debris layers and structures is useful in assessing the
deformation regime within an ice mass. Thirdly, the
transter of debris from the bed to the surface is important
in understanding how certain sediments and depositional
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landforms develop, especially supraglacial flow ll,
hummocky moraine and thrust-moraine complexes. A
surge of Bakaninbreen, Svalbard, has provided a unique
opportunity to examine these processes in a modern
Arctic glacier, and may serve as an analogue for the
glaciers and ice sheets of the last glaciation that produced
many of the landforms observed today in more southerly
latitudes.

AREA OF INVESTIGATION

Svalbard is a region of the high Arctic where glacier
surges are commonplace, although glaciers here often
have an active phase lasting a number of years and a
correspondingly long quiescent phase (Dowdeswell and
others, 1984, 1991; Hagen, 1987, Hagen and others,
1993), Bakaninbreen is a 17km long valley glacier,
draining a basin covering almost 60 km?. For the lower
6.5 km it flows parallel to the larger Paulabreen, a large
medial moraine defining the boundary between the two
glaciers. Bakaninbreen terminates both in the shallow
fjord waters of Rindersbukta, and on the adjacent slopes
that are mantled with debris originating from a former
surge (Punning and others, 1976; Fig. 1).

The bedrock underlying Bakaninbreen comprises
sandstone and friable mudstone of Cretaceous to
Palacogene age (Salvigsen and Winsnes, 1987). These
rocks break down readily under the influence of frost
action and subsequent transport by ice. Frequent debris
slides from the surrounding mountains add a large
amount of supraglacial debris to the glacier surface,
much of which is buried within the accumulation area
and subsequently deformed as the ice moves downwards.
Surging glaciers in Svalbard may be preferentially
situated on soft sedimentary bedrock, suggesting that
there is a link between the ability of a glacier to form a
thick basal debris layer and the substrate (Hamilton and
Dowdeswell, 1996).

A series of aerial photographs acquired by the
Norsk Polarinstitutt between 1936 and 1977 shows

RINDERSBUKTA.
(FJORD)

. AUG 90-%-7JuL
. “.. 89

 17°20'E

Fig. 1. Location map of Bakaninbreen, Svalbard, showing
movement of surge front down-glacier { after Dowdeswell
and others, 1991 ).
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Bakaninbreen to be in its quiescent phase. In 1985 the
first evidence of surging in the reservoir area was
observed in the field, and by 1986 the surge was well
under way (Dowdeswell and others, 1991). During the
succeeding period, the surge front propagated down-
glacier, initially at rates in excess of 1 kmyear ' (Fig.
1), and the glacier surface upstream became heavily
crevassed. The last series of aerial photographs, taken
in August 1990, indicates that the surge front had
reached a position approximately 3km f[rom the
terminus. Since that time there has been only about
a further 200m of propagation of the front down-
glacier. The heavily crevassed area behind the front
had almost entirely ablated away by the summer of
1994 when the present investigation took place. The
arca investigated lay between the top of the surge front
and the glacier terminus. Detailed studies of all
structures were undertaken, although the main
emphasis here is given to the thrusts and associated
phenomena (Figs 2 and 3).

METHODS

The structure of Bakaninbreen was investigated by
means of (i) aerial photographic analysis (especially at
the scale of 1:15000), and (i1) field identification and
three-dimensional orientation measurements of the
planar ice structures, which included sedimentary
stratification, longitudinal foliation and several sets of
fractures. The orientations of the thrusts were measured
on a series of transverse profiles above, within and
below the surge front, and along longitudinal profiles
through the surge front in three of the constituent flow
units. Data from these profiles were plotted on equal-
area stereographic projections. Attention was paid to
the crystal structure and debris content of the thrusts.
Clasts were analyzed for Powers’ roundness, and the
data plotted for comparison with the different glacial
settings documented by Dowdeswell (1986). Surface
features on clasts, such as striae and faceting, were also
recorded.

STRUCTURAL GLACIOLOGY
Morphology of the surge front, 1994

By August 1994, the formerly near-vertical, strongly
convex, heavily crevassed surge front had ablated to a
gentle ramp approximately 50m high, although the
upper limit was poorly defined. Three longitudinal
profiles, one in each of the principal constituent flow
units, were measured (Fig. 4). A prominent convex
profile through the surge front was only evident towards
the base of flow unit C; this had a maximum slope of 207,
Flow units A and B had uneven profiles but with hints of
the remnants of two bulges (which appear more
prominently in the 1990 aerial photographs). The
maximum angles in flow units A and B were 13° and
117, respectively. Numerous structures were evident in
this area, of which the transverse structures are shown in
Figure 4.
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Fig. 2. Outline map of moraines and thrusts on Bakaninbreen, based on 1990 aerial photograph, showing the sector from the
surge fronl lo the terminus. Structural profiles are illustrated with accompanying Lambert equal-area stereographie

projections of thrusi- and shear-zone orientation data.

Structural sequence

The progressive development of structures in Bakanin-
breen may be related broadly to quiescent-phase ductile
deformation and surge-related brittle fracture, as has
been demonstrated for Variegated Glacier (Lawson and
others, 1994). In the vicinity of the surge front the
following structures, listed in order of their inferred
development, are present (I'ig. 5):

(1) Sedimentary stratification with debris layers, formed
in the accumulation area and carried down with little
deformation during surges. This structure remains
sub-horizontal, but has a highly variable strike. The
debris is mainly angular and suggestive of a rock-fall
origin.

(2) Longitudinal foliation, defined by intercalated layers
of coarse bubbly, coarse clear and fine ice. This
structure pervades most of the glacier, and is aligned
parallel to moraines formed by internal deformation
during quiescent-flow stages. Disruption and bending
of this structure has taken place during surging.

(3) Strong deformation of stratification, in the form of
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chevron folding and associated with longitudinal
compression, is observable locally at the surge front.
A transverse axial-plane foliation, reminiscent of slaty
cleavage in rocks, is developed within the northern
part of the bulge. This foliation may originally have
been longitudinal as (2), but rotated to a
transverse orientation as the surge front passed
through.

was

) Thrusting- and shear-zone development, associated
with the passage of the surge front (a compressive
wave) through the glacier.
) Longitudinal fracturing, especially evident in the form
of short crevasses or tensional veins, developed as the
surge front passes through.

(6) High-angle transverse faults, formed in the lower part
of, and below, the bulge. From the morphology of
their outcrop at the surface (overhanging wall facing
up-glacier), the lower wall appears to have been
displaced upwards relative to the up-glacier wall.

Structures (1) and (2) are related to quiescent-phase
deformation, and (3) to (6) to surge-phase deformation.
Basal debris is associated mainly with (4) and to a lesser
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Fig. 3. A transverse, steeply dipping, debris-bearing thrust
ridge extending across the surface of Bakaninbreen a few
hundred metres above the terminus. The predominance of
sub-angular and sub-rounded clasts, many of whick are
Jaceted and striated, indicates a basal derivation. The
white ice in the background belongs to Pawlabreen. August
1994 photograph.
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degree with (3), while supraglacial debris is associated
with (1) and (

Surface expression of thrusts and related
phenomena

Distribution and spacing of thrusts

Fractures, commonly extending for 50-100m (and
sometimes more) across the glacier surface in a transverse
direction and dipping steeply up-glacier, are interpreted
as thrusts. They are best developed within the surge front
and near the terminus, but examples occur throughout
the length of the lower glacier. The spacing of these
fractures is mainly in the range 50-200m, but a
particularly well-developed set with a spacing ol about
1 m occurs halfway down the bulge. Some thrusts pass
laterally into well-developed shear zones within the bulge.
Below the surface of the glacier, preliminary radio-echo
sounding and drillhole data indicate that these thrusts
extend to the bed of the glacier.

Composttion

Thrusts are prominent features at the ice surface because
of their association with coarse clear ice, which melts
more quickly than the adjacent coarse bubbly ice. The
thrust itsell is uwsually marked by a discrete planar
discontinuity, on either side of which the clear ice
extends for several centimetres, thence passing transition-
ally into the bubbly ice. The coarse clear-ice layers attain
a width of 30cm, and probably represent zones ol
recrystallization associated with the displacements. 'T'hin
films of mud commonly occur along the thrust plane.
Mud may also be disseminated within the coarse clear-ice
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Fig. 4. Longitudinal profiles through the thrusts and down-glacier-dipping transverse Jaulls in the surge-front bulge of

August 1994, combining surface observations with radio-echo-sounding data from flow unit C. Only those thrusts whase
orientations were measured are illustrated: they represent a small proportion of the lotal visthle at the surface. Maximum

slope angles are indicated.
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Fig. 5. Schematic three-dimensional skelch of a section through the surge front where it has impinged on the large medial

maratne on the north side of the glacier as revealed in the walls of partially ablated longitudinal crevasses. The main
structures are chevron-folded stratification with a near-vertical axial-plane foliation, intersected by high angle thrusts of

stightly different orientation.

zones. Also observed were less well-defined thrust zones,
up to 0.5m wide, comprising debris-rich ice very similar
to dirty basal ice (cf. Sharp and others, 1994). From this
ice, debris ranging in size [rom mud to cobble was melting
out (Fig. 3). Several thrust zones ol similar width,
comprising near-solidly frozen diamicton with interstitial
ice, appear to have been uplifted directly from the basal
layver of the glacier.

Sense of displacement

The magnitude and sense of displacement of thrusts could
sometimes be gauged from the manner in which gently
dipping structures, such as stratification, are displaced
upwards above the fracture and folded. These are best
observed in longitudinal stream channels. Visible dis-
placements ol a few decimetres to metres are common,
but much larger displacements are probable, although
not decipherable, because of the small scale of the exposed
sections. In addition, distinct groups of foliae within the
longitudinal foliation locally show lateral displacements
ol several centimetres towards the right. These thrusts.
therefore, represent oblique-slip [ractures, the lateral
component being due to movement of ice during the
surge around a 90" bend 6-7 km from the present glacier
terminus.

Orientation and down-glacier modification of thrusis

The majority of thrusts dip up-glacier at a high angle
irrespective of position on the glacier, with 50% falling in
the range 70-80" (Fig. 6).
different from the angle of dip of thrusts in non-surging

This orientation is quite
glaciers, where angles less than 43" are more typical.
Thrusts tend to have a straight or slightly curved surface
expression; some are anastomosing, while others cut
across cach other. A few extend diagonally down-
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glacier. Some thrusts pass through medial moraines into
adjacent flow units. There is little difference in orientation
between the margins and the middle, and there is little
indication ol significant rotation to a lower angle down-
glacier, as indicated by the consistency of data in
stercographic projections for both transverse and long-
itudinal profiles (Fig. 2). In fact, there is a remarkable
uniformity of orientation of thrusts throughout the glacier
[rom the surge [ront to the snout (Fig. 6). This suggests
that, once these structures have formed, shearing at the
margins and base ol the glacier is small, otherwise
curvature of the thrusts would be more pronounced.
Rather, the thrusts are transmitted downwards mainly
during surge phases.

Shear zones

Of similar orientation to the thrusts are two prominent
and several lesser zones comprising intercalated fine- and
coarse-grained ice. These zones are confined to the middle
and upper parts of the surge front, and are best developed
on its northern side. The fine-grained ice consists of dense
bubbly ice with bubbles up to I mm, slightly elongated
parallel to the shear zone. Finely disseminated mud gives
a brownish hue to this ice and, in places, it is parallel to a
diffuse foliation delined by bands of clear ice, a few
millimetres across. Coarse clear ice (with crystals up to
Sem in diameter) forms irregular to sharp boundaries
with the fine ice, and includes disseminated clots of mud
up to 1 em in diameter, and scattered pebbles. However,
the amount of recognisable basal debris is limited.
Isoclinal folding of different ice types within the shear
zones was observed alter washing the surface of the
glacier. The axial planes of such folds are themselves
parallel to the shear zones. The largest shear zones
measure 2m across and have somewhat irregular
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Fig. 6. Histogram illustrating the variability in the up-glacier dip-angle of all measured thrusts in Bakaninbreen. Insel:
poles to all measured thrust planes and shear zones (n = 102), plotted on lower hemisphere Lambert equal-area projection;
contoured distribution of poles to these structures, with contour intervals of 2% per 1% of area.

‘boundaries, although their orientation is consistent with
the adjacent thrusts into which they pass. In one case,
part of the glacier had clearly heen washed by water
emanating from the shear zone.

The shear zones are genetically related to the thrusts,
but instead of being associated with a clean fracture, they
appear to be the product of mylonitization of coarsely
crystalline ice into fine-grained ice, associated with
simultancous development of shear-parallel folds and
foliation. Post-shear recrystallization probably occurred
subsequently, fine ice being progressively replaced by
Thin sections and ice-crystal fabric
measurements would provide useful information concern-
ing these inferred processes.

Prominent lateral displacements are associated with
the two widest shear zones and, where they intersect
medial moraines, show a shift of 3-5 m, accompanied by
bending of the longitudinal foliation.

coarse clear ice.

SEDIMENTOLOGY OF THRUST FACIES

Sediment associated with thrusts at the glacier surface
includes mud and diamicton (Fig. 3). The mud varies
from a cohesive sediment ol uniform grain-size, to poorly
sorted sediment with minor sand and gravel. This
material forms either small ridges (about 0.1 m high) or
shallow depressions in the ice according to its efficacy in
protecting the ice from ablation. The diamicton com-
prises material from clay to cobble size, with rare
boulders, and may be classified as “clast-rich  muddy
diamicton” (according to the modified Moncriefl’ (1989)
classification in Hambrey (1994)). In places, the
diamicton forms ridges up to 1m high on the glacier
surface and, when it dries out, it appears to retain its
textural integrity as a non-stratified, compact material.
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Down-glacier of the thrust, this material is remobilised
with melting ice to form extensive areas of debris flows (cf.
Lawson, 1982). The clasts are of limestone and sandstone,
and were examined for shape and surface texture. All
shapes from angular to rounded were present. Numerous
clasts were striated and faceted.

In terms of the total glacier mass, the proportion of
debris in thrusts is tiny; it is impossible to quantify as yet,
as the densest debris concentration is likely to be near the
bed, out of sight.

We interpret the sediment as having been subglacially
derived. The mud at the surface is similar to mud
recovered from the basal layer during hot-water drilling.
Since the bed throughout the length of the sector of the
glacier studied is below sea level, it is likely that this mud
was of glaciomarine origin. In contrast, the diamicton has
the characteristics of material carried in the zone of
(cl. Boulton, 1978), notably grain-size distrib-
ution from mud to boulders, clast shape dominated by

traction

sub-rounded and sub-angular categories, and clast surface
features such as facets and striations. This diamicton is
therefore probably uplifted basal debris, entrained by
regelation at the glacier bed, especially where the state of
the bed passes from sliding or deformable to frozen. In a
few ridges the uplifted sediment may be recycled
subglacial ull.

MODEL OF DEBRIS ENTRAINMENT

The passage of a surge [ront through a typical
polythermal glacier such as Bakaninbreen is accompa-
nied by the development of thrusts and shear zones
which break out at the surface at a high angle (Fig. 7).
In comparison with observations on Variegated Glacier
(Lawson and others, 1994), a new thrust propagates
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Fig. 7. Schematic illustration of development of thrusts and shear zones during a surge, the associated entrainment of debris
Srom the glacier bed, and ils transfer to the surface by thrusting during surge-front propagation. The morphology of the

resulting landforms is also shown.

further forwards of the previous one, and provides a
mechanism whereby the surge front can move down-
glacier at a rapid rate. From the character of the debris
which arrives at the surface via some of these thrusts, it is
evident that the thrusts extend to the glacier bed.
Furthermore, the substrate at Bakaninbreen is likely to
be not bedrock but deformable sediment of two types:
basal till similar to that reported from Trapridge Glacier
(Clarke and Blake, 1991), and glaciomarine mud. These
two facies form the initial plane of décollement from
which thrusts propagate upwards through the ice,
allowing material which adheres to the base of the
glacier by freeze-on to move upwards immediately above
the thrust plane. Alternatively, unfrozen debris may
move along the thrust plane and refreeze englacially. In
most cases debris does not reach the surface, but when it
does, it melts out and in its wet state flows across the
glacier surface.

As the surge front propagates towards the terminus,
old thrusts may become reactivated. Following the
passage of the bulge, those thrusts which had already
formed are transported passively; they are not subject to
any significant internal deformation. This supports the
view that, during a surge, most movement is accom-
plished by sliding.

Following the surge, the ice stagnates in situ. The
debris incorporated along thrusts is released to form
hummocky moraine (Fig. 7d), reflecting the variable
concentration of debris in the ice, although short linear
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moraine elements preserve the form and orientation of the
debrnis-laden thrusts.

This topography may be superimposed either on the
basal glacial layer or on ice, the latter giving rise to a
kettled topography and partially undermining the ridges.
This type of landform assemblage may be seen in
association with many surge-type glaciers, including
that of the Paulabreen-Bakaninbreen complex from an
carlier surge.

CONCLUSIONS

The gradual cessation of a 9year long surge of
polvthermal Bakaninbreen, Spitshergen, has provided
an opportunity to study the structural evolution of a
glacier as a surge front passes through, and the role this
process plays in debris recycling. The following con-
clusions may be drawn:

(1) Propagation of the surge front is at least partially
accomplished by the development of thrusts which
break the glacier surface at a high angle.

(2) The relatively straight transverse orientation of thrusts
is indicative of plug-flow (near-uniform velocities
across the greater part of a transverse profile).

(3) Thrusts down-glacier of the surge front, which may

have been formed during previous surges, are
reactivated as a new surge front approaches.
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(4) Debris derived from the substrate is incorporated
within basal ice and lifted upwards through the glacier
along thrusts, in some cases reaching the surface,
forming distinct linear ridges, from which debris flows
across the ice surface.

(5) T'wo main facies, mud of probable glaciomarine origin
and diamicton (basal till) are involved, and indicate
that the glacier is moving over a solt, deformable bed.

a

) Thrusts pervade much of the glacier, although some
are derived from earlier surges. They have a [airly
constant orientation, and their lack of modification
downstream suggests that very little downward
movement in the lower part of the glacier is
accomplished by internal deformation.

~]

the landform assemblage commonly found below
surge-type glaciers, namely aligned hummocky mor-
aine ridges superimposed on kettle-hole topography.
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