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ABSTRACT. This paper examines the debris-rich basal ice layer from Worthington
Glacier, Alaska, U.S.A., a small valley glacier overlying rigid bedrock. The debris-rich
basal ice layer studied shows evidence for large-scale longitudinal compressive deform-
ation (isoclinal folds and nappes), similar in style and magnitude features to that reported
from push moraines formed in glacial sediments. The debris-rich ice largely comprised stra-
tified solid ice (layers of alternating debris-rich and debris-poor ice) which we suggest results
from the tectonic attenuation of folds produced from the deformation of the frozen debris,
glacier ice and bubble-rich ice that comprise the initial basal layer of Worthington Glacier.
Beneath the glacier lies a thin bed of saturated diamicton which contains evidence of lim-
ited movement. It is suggested that this is the result of the partial melt-out of the debris-rich
basal ice layer which then behaved as a local (and seasonal) thin deforming layer.

It is suggested that this example, from a valley glacier flowing over rigid bedrock, pro-
vides further evidence that the processes of sediment transport, incorporation and deposi-
tion in the debris-rich basal ice are similar to and linked with those in the deforming layer.

INTRODUCTION

It has been suggested by a number of researchers that sedi-
ment at the base of a glacier, either in the deforming layer
(Boulton and Jones, 1979; Alley and others, 1986; Boulton
and Hindmarsh, 1987) or in the debris-rich basal ice layer
(Echelmeyer and Zhongxiang, 1987; Brugman and Tken,
1988), can largely account for ice movement. In addition,
Hart (1995a) has suggested that there is a deforming-bed/
debris-rich-basal-ice continuum whereby similar processes
occur throughout the two different subglacial environ-
ments. These include: (1) similar longitudinal deformation
patterns, i.e. longitudinal compression at the margin, longi-
tudinal extension and simple shear up-glacier (with the
attenuation of stratified solid sub-facies ice into stratified discon-
tinuous and stratified suspended sub-facies; terminology after
Lawson, 1979); and (2) similar and interrelated sediment in-
corporation processes. It was also suggested by Hart (1995a)
that the major differences between the deforming layer and
the debris-rich basal ice layer are that the processes occur at
a much faster rate within the deforming layer, and that
probably preservation in the geological record will be
restricted to the deforming layer.

In the study by Hart (1995a), three glaciers with differ-
ent subglacial environments were studied. In contrast, both
a debris-rich basal ice layer, and a saturated subglacial layer
were present at Worthington Glacier, Alaska, U.S.A,
enabling the authors to investigate the interaction hetween
the two layers.

WORTHINGTON GLACIER

Worthington Glacier is a small valley glacier (approx.
10 kmgg Ferguson, 1992) which flows down from a height of
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2077 m to 612 ma.s.l. from the western Chugach Mountains
in south-central Alaska, 48 km northeast of Valdez (Fig la
and b). The bedrock is the Upper Mesozoic, Valdez Group
of the Chugach "lerrane, which comprises metamorphosed
marine sediments (siltstones, sandstones and conglomer-
ates) (Connor and O’Haire, 1988).

The upper part of the glacier has been studied in detail
by N.F. Humphrey and his team (e.g. Harper and Hum-
phrey, 1995; Echelmeyer and others, 1996). Towards the termi-
nus, the glacier divides into two tongues where it crosses a
large bedrock knoll. This study was carried out on the south-
ern tongue. The southern side of this tongue is composed of a
series of Neoglacial moraines and modern-day ice-cored
moraines (Fig. 1c). The latter are comprised of supraglacial
sediment covering the edge of the glacier derived from both
the adjacent valley sides and the Neoglacial moraines. How-
ever, on the northern side of this tongue there is limited
supraglacial source material, and so the surface of the ice is
clear. The debris-rich basal ice investigated in this study is
located along the northern edge of this tongue (Fig. la), and
this is discussed and interpreted helow.

Large-scale longitudinal compressive deformation
of debris-rich basal ice

Site | is located above a bedrock step, and so represents a
small local ice margin. The ice here is 6 m thick and has a
2 m thick debris-rich basal ice layer which is deformed into
a series of very large compressive structures (Fig. 2), in the
form of open and isoclinal recumbent folds and normal
and reverse faults.

In the west of the section there is a large open anticlinal
recumbent fold which becomes more isoclinal towards the
margin (east) (Fig. 2). It overlies a basal fault of unknown
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Fig. 1. Worthington Glacier: (a) location and detailed map of the site; (b) photograph of the glacier: (¢) photograph of the ice-

cored moraine on the southern side of the southern tongue,

throw (F7). This upper fold overlies a more complex
deformed section in the cast, containing a “Z” fold, which
has been subsequently faulted by a series of at least six sub-
horizontal faults. This “Z” fold is formed in debris-rich basal
ice comprising laminae of frozen debris and bubble-rich ice.
It can been seen that where these layers are folded together,
the bubble-rich ice layers show internal deformation, whilst
the debris-rich layers show more accommodation around
the bubble-rich ice and layer thinning. Thus the bubble-rich
ice behaved in a more competent manner. Superimposed on
these deformation structures are a series of normal faults
(I8 and F9) which pass up through the glacier ice.

Interpretation

This style of deformation formed because of longitudinal
compressive stresses in the ice at the margin, followed by
simple shear. The presence of the more competent, bubble-
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rich ice probably caused the ice to fault at this point (F7),
leading to the formation of the large open anticlinal recums-
bent fold (which is probably a nappe) and the lower “Z”
fold, followed by the formation of all the other reverse fauls.
“Z” folds form in association with a shear zone, that is, a sub-
horizontal layer with differential vertical deformation rates.
Once this *Z” fold had formed, it was faulted into a series of
smaller shear zones which moved as individual “mini” shear
zones. However, it can be observed that the horizontal faults
can be detected in the debris-rich basal ice layer only where
they intersect the folds. There may be many other subhori-
zontal faults in the sequence that are not visible.

Although there is overall shortening of the section caused
by the deformation, the large-scale deformation in the
debris-rich basal ice layer is not reflected at the debris-rich-
basal-ice-layer/glacier-ice interface. Therefore continued
longitudinal, extensional deformation must have occurred

Ha
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Fig. 2. Large-scale deformation at site I ( a) photograph, (b)
interpretation.

in the upper part of the sequence in order to account for the
planar nature of the debris-rich-basal-ice-layer/glacier-ice
interface. The normal faults (F8 and F9) are superimposed
on the sequence, and so are probably associated with the
final stage of longitudinal, extensional deformation.

In order to compare the magnitude of this deformation
with other sites, we have estimated longitudinal strain by
constructing a balanced cross-section (Dahlstrom, 1969). A
number of difficulties arose at this site because the debris-
rich basal ice layer (i) had undergone ductile deformation,
(i1) contained few strain markers, (iii) could have had many
more faults than are recorded in Figure 2, and (iv) displays
evidence of longitudinal, extensional deformation at the top
of the sequence. However, a minimum estimation of the de-
formation in the lower compressively deformed section was
made using the following equation:

Deformed length — Original length

i x 100
‘ Original length

where e is longitudinal strain. The estimate of minimum
longitudinal strain over the given section shown in Figure
2 was —42%. This illustrates the magnitude of compressive
deformation that can occur within the debris-rich basal ice
layer.

Longitudinal, compressional deformation is also found

associated with proglacial glaciotectonic deformation of

sediments (Boulton, 1986; Van der Wateren, 1987; Hart and
Boulton, 1991). This can occur either because of simple bull-
dozing of sediments in front of the glacier or more com-
monly because of compression in the marginal part of the
subglacial deforming wedge (Price, 1970; Sharp, 1984; Hart,
1990). Table 1 shows some examples of the longitudinal com-
pression associated with push moraines reported in the lit-
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Table 1. Characteristics of various push moraines

Example Strain
0/
/0
Penckbreen, Svalbard (Hart and Watts, 1997) 26
Finsterwalderbreen, Svalbard (Hart and Watts, 1997) —32
Holmstrombreen, Svalbard (Boulton and others, in press) 43
Eyjabakkajékull, Iceland (Croot. 1988) 46
Melabakkar-Asbakkar, west Iceland (Hart, 1994a) —33
Trimingham, East Anglia, UK. (Hart 1990) 32
Worthington Glacier, Alaska: debris-rich basal ice layer gl

erature. It can be seen that the magnitude of longitudinal
compressive deformation in the debris-rich basal ice at
Worthington is very similar to that within proglacial push
moraines.

Additionally, the style of deformation at Worthington is
very similar to that at one of the push moraines mentioned
inTable 1, Melabakkar-Asbakkar (structure B), western Ice-
land (Hart, 1994a) (formed during the Late Weichselian gla-
ciation, 12300-10000"C years BP; Ingélfsson, 1987). A
complex series of earlier folds, reverse faults and nappes,
over which was superimposed normal faulting (see Hart,
1994a, fig. 4), were also recorded in this push moraine. Simi-
larly, the top of the structure was marked by a planar bound-
ary, and the sediments along this boundary were in places
deformed into tectonic mélange with evidence of boudinage.

This site was interpreted as being initially deformed by
longitudinal compression (Fig. 3a-i), and subsequently over-
ridden by the glacier (which destroyed any push moraine
landform), which induced subglacial deformation in the
upper part of the sequence (Fig. 3a-ii). A similar interpreta-
tion is applied at Worthington site 1, that is: (a) the lower
compressive structures were formed at the margin of the
debris-rich basal ice layer (Fig. 3b-i); followed by (b) longitu-
dinal extension in the upper part of the debris-rich basal ice
layer as the glacier continued to move over thesite (Fig, 3b-ii).

A number of other workers have reported longitudinal,
compressive deformation within the debris-rich basal ice
layer at the ice margin (e.g. Hudleston, 1983; Sharp and
others, 1994). Farthermore, Hambrey and Huddart (1995)
have shown that polythermal glaciers can produce push
moraines composed of both debris-rich basal ice and sedi-
ment. In addition to this, we have suggested that the style
and amount of deformation (and deformationalfice-flow
histories) are similar in both the subglacial ice and sedi-
ment, which could be taken as further confirmation that
similar processes occur in the debris-rich basal ice and
deforming layer.

Detailed facies descriptions and interpretations of
the debris-rich basal ice

Site 2 is positioned at the side of the glacier, immediately
overlying solid bedrock. Active marginal rivers are cur-
rently removing any melt-out products. The debris-rich
basal ice layer is 1.2 m thick (Fig 4) and comprises three ice
beds. Throughout the sequence, debris concentration,
grain-size and clast fabrics were taken and the results are
shown in'Table 2. For the fabric investigations, at each site a
minimum of 25 clasts in the ice (and 30 clasts in the diamic-
ton) with an axial ratio greater than 1.5:1 were sampled.
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Fig. 3. Comparison of the deformation (a) in the debris-rich basal ice at Warthington Glacier and (b) in the deforming layer at
Melabakkar-Asbakkar. Stage i, compressive deformation; stage i, simple shear superimposed on the sites as the glacier advances.

Although 50 clasts are normally accepted as a reliable fig- deformed debris-rich basal ice (Fig, 4a and ¢ ). Alternating
ure, 25 clasts may accurately depict the orientation maxima layers of debris-rich and debris-poor ice (which contains a
(Young, 1969; Stanford and Mickelson, 1985). This particu- few small debris aggregates) are interspersed with bubble-
larly applies to the debris-rich basal ice where clasts are rare rich ice. This unit shows visible evidence of deformation,

(and thus sampling difficult) and so the sample closely ap- including fold noses that are attenuated down-ice, and
proximates the population. The initialised eigenvalues were
then calculated (Mark, 1973; Dowdeswell and Sharp, 1986)

which summarise fabric strength along the three principal

boudins of debris-poor and bubble-rich ice (which appear
to behave in a more competent manner). The upper
boundary of this unit is marked by a distinct décollement

directions of clustering, e o tE ; . S ;
2 surface. This unit has a medium-strength fabric, with

(a) Zone I. This consists of a 0.14m thick unit of visibly cigenvalue results of SI = 0.391, S3 = 0.031.
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Fig. 4. Site 2: (a) Debris-rich basal ice facies log with fabric details; ( b) the stratified solid sub-facies of zone 3: () the mélange
of zone 1.
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Table 2. Debris concentrations and ice-fabric vesults from site
2 ( for location see Fig. 6)

Location Iee facies Debris cone. St %] Orientation
% weight

3a Debris-rich = 073 0.043 89

3h Debris-poor 0.003

2a Debris-rich 3434 (0.552 0.052 89

2h Debris-poor 0.001

| Debris-rich 33.08 0.5091 0.031 290

(h) Zone 2. This consists of a 0.31 m thick unit of bubble-rich
ice overlying a décollement surface.

(¢) Zone 3. This consists of alternating layers of debris-rich
ice and debris-poor ice (Fig. 4a and b). The debris-rich
layers consist of irregular, rounded, medium-density ag-
gregates within an ice matrix; and debris-poor layers
contain much fewer aggregates. This style of debris-rich
basal ice would be described as stratified solid ice by Law-
son (1979).

The debris concentration remains similar throughout
the sequence (Table 2). The clast fabric from the basal unit
(zone 1) was relatively weak, whilst in the upper unit (zone
3) the fabric was weak at the base of the layer and much
stronger at the top.

Interpretation

The lower unit (zone 1) represents a deformed facies of
debris-rich ice, debris-poor ice and bubble-rich ice. The rel-
ative amount of deformation in this unit will be discussed
below.

The bubble-rich ice in zone 2 was found in a convex (up-
glacier) bed, which could be traced down from the surface
of the glacier. Bubble-rich ice within the debris-rich basal ice
layer is relatively common and has been described by a
number of researchers (e.g. Knight, 1987). Tt usually reflects
metamorphosed snow, which originally filled crevasses and
cavities. In this case it probably ([rom its shape and posi-
tion) represents metamorphosed snow that was entrained
in crevasses (possibly in the icefall, just up-glacier), and thus
incorporated into the debris-rich basal ice layer.

The origin of the upper unit (zone 3) consisting of alter-
nating layers of debris-rich and debris-poor ice is more com-
plex. Until recently, this style of debris-rich ice was ascribed
to sedimentary processes, normally regelation down-ice of
obstacles (e.g. Kamb and LaChapelle, 1969; Lawson, 1979;
Hubbard and Sharp, 1995), or subglacial freezing-on of melt-
water and subglacial sediments to the base of the glacier
(c.g. Lawson and Kulla, 1978; Strasser and others, 1996). In
contrast, Hart (1995a) suggested that laminations form,
from the deformation of frozen debris, glacier ice and hub-
ble-rich ice. As a result of the different competencies of these
materials, any perturbation to flow, especially at the top of
this layer, leads initially to folding and then to attenuation of
these folds to form tectonic laminations.

At some sites, the tectonic origin of laminations can be
clearly established because stratified solid sub-facies ice can
be observed to be attenuated to form stratified discontinuous
sub-facies ice (e.g. Russell Glacier, Greenland; see Knight,
1997, fig. 8, and interpretations by Waller, 1997). At other
sites, the sedimentary origin of laminations can be verified

https://doi.org/f§}3189/50022143000003038 Published online by Cambridge University Press

associated with regelation down-ice of bedrock obstacles
(e.g. Kamb and LaChapelle, 1964).

The stratified solid sub-facies at this site has no definitive
evidence to support either origin. However, there is clear
evidence for deformation at this site, in the form of the *me-
lange” of debris-rich ice, debris-poor ice and bubble-rich ice
in zone I, and the larger-scale incorporation of a bed of bub-
ble-rich ice (zone 2). We would argue that the subglacial en-
vironment is very dynamic (Hudleston, 1983), and once
sediment is frozen into the glacier, it must necessarily under-
go deformation as the glacier flows. The initial freezing-in
process of the debris in zone 3 is unknown, because of sub-
sequent deformation. Deformation is an active, ubiquitous
process that occurs at the base of the glacier, constantly in-
fluencing the appearance, composition and rheology of the
debris-rich basal ice layer (Fig. 5).

The visibly deformed zone 1is very distinct from the rest
of the debris-rich basal ice layer. We suggest this forms
hecause metamorphosed snow is entrained into the base of
the sequence, and subsequently intercalated with debris that
is recently frozen-on to the glacier base (in a similar fashion
to deformation within the stratified solid sub-facies at Russell
Glacier; Knight and others, 1994). This produces a mélange
because of the relative strength of the bubble-rich ice. Over
time, zones 1 and 2 will be mixed together, and the upper
part of these two beds will become attenuated to form the
laminations similar to those which make up zone 3.

Subglacial sediments and landforms

At some locations, there is a thin layer of saturated diamic-
ton between the debris-rich basal ice layer and the bedrock.
Two examples are discussed from sites 3 and 4.

(a) Site 3. The ice at this site is 6 m thick, and contains a firn-
filled crevasse, the base of which is incorporated into the
debris-rich basal ice layer. The debris-rich basal ice layer
at this site is 2 m thick. However, between the debris-rich
hasal ice layer and the bedrock there is a 0.1 m layer of
saturated diamicton (with an average grain-size ol
065mm (coarse sand)). This saturated diamicton is
observed to exude out from beneath the debris-rich basal
ice to form a small (0.2 m high) moraine.

(b) Site 4. This is positioned on a rock step and occupies the
proglacial area up to 3m from the glacier snout. At the
glacier margin a small moraine has formed (0.35m
high) (Fig. 6). In the proglacial area, there is a series of
small arcuate moraines with a distal lineated surface of
boulders with lee-side prows and stoss-side grooves (Fig.
7). One such lineation was examined in detail (Fig. 7; sce
Table 3 for fabric data). This consists of a large clast
(022 m x 0.17 m x 0.16 m) with a 0.6 m long lee-side prow
and a 2 m long stoss-side groove. Fabric measurements in
the mound show a relatively low fabric strength, where
flow is either aligned with the ice flow (approx. 957) or
divergent. A fabric taken 0.15 m beneath the groove indi-
cates a relatively low fabric strength, whilst two fabries
taken on the surface of the groove (d inside and e out-
side) indicate fabrics aligned with ice-flow direction.

Interpretation of sites 3 and 4

We suggest that the thin layer of saturated diamicton is
partly formed from the basal melting of the debris-rich ice
during the summer. Since the glacier has litde supraglacial
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Fig. 5. Schematic diagram to show (a) initial incorporation processes for snow, water and debris into the debris—rich basal ice
laver; (b) deformation of materials once they are in the debris-rich basal ice layer,

debris on this side of the glacier, and since the saturated ma-
terial was being extruded from beneath the glacier, it is con-
cluded that the small moraines must represent “squeeze”
push moraines (Price, 1970; Sharp, 1984; Hart, 1995h).

We would argue that the large clast from site 4 has been
“ploughed” into the sediment as described by Brown and
others (1987) and Clark and Hansel (1989). They suggested
that large clasts held within the ice are dragged through
saturated subglacial sediment, causing the diamicton o be
ploughed up on the lee side of the clast, and a groove to form
on the stoss side. Ploughing is considered to be an intermedi-
ate condition between simple lodgement and full-scale sub-
glacial deformation (Hart and Boulton, 1991). Hart (1995h)
has described similar lineations from the foreland of Vestari-
Hagafellsjokull, Langajokull ice cap, central Iecland, and
has argued that they represent the lowest evolutionary stage
in subglacial landforms, associated with relatively low
strains and a thin deforming layer. In addition, the till fabric
results taken both within the diamicton and in the prow
have medium strength, typical of deforming bed till (Benn,
1994, 1995; Hart, 1994b).

The evidence of the “squeeze™ push moraines, ploughing
and low fabric strength is indicative that the sediment be-

% g L _ﬁ.j

Fig. 6. The small push moraine at site 4.
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Table 5. Tl fabric data from site 4

Sample 51 53 Variation fram groove direction
(95" 275 )

a 0.509 0.105 284 &

b 0.529 0.096 294 19

I~ (.616 0.096 121 26

necath the glacier is saturated and mobile. Deformation is
not high enough to produce flutes, but is sufficient to pro-
duce small-scale squeeze push moraines and prow and
groove structures. Thus it can be argued that at Worthing-
ton Glacier there i1s a thin (possibly local) mobile bed, which
is probably only scasonal. However, we do not yet know the
extent of the mobile bed or its effect on glacier motion,

DISCUSSION

The incorporation, transport and removal of debris [rom
the ice is an important problem in glacial geomorphology.
This study has demonstrated the presence of a mobile layer
beneath the debris-rich basal ice layer in the lower part of
Worthington Glacier. Although the extent of neither layer
is known, we can suggest that the debris-rich basal ice layer
is [airly extensive since its presence was recorded beneath
the upper part of the glacier by Harper and Humphrey
(1995). This saturated layer is relatively thin and inactive
because Worthington Glacier is a rigid-bed glacier, but was
still able to produce small-scale landforms. Therefore this
bed can be described as a deforming bed, because although
it is not as thick or active as an example from beneath a sofi-
bed glacier in a lowland environment (e.g. Breidamerkur-

jokull, Ieeland (Boulton, 1979), or Vestari-Hagafellsjokull

(Hart 1995b)), it can he conceptualised as a rigid-bed
equivalent.
We suggest that the debris-rich basal ice layer and the

39
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groove

clast prow

Fig. 7. Detail of the glacial foreland at site 4: (a) schematic diagram to show the plan view of the push moraine and plough and
groave structures; [ b) schematie cross-section through the push moraine and plough and groove structures taken along a transect

AB, shown in (a): (¢, d) the plough and groove structures.

deforming layer are dynamically interlinked as follows
(schematically illustrated in Figure 8):

Incorporation into debris-rich basal ice layer, and removal of sediment
Jrom deforming layer

Sediment can be incorporated into the debris-rich basal ice
layer by: (i) local pressure-melting regelation (Weertman,
1957, 1964); (ii) regelation down into unconsolidated sedi-
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ments (Iverson and Semmens, 1995); (iii) adfreezing due to
the oscillation of the freezing front in and out of saturated
sediment (Weertman, 1961); (iv) shearing in of debris (Gold-
thwait, 1951; Echelmeyer and Zhongxiang 1987; Tison and
others, 1993); or (v) overriding and apron entrainment in
polar and surge-type glaciers (Shaw, 1977; Evans, 1989;
Sharp and others, 1994). At Worthington Glacier we cannot
comment on the subglacial processes involved in the initial
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Fig. 8 Schematic diagram of how the debris-rich basal ice
layer and deforming layer have similar incorporation, trans-
part and depositional processes.

entrainment of debris into the basal ice layer. Shearing, re-
gelation and net basal adfreezing may all occur. However,
once material is incorporated into the basal ice we suggest
that it becomes progressively attenuated as the glacier
moves down-valley. Close to the margin, it is likely that
cither the whole or part of the deforming layer (if present)
is incorporated back into the basal ice layer during the
winter months (hence the similar fabrics in the two layers).
Relatively competent bubble-rich ice is also incorporated
into the basal ice layer, a process observed at Worthington
Glacier through the overriding of ice blocks and the incor-
poration of firn-filled crevasses and faults.

Transportation in debris-rich basal ice layer and deforming layer
Once the sediment is incorporated into the debris-rich basal
ice layer and deforming layer, it can be transported along
and deformed in a zone of high longitudinal extension. At
Worthington Glacier almost all of the subglacial sediment
transport takes place though the debris-rich basal ice layer,
but this is probably the end-member of the debris-rich-basal-
ice-layer/deforming-bed transport continuum, because most
of this glacier rests on a hard-rock bed.

Removal of sediment from debris-rich basal ice layer, and incorpora-
tion of sediment into deforming layer

It was suggested earlier that at Worthington Glacier as the
base of the debris-rich basal ice layer melts, sediment is in-
corporated into the deforming layer. This represents a ficld
example of the theoretical ideas of Hart and Boulton (1991),
who suggested that melt-out from overlying ice was one of
the debris sources for the deforming layer. The other two
are advection from up-glacier and shearing-in and/or
changes in the thickness of the deforming layer. From the in-
vestigation of sediment concentration in the debris-rich
basal ice layer, it can be estimated that at Worthington
Glacier the melting of Im of debris-rich basal ice layer
would produce a 0.07 m thick deforming layer.

Sediment deposition

Most sediment that was deposited at Worthington Glacier
appears to have been melted out from the debris-rich basal
ice layer and then deformed in a subglacial mobile layer
before finally coming to rest. Probably, the large clasts were
directly deposited from the debris-rich basal ice layer. Thus,
although the debris-rich basal ice layer was the dominant
transport process at Worthington Glacier, the deforming
bed was the dominant depositional source. This site pro-
vides further evidence that although similar processes occur
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in the debris-rich basal ice layer and the deforming layer,
only the latter is preserved in the geological record.

CONCLUSION

This study has shown that longitudinal compressional de-
formation takes place at the margin of the debris-rich basal
ice layer and produces structures and strains similar to pro-
glacial (sediment) glaciotectonic deformation. The defor-
mation seen at Worthington was strikingly similar to that
described from a Pleistocene sediment example from Mela-
l)akkal'-Asl)akkiil', with longitudinal compressional defor-
mation at the base of the sequence and then longitudinal
extensional deformation at the top, as the glacier continued
to override the sequence.

Although the original freezing-in process of the debris
into the debris-rich basal layer cannot be established, there
is sufficient evidence to show that deformational processes
were dominant in the formation of the debris-rich basal ice
facies present at Worthington. It was also shown that defor-
mation styles can depend on the relative competency of the
different components of the debris-rich basal ice layer. Bub-
hle-rich ice was the most competent material, and once in-
corporated into the basal ice, perturbed the typical
subhorizontal lamination and led to the production of a mé-
lange in association with the simple shear, and faulting asso-
ciated with the longitudinal compressional deformation.

At this glacier, it appears that there is an interaction
between the debris-rich basal ice and the deforming layer,
with material being transferred between the layers. In addi-
tion, it was suggested that most of the subglacial sediment
was transported in the debris-rich basal ice layer. but de-
position took place via a mobile saturated layer.

This study has shown that even in a rigid-bed valley-
glacier environment, subglacial deformation is an intrinsic
part of the debris-rich basal ice layer and the underlying
sediment layer. We suggest that this site has provided a rigid-
bed example of the debris-rich-basal-ice-layer/deforming
continuum, and shows that the boundary between the two
layers is not fixed but plays an important part in glacial sedi-
ment [luxes,
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