Jouwrnal of Glaciology, Vol. 45, No. 149, 1999

Debris entrainment and transfer in polythermal
valley glaciers

MicuagL J. Hamerey, Marruew R. Bennert,? Jurian A. DowpesweLL,?
Neir F. Grasser,' Davip Hubppart®
'Centre for Glaciology, Institute of Geography and Earth Sciences, University of Wales, Aberystwyth, Ceredigion SY23 3DB, Wales
*School of Earth Sciences, University of Greenwich, Medway Towns Campus, Pembroke, Chatham Maritime, Kent ME4 4 AW, England
? Bristol Glaciology Centre, School of Geagraphical Sciences, University of Bristol, Bristol BS8 1SS, England
*School of Biological and Earth Sciences, Liverpoal John Moores University, Byrom Street, Liverpool L3 3AF, England
>School of Education and Community Studies, Liverpool John Moores University, I. M. Marsh Campus, Liverpool 137 GEN, England

ABSTRACT. Modes of debris entrainment and subsequent transfer in seven “normal”
and five surge-type glaciers in Svalbard (76-79° N) are outlined in the context of the
structural evolution of a glacier as the ice deforms during flow. Three main modes of en-
trainment and transfer are inferred from structural and sedimentological observations:
(1) The incorporation of angular rockfall material within the stratified sequence of
snow/firn/superimposed ice. This debris takes an englacial path through the glacier, be-
coming folded. At the margins and at the boundaries of flow units the stratified ice includ-
ing debris is strongly folded, so that near the snout the debris emerges at the surface on the
hinges and limbs of the folds, producing medial moraines which merge towards the snout.
The resulting lines of debris are transmitted to the proglacial area in the form of regular
trains of angular debris. (i1) Incorporation of debris of both supraglacial and basal char-
acter within longitudinal foliation. This is particularly evident at the surface of the glacier
at the margins or at flow unit boundaries. It can be sometimes demonstrated that foliation
is a product of strong folding, since it usually has an axial planar relationship with folded
stratification. Foliation-parallel debris thus represents a more advanced stage of deforma-
tion than in (i). Although the presence of basal debris is problematic, it is proposed that
this material is tightly folded ice derived from the bed in the manner of disharmonic fold-
ing. The readily deformed subglacial sediment or bedrock surface represents the plane of
decollement. (iii) Thrusting, whereby debris-rich basal ice (including regelation ice) and
subglacial sediments are uplifted into an englacial position, sometimes emerging at the ice
surface. This material is much more variable in character than that derived from rockfalls,
and reflects the substrate lithologies; diamicton with striated clasts and sandy gravels are
the most common facies represented. Thrusting is a dynamic process, and in polythermal
glaciers is probably linked mainly to the transition from sliding to [rozen bed conditions.
It is not therefore a solely ice-marginal or proglacial process.

INTRODUCTION

glacier surface from the bed, as summarised by Boulion
(1970, p.720; Knight, 1997). Some authors (Weertman, 196;

Modern Arctic glaciers provide excellent opportunities [or 4 . : -
e p i S Hooke, 1973) have favoured passive movement of subgla-
the study of debris in transport because of the combination ! 2 : : ; g
. : 4 - ; - cially derived dehris as the ice flowlines turn upwards to-
of relatively clean ice surfaces, steep-sided margins and, oc- . ; : o A
2 : SEsieih i y L wards the frontal margin, while others (Swinzow, 1962
casionally, tidewater cliff sections. It is thus possible to deci- : L ;
o w : : Hambrey and Miller, 1978) have suggested that thrusting
pher how debris is transported in basal, englacial and ; ey Fdliel '
’ i3 ; S R : and shearing are the processes which allow debris-rich basal
supraglacial positions, particularly if' the relationships ; . _ . . ,
. ) ) & o e ice, or subglacial debris, to rise to the surface along discrete

between ice structures (foliation, folding and thrusting) : :

and debris are resolved. This paper explores these relation-
ships for a varicty of surge-type and non-surge-type
glaciers, and offers new models for the transfer of debris in
such glaciers. Cold or polythermal glaciers differ from tem-
perate glaciers in generally having a much greater load of
basally derived debris (Boulton, 1970; Dowdeswell, 1986;
Knight, 1997). However, it has also been suggested that the
true contrast is greater between surge-ty pe glaciers (greater
basal debris content ) and non-surge-type glaciers (Clapper-
ton, 1975), irrespective of their thermal regime. Contrasting
views have emerged concerning the development of en-
glacial debris-rich layers that appear to rise towards the
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surfaces or narrow zones ol rapidly deforming ice. From
studies in Svalbard, Norway, Boulton (1970) made a convin-
cing case for the incorporation of debris by thrusting, by
identifying folds with truncated lower limbs. On Axel Hei-
berg Island, Canadian Arctic Archipelago, Hambrey and
Miller (1978) linked the development of debris-bearing
thrust zones to pre-existing structures, especially erevasse
traces that had become rotated from a vertical to a gentle,
up-glacier-dipping attitude near the snout of White Glacier.
In closely monitored ‘Trapridge Glacier, Yukon Territory,
Canada, Clarke and Blake (1991) linked thrusting and re-
cumbent folding with the transition from warm to cold ice
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at the bed. More recently, the association of debris-bearing
thrusts with the movement of a surge front through a glacier
has been described from Bakaninbreen in Svalbard (Ham-
brey and others, 1996; Murray and others 1997). Thrusting
has also been documented in temperate glaciers, but only
in surge-type glaciers does there appear to be significant in-
corporation of debris (e.g. Sharp and others 1994), In a re-
view ol debris entrainment processes, Alley and others
(1997) conclude that incorporation of debris by thrusting
and folding are valid mechanisms.

In contrast o studies of the hasal debris load of Arctic
glaciers, those concerned with supraglacial transport are
few. However, observations on many glaciers by the authors
suggest that debris derived from supraglacial sources car-
ried on cold or polythermal glaciers is much less than on
temperate glaciers. In all cases, supraglacial debris trans-
port is generally concentrated in lateral or medial moraines.
Other authors investigating medial moraine development

in temperate glaciers have attempted to identify sources of

debris in relation to the firn line and to flow-unit bound-
aries, and the effect these have on their morphology (e.g.
Lyles and Rogerson, 1977; Small and others, 1979; Vere and
Benn, 1989). However, the various models that have been
proposed by these authors for temperate valley glaciers,
which are based on convergence of discrete flow units, do
not explain certain types of medial moraine in Svalbard.

This paper, therefore, examines the processes whereby
ice deformation influences the incorporation and redistribu-
tion of debris within polythermal glaciers in Svalbard (Fig.
1). The sedimentary facies associated with the ditferent de-
formational processes are also characterised. The principal
relationships between debris and structure that are explored
are:

(1) rockfall debris associated with sedimentary stratifica-
tion;

(i1) basally derived debris associated with longitudinal
foliation; and

(iii) basally derived sediment forming arcuate debris layers,
thought to be associated with thrusting,

Mechanisms related to the formation of the basal debris
layer are also important (see reviews by Hubbard and
Sharp, 1989; Souchez and Lorrain, 1991; Knight, 1997), but
are considered only superficially in this paper, as few suit-
able sites were available for study at the Svalbard glaciers.
These mechanisms include regelation, flow through a vein
system, bulk freezing-on, shearing and folding (Knight,
1997). The basal debris layer is generally thin in temperate
glaciers, but can become thicker by folding, shearing and
thrusting (Sharp and others, 1994; Hart, 1995). As a frame-
work for the following discussion, the known and inferred
sources of debris and modes of incorporation are sum-
marised in Figure 2.

Understanding the processes of debris entrainment and
modification during flow is critical to explaining landform
assemblages in the proglacial areas of Arctic glaciers. This
understanding takes on added importance because many
Pleistocene landforms in Europe and North America are
more similar to those observed at modern Arctic glacier
margins than to those at alpine glaciers (Boulton, 1967,
1972; Sollid and Serbel, 1988; Hambrey and Huddart, 1995;
Bennett and others, 1996b, in press; Huddart and Hambrey,

1996; Hambrey and others, 1997). Hence, investigations of
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this nature are also needed in order to examine the climatic
implications of Quaternary glacial landform assemblages.

MODERN GLACIERS IN SVALBARD

Svalbard (approximately 77-80° N) (Fig. Ic) is an archipel-
ago affected by a maritime—Arctic climate, and is 60% gla-
cierized (Hagen and others, 1993). From observations of the
thermal regime of a small number of glaciers, it 1s believed
that extensive areas of temperate ice occur beneath the accu-
mulation areas of the thicker glaciers, whereas the ice mar-
gins and snout areas are frozen to the bed (Hagen and
Swtrang, 1991; Odegard and others, 1992; Bjornsson and
others, 1996; Jania and others, 1996; Nuttall and others, 1997).
In such “polythermal” glaciers, the transition from sliding to
freezing conditions at the bed has been used to explain why
thrusting is an important process in the incorporation of
debris into glacier ice (Clarke and Blake, 1991; Hambrey and
others, 1996), and leads to the development of proglacial
thrust-moraine complexes of hummocky character (Ham-
brey and Huddart, 1995; Bennett and others, 1996a, b; Hud-
dart and Hambrey, 1996; Hambrey and others, 1997).

Many glaciers in Svalbard are of the surge type. Over 80
have been observed to surge (Dowdeswell and others, 1991;
Hagen and others, 1993). Studies of looped moraines and
other surface [eatures diagnostic of former surges suggest
that about 35% of Svalbard ice masses may be of surge type
(Hamilton and Dowdeswell, 1996).

GLACIERS INVESTIGATED

Twelve glaciers, of both surge and non-surge type, were in-
vestigated along the west coast of Spitshergen, Svalbard,
between Kongsfjorden in the north and Hornsund in the
south (Fig. 1). Surge-type glaciers are recognised in their
quicscent state by their looped medial moraine patterns,
crevasse-free  nature and well-developed  supraglacial
stream networks with broad, open or sealed potholes (Meier
and Post, 1969; Post and LaChapelle, 1971). The glaciers in-
vestigated range from small- to medium-sized valley
glaciers several km long terminating on land, to large com-
plex tidewater systems tens of km long, In all cases, multiple
accumulation basins feed ice into relatively narrow tongues,
while ice structures, particularly fohation, can be used to
delineate the composite flow units. Those glaciers inferred
to be non-surge type from surface structural and morpholo-
gical evidence were Midre Lovénbreen, Austre Lovénbreen,
Uvérsbreen, Edithbreen and Steenbreen (Lig. 1). However, it
has been claimed that the first two are surge-type on the
basis of the steep frontal cliffs observed at the beginning of
the century (Liestol, 1988), a feature that is common to all
advancing polythermal and cold glaciers. Furthermore, the
complex of “push moraines” at Uvérsbreen has been in-
ferred by Croot (1988) to indicate surge-type behaviour, a
criterion which we believe to be unreliable (Hambrey and
Huddart, 1995; Huddart and Hambrey, 1996). Surge-type
glaciers studied were Kongsvegen, Pedersenbreen, Bakanin-
breen, Hessbreen and Finsterwalderbreen (Fig. 1). All these
glaciers except the second (Bennett and others, 1996b) have
a known surge history, whilst Bakaninbreen was
approaching the end of a sustained surge when the work
was undertaken (Dowdeswell and others, 1991). Additional
observations were made on Austre Broggerbreen, which is
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Fig I Location map of glaciers investigated in Svalbard. (a) Van Mijenfjorden and Van Keulenfjorden area: (b) Ny-Alesund

( hongsfiorden ) area; (¢) key map of Svalbard.

a thin glacier, almost completely frozen to its bed (Liestol,
1988), and Hansbreen in Hornsund, a tidewater glacier
whose dynamic character is uncertain. Table 1 lists the prin-
cipal characteristics of these glaciers. All of them are cur-
rently receding.

METHODS

Ice structures, inferred to be longitudinal foliation and
thrusts, in the snout areas of Midre Lovénbreen and Finster-
walderbreen were mapped from 1:15000 (1991) and 1:30 000
(1995) vertical aerial photographs of the Norsk Polarinstitutt,
Oslo, respectively, while their three-dimensional orienta-
tions were recorded on the ground. The dominant structures
measured were longitudinal foliation and transverse arcuate
layers (with debris in places), interpreted as thrusts. The
orientations of smaller-scale structures, such as the axes of
minor folds, not visible in the photographs, were also
measured.

In order to characterise debris sources, the size, sorting,
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fabric and shape characteristics of debris associated with
thrusts, folds and foliation were recorded and compared
with material of known origin, such as scree, glaciofluvial
sediment or basal till. Sorting was estimated visually. Fabric
was recorded in two dimensions for material related to fold
structures and plotted on rose diagrams. Data from thrusts
are three-dimensional and are plotted on Schmidt equal-
arca stercographic projections; both point-plots and con-
tour-plots are given, and cigenvalues are caleulated to illus-
trate the strength of the fabric. In each case 50 clasts were
measured. o characterise shape, Krumbein roundness
values were obtained from a visual roundness chart, while
the lengths of the long (a), intermediate (b) and short (¢)
axes, were also recorded. Again, each dataset contained a
population of 50 clasts. Clast-surface features such as facets
and striations were also documented. The data were ana-
lyzed using the approach advocated by Benn and Ballan-
tyne (1994) in which the RA index (percentage of angular
and very angular clasts) is plotted against the Cy, index
(percentage of clasts with ¢/a ratios of 04), or as a covariant
plot (Bennett and others, 1997),
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Fig. 2. Schematic representation of principal sources and
modes of incorporation of debris in Svalhard glaciers.

ICE STRUCTURES IN SVALBARD GLACIERS

All the glaciers examined appear to have up to five recog-
nisable types of planar structure, which have developed
sequentially in the same manner. These are labelled S¢Sy,
in order of formation in a particular “parcel”of ice. The first
structure is primary stratification, inherited from snowfalls
in the accumulation area (Sg). This is sometimes intersected
by a set or sets of crevasse traces (S)), developed in the upper
basin of the glacier, although this structure has not been de-
lineated in all cases owing to the limited observations. The
next structure is longitudinal foliation (S4), which occurs in
all glaciers, and is evident down-glacier of the topographic
constriction that is invariably present at the mouth of the
upper basin. Multiple sets of crevasse traces (S3) intersect
the foliation at various angles, and are best represented in
the glacier tongue. Finally, arcuate fractures, sometimes
with debris, and interpreted as thrusts (Sy) occur towards

the snout of the glacier, although, if they are not associated
with debris, they are difficult to distinguish from S; The
relative importance of particular structures may depend on
whether the glacier is surge-type or not, but the pattern is
not yet clear, as a larger sample size is needed to assess this.
The overall structural sequence has already been described
for Hessbreen (Hambrey and Dowdeswell, 1997) and
Kongsvegen (Glasser and others, 1998), while thrusts have
been described specifically from the surge front and down-
glacier surface of Bakaninbreen (Hambrey and others,
1996). In view of the general similarities with the other
glaciers, the emphasis here is placed on those structures that
are associated with debris transport.

Debris associated with primary stratification

Character of stratification

Primary stratification is inherited from the accumulation of
snow and superimposed ice in the accumulation area. It is
observed most clearly in aerial photographs of glacier ab-
lation zones, where it commonly forms a diffuse, wavy,
broadly transverse pattern extending across the ice surface.
On the glacier surface, stratification is defined by alterna-
tions of coarse bubbly ice and coarse clear ice, and in some
areas by sheets of angular gravel. Dip is variable but gener-
ally low, reflecting open-style folding. In certain longitudi-
nal zones the folding is much tighter with steep limbs and
fold axes normally dipping gently up-glacier. These more in-
tensely folded zones coincide with flow-unit boundaries.

Fold styles as indicated by debris distribution

Some stratified horizons are associated with concentrations
of mainly angular gravel, including numerous clasts of
boulder size. The style and intensity of folding gives rise to
the characteristic debris-distribution patterns observed at
the glacier surface. These relationships are illustrated in
two representative glaciers, Midre Lovénbreen, which
shows no evidence of being surge-type (Fig. 3a), and the
surge-type Finsterwalderbreen (Fig. 3b). Strongly folded
ice typically has a “similar” style (i.e. attenuated limbs and
thickened hinges). If the fold axes plunge gently up-glacier,

Table 1. Type, location and length of glaciers investigated in Svalbard. Data on latitude, longitude, lenglh and dates of last surge are

from Hagen and others (1993)

Glacier Surge tvpe Last surge Lat. (N) Long. (E) Length Terminus Year of vhservations
km

Austre Broggerbreen No* [c. 1890]" 78° 53 112350 6.0 Terrestrial 1994
Midre Lovénbreen No 78° 53’ 127 04" 48 Terrestrial 1994 95
Austre Lovénbreen No [c. 1890]" 78° 53’ 12° 09’ 4.8 Terrestrial 1994-95
Uvérshreen No' 78° 47" 12538 20.5 “lerrestrial 1992
Edithbreen No 78° 51" 12° 05’ .4 Terrestrial 1992
Steenbreen No 787 52 11° 47 62 Terrestrial 1992
Hansbreen No 77° 04 157 38’ 156 Tidewater 1977
Kongsvegen Yes 1948 787 48’ 12% 59/ 270 Terrestrial/tidewater 1995-96
Pedersenbreen Yes No record 78° 51" 12818¢ 54 Terrestrial 1995
Bakaninbreen Yes 1985 -present 77° 47 hradli g 16.0 Tidewater 1994
Hessbreen Yes 1974 7 0 15° 06 5.5 Terrestrial 1995
Finsterwalderbreen Yes ¢. 1900 77° 29" 157 15 11.0 Terrestrial 1995

These glaciers are noted as having surged in Liestal (1988) and Hagen and others (1993); in the absence of the usual structural indications of surge-type

behaviour, in this paper the inferred surges are regarded as normal Neoglacial advances with steep frontal cliffs.

Uvérshreen was inferred by Croot (1988) to be of surge type on the basis of a well-developed “push-moraine” complex; it has been argued that this moraine
complex was not produced by a surge, while other moraines of this type are not necessarily restricted to surge-type glaciers (Hambrey and Huddart, 1995).
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Fig. 3. Maps of ice structures at the termini of two Svalbard valley glaciers, derived from aerial photographs. (a) Midre Lovén-
breen, inferred to be of the non-surge type, based on 1991 photographs. Trains of supraglacially derived debris, linked to medial
maoraines, extend across the proglacial area. (b) Finsterwalderbreen, a surge-type glacier in its quiescent state, based on 1993
Photographs; cross-sections of parts of the glacier depict structural relationsh ips and styles of folding; eross-section top lefl is par-
allel to ice flow, the others are transverse to flow. (¢) Lithological assemblages, indicated by encircled letters.

https://doi.org/10.3189/50022143000003051 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000003051

Journal of Glaciology

as is normally the case, a debris layer emerges at one or
more point sources, and becomes progressively more
broadly spread across the ice surface as more of the folded
layer is exposed by ablation (Fig. 4a). The normal up-glacier
plunge may be altered to a transverse attitude where looped
moraines have developed in surge-type glaciers (Fig 4b).
Differential melting often enables the detailed form of the
folds to be established with confidence (Fig. 3b).

Less common is chevron-style folding, where the layers
demonstrate a near-uniform thickness across the sharply
defined fold hinges (Fig. 5). Chevron folds involving debris
ablate differentially to give particularly clear fold crest-
lines, which in detail show undulatory trends, and occasion-
ally anastomose over distances of several metres (Fig. 4c). In
ice with more open folds, the debris emerges beneath the ice
surface in a uniform spread (Fig. 4d). Where measured, as
on Finsterwalderbreen, fold axes appear to have a consistent
orientation, regardless of their position and intensity of fold-
ing (Fig. 3b). In all cases the debris-rich layers are parallel to
stratification and have sharp boundaries, indicating that
they were probably incorporated into the stratification in a
series of instantancous rockfall events.

Debris-rich folded layers are analogous to folds in
deformed rocks. From measurements at three sites, two-di-
mensional clast fabrics along the crests of folded debris
layers demonstrate that the long axes have a preferred orien-
tation parallel to the fold axes (Fig. 6a and b). In kinematic
terms, this alignment is probably equivalent to stretching
lincation in deformed rocks, and indicates that the maxi-
mum extending cumulative strain axis is parallel to the fold
axis, whereas the maximum compression is normal to the
axial plane. Further data of this type are needed to verify
whether this is a universal relationship.

Surface expression of folding

As tightly folded debris layers emerge, they develop into lin-
ear ridges that widen and merge towards the snout. They
may be described as medial moraines, but their origin is
quite different from the usual models that are presented for
these landforms (e.g. Eyles and Rogerson, 1978; Small and

metres to a few hundred metres across the ice surface (Fig.
3). If the fold axis undulates relative to the ice surface, the
ridge may be discontinuous as the debris layer plunges in
and out of the surface (Fig. 3b).

Individual folded debris layers commonly consist of a
single lithology, but an adjacent layer may be of a different
lithology. Thus, traverses across a series of fold-defined par-
allel ridges near the snouts of the several glaciers yiclded
multiple successions, with repetition of some beds, as one
finds when mapping a strongly folded geological succession.
For example, a traverse across a series of ridges of varying
lithology, from west to east across the snout of Midre Lovén-
breen, showed a variety of unilithology moraines, compris-
ing schist, phyllite, amphibolitic gneiss, augen gneiss, and
psammite and phyllite together. This pattern reflects differ-
ent point sources in the headwalls prior to folding within the
ice.

On TIinsterwalderbreen, a similar pattern emerges,
although because of the much more varied geology in the
source arcas, most ridges comprise distinct lithological asso-
clations, rather than single lithologies. This pattern is indi-
cated by the encircled letters in Figure 3b. The inference
that may be drawn from these observations is that single

https://doi.org/1.3189/50022143000003051 Published online by Cambridge University Press

lithologies, or lithological associations, often represent the
same stratum. Their repeated occurrence on transverse
profiles is due to the intersection of the folded debris layers
with the glacier surface in various positions, so defining the
gross structure of the glacier.

Shape and sorting characteristics of debris

In order to assist in the definition of debris-transport paths
through the glaciers, shape analysis was performed on the
entrained debris (cf. Boulton, 1978; Dowdeswell, 1986; Ham-
brey, 1994; Bennett and Glasser, 1996). In the case of material
associated with stratification, the seven samples collected
showed strong clustering within the very angular and angu-
lar classes (group 2 data in Fig. 7a). This shape distribution
compares closely with material collected from scree (group
| data in Fig. 7a). Clear discrimination from other facies is
achieved with an RA/Cy, plot (Benn and Ballantyne, 1994;
Bennett and others, 1997), and highlights especially the high
degree of angularity of the material.

The degree of sorting of material carried by ice is indica-
tive of the extent of comminution during flow. Although, no
systematic grain-size analyses were made on these samples,
the bulk of the material is in the boulder, cobble and pebble
categories, with minor amounts of coarse sand. Thus,
samples associated with stratification are, in general, mod-
erately well sorted, indicating little comminution or reduc-
tion in grain-size due to frost action.

Character of stratification in surge-type glaciers

Surge-type glaciers are characterised by looped moraines
(e.g. Meier and Post, 1969; Post and LaChapelle, 1971;
Clarke, 1991; Lawson, 1996), but the structural significance
of these closed loops has rarely been studied. The structure
of closed loops was investigated on Finsterwalderbreen,
Hessbreen and Pedersenbreen, each of which shares com-
mon characteristics. Rather than debris-rich zones of val-
ley-side material dipping vertically or steeply into the ice
parallel to foliation as one might expect, the debris layers
comprise material of angular character, representing the
surface expression of folds with axes plunging gently up-
glacier (Fig. 8a and b). The apices of the loops show a broad
spread of debris, whereas the limbs, aligned parallel to the
valley sides, show more constrained debris layers of moder-
ate dip. Some loops (e.g: those on Hessbreen) show a series
of such layers.

Related to loops, but indicating less deformation, are Z-
or S-shaped folds, as on Finsterwalderbreen (Fig. 3b) and
Pedersenbreen. These folded moraines reflect differential
flow after surge ice from a tributary has entered the main
body of the glacier and settled down into steady-state flow.
The axial-plane foliation associated with these folds per-
vades the entire loop structure, and maintains an attitude
parallel to the valley sides throughout. In some cases, loops
may be rotated into a transverse attitude, especially if ice
has to flow around a sharp curve, as on Bakaninbreen. This
may result in the axes of folds and the associated foliation
developing a transverse orientation.

Curious features associated with recently surged ice (as
on Bakaninbreen) are fields of ice mounds a few metres high
and of the order of 510 m in diameter. Internal stratifica-
{ion in these mounds sometimes shows a dome-like structure
broadly parallel to the external morphology. In a few cases
rings of debris may be associated with such mounds, when


https://doi.org/10.3189/S0022143000003051

Hambrey and others: Debris entrainment and transfer in polythermal valley glaciers

the core of the mound may have melted away through dif- pression which produces folded stratification with axes par-
ferential ablation, giving rise to a crater-like structure (Fig, allel to flow (as in steady-state flow), followed by
4e). Although they are diflicult to explain, one possibility is longitudinal compression as the surge front passed through.
that these structures are the product first of transverse com- In a geological sense, such ice-mound fields represent a

Fig. 4. Relationship between stratification and supraglacial debris ( glaciers illustrated shown in Figure I). {a) Emergence of
supraglactal debris up-glacier of the snout of Austre Lovénbreen; the long linear ridaes, parallel to longitudinal foliation, represent
the hinge lines of tight folds. (b) “Similar-siyle” folding ( open and attenuated limbs, thickened hinges) of muddy supraglacial
debris ( derived from shale) in Bakaninbreen; the ice-axe shaft is placed along the fold axis: nole also the weak vertical foliation
which forms an axial planar relationship to the folds. (¢) Ridges of supraglacially derived mudstone forming sets of chevron-type
Jolds, transverse to flow, close to the surge fiont of Bakaninbreen; the ri dge crests of debris are undulating and represent fold axes.
(d) Supraglacially derived englacial debris forming an open, lowe-amplitude fold in the middle of a flow wnit in Hessbreen; the
wee-axe is al the boundary between a debris-rich stratum ( foreground ) and a debris-free stratum ( background). (e) Englacial
debris from a supraglacial source emerging to form a cone-like structure in Bakaninbreen: this structure is inferred to be a refolded

fold.
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Fig. 5. Cross-section illustrating the structure of a single flow unil, measured by tape and compass/c linometer in the middle of the
surge front of Bakaninbreen, August 1994. Note the chevron nature of the folding, defined by angular debris of two main sedi-
mentary facies: angular gravel and gravelly sand. Solid lines between facies boundaries indicate observed structure (as in gullies
and stream channels ): dashed lines indicate inferred structure. The longitudinal foliation, in axial planar relationship to the folds,
is inclined conststently at 75-85° to the north.

dome-and-basin structure, the product of two phases of fold- Hambrey and Milnes, 1977), longitudinal foliation is not

ing with stresses operating in two near-perpendicular orien- overprinted by arcuate foliation, so generally can be traced
tations. Such features, however, would not survive many from the equilibrium line almost to the snout. Following Al-
years of ablation following a surge, and the well-defined len and others’ (1960) definition of ice types, longitudinal fo-
domes of debris eventually become irregular smears on the Sl : ) R , . o B

: ¥ liation is typically composed of coarse bubbly, coarse clear

ice surface.
Debris associated with foliation

Longitudinal foliation is a ubiquitous structure of all the

glaciers studied. In contrast to what happens in many alpine

and occasionally fine-grained ice (Fig. 9). It is generally
most obvious near the ice margins and at flow-unit bound-
aries where the [oliae are closely spaced, and may disappear
completely in the middle of broad flow units, although this

depends on: (i) the extent to which the ice is constricted as it

glaciers which have icefalls (e.g. Allen and others, 1960; leaves the upper basin; and (ii) whether large amounts ofice

FOLIATION-PARALLEL

SUPRAGLACIAL DEBRIS
SUBGLACIALLY DERIVED DEBRIS

a FINSTERWALDERBREEN b KONGSVEGEN c KONGSVEGEN
Sp east limb S
di%ejs';Tcl' S, dip = 80
Sp west limb
dip = 78°
F1 n=50 pBl F1 axis — Strike of S4

Fig. 6. Two-dimensional clast-orientation data in supraglacially and basally derived debris in zones parallel to longitudinal
foliation, Finsterwalderbreen and Kongsvegen. The preferred orientation is exactly parallel to longitudinal foliation, which in turn
is approximately parallel to inferred flow direction.
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thrust debris
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basal debris
B Group 6 : Supraglacial stream

debris, subparallel
to foliation

Fig. 7. Analyses from all the glaciers investigated except Hansbreen of shape data of pebblejcobble~sized material associated with
different structures and linked to a supraglacial or subglacial origin. (a) Plot of mean and range of Krumbein roundness, based on
30 measurements per sample. (b) Plot of the RA index ( percentage of angular and very angular clasts ) against the Cyy index
( percentage of clasts with a c/a ratio of < 0.4), following Benn and Ballantyne (1994) and Bennett and others ( 1997).

arc transferred through the system without sufficient
internal deformation, such as during a surge. Contrasting
examples are non-surge-type White Glacier which has
strong longitudinal foliation throughout most of its width
(Hambrey and Miiller, 1978), and surge-type Hessbreen
which has only localised foliation near the margins and at
llow-unit boundaries (Hambrey and Dowdeswell, 1997),

The orientation of [oliation remains mainly within 157 of

the vertical, except near the margins where the dip often
decreases rapidly to approach that of the bed. Normally, this
relationship is the result of “transposition” of older layering,
and involves isoclinal folding with attenuation of limbs
(Hambrey, 1977; Hooke and Hudleston, 1978). However, in
the Svalbard glaciers, the foliation cross-cuts the more open
folded layers in a similar manner to slaty cleavage in rocks
folded in a more open style. Where the foliation is strongest,
however, the stratification may be completely overprinted.
Debris is associated with foliation in a variety of ways:
(i) disseminated unevenly through the ice in low concentra-
tions (Fig. 10a); (ii) concentrated as thin (sub-centimetre)
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zones in fine foliated (heavily sheared) ice; (iii) as concen-
trated layers up to several cm wide in which the proportion
of debris may exceed 50% by volume (Fig. 10b); (iv) as dis-
continuous pods up to several em wide, slightly cross-cutting
but trending sub-parallel to the foliation; (v) both dissemi-
nated and concentrated in layers in folded foliation se-
quences, the foliation may derived
stratification, but not demonstrably so (Fig, 10¢). Of these,
the discontinuous pods were only observed on Kongsvegen,

where be from

and may be related to deformation of a gravel-filled channel
that once trended parallel to the foliation (Bennett and
others, 1996a). Similar features have been described recently
from glaciers in Iceland and New Zealand (Kirkbride and
Spedding, 1996).

Unlike debris layers parallel to stratification, foliation-
parallel debris comprises a wide range of shapes, with a pre-
dominance of subangular and subrounded clasts (group 5
data, Fig. 7), which resemble debris that was extracted from
basal ice (group 4 data). In addition. depending on the
lithalogy. many of the clasts show faceted and striated sur-
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Fig. 8. Modification of stratification-parallel debris layers in
surge-type glaciers. (a) Moraine loops at the east margin of
Hessbreen: ice flow is lo the right; the debris layers represent
the surface expression of folds with axes gently dipping up-
glacier to the left. (b) Moraine loops of a more diffuse nature
near the west margin of Finsterwalderbreen; these assymelri-
cal fold structures have steep limbs where the ice/debris bound-
ary is clearly defined, and gently dipping limbs where diffuse;
the fold axes form a very low angle with the ice surface, with a
relative dip up-glacier to the right.

faces, especially limestones and mudstones. The sediment is
poorly sorted, with a large proportion (30% or more) of
mud, in addition to sand and gravel. Boulders are smaller
than those concentrated in stratification, rarely exceeding
I m in diameter.

Although most foliation-related debris of basal deriva-
tion is concentrated in marginal foliation, a number of
examples of medial moraines containing such material have
also been noted. A small ridge near the snout of Kongsvegen
(Fig. 10b) runs parallel to foliation for at least 100 m, emer-
ging from clean ice as a debris-bearing fold, with steep limbs
and a fold axis gently plunging up-glacier. This ice is coarse-
grained and clear, and had the appearance of regelation ice,
for example the “stratified facies” of Knight (1997; fig. 8).
Furthermore, the two-dimensional clast fabric shows a pre-
ferred orientation parallel to the foliation, although this is
not as strong as for debris associated with folded stratifica-
tion (Fig 6¢). A much larger ridge of basally derived debris,
running parallel to foliation in the middle of a large medial
moraine, is evident further up-glacier; this must have been
uplifted at least 100m from the bed. Near the snout of
Hesshreen, a prominent septum of basal debris with a num-
ber of point sources is evident in the core of folds containing
supraglacial debris.
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Description of ice facies:

A Coarse bubbly ice with crystals typically 2 cm diameter; bubbles
in trains, mainly spherical to slightly elongate up to 2 mm diameter;
little debris.

B Coarse clear ice with crystals up to 5 cm diameter

C Debris-rich ice with mud to pebble-sized material, with larger clasts
elsewhere; subrounded and subangular shapes dominant

D Coarse clear ice with crystals typically 1-2 cm in diameter; numerous
mud clots at inter-crystal boundaries

Description of ice facies boundaries:

I Planar discontinuity defined by 2 mm wide zone of bubbles; crystal
boundaries do not cross the discontinuity; branching plane has
clots of mud

1I Boundary defined by the serrated edges of angular ice crystals;
mud-clots up to 2 mm diameter at coarse clear ice boundaries

Fig. 9. Crystal structure associated with debris-rich foliated
ice of longitudinal orientation at the surface of Bakaninbreen,
Just below surge front in 1994. The debris is apparently of
basal origin.

Debris associated with arcuate transverse layers
(thrusts)

Origin of arcuate debris layers

Fracturing in glacier ice is a common phenomenon, so that
by the time the ice reaches the snout, numerous intersecting
sets of crevasse traces are visible, presumably reflecting
several generations of crevasse formation. Where glaciers
have steep sides, some fracture-sets taper up from the basal
ice layer in a convex down-glacier arc. These sets intersect
the surface at a variety of angles: typically 20-40° for non-
surge-type glaciers and up to 60-70" for surge-type glaciers
(Hambrey and others, 1996). These same fractures may form
gently curving arcs at the glacier surface, and some are as-
sociated with debris.

Such fractures have a variety of origins. Firstly, they
could simply be rotated transverse crevasse traces (cf. Ham-
brey and Miiller, 1978), the debris having washed or fallen
into open crevasses. Secondly, they may be basal crevasses
into which debris has been squeezed (Sharp, 1985) and then
deformed by differential flow. Thirdly, they could be thrusts,
as described by Hambrey and others (1996) and Murray and
others (1997).
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B |

Fig. 10. Debris incorporated in longitudinal foliation. {a)
Iee-marginal foliation, Hessbreen, comprising disseminated
debris inferred to be of basal avigin. (b)) Septum of mud. sand
and gravel, incorporating striated boulders, inferred to be de-
rived from basal till, snout of Kongsvegen. (c) Folding of the
Ssimilar-type” folding and associated foliation, with sandy
gravel of presumed basal origin, Pedersenbieen.

Criteria for the recognition of thrusting
Thrusts may be recognised on the basis of the following cri-
teria:

(i) evidence of discrete truncation of older structures (e.g.
crevasse traces or stratification), with the up-glacier ice
riding over down-glacier ice; this provides the best in-
dication of thrusting;

(ii) zones of mylonitised ice (fine ice with microshears), as-
sociated with the fractures; these may be evident in re-
cently active ice (e.g in Bakaninbreen which surged
recently; Hambrey and others, 1996);
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(iii) clean fractures with narrow zones of debris-rich basal
ice, or even slabs of frozen subglacially derived sedi-
ment, above;

(iv) sharply defined zones of coarse clear ice (a few em to
0.5m wide), which represent recrystallisation after
thrust formation;

(v) direct measurements of displacements in active ice; the
opportunities for these, however, are remote, as most
fractures may no longer be active.

It is rare for all of these criteria to be fulfilled. However,
if' only one or two structures show these characteristics, and
numerous other structures display a similar form and geom-
etry, the implication is that they all have a common genesis.
It is rare that one can “prove” that thrusting has taken place
in Svalbard glaciers, but the authors believe that the weight
of evidence indicates that this is an impertant process, and
that most of the arcuate debris layers are indeed thrusts.

Relationship between ice types and debris in thrusts

In detail, the thrusts or thrust zones recognised in the Sval-
bard glaciers studied are often structurally complex. At
their simplest, they are represented by a clean fracture,
sometimes with a thin smear of mud. Most common are
zones of coarse clear ice several em wide with sharply
defined boundaries and a suture in the middle. This ice
probably became recrystallised following cessation of move-
ment. Next are zones of clear, strongly foliated ice several
cm wide, with irregularly disseminated debris of mud to
gravel size, which resembles regelation ice derived from the
bed. Most striking are zones up to 0.5 m wide, composed of
many sediment types, which have only limited interstitial
ice. Zones of mylonitised ice are rare since active thrusting
today is probably uncommon, except in glaciers that have
recently undergone a surge, and such ice rapidly recrystal-
lises.

Normally, on the surface of the glacier, debris is exposed
in a narrow zone extending for several metres, but the frac-
ture bearing the sediment may extend for 100m or more
(IFig. 11a). In vertical sections, where the entire depth of a
thrust zone may be observed, as at Hessbreen, the sole
thrust may he at the contact between the bed and the basal
ice, but one or two additional bed-parallel displacements
may also be identifiable in the regelation ice layer. Such dis-
placement zones are very rich in debris, and it is from the
uppermost of these that the main set of thrusts rises (Fig.
I1b and ¢). By this means, typical basal ice facies (Hubbard
and Sharp, 1995: Hubbard and others 1996) may be uplifted
to elevated positions within the ice mass (Fig, lle and f), and
may cven he overturned. Once the debris reaches the sur-
face, ablation concentrates the debris, which in turn retards
ablation locally. Thus, prominent ridges form, the up-
glacier face commonly preserving the angle and rectilinear
form of the thrust (Fig. 11d).

The distribution of debris in thrusts is highly irregular.
Examples observed at Kongsvegen show thick sediment
wedges at the base, thinning out gradually or ending
abruptly several metres above the base. Some thrusts have
subsidiary thrusts; others bifurcate, both with and without
debris. Some thrusts terminate abruptly belore reaching
the surface, and hence are termed “blind” (Murray and
others, 1997). The lack of obvious thrusts at the surface of
many glaciers, except in the lowermost kilometre or so,
may be because the thickness of the ice has a strong bearing
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sole thrust zone,
debris-rich ice

=
T
T
== stream™
S

@4 debris-rich debris derived supraglacial
ol jce from basal ice s 4l debris

Fig. 11. Incorporation of subglacial debris by thrusting. (a) View of lower part of surge-type Hessbreen in its quiescent stale
showing transverse ridge of sandy gravel, as well as debris-fiee thrusts. (b, c) Dead ice al snout of Hessbreen, illustrating low-
angle décollement surfaces from which moderately high-angle thrusts have propagated. These were probably formed in active ice
during a surge. Ice rich in basal debris is dark-coloured, some of which penetrates the light-coloured supraglacial debris al the
surface. Relatively clean ice, though smeared with debris on the surface, is indicated by white areas above stream in (). { d)
Thrusts bearing a low concentration of sandy gravel forming mounds at the surface of Midre Lovénbreen, as a result of differential
ablation. (¢) East margin of Midre Lovénbreen illustrating low-angle thrusts. (f) Close-up view of thrust zone marked T in
Figure Je, showing basal debris-rich regelation ice below the sharp displacement al the top of the photograph.
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on whether thrusts remain blind. Although some thrusts
may be reactivated from older crevasse traces, as on White
Glacier, Axel Heiberg Island (Hambrey and Miller, 1978),
most appear to be later, cross-cutting structures. However,
subsidiary thrusts sometimes appear to take advantage of
existing layering (e.g stratification).

Although it is likely from the above evidence that thrust-
ing is the dominant means whereby debris is lifted to a high
englacial or supraglacial position, this process is not the
only indication of deformation processes at the bed. Even
before thrusting takes place, layers (such as regelation layer-
ing and stratification) are subjected to recumbent folding
which, if taken to its ultimate limit, results in the shearing
off of the lower limb of the fold and the initiation of a thrust
(Fig. 12). The folding process itself thus provides a mechan-
ism for uplifting debris, as has been described previously,
but without thrusting, by Hudleston (1976),

Sedimentology of thrust debris
Sedimentary facies associated with thrusting are much
more variable than those derived {rom supraglacial sources.
Diamicton has been noted on the surface of several glaciers
(Fig. 13a), notably Bakaninbreen and Kongsvegen, both
surge-type glaciers. The diamicton is massive or weakly
stratilied, and contains material from clay to boulder size
of varied lithology, and the gravel clasts are commonly
striated and faceted. Clast shapes range from very angular
to rounded, with a predominance of mean values in the sub-
angular and subrounded categories (Fig. 7). The discrimina-
tion with supraglacially derived debris is demonstrated by
means of an RA/Cy; plot (Fig. 7b). All these attributes indi-
cate that this facies is derived from basal glacial debris or
subglacial till. Diamicton does not form clearly defined
ridges, because on contact with melting ice it flows readily,
thus smearing the ice surface, commonly for some tens of
metres.

Also common are sandy gravels and gravelly sands, in
which the grain-size distribution is much narrower than for
diamicton. Pebble- and cobble-sized material is normal, and

in cleaned sections appears to be relatively structureless
(Fig. 13b). Gravelly sand facies, however, sometimes pre-
serve plane-bedding and cross-hedding, inherited from the
source material and little modified despite being uplifted to
the surface. Clast shapes resemble those in diamicton, con-
firming the findings in the proglacial area that glaciofluvial
sediments and diamictons have similar clast-shape distribu-
tions (Fig. 7: ¢f. Bennett and others, 1997).

Mud, sometimes with sand, commonly forms thin films
on otherwise debris-free, thrust surfaces, but it is likely that
at depth, diamicton is present and provides the source for the
mud. On one glacier, Bakaninbreen, the bed is below sea
level, and the mud is thus probably of glaciomarine origin.

The fabric of clasts associated with thrusts has been
measured at several localities (Iig. 14). Compared with
basal ice, which has a strong fabric parallel to flow (Fig
14a), thrusts have weak girdle (Fig. 14b), or multi-maxima
(Fig. 14c and d) fabrics. However, in the case of one low-
angle thrust uplifting basal ice, the original {abric parallel
to south-north flow is preserved, although it is weakened
by the development of a transverse fabric (Fig. 14e). At none
of the sites do the clast fabrics associated with the thrusts
show any clear geometrical relationship with the thrusts.
Perhaps the pre-thrusting fabrics are already variable, while
the thrusting process itsell can modify the fabric signifi-
cantly or not at all.

DISCUSSION
Debris entrainment and transport mechanisms

Several modes ol debris entrainment and subsequent defor-
mation have been identified in polythermal glaciers in Sval-
bard: regelation and shearing in basal ice; folding of
stratification; incorporation of basal debris in fold-gener-
ated foliation; deposition in foliation-parallel supraglacial
and englacial streams followed by deformation; and thrust-
ing. OF these, the regelation mechanism has not yet been
studied in any detail in Svalbard glaciers. However, it is

AR
8 5
I

Cliff height estimated at 5 - 15 m high

Hornsund

Fig. 12. Section along west margin of Hansbreen, illustrating the velationships between debris ( stippled), thrusting with debris
entrainment ( thick lines ) and recumbent folding ( thin lines) ( drawn from photographs ).
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(basal ice)
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Sp=0.131
S3=0.071

b BAKANINBREEN
(high-angle thrust)
Vy =079/23

V, = 343/03
V3 = 250/67

$1=0515
S, =0.361
S3=0.124

c KONGSVEGEN
(mod. high-angle thrust) 2

vi=024i08 ANt
NemT1aE T
Vo= araral . "

S1=0423
S, =0.392
S3=0.185

d MIDRE LOVENBREEN
(mod. low-angle thrust)

e MIDRE LOVENBREEN
(low angle basal
ice thrust)

Fig. 13. ypical sedimentary facies associated with thrusting.
(a) Diamicton emerging at a high-angle thrust which has
brought debris-rich basal ice to surface; flowage of the re-
leased debris has smeared the glacier surface, close to the surge
[ront of Bakaninbreen; this material is inferred to be typical

basal debris or till. () Cleaned cross-section of a mass of
S;=0318

thrust sandy gravel at the snout of Pedersenbreen; this materi- S5=0029

al. interpreted as glaciofluvial sediment, contains only a min-

or amount of interstitial ice, and the mound is almost

disconnected from the glacier. () Rounded gravels emerging Fig. 4. Clast fabric data_from thrusts in various glaciers;
Sfrom thrust at the snout of Midre Lovénbreen in contrast lo the Sechmidt lower-hemisphere equal-area projections including
angular rockfall-derived supraglacial debris to the left: these point plots, contour plots with contours at 2% intervals per
gravels are provisionally inlerpreted as reworked raised beach 1% of area, and eigenvalues. Fifty clasts were measured at
deposils. each site.
known from other glaciers in the Arctic that several metres The supply of rockfall debris, its subsequent transport in
of regelation ice may build up (e.g. Gemmell and others, a high-level position, and its role in the development of
1986), while in alpine glaciers as many as seven different medial moraines on valley glaciers has received much atten-
basal ice facies have been identified (Hubbard and Sharp, tion, especially in Alpine regions (e.g. Boulton, 1978; Eyles
1995; Hubbard and others, 1996). and Rogerson, 1978; Boulton and Eyles, 1979; Small and
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others, 1979). However, the role played by large-scale folding
within glaciers in the production of medial moraine systems
does not appear to have been widely recognised. Large-
scale folding may be associated with glaciers of a particular
morphology, that is those containing multiple accumulation
basins, feeding into a narrow tongue with no icefall.
Glaciers of this morphology represent the normal type of
sell-contained valley glacier in Svalbard today. In order to
explain the relationships between the distribution and form
of debris layers, and the primary folded stratification, a con-
ceptual model (Fig. 15) has been developed. This shows in
plan view and cross-section how debris which falls into the
upper accumulation basins is transported along converging
flowlines (profile AA”"). This results in folding of the stratifi-
cation, especially where transverse compression is strong at
the narrowing of the glacier channel (profile BB'). This fold-
ing is not of uniform intensity, but is characterised by zones
of tight and isoclinal folding It is the emergence from an
englacial position of tightly folded debris-bearing limbs,
trending parallel to ice flow. that produces medial moraines
(profile C/C).

In the cores of some tightly folded zones, in which a
strong axial-planar longitudinal foliation is developed,
debris of subglacial origin is present, especially in the lower
Ikm or so of the glacier. Although some authors have ar-
gued that basal glacial debris can be incorporated into an
englacial position under conditions of diverging ice flow
which results in a type of helicoidal flow within the ice body
(Shaw, 1975; Aario, 1977), these ideas are contrary to our un-
. Perhaps

derstanding of basal ice mechanics (Menzies, 1995)

Rockfall from ridges bordering
rpper reaches of glacie‘;¢ :
forming spreads of supraglacial
dgbrig?burial of debris

a Plan view

Converging flow and initiation
A [~of folding of stratification and
supraglacial debris layers

giving rise to tight open folds in
stratification and debris layers;
development of axial plane foliation

] Zone of strong lateral compression,
of longitudinal orientation

Emergence of "medial moraines" as

strongly folded layers of supraglacial
debris derived from upper reaches of
accumulation area

b Cross-sections

ridges bounding upper
glacier basin

rackfall debris derived
from ridges

flow lines
’YV\'lM stratification

debris concentrations
JV/\ associated with
stratification
Fig 15 Sehematic diagram illustrating the progressive down-
glacier folding of stratification, including debris layers.
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more realistic is the model developed by Eyles and Roger-
son (1977) for temperate Berendon Glacier, British
olumbia, Canada, which involves injection of basal mar-
ginal debris in deep erevasses, and redistribution by shear-
ing al the zone of convergence hetween two glaciers.
However, in the Svalbard glaciers studied we have evidence
for a different mechanism. This involves folding with axes
parallel to flow deep within the glacier, in the same way that
the material transported at a high level is also folded. In
other words, the basal debris forms simply the lower part
of the fold sequence, but where the folding is most intense,
this basal debris can reach the surface (Fig. 16). This basal
debris may be contained in regelation ice, or it may rep-
resent deformable till. In any case, to explain the fold geom-
to the bedrock
disharmonic relationship, deformable material at the bed

etry, which in relation must have a
needs to be envisaged o act, possibly in association with
sliding on bedrock, as the plane of décollement, at the ice/
bedrock interface. In a typical polythermal glacier, the dé-
collement is unlikely to occur near the snout as the ice is
frozen to the bed. Instead, it is inferred that the structure
formed in the main zone of convergence, hefore being trans-
ferred relatively passively through the narrow tongue. It is
accepted that, although this model scems to best fit the
structural and sedimentological evidence, it needs to be
tested. This would best be achieved hy means of detailed
structural mapping, the application of ground-penetrating
radar techniques, as demonstrated on Bakaninbreen (Mur-
ray and others, 1997), combined with borchole studies of the
glacier interior and the bed.

AR vis M <. 200m
debris-free : : -
stratification Vertical exaggeration

approx. x4
\'\J stratification with rockfall-derived
supraglacial debris debris
X ;f I
\ 111 Jengitudinal basally-derived
\ LT foliation F debris

Fig. 16, Schematic cross-section of lower part of a Svalbard
valley glacter, tllustrating fold styles and subglacial debris
seplum.

The role of thrusting in the incorporation of debris has
now been demaonstrated using structural and sedimentologi-
cal evidence in several Svalbard glaciers (e.g. Boulton, 1970
Bennett and others, 1996b; Hambrey and others, 1996; Ham-
brey and Dowdeswell, 1997; Murray and others, 1997; Glas-
ser and others, 1998). Furthermore, the process has actually
been observed to take place during a surge of a temperate
glacier (Sharp and others, 1988).

Characteristically, except for isolated examples, thrusts
mainly begin to appear at the ice surface within 1 km of the
snout (Fig, 17). However, observations along steep glacier
flanks suggest that the reason so few reach the surface higher

w

upis because they are “blind™ in ice more than several tens of
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Fig. 17. Schematic three-dimensional view of the snout of a typical receding Svalbard valley glacier, showing relationships between folded

stratification, longitudinal foliation, thrusting and debris distribution.

metres thick, i.e. the thrusts only propagate through the
lower part of the ice mass. Most thrusts are not associated
with significant volumes of debris, and most of those that
do have debris ridges extending laterally for only several
metres (Fig. 17). Exceptionally, however, individual debris
ridges extending for 2km have been noted, as on Uvérs-
breen (Hambrey and Huddart, 1995). These observations
suggest that debris incorporation is non-uniform. Possibly,
meltwater locally facilitates enhanced displacements along
thrusts, enabling debris to be uplified preferentially in such
positions. Certainly, on rare occasions, evidence for sub-
glacial water discharge along short lengths of thrusts has
been documented, as on Bakaninbreen (Hambrey and
others, 1996). Alternatively, concentrations of debris may
occur where two thrusts intersect, as discussed by Bennett
and others (in press).

In order for thrusts to develop, sliding displacements are
necessary within the ice. Water is an ideal medium for lubri-
cating thrusts; hence, their initiation is most likely to occur
in temperate ice. In many cases, thrusts appear to be in-
itiated in regelation ice, and a sole thrust may develop par-
allel to the regelation layering, but then rise upwards in a
convex down-glacier arc (Fig. 11b). As suggested by Clarke
and Blake (1991) and Hambrey and Huddart (1995), thrust
initiation may take place preferentially where sliding ice
meets ice that is frozen to the bed. Similarly, propagation
upwards probably normally requires temperate ice, so if
the upper part of the ice mass is cold, the thrust may termi-
nate before breaking the surface, and would therefore be
blind. Thrusts may also propagate upwards from bedrock
irregularities, especially where ice is flowing over a rock
step. Here, a décollement surface extends from the top of
the step, which allows the upstream ice to flow much faster
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than ice in the lee of the step. This mechanism is evident in
cliffs at the margin of Hessbreen, where the basal zone could
be observed.

In many Svalbard glaciers today, thrusts occur in ice
which is probably cold. Therefore it is unlikely that they
formed where they are now visible. Either they formed
much higher up-glacier, where temperate ice is present at
the bed, or formed when the thermal regime was different,
such as during the Neoglacial maximum when the glaciers
were much thicker. Evidence that the ice is structurally in-
active in at least one of the glaciers studied (Midre Lovén-
breen) comes from the coarsely crystalline nature of ice
adjacent to a thrust with strong preferred optic axis orienta-
tion bearing no relation to the orientation of the thrust (Fig.
18). This ice probably gained its present fabric in the low-
stress conditions that characterise the ice front today.

Comparison of debris transfer mechanisms in
surge-type and non-surge-type glaciers

All of the debris-entrainment mechanisms, described above,
apply to both surge-type and normal glaciers in Svalbard.
Thrusting of basally derived debris towards the glacier sur-
face is a feature of both types of glacier, although in normal
glaciers the surface expression of this process is limited
mainly to within a few hundred metres of the snout, whereas
in surge-type glaciers, thrusting may be evident much
further up-glacier. It is thus likely that the greater propen-
sity for thrusting in surge-type glaciers is responsible for
their assimilating a larger amount of basal debris than nor-
mal glaciers, although this is not reflected in the distribution
of debris at the surface.

There are some subtle differences in the manner in
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Fig. 18. Ice-crystal fabrics (¢ axes ) near snout of Midre Love-
nbreen (northeast side ), plotted on Schmudt equal-area projec-
tion (lower hemisphere ); contours al 4% intervals per 1% of
area; numberof crystals = 50. ¢ axes were obtained by measur-
ing the basal plane of large crystals ( >1cm ), defined by flat-
lened bubbles in weathered ice. Fole to thrust plane indicated
by cross.

which supraglacially derived debris is transported. In surge-
type glaciers, the folding is relatively gentle and may lack an
axial plane foliation. Surface moraines are commonly in the
form of loops, reflecting folding of supraglacially derived
debris layers, accompanied by rotation of fold axes. In nor-
mal glaciers, folding also occurs, but may he tighter, and the
resulting supraglacial moraines are linear. These character-
istics may be transmitted to the proglacial area during de-
position; for example, a former moraine loop of surge-type
Pedersenbreen can be mapped out as a curving train of an-
gular debris in the proglacial area.

Basally derived debris associated with longitudinal folia-
tion scems equally prevalent in both types of glacier. It gen-
erally is best developed near the margins, but occasionally
forms longitudinal septa in mid-glacier; however, these fea-
tures were only observed in two surge-type glaciers (Hess-
breen and Kongsvegen).

CONCLUSIONS

Analysis of the distribution and character of debris trans-
ported in several polythermal valley glaciers in Svalbard
demonstrates the importance of ice-tectonic processes that
have been unrecognised or underestimated previously:

(1) The development of medial moraines is related to the
incorporation of rockfall debris into the firn and ice
within broad accumulation basins, followed by folding
in response to lateral compression as the ice moves into
a narrower tongue.

(2) It is suggested that the effect of the same phase of fold-
ing at the base of the ice mass results in the high-level
incorporation of glacial debris of basal character from
a bed of deforming till, to form longitudinal ridges at
the glacier surface (Fig. 16).
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(3) Incorporation of dehris-rich basal ice and a variety of
subglacial sedimentary facies by thrusting commonly
results in large masses of debris which are transported
towards the surface of the glacier, and deposited to
form transverse ridges (Fig. 17). The initiation of thrust-
ing is facilitated by (i) the transition from hasal sliding
to frozen-bed conditions near the terminus, (ii) the
presence of bedrock steps, and (iii), in a surging glacicr,
the passage of the surge front through the system.

A number of implications arise from this work. Firstly,
the distribution of fold-related ridges composed of rockfall
debris has the potential, when combined with mapping of
the source areas, of not only tracing particle paths through
the glacier, but also defining the large-scale structure of the
lower part of the glacier. Work of this nature would be en-
hanced substantially by the application of techniques to
determine distribution of debris at depth in the glacier, such
as ground-penetrating radar. Secondly, understanding the
distribution of debris within the glacier system in the con-
text of ice-structural evolution allows the development of
improved models for the explanation of certain glacial de-
positional landforms, For example, flow-parallel lincar
ridges of angular debris are the proglacial continuations of
medial moraines that were formed by strong folding of
layers of rocktall-derived debris; while deposition from en-
glacial debris-bearing thrusts leads to the development of
at least one form of “hummocky moraine”
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