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ABSTRACT. A study employing macro- and micro-sedimentological techniques was conducted at three
sites with recently deglaciated sediments in the proglacial area of Brúarjökull, a surge-type outlet glacier
of the Vatnajökull ice cap, Iceland. Tills at these sites were likely deposited and deformed during the
1963/64 surge. At the height of the last surge, these sediments were beneath 90–120m of ice, and
associated basal shear stresses would have been 24–32 kPa. Tills associated with the surge at these sites
formed by a combination of subglacial sediment deformation and lodgement and are thus regarded as
‘hybrid tills’. The tills show evidence of both ductile and brittle deformation. Discontinuous clay lenses
within the tills, indicating local ice–bed decoupling and sliding, imply that subglacial water pressures
were spatially and temporally variable during the surge. The thickness of the subglacial deforming-till
layer was 50–90 cm.

INTRODUCTION
Movement at the base of temperate ice masses resting on
soft sediment is accomplished by basal sliding and/or
subglacial sediment deformation. Establishing the hydro-
logical and mechanical controls on ice–bed coupling, the
partitioning between sliding and sediment deformation and
how this partitioning varies in space and time are important
areas of glaciological research (e.g. Boulton and others,
2001; Fischer and Clarke, 2001). They are important for
improved understanding of: (i) short-term variations in
glacier velocity (Iverson and others, 1994; Fischer and
others, 1999; Mair and others, 2003); (ii) glacier surging
(Clarke, 1987; Raymond, 1987); (iii) ice-stream flow and the
stability of the West Antarctic ice sheet (Alley and others,
1989; Engelhardt and Kamb, 1998); and (iv) the advance and
retreat of Quaternary ice sheets (Piotrowski and Tulaczyk,
1999; Ó Cofaigh and Evans, 2001). Conceptual models
based on a combination of theoretical analyses and field
evidence suggest that subglacial drainage, subglacial water-
pressure regime and till properties combine to determine the
relative contribution of sliding and sediment deformation
(Boulton and Hindmarsh, 1987; Alley, 1989; Boulton and
others, 2001; Fischer and Clarke, 2001). At low water
pressures, ice is well coupled to the bed and basal motion
may occur through enhanced ice deformation and regel-
ation around bedrock bumps and limited brittle shear within
sediments (Boulton and Hindmarsh, 1987; Benn, 1994b;
Benn and Evans, 1996). At moderate water pressures,
sediment strength is reduced, encouraging ductile deform-
ation, and ice–bed coupling is reduced, encouraging limited
sliding (Boulton and Hindmarsh, 1987; Alley, 1989; Hart
and Boulton, 1991). At high water pressures, ice–bed
decoupling is extensive, producing uplift and rapid sliding
(Iverson and others, 1995, 2003). This decreases the
effective normal stress on sediments, allowing them to

squeeze into the zone of uplift and thicken (Iverson and
others, 1995) or to undergo elastic relaxation (Fischer and
Clarke, 2001; Iverson and others, 2003). The decrease in
effective normal stress will also weaken the sediments,
encouraging ploughing of clasts through the sediment
surface (Iverson and others, 1995, 2003; Fischer and Clarke,
2001).

As subglacial processes often leave a sedimentary
signature (cf. Hart and Rose, 2001), we adopt a sedimento-
logical approach to the study of subglacial processes
beneath a surge-type glacier in Iceland. We use a combin-
ation of macro- and micro-sedimentological techniques in
an attempt to infer the extent of ice–bed coupling, the
balance of sliding vs sediment deformation, and the styles
(brittle vs ductile) and pervasiveness (depth) of sediment
deformation beneath the glacier.

FIELD SITE DESCRIPTION
Brúarjökull is a northern outlet glacier of the Vatnajökull ice
cap, southeast Iceland (Fig. 1). This surge-type glacier covers
an area of �1700 km2, is �45 km long from the ice-cap
summit to the glacier snout, ranges in elevation from 550 to
1900ma.s.l. and has an average surface slope of �1.78
(Sigurðsson, 1998; Björnsson and others, 2003).

The surges of Brúarjökull are the most dramatic in
Iceland, with advances of �8–10 km during the active
phase, and a surge period of 70–100 years (Thórarinsson,
1969; Sigurðsson, 1998). Known surges occurred in 1963,
1890, 1810 and possibly 1625 (Thórarinsson, 1964). During
the most recent surge of 1963/64, the glacier advanced
�8 km at maximum rates of �100m d–1. It affected
�1400 km2 of land and may have been triggered by high
accumulation rates in 1960–61 (Thórarinsson, 1964). The
glacier has since retreated �3–4 km (Knudsen and Marren,
2002).

Five major rivers drain Brúarjökull: Kreppa, Kverká,
Sauðá, Kringilsá and Jökulsa á Dal (Fig. 1). This study is
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located in the glacier forefield between the Kverká and
Sauðá rivers (Fig. 1). The forefield is dominated by shallow
flutes, up to �100 m long and up to �1m thick (Fig. 2a),
which are thought to have been formed during a single
glacier advance (Evans, 2003). Concertina eskers in the
forefield are up to �40m long and �7m thick and are
thought to relate to the most recent 1963/64 surge (Knudsen,
1995; Evans, 2003). Crevasse-squeezed diamict ridges are
also evident in the proglacial area and can be traced back to
the crevasses of the present-day ice surface (Fig. 2a). These
were likely produced during the waning stages of the last
surge, when water-saturated basal sediments were squeezed
up into surge-induced basal crevasses (Evans and others,
1999; Evans, 2003). Similar ridges were first described in
front of the neighbouring surge-type glacier Eyjabakkajökull
(Sharp, 1985).

METHODOLOGY
Three natural exposures, the only natural exposures ob-
served in the entire forefield of Brúarjökull between the
Kverká and Sauðá rivers, were examined. Vertical sections at
each exposure were logged and information on sediment
texture, lithology, sedimentary structures and bedding
contacts was recorded and facies subsequently identified
(cf. Eyles and others, 1983). The sections were photo-
graphed, and scaled section drawings made (Figs 2 and 3).

Quantitative sedimentological measurements of clast
roundness, shape and fabric strength were obtained from
diamict facies, similar to the procedures employed by Fuller
and Murray (2002). Samples of 30 clasts were chosen at
random for these measurements.

The roundness of the 30 clasts was measured using the
scale of Powers (1953). Clasts were put into one of five
classes (very angular, angular, subangular, subrounded or
rounded). Additionally, the ‘RA’ summary index, i.e. the
percentage of angular and very angular clasts within a
sample, was calculated (Benn and Ballantyne, 1993).
Roundness refers to the degree of curvature of clast edges
and is a useful indicator of erosional history when used in
combination with clast shape (Benn and Ballantyne, 1994).
Boulton (1978) defined an active mode of transport, in the

basal traction zone, and a passive mode of transport, above
the traction zone. Subangular- to angular-shaped clasts (with
high RA indices) would tend to suggest supraglacially
derived and passively transported material, whereas sub-
rounded- to rounded-shaped clasts (with low RA indices)
would imply active transport in the traction zone (Boulton,
1978).

The lengths of the three clast axes were also measured
and their relationships were plotted on equilateral ternary
diagrams and used to define clast shape (Benn, 1994a). They
were also used to calculate the C40 index, i.e. the percentage
of clasts with a c : a axis ratio <0.4 (Benn and Ballantyne,
1993, 1994). A low C40 index would mean that the clasts
have compact, blocky shapes. As the clasts consist of coarse-
grained lithologies, this may imply that they had fractured
across their long axis and undergone active transport at high
stresses (Benn and Ballantyne, 1994). Conversely, a high C40

index would mean the clasts have more elongate and slabby
shapes, suggesting they may have undergone more high-
level transport with minimal comminution at low stresses
(Benn and Ballantyne, 1994).

The orientation and dip of the 30 clasts were also
measured with a compass clinometer and used to determine

Fig. 2. (a) Photograph of the forefield of Brúarjökull, taken from the ice margin, showing flutes and crevasse-filled ridges. People in
background are at site 1. (b) Site 1 (80 cm): massive, matrix-supported fissile diamict. (c) Site 2 (50 cm): massive, matrix-supported fissile
diamict with attenuated clay lenses (arrowed). (d) Site 3 (220 cm): cobble-rich fluvial sediment (units A–C) overlain by two-tiered diamict
(units D and E).

Fig. 1. Brúarjökull field site location. Large black rectangle
represents locations of sites 1–3. Map of Iceland (inset) indicates
location of Brúarjökull.
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fabric strength. The a-axis fabric data were plotted on
stereographic plots to determine if the clasts had a preferred
orientation and/or dip. The eigenvalues of each unit (S1–S3)
are values representing the magnitude of clustering around
the respective orthogonal eigenvectors (V1–V3) and can be
helpful when inferring depositional processes and strain
history in tills (Dowdeswell and Sharp, 1986; Benn 1994a,
1995; Hart 1994).

For each diamict facies, 1 kg bulk samples of the <2mm
size fraction were collected. The matrix particle-size distri-
bution of each sample was determined subsequently using a
combination of dry-sieving for the >1mm size fraction and a
laser particle-size analyser (Malvern Mastersizer X#) for the
<1mm size fraction. Grain-size distribution is also an
indicator of transport path and degree of deformation
(Boulton, 1978; Hooke and Iverson, 1995).

Blocks of sediment were collected from selected diamict
units for subsequent micromorphological analysis. For each
sample, �30 cm of surface sediment was initially removed
from the face. A Kubiëna tin was then pressed into the face
and carefully removed using a penknife. The sediment
samples were wrapped in cling film to prevent moisture loss
during transport to the laboratory. In the laboratory, the
samples were air-dried, impregnated with resin, and cut and
mounted on glass slides (Van der Meer, 1987; Fuller and
Murray, 2000). A thin section, oriented parallel to the face of
the exposure, was prepared from each sample and viewed

under a microscope at magnifications of 4 and 10 using both
plain and cross-polarized light. The thin sections were
described using terminology originally developed for soils
but adapted specifically for glacial sediments (Van der Meer
1987, 1993). In the descriptions, the grains are the particles
that are discerned individually, whereas the plasma or
matrix is the material that is too fine to observe as individual
grains, usually <20 mm (Van der Meer, 1987). The aim of the
micromorphological analysis was to investigate the presence
and type of deformation structures within the sediments, and
to use these, together with the macro-sedimentological data,
to infer the style of sediment deformation.

In the following section, we use all of these methods and
lines of evidence in combination to describe and interpret
the sediments in terms of their most likely transport and
depositional history.

SEDIMENTOLOGY

Site 1 description
This site is located �50m from the present-day ice front. The
ground surface is prominently fluted with flutes up to
�100m long and �50 cm thick, which record a former ice-
flow direction toward 308 northeast. An outwash stream
flowing obliquely to the flutes at 3408 northwest has cut into
the sediment exposure. The 25m long section is in the
down-glacier stream bank, and faces towards the glacier at
2508 southwest (Fig. 2b).

The section consists of an 80 cm thick, dark-brown, stiff,
matrix-supported diamict (Fig. 3). The well-consolidated,
highly fissile diamict has a muddy matrix with 10–15%
clasts and appears structurally and texturally uniform
throughout its thickness. 65% of the clasts are pebbles,
and 35% gravels. Striations or other signs of clast–clast
interaction were not observed on the clast surfaces.

Macro-sedimentological data were collected from the
upper and lower parts of the section (Fig. 4; Table 1). The
particle size distribution, clast angularity, clast shape and
fabric data are very similar at the two locations. In both
cases, the particle size distribution is bimodal, with peaks in
the coarse-silt/fine-sand (4/5f) and gravel (–1f) fractions.
The high percentage of subangular and subrounded clasts
results in low RA indices <10. The clast-shape ternary
diagrams show a diamict dominated by blocky clasts, with
C40 indices <10. There is a strong fabric (S1 ¼ 0.754 and
0.678) dipping in the down-glacier direction. The main
sedimentological differences between the upper and lower
parts of the section are that the upper part has less coarse
material and fewer very blocky clasts than the lower part.

Micromorphological samples were taken from the upper
and lower parts of the section (Fig. 2). The only micro-
structure observed in the lower part is grain fracture, where a
single basalt grain is fractured into two pieces (Fig. 5a).
Microstructures observed in the upper part include circular
structures and sub-horizontal lineaments (Fig. 5b and c). The
circular structures are composed of coarse silt-sized tephra
and basalt clasts oriented around a basalt core stone. The
sub-horizontal lineaments are present throughout the
sample and dip at �0–108 to the west.

Site 2 description
This site is located �7m up-glacier from site 1. It has exactly
the same geomorphic setting as site 1. Thus, the section is in

Fig. 3. Lithofacies logs of sites 1–3. The shaded boxes represent
locations of micromorphology samples.
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the down-glacier bank of a stream, which faces towards the
glacier at 2508 southwest (Fig. 2c).

The section consists of a 50 cm thick, dark-brown, well-
consolidated, matrix-supported, fissile diamict (Fig. 3). As at
site 1, the diamict has a muddy matrix and contains 10–15%
clasts (65% pebbles, 35% gravels). Striae were not observed
on the clasts. Discontinuous intermittent clay lenses occur
within the diamict along the length of the 25m long
exposure. The lenses are 5–7 cm wide, 1–1.5 cm thick and

dip towards the eastern end of the exposure, orthogonal to
present-day ice-flow direction.

Detailed clast data could not be obtained from this site, as
the undercutting stream limited accessibility. However, bulk
sediment samples were collected for particle size from both
the upper and lower parts of the exposure, and micro-
morphological samples were collected from the upper and
lower/middle parts of the exposure. As at site 1, the particle
size distributions from the lower and upper parts of the

Table 1. Sediment characteristics of each unit described in the sediment logs of Figure 3. PSD: particle size distribution; S1–S3 are
eigenvalues

Depth PSD peaks RA index C40 index S1 S2 S3

Site 1 65 cm 5, –0.5 7 10 0.754 0.195 0.051
30 cm 4, –1 10 7 0.678 0.233 0.089

Site 2 40 cm 5, –1.5
20 cm 4, –2

Site 3 Unit E 65 cm 7 7 0.592 0.286 0.122
Unit D 195 cm 5, –1 17 7 0.518 0.329 0.154
Unit C 205 cm –2 7 3 0.615 0.242 0.143

Fig. 4. Sediment characteristics of units within sites 1–3 of Figure 3. The troughs between 1f and 0f may be artifacts of sieving.
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exposure are similar (Fig. 4). The dominant peak in both
samples is centred on the coarse-sand/fine-silt (4–5f)
fraction. The upper sample has a small secondary peak
centred on the gravel (–1.5f) fraction, whereas the lower

sample contains a higher percentage of material between 2f
and –2f with no obvious peak.

The thin section obtained from the lower/middle part of
the exposure sampled the clay lenses described above. In
thin section, the lenses are fractured and attenuated. The
lenses show circular structures with core stones (Fig. 5c),
while the bounding diamict shows clay coatings, clay drapes
(Fig. 5d), sub-horizontal lineaments (Fig. 5e), necking
structures, pressure shadows, folds, and circular structures
without core stones (Van der Meer, 1993). There are clay
boudins, as well as clay coatings and drapes, on the
underside and top of coarse clasts (Fig. 5d). Pressure
shadows and folds also occur in the zone around the lenses.
There is a necking structure composed of three coarse basalt
clasts in close proximity to one another. A line of fine basalt
and tephra clasts emerges from between two of these clasts.

There are few microstructures in the upper part of the
section, and they are limited to only occasional circular
structures and fissility (Fig. 5f). The circular structures are
defined by the alignment of clasts around an intraclast rather
than a core stone.

Sites 1 and 2 interpretation
The diamicts at sites 1 and 2 are interpreted as subglacial
tills, based on the following criteria:

1. The presence of flutes which overlie the sites and
indicate that they have been glacially overridden.

2. The massive, fissile nature of the diamicts. Such fissility is
commonly regarded as a product of subglacial shear
(Boulton and others, 1974; Hart and Boulton, 1991;
Benn, 1994b).

3. The bimodal or multi-modal particle-size distributions,
and, at site 1, the low RA index, and blocky clasts, which
indicate active transport in the zone of basal traction
where abrasion and crushing occur (Boulton, 1978).

4. The fabric orientation of the diamict at site 1 is consistent
with the direction of ice flow recorded by the flutes, and
the high S1 values suggest subglacial transport and ice–
bed coupling (Benn, 1995; Evans, 2000).

5. The micromorphological data show the diamicts contain
a range of structures which indicate that they have been
deformed at the microscale, including lineaments,
circular structures, necking structures, pressure shadows
and folds. Lineaments are typical of discrete shear zones
within clay-rich material and support the interpretation
of the fissility as the product of subglacial shear. Circular
structures with core stones are interpreted as the product
of grain rotation in a till matrix undergoing ductile
deformation (Van der Meer, 1997; Van der Meer and
others, 2003). The evidence for both brittle (shear planes:
fissility and lineaments) and ductile (circular structures)
deformation operating within the till unit implies that the
deformation was polyphase (Van der Meer, 1993;
Menzies, 2000).

Subglacial tills can form by a variety of end-member
processes including melt-out, lodgement and deformation,
or some combination of each. These processes can vary
spatially and temporally across a glacier bed, with tills
formed by one process subsequently being modified by
another (e.g. an initial phase of lodgement followed by
subglacial deformation (Benn and Evans, 1998)). The

Fig. 5. Photomicrographs of sites 1 and 2. Slides on the left are
originals. Slides on the right have been annotated to highlight
important features referred to in the text. (a) Grain fracture
(arrowed) from lower part of site 1. (b) Fissility from upper part of
site 1. (c) Circular structure with basalt core stone from middle part
of site 2. (d) Silt drape beneath basalt clast from middle part of
site 2. (e) Sub-horizontal lineament from middle part of site 2.
(f) Circular structure without core stone from upper part of site 2.
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resulting tills contain a variety of diagnostic characteristics at
both a macro- and microscale, but rarely can their genetic
interpretation be based or just one or two criteria.

The diamicts at sites 1 and 2 are unlikely to be subglacial
melt-out tills, for four reasons. First, although thick, debris-
rich, basal ice sequences have been observed at the
temperate Matanuska Glacier, Alaska, USA, (Lawson,
1979) they are generally associated with non-temperate
glaciers (e.g. Souchez and others, 1988; Knight, 1994) and
we have not observed them around the current margin of
Brúarjökull. Second, even if such thick debris-rich, basal ice
sequences did exist at Brúarjökull, it is unlikely that they
would have produced unmodified subglacial melt-out tills
since the poor drainage conditions around the present
glacier margin suggest that reworking is exceptionally
common where ice is melting (cf. Paul and Eyles, 1990;
Benn and Evans, 1998). Third, although deformation
structures may be preserved in debris-rich basal ice and
sometimes preserved in the resulting till following basal
melt-out, we consider it unlikely that, in cases where
drainage conditions are poor such as at Brúarjökull, the
delicate microscale deformation structures that we observe
in thin sections from sites 1 and 2 would be retained in
unmodified form in the resulting till. Fourth, the presence of
flutes which overlie the site implies that even if some
unmodified subglacial melt-out till had been deposited, it
was subsequently overridden by the glacier and would likely
have been subjected to subglacial deformation and/or
lodgement. Thus, although it is possible that melt-out as a
process locally occurred beneath the glacier sole, we do not
consider the diamicts at sites 1 and 2 to be melt-out tills.

Lodgement tills are formed where sediment is plastered
from the glacier sole onto the bed by either pressure melting
or direct lodging of clasts (generally large cobble to boulder
in size). During the lodgement process, debris is subjected to
crushing and abrasion. The resulting till is characteristically
massive, overconsolidated and fissile, with bimodal or
multimodal grain-size distributions and strong fabrics.
Typically clasts have rounded edges, striated and faceted
surfaces, and larger clasts in particular may have a bullet-
shaped appearance with stoss and lee faces (Boulton, 1978).
Several of the characteristics that we record in the diamicts
at sites 1 and 2 are consistent with deposition by lodgement:
fissility, grain-size, the stiff matrix and strong fabrics. Such
features, however, have also been documented in deform-
ation tills (Boulton and Dent, 1974; Boulton and others,
1974; Benn, 1995). The S1 values that we record are
consistent with field-based studies of deformation till (Benn,
1995; Evans, 2000) but are lower than those based on
experimental studies (Hooyer and Iverson, 2000). The
micromorphological data show that the tills contain a range
of structures indicative of brittle and ductile subglacial
deformation (see above), in the form of circular structures,
lineaments (shear planes), folds and necking structures (Van
der Meer and others, 2003). Striations were not observed on
clast surfaces within the diamicts and neither were bullet-
shaped boulders, both of which might be expected where
tills are formed by lodgement. The presence of the intact but
deformed units of clay in site 2 is also important to note.
Such fine-grained sediments would have a low preservation
potential, where lodgement is the dominant mechanism of
till formation, and would likely be homogenized into the
surrounding till matrix by the lodgement process. We
therefore believe that collectively the above characteristics

are consistent with an origin for the tills at sites 1 and 2 by a
combination of subglacial deformation and lodgement. The
diamicts at both sites are thus a type of hybrid till in which
the two end-member processes of sediment deformation and
lodgement operated together.

The clay lenses contained within the till at site 2 are
inferred to be deposits from a thin water film that formed as
the ice temporarily separated from the bed (cf. Van der Meer,
1987; Piotrowski and Tulaczyk, 1999; Fuller and Murray,
2000, 2002). The clay lenses occur across the full 25m
lateral extent of the section and within a vertical zone of
20 cm. Their lateral continuity argues against the lenses
being deformed rafts of clay within the till (Fuller and
Murray, 2000). The fact that the clay units are fractured and
attenuated implies that the ice subsequently recoupled to
the bed and deformed the lenses by brittle and ductile shear.

Site 3 description
This site is located �70m from the present-day ice margin
(Fig. 2d). The overlying flutes are �50m long, �80 cm thick
and they record a former ice-flow direction toward 308
northeast. The section is located in the down-glacier bank of
a stream, and faces toward the glacier at 3508 northwest. An
adjacent esker is �40m long and �7m high. The exposure
is 220 cm high and consists of five units (Fig. 3).

Unit A
The lowermost 130 cm of the section consists of clast-
dominated, massive boulder gravel with 60% cobbles and
boulders. Clasts are mainly rounded and lack striations.
Within this unit is a 2 cm thick, massive, poorly consoli-
dated, muddy gravel at 110 cm depth.

Unit B
Above the lowermost boulder gravel is 15 cm of tectonized
cobble gravel with 40% clasts. Macroscale deformation
structures in the form of attenuated clay lenses and folded
pockets of silt, sand and gravel occur in the unit.

Unit C
Overlying the tectonized cobble gravel is 45 cm of clast-
supported cobble gravel. This gravel is similar to unit B, but
contains fewer boulders and more sand. It also contains
pockets of iron staining. Its particle size distribution (Fig. 4)
shows a steady increase in concentration toward the larger
fraction, peaking at –2f. The clasts are mainly subrounded
or rounded, giving a low RA index of 7, while their blocky
shapes produce a very low C40 index of 3. There is a
moderate fabric (S1 ¼ 0.615) dipping in the up-glacier
direction. The main feature of this unit is the high number
of clasts with fractured surfaces. The fractures generally
occur across their long axes, resulting in clasts with both
angular and rounded edges (recorded as ‘subrounded’), and
giving an overall blocky shape.

Unit D
A two-tiered diamict (units D and E) overlies the non-
tectonized cobble gravel. The lowermost 10 cm is a massive,
well-consolidated, matrix-supported diamict with 5–10%
clasts. The unit has a bimodal particle-size distribution with
a peak in the fine-sand (5f) fraction, although there is also a
high percentage of gravel-sized particles (Fig. 4). The clasts
are particularly angular, with a high RA index of 17. The
predominantly blocky clasts give a low C40 index of 7.
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There is a moderate fabric (S1 ¼ 0.518), orthogonal to ice-
flow direction.

Unit E
The uppermost unit is 20 cm thick and iseparated from the
underlying diamict by a gradational contact. It is a matrix-
supported, massive, well-consolidated, mud-rich diamict
with only 0–5% clasts. The clasts have a low RA index of 7,
predominantly blocky clast shapes, a low C40 index of 7, and
a moderately strong fabric (S1 ¼ 0.592) dipping in the east-
northeast direction (Fig. 4). At 205 cm, there is an attenuated
clay band �60 cm long and �0.5 cm thick. This is entombed
within the diamict matrix and is most likely a sediment raft.

A micromorphological sample was taken at 205 cm,
which included the attenuated end of the clay band as well
as the surrounding diamict. The clay is massive and contains
5% grains (mostly sands and silts). It is attenuated and
brecciated. The clay lens is truncated by a basalt clast that
has pushed the remainder of the lens tail deep into the
sediment beneath. Just beyond this tectonized tail is a clay
boudin that has been detached from the lens. There are also
multiple circular structures with core stones. There is an area
of discrete lineaments with grain alignments in an east–west
orientation. Some grains also have silt caps.

Site 3 interpretation
Units A–C are interpreted as high-energy fluvial deposits,
based on the following criteria: (1) the gravel-rich, highly
porous material; and (2) the silt and sand layers within units
A and B which suggest fluctuations in current strength. Both
units B and C were subjected to deformation, which is
inferred to have occurred subsequent to their deposition,
with ductile deformation affecting unit B (folding) and brittle
deformation affecting unit C (fractured clasts).

Units D and E are interpreted as a type of hybrid till
formed by a combination of subglacial sediment deform-
ation and lodgement at the glacier sole. This interpretation is
based on the following criteria: First, the diamicts are
massive, although unlike the diamicts at the other two sites
they are not fissile. Unit E, however, contains a deformed
clay raft. Second, the diamicts are underlain by deformed
glaciofluvial gravels. Third, micromorphological data show
brittle (boudinage, shear zones), ductile (circular structures,
folding) and pore-water-influenced (silt caps) deformation
structures, implying polyphase deformation (Van der Meer,
1993). Fourth, the relatively strong clast fabric is oriented in
the direction of ice flow, indicating significant coupling
between the ice and underlying sediment (Benn, 1995;
Evans, 2000). Fifth, the bimodal particle-size distribution
indicates crushing and abrasion in the zone of basal traction
(Boulton, 1978) and is consistent with particle size distribu-
tions associated with lodgement tills (Dreimanis, 1988;
Benn and Evans, 1998). Thus, as in the case of the tills at
sites 1 and 2, the diamict unit at site 3 is inferred to be a type
of hybrid till in which subglacial sediment deformation
during overriding of the glaciofluvial gravels acted together
with lodgement to form units D and E.

DISCUSSION

Relationship of the sediment to surges of Brúarjökull
All three sites are located within 100m of the current ice
margin and would have been 3–4 km up-glacier from the

margin at the end of the 1963/64 surge. Assuming a current
ice surface slope of 1.78 means that the sites would have
been under 90–120m of ice, and basal shear stresses would
have been 24–32 kPa at the height of the last surge. The
flutes were likely formed during the last surge (Knudsen,
1995; Evans, 2003), and as there is no obvious erosional
contact between the flutes and the underlying diamicts, we
assume the tills are also a product of the 1963/64 surge.
Furthermore, the macro-sedimentological evidence for
deformation of the fluvial sediments underlying the tills at
site 3 suggests they too were deformed during the last surge.
There is no obvious unconformity between the tills and the
fluvial deposits at site 3, suggesting the fluvial sediments
immediately predate the tills and that the tills are sourced
from the gravels. The fluvial sediments at site 3 were likely
deposited proglacially during the 1890–1962 quiescent
phase. During the subsequent surge, the glacier advanced
over the gravels, deformed them and reworked them into the
overlying till represented by units D and E. The sedimentary
sequence at site 3 bears similarities to the gravel-outwash/
deforming-till continuum described at Skálafellsjökull, Ice-
land, by Evans (2000).

Deformation vs sliding
The subglacial tills that we document in the forefield of
Brúarjökull contain elements consistent with formation by
both subglacial sediment deformation and lodgement. We
thus interpret the diamicts at these sites as hybrid tills formed
by a combination of subglacial sediment deformation and
lodgement. Evidence for deformation of the sediments is
present at the macro- and microscale in the form of high
fissility, brecciated and attenuated clay lenses, rotational and
planar deformation structures. This evidence indicates that
Brúarjökull deformed its bed during the last surge, and
implies that sediment deformation contributed to the rapid
motion of the glacier during the surge event. However, our
evidence varies slightly from the classic two-tier deform-
ation till (upper ductile horizon and lower brittle/ductile
horizon) described for Breiðamerkurjökull, Iceland (Boulton
and Hindmarsh, 1987; Benn, 1995), in that the tills at
Brúarjökull are interpreted as having formed by a combin-
ation of both subglacial sediment deformation and lodge-
ment. In addition, the deformation structures in the upper
part of site 1 and the upper till at site 3 show microscale
evidence for both brittle and ductile deformation. Finally the
capping till at site 2 is fissile and is not pervasively
deformed. This implies that deformation style varied
spatially and temporally during the 1963/64 surge as the
tills were deposited and deformed (Hicock and Fuller, 1995;
Menzies, 2000).

Temporally variable water pressures during the 1963/64
surge are suggested by the presence of discontinuous clay
lenses within the till at site 2, which are observed throughout
the 25m length of the exposure. The lenses suggest local
ice–bed separation and therefore sliding at high water
pressures. Similar lenses were observed in tills associated
with the last surge of Hagafellsjökull Vestari, Iceland, and
were also attributed to ice–bed decoupling (Fuller and
Murray, 2000). Ice–bed decoupling at high water pressures
has been measured on other glaciers at driving stresses
similar to those that would have existed at sites 2 and 3
during the last surge (Iverson and others, 1994; Fischer and
Clarke, 1997). Water flow and sediment mobilization in a
thin film at the ice–bed interface have also been measured at
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high water pressures on other glaciers (Hubbard and others,
1995; Stone and Clarke, 1996). We envisage that the
subsequent deposition of such sediment accounts for the
clay lenses observed in our study. The best-documented
glacier surge is the 1982/83 surge of Variegated Glacier,
Alaska (Kamb and others, 1985). During the surge, sub-
glacial water pressures were close to ice overburden; water
moved slowly beneath the glacier in a distributed subglacial
drainage system and was released in flood events associated
with decreases in water pressure and surface velocity. We
envisage that the clay lenses observed at Brúarjökull would
have been deposited during such temporary decreases in
water pressure. The glacier would then have recoupled to
the bed and subsequently lodged and deformed the
overlying till. The attenuation and brecciation of the clay
lenses shows they were subsequently deformed as water
pressures dropped and ice recoupled to the bed.

This variation between sliding and sediment deformation
is inferred to reflect variations in subglacial effective
pressure. At low effective pressure, pore-water pressures
are high, and ice/bed decoupling occurs with rapid motion
by basal sliding. As the effective pressure increases due to
falling water pressures, the ice recouples to the bed and
deforms the substrate. Our data imply that variations
between sliding and subglacial sediment deformation
(controlled by variations in subglacial effective pressure)
occurred spatially and temporally beneath Brúarjökull.

Thickness of the subglacial deforming layer
Previous estimates of the thickness of the subglacial
deforming layer from Icelandic glaciers with similar driving
stresses to Brúarjökull range from �20 cm on Hagafellsjökull
Vestari (Fuller and Murray, 2000) to �45 cm on Breiðamer-
kurjökull (Boulton and Hindmarsh, 1987). Deforming-layer
thicknesses of �30–65 cm have also been measured from
direct observations beneath contemporary glaciers – again
with similar driving stresses to Brúarjökull – in Sweden and
North America (Blake, 1992; Humphrey and others, 1993;
Iverson and others, 1994). Collectively these data indicate a
deforming-layer thickness of <1m. Our Brúarjökull data
support this. At site 3, a maximum thickness of 90 cm for the
deforming layer is provided by the depth from the top of unit
E to the top of unit A (undeformed gravel). Site 1 consists of a
fissile diamict that is structurally and texturally uniform
throughout its thickness. This implies that the diamict at site
1, whose base is not exposed in the section, is a single till
unit, and hence that the deforming layer at this site was on
the order of 80 cm.

Fuller and Murray (2000) found undeformed clay lenses
at depths of 16–20 cm in the forefield of Hagafellsjökull
Vestari, and used these to constrain the maximum deform-
ing-layer thickness at their sites during the most recent surge.
Clay lenses are also present within the till at site 2 in the
forefield of Brúarjökull. These lenses are interpreted as
evidence for high pore-water pressure and transient de-
coupling of the glacier from its bed (see above). If the lenses
are assumed to mark the base of the deforming layer, a
thickness of 15–40 cm for the deforming layer is implied.
However, unlike at Hagafellsjökull Vestari, the clay lenses at
site 2 are themselves deformed. This deformation is inferred
to have occurred during recoupling of the ice to its bed and
emplacement of the till that caps the sequence at site 2.
Preservation of the lenses indicates either that deformation
was not pervasive or that the lenses were not transported far

in the deforming layer and so were not homogenized. Thus
the deforming layer at site 2 would have incorporated the
clay lenses and could have been on the order of 50 cm (the
thickness of the section). In conclusion, our data therefore
indicate a deforming-layer thickness of �50–90 cm during
the most recent surge of Brúarjökull.
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