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ABSTRACT

Consecutive phases of de-icing of ice-cored moraines and the formation of
dead-ice moraine were monitored over a 4-year period at the terminus of the
KoÈtlujoÈkull glacier, Iceland. Particularly, the transition from partially ice-cored
moraine with isolated dead-ice blocks to the ice-free landscape receives
attention in this paper in order to link the ®nal melting processes to the
architecture of the sedimentary end product. In the current humid sub-polar
climate of south Iceland de-icing of partially ice-cored moraines results chie¯y
from melting along the bottom surface of ice-cores with an annual average rate
of 25 cm. The ®nal de-icing is associated with an interrelated group of
re-sedimentation processes and surface features. Series of sinkholes evolve at
the toe of dead-ice blocks, which initiate retrogressive rotational sliding or
backslumping of the ice-cored slopes and the formation of distinct edges and
fractures in the adjacent basins. Although backslumping is the dominant
process in this phase of re-sedimentation, structures resulting from this process
are rarely recognized in the ice-free landscape. As ice-cores gradually diminish
the effect of the latest re-sedimentation events will overprint or destroy most
existing sedimentary characteristics. Thus, in the ice-free landscape, structures
mainly related to the formation of sinkholes and fractures remain imprinted on
the sediment succession. Generally, no inversion of the topography occurs
during the ®nal phase of de-icing. The overall topography recognized in the
late phase of the fully ice-cored terrain is merely lowered and the amplitude of
the relief reduced as de-icing progresses. The sediment architecture of the icefree landscape is characterized by heterogeneous and often slumped diamict
sediments with variable thickness and lateral distribution; clast orientation is
related to the direction of slopes, and boulders are found in isolated groups or
in linear arrangements.
Keywords Dead-ice moraine, Iceland, processes, sediment architecture,
supraglacial.

INTRODUCTION
The accessibility to the supraglacial environment
at modern glaciers makes it attractive to study the
coupling between current climates and sedimentary processes during the development of deadice moraines. Qualitative descriptions of the
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melting of debris-mantled ice in the terminus
regions of modern continental glaciers serve as
models for development of dead-ice moraines in
former glaciated areas (Sharp, 1949; Boulton,
1972; Clayton & Moran, 1974; Shaw, 1979; Shaw
& Rains, 1981; Paul, 1983; Brodzikowski & van
Loon, 1991). Although, these models demonstrate
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the development of dead-ice moraine topography
and the depositional complexity of supraglacial
successions, they often fail to identify and quantify the processes associated with de-icing and
supraglacial sediment deposition.
Using the terminology of Clayton (1964) for
karst evolution on stagnant ice, the development
of dead-ice moraines shows three evolutionary
stages: (1) the initial or young phase is related to
dynamically active ice, where an upward component of ice movement and overthrusting transports debris towards the glacier surface; (2) the
mature phase is represented by a fully ice-cored
dead-ice ®eld where ice disintegration and massmovement processes rework the sediment cover
repeatedly, leading to a gradual lowering of the
ice-cored terrain; and (3) the ®nal, or old, phase is
represented by a partially ice-cored terrain where
the former coherent ice mass is disintegrated into
isolated dead-ice blocks capped by multiple
re-sedimented deposits. The rapidity with which
the dead-ice ®eld passes through this series of
changes is controlled by the contemporary climate, thickness of sediment cover and hydrological processes (KruÈger, 1994; KruÈger & Kjñr,
2000).
Detailed sedimentological work including descriptions and identi®cation of major reworking
processes has been provided from modern glaciers (Boulton, 1967; Drozdowski, 1977; Eyles,
1979; Lawson, 1979; Watson, 1980; Paul, 1983;
KruÈger, 1994). Limited work, however, considers
in detail the sediment-process-landform relationships associated with the transition from the ®nal
phase of ice-melt where blocks of buried ice still
exist to the post-melt landscape of hummocky
moraines. Sediment may become reworked as
long as buried ice is present, but it is the
processes associated with the ®nal ice-decay
which have the overall impact on the sediment
architecture within the ice-free landscape (Lawson, 1988; KruÈger, 1994). Thus, an improved
understanding of the processes acting during the
®nal ice-decay is important to support the genetic
interpretation of supraglacial sediments in former
glaciated areas.
The objective of this paper is to examine the
process-sediment-landform relationships associated with transition from ®nal phase of ice-melt
to the landscape of dead-ice moraine. The study
area is the KoÈtlujoÈkull outlet-glacier on the east
side of the MyÂrdalsjoÈkull ice cap in central south
Iceland. This glacier tongue descends from
1200 m a.s.l. on to the MyÂrdalssandur plain at
220 m a.s.l.; below the 600 m level the glacier

spreads out to form an expanded piedmont outletglacier with an ice front nearly 12 km long
(Fig. 1).
TERMINOLOGY AND METHODS
Two ablation processes are distinguished: backwasting de®ned as the sub-horizontal retreat of
near-vertical free ice-walls, or steep ice-cored
slopes; downwasting de®ned as the thinning of
ice-cores by melting along the top and bottom
surfaces (Eyles, 1979; KruÈger, 1994). Figure 2A
and B summarize the mode and rate of ablation
by these processes in, respectively, the fully
and partially ice-cored moraines (KruÈger & Kjñr,
2000). De-icing refers to the close interrelationship between the ice-core and the sediment
cover, e.g. de-icing of ice-cored moraines. Also,
ice-cored moraine is used for areas with sediment covered stagnant glacier ice, whereas
dead-ice moraine is used for ice-free areas
created as a result of de-icing of ice-cored
moraines. As ice-cores gradually diminish the
sediment cover is reworked, because of backslumping and other re-sedimentation features
such as fall-sorting, sinkholes and extension
fractures (Fig. 3).
Mapping of areas for process and landform
studies was completed by precision levelling
using a GTS-6 Topcon instrument with an accuracy of 1 mm. Three-dimensional models of the
terrain and contoured diagrams of surface features are based on an ordinary kriging interpolation using a GIS (geographical information
system) platform.
A selected area with partially ice-cored moraine was monitored during a 4-year period to
record the rate of surface lowering and to relate
this to changes in surface features. Surface
lowering was measured by making repeated
stadia surveys from a stable benchmark in the
glacier fore®eld to points on the partially icecored terrain. The progressive downwasting
gives rise to a series of surface features related
to distinct re-sedimentation processes and associated deposits. To show the spatial relationship
of this series of surface features such as rotational sliding, sinkholes, distinct edges and
extension fractures were mapped. A distinction
was made between active or inactive features at
the time of recording. An area with surface
activity is often revealed by the offset or destruction of the surface vegetation whereas an
inactive area has a coherent cover of vegetation.
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Fig. 1. Location map. (A) The
study area at the KoÈtlujoÈkull, an
outlet-glacier of the MyÂrdalsjoÈkull
Ice Cap in central south Iceland.
(B) The marginal position of
KoÈtlujoÈkull in 1904, 1940, 1955
and 1987 and associated dead-ice
®elds. Based on aerial photographs by Landmaelingar Islands.
(C) Geomorphological map of the
study area in 1996. Boxes indicate
the location of investigated areas
with, respectively, partially
ice-cored moraine (4a) and icefree dead-ice moraine (4b). The
position of the KoÈtlujoÈkull glacier
margin in 1955 and 1987 is
shown.

In addition, clusters of boulders and basin
deposits were mapped.
The approach presented by KruÈger & Kjñr
(1999) for detailed ®eld description of glacial
diamicts and associated sediments is adopted in
this study. Clast fabric data were measured
according to the criteria suggested by Kjñr &
KruÈger (1998) and evaluated through a threedimensional eigenvector analysis (Mark, 1973;
Woodcook, 1977). The classi®cation of glacial
diamicts largely follows the recommendation of

tills as summarized by Dreimanis (1988) and
co-workers. Accordingly, the position of transported debris, the position of deposition in
relation to a glacier and the process of deposition
are factors that must be considered, before any
conclusions are drawn on the genesis of diamicts.
The position of deposition in relation to a glacier
might for instance be sub-glacial or supraglacial.
If sub-glacial, then deposition might occur passively, e.g. basal melt-out till or actively, e.g.
lodgement till or deforming bed till. Diamict is
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Fig. 2. De-icing of ice-cored moraines in the terminus region of KoÈtlujoÈkull. Mode and rates of de-icing progression
in the fully ice-cored dead-ice ®eld (A) and in the partially ice-cored dead-ice ®eld (B). (C) Diagram showing the
variation in lowering of the terrain surface for eight observation points in the partially ice-cored moraine during the
1995±99 period. Observation points 4 and 6 were buried in 1997 as meltwater invaded the low-lying part of the study
area and deposited 2±3 m of sorted sediment, mostly gravel and sand.

used as an overall non-genetic term for a nonsorted or poorly sorted, unconsolidated sediment
that contains a wide range of particle sizes (Flint,
1971; Frakes, 1978; Eyles et al., 1983). Consequently, diamicts might be matrix or clast supported.
THE TERMINUS REGION OF
È TLUJO
È KULL
KO
About 1á2 km beyond KoÈtlujoÈkull a system of icemarginal ridges produced by a glacier advance
around 1900 separates the glacier fore®eld from
the extensive MyÂrdalssandur outwash plain sloping gently towards the coast some 15±25 km to
the south and southeast. Behind the outermost
moraine ridges, the glacier fore®eld consists of a

complex pattern of ice-marginal ridges, slightly
¯uted ground moraine, hummocky dead-ice
moraine and patches of ice-cored moraines
representing at least three glacier events (KruÈger,
1994). The moraine landscape is dissected by
active and abandoned meltwater channels and is
cut by proximal extensions of the MyÂrdalssandur
outwash plain (Fig. 1C).
Previous studies carried out in the terminus
region of KoÈtlujoÈkull have identi®ed three principal phases (mature, old and fossil) of successive
de-icing of ice-cored features and formation of
dead-ice moraine by examining time-dependent
stages (KruÈger, 1994). This implies an investigation of areas with ice-cored features and dead-ice
moraine with different ages mirroring the ¯uctuations of KoÈtlujoÈkull. The terminal 400±500 m of
the glaciated area consists of a fully ice-cored
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Fig. 3. Diagram summarizing the major re-sedimentation processes and surface features at KoÈtlujoÈkull associated
with the ®nal phase of de-icing of ice-cored moraine and their corresponding sedimentary characteristics in the postmelt landscape. Not to scale.

moraine (mature phase) of irregular topography
behind a 4- to 7-m-high, well-de®ned frontal
moraine ridge produced in 1987 (Fig. 1B and C).
Within this zone, continuous re-sedimentation is
common, including fall, slump and sediment
¯ows combined with lateral backwasting of icefree faces, or steep ice-cored slopes. Further to the
east, beyond the 1987 end-moraine, a zone of
partially ice-cored moraine representing the old
phase of de-icing occurs behind ice-marginal
moraine ridges produced by an ice advance
around the mid-1950s (Fig. 1B and C). Reworking
of the sediment cover in the partially ice-cored
moraine is governed by slumping associated with
backwasting of ice-cored slopes and downwasting. Outside the 1955 end-moraine, patches of
ice-free areas with dead-ice moraine, which have
escaped meltwater erosion, are relicts from ice
stagnation around 1940 and represent the end
product of dead- ice moraine development (fossil
phase). Thus, advances and retreats of KoÈtlujoÈkull generated these successive phases of deicing,
as evident from the present landscape, during the
past 60 years.
The terminus region of KoÈtlujoÈkull some 20±
25 km inland is dominated by a highly oceanic

sub-polar climate with moderately cold winters,
cool summers and high cloudiness. During the
1995±98 period, the mean August precipitation
was about 650 mm. Estimated mean annual
precipitation (extrapolated from VõÂk data) is
about 5000 mm, which is a major contributory
factor to the de-icing process (KruÈger & Kjñr,
2000).
STUDY AREAS
Two study areas were selected: one in the
partially ice-cored moraine (old phase) and one
in dead-ice moraine (fossil phase; Fig. 1B and C).
Figure 4A shows the terrain of the partially
ice-cored moraine. To the east a marginal
moraine ridge, 10±20 m wide, with frontal slope
deposits represents a section of the 1955 endmoraine. Behind this zone a partially ice-cored
moraine is found with sorted basin sediments
occupying the central area. Isolated dead-ice
blocks from the stagnation are estimated to be
up to 5 m thick. Steeply rising hills 10±20 m in
diameter characterize the southern part of this
partially ice-cored terrain (Fig. 4A). Calculations
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Fig. 4. Three-dimensional terrain models illustrating the ®nal phase of dead-ice moraine development. (A) Part of a
partially ice-cored moraine with isolated dead-ice blocks. The model is based on an ordinary kriging interpolation
over a high density of points (N  2350) to ensure an acceptable order of accuracy. Ringed letters indicate the
position of observation points used to monitor the gradual lowering of the terrain surface during the 1995±99 period.
Lines indicate the location of measured pro®les (A, B, C in Fig. 5). (B) Dead-ice moraine. Sub-glacially and supraglacially deposited sediments along a well-exposed geological section, 110 m long, are shown. The terrain model is
based on 983 points.

based on the three-dimensional terrain model
show that 20% of the slopes are inclined at more
than 20° and a few more than 60°. The local
relief is 3±5 m, but with a prominent almost icefree hill to the north rising more than 10 m
above the surrounding terrain (Fig. 4A). Aerial
photographs from 1945 show that a northwestsoutheast directed end-moraine formed prior to
the 1955 end moraine crosscuts this part of the
study area (Fig. 1B). This might account for the
outstanding hill, as stagnant ice from the 1950s
has superimposed a remnant of this old endmoraine. Thus, the surface expression of the
previously deposited, ice-free end-moraine in¯uences the present-day topography. The ¯at-lying

area in central part of the study area can be
ascribed to meltwater activity. Within a few days
of August 1997, after a period of heavy precipitation, meltwater invaded the low-lying central
part and deposited 2±3 m of sorted sediment.
The basin sediment consists mainly of mediumto coarse-grained, horizontally bedded sand and
gravel.
Figure 4B shows the three-dimensional terrain model of the dead-ice moraine. Generally,
the terrain slopes gently towards the southeast
and has a relief of 1±2 m. A striking surface
feature is a series of small northeast-southwest
trending sub-parallel ridges, up to 1 m high,
often associated with groups of boulders on
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the crest. The inclination of slopes commonly
ranges between 2° and 10° and rarely exceeds
20°.
FINAL PHASE OF ICE-MELT
In the fully ice-cored moraine, the most important
de-icing process is backwasting of free ice walls
because ice is commonly exposed as a result of
collapse, ¯uvial erosion, or mass-movement after
heavy precipitation (KruÈger & Kjñr, 2000). Also,
downwasting by melting along the bottom surface
of ice-cores contributes signi®cantly to de-icing as
heavy precipitation increases the production of
sub-glacial water. In the partially ice-cored moraine, however, de-icing is dominated by downwasting processes, because of a relatively thick
(1±3 m), complete sediment cover that prevents
exposure of ice. The contribution from backwasting of ice-cored slopes is considered to be
limited, because of the thick sediment cover.
Eight observation points were chosen within the
partially ice-cored moraine in 1995 at locations
where the terrain surface is locally horizontal
(Fig. 4A). The level of each of these observation
points was recorded in 1995, 1996, 1997, 1998
and 1999. Figure 2C displays the magnitude of
the surface lowering for the individual observation points. It appears that the reduction of the
ice-surface by downwasting is most distinct in
the southwest part of the partially ice-cored
moraine area as indicated by points 1, 2, 3 and 5,
in comparison with the outstanding hill towards
the north and the area lying in vicinity of the
marginal moraine as indicated by points 7 and 8
(Fig. 2C and 4A). During the period 1995±99, the
annual reduction in altitude due to downwasting
amounted to 28 cm based on points 1, 2, 3, 5 and
6 (Fig. 2C).
The data do not allow a differentiation of the
relative contribution of top melt and bottom melt.
However, from the fully ice-cored moraine, KruÈger & Kjñr (2000) showed that below 1 m of
sediment the contribution from top melt was
approximately 1 cm. A ®gure for geothermal heat
¯ow over a year in the MyÂrdalsjoÈkull region is
0á21 Wm±2 (Lee, 1970); this ¯ux will be enough to
melt c. 2 cm of the ice-core. When the bottom
melt due to geothermal heat and top melt contributions are subtracted from the total annual
lowering of the terrain surface, the annual bottom
melt due to sub-glacial water drainage averaged
25 cm. Thus, with a thickness of the supraglacial
deposits exceeding 1á5 m in the partially ice-
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cored terrain, bottom melt is the major contributor to de-icing of ice-cores.
Subsequent to the ¯ooding event in August
1997, it was clear that the presence of melt water
accelerated the decay of the remaining ice blocks
and initiated a sequence of new processes. The
three traverses shown in Fig. 5 were established
across the partially ice-cored terrain after the
¯ooding event in order to survey the lowering of
the terrain surface and its morphological effect.
The terrain pro®les show that in some areas the
surface was lowered by a magnitude several times
larger than was apparent from the individual
observation points. For instance, at 46 m in
pro®le B-B¢ the surface was lowered more than
1 m during 1 year whereas observation point 3
some 5 m towards the north was lowered only
30 cm (Fig. 2C and 5). Also, between 1997 and
1998 several metres of supraglacial sediments
were removed by lateral erosion in the central
part of the study ®eld as seen in pro®le C-C¢. In
both cases the changes detected in the pro®les
might be ascribed to the in¯uence of ¯uviothermal erosion, i.e. warm ¯uvial water penetrating the sediment cover, or lateral erosion of the
sediment cover by ¯owing water (Fig. 5).
Figure 6A distinguishes between areas with or
without surface activity. Clearly, high-lying areas
in the southwest part of the study area have the
highest surface activity, indicative of areas where
buried ice still remains. Figure 6B shows the
distribution of the selected features and deposits
within the study area. In combination with the
terrain model, it appears that zones of extension
fractures, distinct edges, and sinkholes and areas
of rotational sliding, con®ne the perimeter of hills
(Fig. 4A). Clusters of boulders are either located
on crests of hills or in isolated depressions. In
areas of frontal moraine and slope deposits, none
of the surface features or structures were identi®ed (Fig. 4A and 6).
The zonation of surface features and structures
re¯ect an interrelationship between ablation of
ice-cores and re-sedimentation of sediment cover
in the partially dead-ice moraine. Isolated depressions are created as local melting occurs at the toe
of the buried dead-ice blocks. These sinkholes in
turn initiate collapse of sediment in the vicinity
due to undermining which results in the formation of distinct edges. In the adjacent basins,
extension fractures occur as collapse takes place
along discrete planes. The sinkholes also cause
over-steepening of the adjacent slopes and introduce retrogressive rotational sliding or backslumping, seen as discrete concave, or linear cracks,
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Fig. 5. Terrain pro®les A, B and C across over the partially ice-cored moraine in 1997 and repeated in 1998. Major
re-sedimentation and surface features are marked along the pro®les.

arranged stepwise and often producing an arcuate
niche (Fig. 7). Evidently, the cornerstone of these
interrelated re-sedimentation processes is the
development of sinkholes in locations where ice
blocks pinch out. Clusters of boulders may result
from gravitational sorting along slopes or may
re¯ect remnants of former slope processes where
material was accumulated in well-de®ned areas.
Figure 6C shows the areal distribution of
re-sedimentation features and their corresponding
activity or inactivity at the time of recording.
Taken together, backslumping constitutes the
single most important process with the largest
areal coverage, followed by sinkholes, extension
fractures and fall sorting. Backslumping covers
53% of the area where the selected surface
features are recognized and in most cases this
process seems to be active at the time of recording
(Fig. 6C). Assuming the recorded activity is representative (summer season and excluding the
possibility for reactivation of processes) then the
activity of individual processes is perceived as a
measure of signi®cance that the process has on the
sedimentary end product. Therefore, it is predicted that processes involving well-de®ned collapse

have a major impact on the sediment architecture
observed in the post-melt dead-ice moraine.
PRODUCTS OF FINAL ICE-MELT
In the post-melt landscape beyond the active
dead-ice ®elds, well-exposed sections display
sediments associated with an advance of KoÈtlujoÈkull, subsequent stagnation and de-icing of icecored moraines. A sub-horizontal clast pavement
separates the sediment deposited during advance
from those related to stagnation and de-icing
(Fig. 4B and 8). The thickness of sediments above
the pavement varies between 1 and 4 m. Consequently, the surface relief was formed by the
sediments accumulated during the time of stagnation and de-icing (Figs 4B, 8 and 9). This is also
re¯ected in the spatially variable distribution of
the different sedimentary units. Nonetheless, it is
possible to establish a composite stratigraphy for
well-de®ned areas, representing the order of
events, which does not necessarily comply with
the law of superposition due to the stagnant ice.
This is because sediments might be deposited in
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Fig. 6. Final phase of dead-ice melting. (A) Activity of processes at the time of recording in August 1997. (B) Areal
distribution of re-sedimentation and other surface features in a partially ice-cored moraine. (C) Areal coverage of
re-sedimentation and surface features and their corresponding activity as percentage of area excluding the zone
where no features and structures were identi®ed.

cavities beneath stagnant glacier ice after sediments were deposited on top of ice-cores.

Units 1±3
Description
The lowermost part of the succession consists of
two diamict units (1 and 3) separated by a thin
unit (2) of ®nes and gravel (Fig. 10). Unit 1 below
the pavement is a grey, compact, massive diamict
with a uniform thickness and a moderate content
of clasts. Most clasts have a high grade of
roundness with a high abundance of striations
on their surfaces. Clast fabric, striation on clast
surfaces and stoss-lee morphologies show a spatially consistent orientation being parallel with
the local ice-¯ow direction of KoÈtlujoÈkull. Unit 2
is characterized by laminated silt and ®ne sand
that drapes the clast pavement at the base. Unit 3
is a crudely strati®ed, matrix-supported, friable

diamict with a high proportion of angular clasts
and a low proportion of clasts with striations
relative to the underlying unit 1. Laterally, the
thickness of unit 3 is variable; in some parts of the
section it reaches up to 30 cm, in others it is
absent (Fig. 9). Along the pro®les, the sorted ®nes
drape clasts within unit 3 (Fig. 10). Two clast
fabrics in unit 3 display a spatially consistent
orientation parallel with local ice-¯ow direction.

Interpretation
The absence of collapse structures suggests that
units 1±3 were accumulated prior to stagnation of
the glacier or at the bottom of stagnant ice. The
lower diamict unit (unit 1) is interpreted as a
slightly deformed lodgement till deposited in
response to an advance of the KoÈtlujoÈkull glacier.
The upper diamict unit (unit 3) is interpreted as
deposited in a sub-glacial environment by in situ
melt-out of debris from stagnant ice. The sorted
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Fig. 7. View across partially ice-cored moraine showing typical surface features related to the de-icing progression of
isolated dead-ice blocks. Sinkholes develop at the base of slopes and backslumping upslope. Boulders are mainly
located in depressions or the crest of hills as a result of fall sorting processes in the preceding phases of de-icing.

sediments separating the two diamict beds are
interpreted as water-laid cavity ®ll as a result of
meltwater activity beneath the stagnant ice
(KruÈger & Kjñr, 1999).

depressions in the fully ice-cored terrain combined with the entry of diamict sediment.

Units 7±8
Description

Units 4±6
Description
Above unit 3, a succession of both sorted and
diamict sediments constitutes a supraglacial sediment association (units 4±7). The lowermost two
units (units 4 and 6) of sorted sediments, respectively, 0á9 and 0á2 m thick, are separated by a
0á3-m-thick diamict (unit 5). The sorted sediments
consist chie¯y of medium-grained, horizontally
bedded sand and laminated mud occasionally
with horizons of gravel. The diamict is a massive,
friable, matrix-supported sandy-gravelly unit with
a high proportion of clasts. A clast fabric shows
moderately developed elongation with the orientation of the principal eigenvector (V1) at NE (53°).
The diamict unit appears to lens out towards the
east with a sharp conformable basal contact.

Interpretation
The complex bedding of sorted sediments (units 4
and 6) and the diamict (unit 5) is interpreted as
trough ®llings caused by meltwater activity along

The sorted sediment (unit 6) grades upwards in to
a loose, heterogeneous 1á5- to 3á0-m-thick diamict
(unit 7) displaying extreme lateral and vertical
variation in the grain-size distribution and content of clasts. Within a few centimetres, the
diamict changes from a clast-supported diamict
of sandy gravel to a matrix-supported diamict of
gravelly sand containing abundant sand lenses
and numerous groups of boulder-rich material.
Throughout the diamict, thin horizons of silt or
sand occur, together with lenses of predominantly sand. Large-scale normal faults were noted
locally in unit 7 (Fig. 8C). In contrast, slump
structures are very common at every scale. Slump
structures or patterns of slump structures are
related to wedge-shaped accumulations of boulders, for instance, at 27 and 86 m along the transect (Fig. 8B). A striking feature discovered in the
pro®les is the concentration of boulders in linear
arrangements, generally with a 30±35° slope.
Commonly, the boulder accumulations are coupled to the ridges in the surface morphology with
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Fig. 8. Dead-ice moraine. (A) View across the dead-ice moraine with well-exposed section illustrating the distribution between sub-glacial and supraglacial deposits. The supraglacial deposits form the relief amplitude of the
terrain surface. In the background the fully ice-cored dead-ice ®eld is seen. (B) Slumping of both sorted and diamict
associated with collapse feature. (C) View of normal fault with prominent offset related to rotational sliding (see
arrow).

an opposite direction of tilt on either side of the
crest. Less than half of the clasts have striations
on their surfaces, the orientation of striations
being highly dispersed between individual
clasts. Several clast fabrics sampled upwards in
the diamict show weak to moderate eigenvalues
(S1  0á48±0á66; Fig. 10). Although most clast
fabrics show a preferred orientation, the direction is not consistent in between fabrics.
Furthermore, 10 clast fabrics scattered over the
hummocky moraine terrain were taken 10±30 cm
below the surface in heterogeneous diamict (unit
7). Generally, the orientation of the 10 fabrics
shows weak to moderate (S1  0á45±0á67)

clustering around the principal eigenvector and
with a high number of steeply plunging clasts
(Fig. 11). Two fabrics indicate that no statistical
preferred orientation occurs as con®rmed both
by the eigenvalues and contoured diagrams
(Kamb, 1959; Anderson & Stephensen, 1971).
However, the relative high S2 eigenvalues
(S1  S2  S3) suggest that many clasts are
orientated in the same plane. Bimodal distribution has developed in two fabrics as seen in the
contoured diagrams. Unit 8 is mostly massive
gravel interbedded with laminated clay/silt often
found in topographical lows with a thickness up
to 60 cm.
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Fig. 9. Section through the dead-ice moraine at 27±39 and 85±90 m distance along transect. Basal melt-out till, cavity
®ll and supraglacial deposits overlie subglacial-deposited lodgement till separated by a clast pavement. The
supraglacial deposits consist chie¯y of collapsed water-laid sediment and mass-movement deposits, mainly diamict.
Note the discontinuous distribution of the basal melt-out till.

Interpretation
The syn-depositional melting of underlying ice is
illustrated by the occurrence of normal faults and
slump structures in unit 7, which in turn prove
the supraglacial origin for this complex sediment
succession. Unit 7 is a product of mass-movement
processes including interbedding with sorted
sediment deposited by meltwater. Backslumping
by rotational sliding overprinted by collapse
structures have resulted in a somewhat chaotic
appearance. The lack of large-scale normal faults
is most probably a result of the retrogressive
nature of the interrelationship between processes
as ®nal melt proceeds and sinkholes and extension features overprint the rotational structures of
sliding. Wedge-shaped accumulations of boulders
are likely to be an impression left by sinkholes,
which is probably the only structure of the major
de-icing processes that survive more or less
unaltered (Fig. 3).
In those parts where the ice-degradation is at a
more advanced stage, layers of boulders cover the
lower part of hill slopes as a result of fall and
sliding processes in the fully ice-cored terrain.

As reworking continues, sediments from the
adjacent higher area may cover the boulder layers
as slope deposits. Once the boulders have accumulated they are in general not separated
although reworking continues. As a result, the
linear arrangement of boulders seen in the
pro®les of the post-melt landscape probably
relates to boulders covering the surface of former
slopes. The bimodal distribution in some of the
clast fabrics might re¯ect separate events of
mass-movement and fracture formation working
perpendicular to each other (KruÈger, 1994). Many
clasts could also be brought into a more vertical
position along with collapse of the sediment.
Although individual fabrics appear to show a
preferred orientation, the azimuths of individual
preferred orientations are widely dispersed and
not related to ice-¯ow directions as evident from
KoÈtlujoÈkull. Instead, clasts are oriented parallel
with the terrain slope indicating a positive
correspondence between clast orientation and
the surface topography (Fig. 11). Because measurements were performed in the uppermost part
of the sediment, post-depositional processes
such as soil creep might naturally be argued for
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Fig. 10. Data chart comprising a detailed description of the sedimentary succession recognized in the dead-ice
moraine landscape. Partly after data chart developed by KruÈger & Kjñr (1999). Lithofacies code for sorted sediments
after Miall (1977) and Eyles et al. (1983).

as a cause for this trend in orientation. However,
the trend in orientation of fabrics is associated
with ridges that might be linked to larger
structures in the section such as straight alignments of boulders and collapse features. Thus,
the orientation of clasts at the surface re¯ects the
orientation of mass-movement processes acting
along discrete planes (Lawson, 1979; Alm &
Kleman, 1982). The gravel and laminated silt
and sand that caps the supraglacial sediments
(unit 8) is interpreted as trough-®lling, washed
down from the hummock side slope after the
melting of underlying ice.

DISCUSSION
A scenario for the ®nal de-icing of ice-cored
moraine and the formation of hummocky moraine
is pictured in Fig. 12. This sedimentological
model begins at a late phase within the fully icecored dead-ice ®eld immediately before the
ice disintegrates into isolated dead-ice blocks.
Apparently, no topographical inversion takes
place during the last phases of ice melting. The
overall topography seen in the late phase of
the fully ice-cored terrain is unchanged in the
partially ice-cored landscape even though the
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Fig. 11. Terrain surface of a landscape with hummocky moraine.
The surface represents an ice-free
remnant of dead-ice moraine that
survived ¯uvial erosion in front of
KoÈtlujoÈkull. The area matches the
three-dimensional model in
Fig. 4B. The diagram shows the
correspondence between clast
orientation in subsurface diamict
sediments and the topography of
hummocky dead-ice moraine.
Clast fabrics are presented on the
lower hemisphere of a Lambert
projection. Contoured diagrams
according to Kamb (1959) with
indication of E+3s (shaded areas).
V1 is the principal eigenvector and
S1 the corresponding normalized
eigenvalue, S3 eigenvalue is corresponding to a V3 eigenvector.

Fig. 12. Sedimentological model showing different phases of de-icing of ice-cored features and the formation of
dead-ice moraine. (A) Lowermost zone of the fully ice-cored moraine. (B) Partially ice-cored moraine. (C) Dead-ice
moraine. Letters in italics mark ®nal re-sedimentation processes and surface features.
Ó 2001 International Association of Sedimentologists, Sedimentology, 48, 935±952
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amplitude of relief is gradually reduced (Fig. 12A
and B). Towards the ice-free terrain the surface
becomes a reduced re¯ection of the relief seen in
the preceding phases, characterized by small subparallel ridges, 1±2 m high, with boulders covering their crests (Fig. 12B and C). This, however, is
not equivalent with the development of uncontrolled/controlled topography according to Gravenor & Kupsch (1959) as the scale and signi®cance
in terms of debris band distribution is different.

Sedimentological model
Fully ice-cored moraine
In those parts within the fully ice-cored terrain
where ice-degradation is at a more advanced stage,
the ice thickness is estimated to be approximately
10 m and the sediment cover between 0á5 and
2á0 m (KruÈger & Kjñr, 2000). Most re-sedimentation is related to collapse of sediment such as
backslumping of ice-cored slopes represented by
retrogressive rotational sliding. However, few and
minor free ice-walls still exist in the most elevated
positions commonly associated with steep-sided
niches (Fig. 12A). Collapse of the sediment cover
results in fall or sliding of sediment from the top of
ice-cores and subsequent re-mobilization by sediment gravity ¯ows. Fall sorting of the dumped
sediment produces distinct boulder patterns with
the direction of coarsening downslope. Often,
minor meltwater streams erode into the base of
slopes and remove ®ne components. Meltwater is
also located in small lakes on the ice surface and
in tunnels or cavities beneath the ice and in
both cases melting of ice is likely to accelerate
(Pickard, 1983).

Partially ice-cored moraine
Within the partially ice-cored moraine the individual ice-cores are estimated to be up to 5 m
thick with a measured sediment cover of 1±3 m
(Fig. 12B). Reworking of the sediment cover is
initiated by sinkhole formation at the base of
slopes as a result of melting of the toe of ice blocks.
The formation of sinkholes leads to collapse and
slumping of adjacent sediment. The dominating
surface process is backslumping, which dissects
most of the sedimentary structures produced in
the fully ice-cored terrain (Fig. 6). Boulders are
located on crests of hills or concentrated at the
bottom of sinkholes. Some boulder patterns are
found at the base of slopes as a result of fall sorting
processes that have survived the transition from
the fully ice-cored moraine. Directly on top of ice-
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cores, melt-out till deposits reach a thickness of
20±30 cm, but are laterally discontinuous and
have a low preservation potential due to constant
re-sedimentation. The surface is modi®ed by
meltwater that erodes into the sediment cover or
®lls topographical lows with sorted horizontal
bedded gravel and sand that is occasionally
truncated by troughs with cross-bedding.

Dead-ice moraine
Sedimentary structures and surface features produced continuously during de-icing of ice-cored
moraines are mostly destroyed at the transition to
the ice-free phase as a result of the re-sedimentation processes working in the partially ice-cored
moraine. This scenario is included in Fig. 12B
and C, which illustrate the retrogressive nature of
re-sedimentation processes. Thus, as ice-cores
gradually diminish, the most recent re-sedimentation will overprint the results of previous events
and will consequently destroy most sedimentary
structures. Thus, the sediment architecture of the
ice-free terrain results from sinkhole formation,
backslumping and fracture formation. Some sedimentary characteristics recognized within the
supraglacial sediment succession might be traced
back to processes working in the partially and
even in the fully ice-cored terrain. Most abundant
are the isolated groups of boulders, which represent accumulation of boulders in former topographical lows (Fig. 3). Also commonly identi®ed
are concentrations of boulders in straight or
concave alignments coupled with ridges and
linked to fall sorting processes along slopes,
which might have been generated in the fully
ice-cored moraine. Other common characteristics
are sorted sediment, either collapsed or horizontally bedded, related to water-laid sedimentation
in cavities at the bottom or in local depressions at
the top of ice-cores. The effect of sinkholes,
distinct edges and extension fractures cannot be
distinguished separately. Collectively, however,
they are represented by wedge-shaped accumulations of boulders and/or patterns of slump structures (Fig. 3). Distinct slump structures might be
seen at every scale from few centimetres to
several metres, occasionally reverse or normal
faulted (Fig. 8b). In contrast, normal fault structures linked to backslumping are rare and no
structures from sediment gravity ¯ows have
been identi®ed. The signi®cance of the last
processes on the sediment architecture has been
acknowledged previously, although, without
identi®cation of which ®nal processes remain
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imprinted on the sediment architecture (Lawson,
1979; KruÈger, 1994). This study clearly identi®es
the signi®cance of sinkholes that initiate backslumping and formations of extension fractures
and at the same time leave a sedimentary ®ngerprint that might be recognized in the post-melt
landscape.
TOPOGRAPHICAL DEVELOPMENT
Current literature often links the melting of
buried ice and lowering of the terrain surface to
repeated inversions of the topography (Clayton,
1964; Boulton, 1967, 1972; Clayton & Moran,
1974; Watson, 1980; Paul, 1983; Benn & Evans,
1998). Initially, the distribution of englacial
debris produces an uneven cover of sediment on
the stagnant ice. This allows differential ablation,
which produces an irregular topography because
melting rates diminish where the sediment cover
is thick and the insulation high. When the relief
increases, mass-movement processes will redistribute the sediment cover from the ridges into
topographical lows, which eventually become
new topographical highs. The topographical
inversions are repeated until all ice is wasted.
At the margin of KoÈtlujoÈkull reworking of the
sediment cover has also been linked to inversion
of the topography (KruÈger, 1994). However, as
illustrated by the sedimentological model no
inversion of the topography takes place in the
®nal phase of de-icing (Fig. 12). Only secondary
depressions are found on highs developed in the
fully ice-cored terrain. Thus, the model of repeated topographical inversion does not adequately
describe the ®nal phase of the dead-ice moraine
development at KoÈtlujoÈkull. A stepwise lowering
of the ice-cored moraine where sediments are
moved laterally is probably a better visualization
of the dead-ice moraine development. Repeated
inversions of the topography only occur in the
youngest phases within the fully ice-cored
moraine or on a secondary scale.
The question arises as to why topographical
inversions are limited at KoÈtlujoÈkull. In the literature the most common mass-movement processes
are those of sediment gravity ¯ows, often closely
associated with meltwater activity (Boulton, 1968,
1971, 1972; Eyles, 1979; Lawson, 1979, 1988;
Fitzsimons, 1990; Bennett et al., 1996). Sediment
gravity ¯ows are clearly important in the redistribution of the sediment cover associated with
models describing topographical inversion (Clayton, 1964; Boulton, 1967, 1972; Clayton & Moran,

1974; Paul, 1983). Therefore, the scarcity of sediment ¯ows at KoÈtlujoÈkull might explain the lack of
topographical inversions (Lawson, 1979, 1981).
KruÈger (1994), however, inferred that the combined effects of mass-movement processes on
average rework the sediment cover up to two times
during an ablation period. This is compatible with
the result from at the Matanuska glacier in Alaska,
where ®ner-grained sediments over a wide area
were reworked two to three times under less
humid conditions (Lawson, 1979). Thus, although
the climatic conditions and sediment characteristics are different the difference in topographical
inversions is not linked to reworking of the
sediment cover, as the re-sedimentation rates are
the same (Lawson, 1979, 1981). The lack of obvious
topographical inversion is more probably a consequence of the rates of backwasting relative to
downwasting. When ice-cored areas are attacked
by downwasting and backwasting along ice-cored
slopes or free ice walls, the sediment cover will
slide or ¯ow downslope into the adjacent depressions. Ideally these depressions are the potential
new topographical highs. Generally, however,
these areas will not become topographical highs,
because backwasting of ice-cored slopes across the
ice-cored terrain consumes the high ground causing ¯attening of the terrain. Sediments are considered to move from one level to the next as
backwasting repeatedly overtakes downwasting.

Implications
A key objective for most sediment-process-landform studies in modern glacial environments is to
provide analogue models for formerly glaciated
areas. More to the point, the study of dead-ice
moraines and their development under wellknown climatic conditions, e.g. at KoÈtlujoÈkull, is
useful in the reconstruction of climatic conditions in formerly glaciated areas at the time of
deposition. Clearly, this study represents deadice moraine development under extreme climatic
conditions. The huge annual precipitation at
KoÈtlujoÈkull accelerates the de-icing progression
and favours backwasting over downwasting as the
dominant ablation process. This leads to a distinct set of re-sedimentation processes and surface features that rework the sediment cover on
ice-cores. For instance, backwasting of ice-cored
slopes increases the abundance of backslumping
and hampers the development of true sediment
gravity ¯ows. Under different climatic conditions
where downwasting is the dominating ablation
process, a different set of processes might govern
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re-sedimentation of the sediment cover. Also, if
downwasting is the primary ablation process,
then the grain-size distribution of the sedimentary end product is probably ®ner grained than if
backwasting is the predominant ablation process.
This is because downwasting ensures that sediments pass through less re-sedimentation cycles.
In the future, however, more descriptions from
other contemporary dead-ice ®elds (different
climate and source material) are needed, if the
climatic signal of dead-ice moraines from formerly glaciated areas is to be deciphered.
CONCLUSION
Monitoring the ®nal melting of partially ice-cored
moraine and detailed descriptions of sediments
associated with dead-ice moraine at the terminus
region of KoÈtlujoÈkull, permits the following
conclusions.
In the current humid subpolar climate, the
partially ice-cored moraine is predominantly
de-iced by downwasting along the bottom surface
of ice-cores with average rates of 25 cm a±1. The ®nal
phase of ice-melt is associated with an interrelated
series of processes initiated by sinkhole formation.
Sinkholes develop at base of slopes in response to
local melting of the toe of buried ice blocks, causing
collapse of sediment. These sinkholes also initiate
the formation of distinct edges and fractures in the
adjacent basins and retrogressive rotational sliding
or backslumping on the ice-cored slope.
Generally, topographical inversion is not associated with ®nal phase of ice-melt. The overall
topography recognized in the fully ice-cored terrain is gradually lowered and the amplitude of the
relief reduced in consecutive phases. The lack of
topographical inversion is related to the rate of
backwasting relative to downwasting, which
results in stepwise lowering of sediment cover as
backwasting repeatedly overtakes downwasting.
As ice-cores gradually diminish, the latest interrelated group of sinkholes, extension fractures and
backslumping processes will overprint and destroy most previous sedimentary structures. Thus,
only the product of local collapse and massmovement along discrete planes remain imprinted
on the resultant sedimentary end product.
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