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ABSTRACT. Ice streams are critical regulatory mechanisms in contemporary ice
sheets. It has been inferred that they also had a significant effect on the dynamics of former
ice sheets. Subsequently, many people have invoked their widespread occurrence from a
variety of formerly glaciated areas. Hypothesised locations, however, have often out-
weighed meaningful evidence. This paper addresses the problem, using the characteristics
of contemporary ice streams as a basis for their identification from former ice-sheet beds.
A convergence of knowledge gained from contemporary ice-stream research, coupled
with theories of glacial geomorphology, allows several geomorphological criteria to be
identified as suggestive signatures of ice-stream activity. It is envisaged that the geomor-
phological criteria developed here will introduce a more objective approach to the study
of former ice streams. The criteria are used to construct conceptual land-system models of
the beds of former ice streams, and it is hoped such models can provide an observational

template upon which hypotheses of former ice streams can be better based.

1. INTRODUCTION

Ice streams are regions in a grounded ice sheet which flow
much faster than the surrounding ice. These arteries of fast-
flowing ice radiate out from the interior and are arguably
the most dynamic feature contained within it. In general,
contemporary ice streams are characterised by large dimen-
sions (typically >20km in width and >150 km in length)
with a highly convergent onset zone feeding a main ice-
stream channel. Ice streams are also characterised by their
rapid velocities, typically flowing at speeds greater than
300ma . Such high velocities are in sharp contrast to the
slower-moving ice which borders the ice stream and this cre-
ates an abrupt, narrow shear margin. Two further charac-
teristics of contemporary ice streams, although not
necessarily exclusive to them, are pervasively deformed till,
which may play a role in reducing the basal friction of the
ice stream (Engelhardt and others, 1990) and offshore sedi-
ment accumulations or “till deltas”, which are thought to be
a direct result of ice-stream sediment deposition on contin-
ental shelves (Alley and others, 1989). For a thorough review
of contemporary ice streams, see Bentley (1987).

In Antarctica, many ice streams have been identified.
Here, it is thought they may contribute to as much as 90%
of its drainage (Morgan and others, 1982). They also play a
significant role in the dynamics of the Greenland ice sheet.
For example, the largest ice stream in Greenland,
Jakobshavn Isbra is thought to account for as much as
6.5% of the total ice-sheet drainage (Iken and others, 1993).
Most of these contemporary ice streams can be broadly clas-
sified as either “pure” or “topographic”. Pure ice streams do
not appear to lie in bedrock troughs, whereas the location of
topographic ice streams 1s largely constrained by the under-
lying bedrock topography. Our understanding suggests that
pure ice streams are confined to West Antarctica, particu-
larly the five Siple Coast ice streams (A—E), which feed the
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Ross Ice Shelf. However, a “rapid flow feature” has been
identified in north-east Greenland (Fahnestock and others,
1993) and this is of interest since it may be the only contem-
porary pure ice stream outside the Siple Coast system. Topo-
graphic ice streams are more synonymous with outlet
glaciers and have a much wider range of locations, draining
large parts of East Antarctica and Greenland. In terms of
finding former ice streams, Marshall and others (1996),
argue that topographic ice streams may leave little or no
geological imprint, but instead, should be easily identified
by topographic maps of suitably high resolution, provided
that ice thicknesses can be readily reconstructed. Hence,
this paper deals only with pure ice streams, since topo-
graphic ice streams should be easier to infer on the basis of
topography and reconstructed ice-sheet geometries.

Ice streams are thought to have played important roles
in the dynamics of former ice sheets and finding their
locations is of great importance for a number of reasons:

(I) Their huge ice flux would have had a profound effect on
ice-sheet configurations, including drainage basin and
ice-divide locations. Finding their locations is thus of
major importance for reconstructing ice-sheet geom-
etries.

(2) It is difficult and expensive to study the beds of contem-
porary ice streams. Former ice-stream tracks provide an
ideal opportunity to glean information about the pro-
cesses occurring beneath ice streams.

(3) Their interactions with climate are of crucial import-
ance, not only when reconstructing past climate change,
but also for predicting the response of contemporary ice
sheets to future climate perturbations (e.g. the West Ant-
arctic ice sheet).

(4) Their huge sediment flux is comparable with the largest
fluvial systems. Extremely large sedimentary submarine
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Table 1. Selection of hypothesized former ice streams from a varietly of former ice sheets indicating the main lines of evidence used in

Principle arguments for ice-stream activity

their identification

Reference Location of Dimensions

ice stream('s)

Patterson Des Moines Lobe, max. 200 km wide
(1997) Minnesota and 900 km long

(Laurentide ice sheet)

Hicock Albany Valley, about 50 km wide

(1988) James Bay Lowlands about 600 km long
(Laurentide ice sheet)

Laymon Hudson Strait not given explicitly
(1992) (Laurentide ice sheet)

Dyke and Prince of Wales Island, not given explicitly,
Morris Canadian Arctic Archipelago but “comparable in
(1988) (Laurentide ice sheet) size to Hudson Strait”

Hodgson Victoria Island, at least 80 km wide
(1994) Canadian Arctic Archipelago and 200 km long

(Laurentide ice sheet)
Hicock and Skeena Valley/continental shelf,  about 12 km wide

British Columbia
(Cordilleran ice sheet)

Fuller (1995) and 100 km long

Central and South Finland,
Russian Karelia and

about 40 km wide,
200-250 km long

Dongelmans
(1996)
northern Scandinavia

(Fennoscandian ice sheet)

Vorren and
Laberg
(1997)

Northwestern European
continental margins
(Barents Sea ice sheet)

not given explicitly

Highly convergent topography in the onset zone; broad zones of stagnation
landforms, especially hummocky topography in the outer 2050 km indicative
of ice stagnation and downwasting during retreat; area of rapid flow inferred
from ice-sheet profile reconstruction with low driving stresses; rapid advance
of ice constrained by radiocarbon chronology.

Broad bedrock trough conducive to ice-stream flow; Boothia-type dispersal
train indicates the ice-stream margin was abrupt and that ice flowing on either
side of the dispersal train was slower-moving; drumlins with a splayed flow pat-
tern depict a broad lobate stagnation zone; calcareous lodgement tills show evi-
dence of deformation which may aid ice streaming.

Large marine trough with submarine moraine features indicates the boundaries
of a large ice stream; abundant crag-and-tail and/or stoss-and-lee features indi-
cate that ice flowing into Hudson Strait changed direction abruptly and was
incorporated into the rapid eastward-flowing ice stream; convergent ice-flow pat-
terns at the head of Hudson Strait appear to feed the main ice-stream channel.

Boothia-type dispersal plume indicates that ice flowing in the centre of the ice
stream flowed much faster than the surrounding ice; lateral shear moraine
thought to have resulted from an abrupt lateral margin; large drumlin field with
highly convergent flow patterns at the head of the ice stream appear to feed the
main channel; longest drumlins formed in the central part of the plume where
presumably ice flow was fastest; morphological zonation of streamlined land-
forms, both across and along the ice stream, depict the characteristic lateral vari-
ations in ice-stream velocity; drumlins at the head of the ice stream overprint
older drumlins indicating a more erosive ice flow and hence higher velocities.

Drumlin field several hundred km long containing highly attenuated bedforms
thought to be indicative of fast ice flow (length-to-width ratios of drumlins up to
20:1, lengths up to 10 km with heights of 10-25 m); very abrupt margin of drum-
lin field thought to delimit the abrupt lateral margin of the ice stream; massive
extended drumlin ridges interpreted as lateral shear moraines thought to have
resulted from fast ice contacting slower moving marginal ice; rapid advance
and hence high velocities constrained by the dating of marine deposits.

Data on stone striae, clast pavements, fabrics, morphology, provenance, and the
matrix grain size of diamictons provides substantial evidence for pervasively de-
forming bed conditions; large valley, comparable in size to Antarctic valleys
which conduct small outlet glaciers and ice streams, thought to have channelled
flow into this area of soft sediments and hence rapid ice flow.

Areas of streamlined bedforms (mainly drumlins) bordered by areas with little
or no streamlined bedforms are thought to represent areas of fast ice flow; inter-
stream areas dominated by hummocky and glaciofluvial deposits where ice flow
was much slower; lateral changes in ice-stream velocity illustrated by the central
areas of the ice stream having the highest density of bedforms, decreasing towards
the marginal areas; ice streams also inferred from ice-sheet configuration.

“Trough mouth fans” up to 215000 km” indicative of a deforming bed depositing
huge amounts of sediment at the grounding line; radiocarbon dates which cor-
respond to maximum glaciations indicate the sediment delivery was episodic
and thus attributable to fast ice-flow events; source area is of the adjoining shelf
and linked by a large submarine trough conducive to fast ice flow; glaciogenic
sediments thought to be deformation till with a high water content which facili-
tates fast ice flow.

fans are often produced at ice-stream termini, for which
their structure and stability have implications for min-
eral exploration and potential geohazards.

Many workers have postulated the locations of specific
ice streams within the last ice sheets. The main inhibitor to
this research is that geomorphological evidence of ice-
stream activity is quite poorly understood. A consequence
of this is that hypothesised former ice streams have often
outweighed meaningful evidence for their existence. To ad-
dress this problem, there is a need to develop geomorpho-
logical criteria which can aid the identification of ice
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streams in formerly glaciated areas. This paper attempts to
review and outline the main geomorphological indicators of
fast flow, produced by former ice streams. These can then be
used to build a conceptual land-systems model of the geo-
morphological signatures left behind by ice streams.

A logical basis for the development of such criteria can
be found in the fundamental characteristics of contempor-
ary ice streams. Some of these characteristics may be mani-
fest in the glacial geomorphological record produced by an
ice stream. Thus, theories of glacial geomorphology,
coupled with research on contemporary ice streams, can
provide information for developing geomorphological cri-
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teria to identify former ice streams. Individual criteria may
not necessarily be exclusive to ice-stream activity, but collect-
wely they can be thought of as comprising a characteristic
land system, adding weight to our inference that they were
sculptured by ice streams. A simple land-systems model can
then be used as an observational template upon which hy-
potheses of former ice streams can be better based.

2. HYPOTHESISED FORMER ICE STREAMS:
A BRIEF REVIEW

The main problem in the past was that many former ice
streams were prescribed on a rather ad hoc basis, without
substantial evidence. This is particularly true for whole ice-
sheet reconstructions where ice streams have often been in-
corporated rather liberally (e.g. see Denton and Hughes,
198l, fig. 8.11, where ice streams were prescribed mainly from
trough topography and ice-sheet geometry). More recently,
ice-sheet-scale modelling has demonstrated that the
locations of pure ice streams in the Laurentide ice sheet
may have been controlled by soft deformable sediments.
Marshall and others (1996) note that their ice-stream likeli-
hood maps of North America and Canada look very similar
to geological maps which depict areas of deformable beds.
Thus, certain bed conditions may predispose areas of an ice
sheet to ice streaming. This has profound implications for
contemporary ice-stream research and recent geophysical
evidence from West Antarctica appears to support this argu-
ment, suggesting that the locations of the Siple Coast ice
streams may in some way be controlled by the underlying
bedrock geology (Anandakrishnan and others, 1998; Bell
and others, 1998). However, ascertaining the extent to which
pure ice streams are controlled by bedrock geology repre-
sents a major challenge to ice-stream research and it should
be noted that other modelling work has demonstrated that
neither soft sediments or topographic troughs are required
for ice streaming (Payne and Baldwin, 1999). Rather, it is
suggested that ice streams can arise solely from the ice sheet’s
internal glaciological dynamics.

On a smaller scale, specific ice streams have been postu-
lated from a number of ice sheets, based on a variety of evi-
dence. Table 1 contains a selection of hypothesised former ice
streams along with the key evidence used in their identifica-
tion. It can be seen that not only have ice streams been pos-
tulated from a variety of locations, but more importantly,
that a variety of evidence has been used which has often
evaded detailed scrutiny.

The now exposed area once covered by the Laurentide ice
sheet has provided many clues to the existence of former ice
streams and some workers have postulated that the southern
margin of the Laurentide ice sheet may have been drained by
terrestrial ice streams (e.g. Hicock, 1988; Patterson, 1997,
1998). Former ice streams have also been hypothesized in the
Canadian Arctic Archipelago (Dyke and Morris, 1988;
Hodgson, 1994), but such propositions are in no way restricted
to the Laurentide ice sheet. Hypothesized ice streams have
also been proposed in the Cordilleran ice sheet complex
(e.g. Hicock and Fuller, 1995; Evans, 1996), the British and
Irish ice sheets (e.g. Merritt and others, 1995; Knight and
McCabe, 1997), the Scandinavian ice sheet (e.g. Punkari,
1995; Dongelmans, 1996) and more recently, the Svalbard—
Barents Sea ice sheet (e.g. Vorren and Laberg, 1997).

Thus, it can be seen that many attempts have been made
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to verify the existence of specific ice streams. However, the
development of criteria to identify them is an essential prere-
quisite to such propositions. This point was noted by
Mathews (1991), who emphasised the need for criteria: “Still
other candidates for ice stream tracks may be found within
the network of channels between the islands of the Canadian
Arctic. Though I doubt if many of these will ultimately qual-
ify, they nevertheless merit investigation with this possibility
in mind once the criteria for identifying ice stream tracks become bet-
ter established” Thus, there is a need to develop criteria to
identify the former existence of ice streams. This will then
help to substantiate the evidence that is provided for their
hypothesized locations.

3. GEOMORPHOLOGICAL CRITERIA OF ICE-
STREAM ACTIVITY

The characteristic features of contemporary ice streams
may be manifest in the geomorphological and geological
products of former ice streams. The criteria listed below
are based entirely on the known characteristics of contem-
porary ice streams. Table 2 illustrates how these criteria
relate to the fundamental characteristics of contemporary
ice streams. In brief, a former ice stream needs to have the
characteristic shape and dimensions, and display a large de-
gree of convergence in the onset area. Indicators of the rapid
ice velocity provide two further criterion, highly attenuated
bedforms and “Boothia type” dispersal trains. A manifest-
ation of the sharply delineated margin found on ice streams
may be an abrupt lateral margin to the bedform pattern and
lateral shear moraines, and the last two criteria are not ne-
cessarily indicative of ice-stream flow but may provide sub-
stantial supporting evidence when found in conjunction
with the other criteria.

(1) Characteristic shape and dimensions

When inferring former ice-stream activity, the most obvious
clue to its existence is the shape and dimension. From what
we know of contemporary ice streams, they are large fea-
tures and are characteristically greater than 20 km wide
and 150 km long. Clearly, there is plenty of scope for a for-
mer ice stream to be larger or even smaller, especially if the
shape is consistent with contemporary ice streams. Figure 1
shows the simplified theoretical shape of an ice stream. We
acknowledge the fact that contemporary ice streams may

Table 2. Geomorphological criteria for identifying former ice
Streams

Contemporary ice-stream
characteristic

Proposed geomorphological signature

A. Characteristic shape 1. Characteristic shape and dimensions
and dimensions 2. Highly convergent flow patterns
B. Rapid velocity 3. Highly attenuated bedforms

(length-to-width >10:1)
4. Boothia-type erratic dispersal trains

C. Sharply delineated 5. Abrupt lateral margins
shear margin 6. Lateral shear moraine

D. Deformable bed 7. Glaciotectonic and geotechnical
conditions evidence of pervasively deformed till

8. Submarine till delta or sediment fan
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Ing. 1. Simplified theoretical shape of an ice stream, character-
1zed by convergent flowlines in the onset zone feeding the main
channel.

not necessarily be a representative sample of the population
of ice streams that have ever existed. However, they do pro-
vide the only analogues on which to base our assumptions.

(2) Highly convergent flow patterns

The second clue to the existence of former fast-flow zones is
highly convergent flow patterns. In contemporary ice
streams, the onset of streaming is characterised by a large
convergence zone (Fig. 1) where slower moving ice is gener-
ally incorporated into the ice stream (Hodge and Doppel-
hammer, 1996). Thus, the bedforms produced by an ice
stream may exhibit a large degree of convergence at the
head of the postulated former ice-stream track. This was
observed at the head of the ice stream on south-eastern
Prince of Wales Island by Dyke and Morris (1988). Here,
the orientation of the drumlins represents a pattern of con-
vergence feeding into the main ice-stream axis.

(3) Highly attenuated bedforms

Streamlined bedforms are known to vary in their elongation
ratio. Highly attenuated bedforms (i.e. with a large length-
to-width ratio, usually >10:1) could arise from either fast ice
flow over a short duration or slower moving ice over a longer
duration (Clark, 1994). Nevertheless, many workers argue
that a high elongation ratio is indicative of fast ice flow. One
line of argument is that as the flow geometry of ice sheets are
known to vary rapidly (cf. Boulton and Clark, 1990), then it is
unlikely that highly attenuated bedforms, such as the mega-
scale lineations detected by Clark (1993), were formed by
slow-moving ice over very long time periods.

Thus, it is suggested that swarms of highly attenuated
drumlins and mega-lineations may record the flow direc-
tion and spatial extent of former ice streams. For example,
a set of drumlins associated with an hypothesized ice stream
on north-eastern Victoria Island had length-to-width ratios
approaching 20:1 (Hodgson, 1994). Whilst this popular
view remains unproven, we regard it as a useful criterion
for identifying fast ice flow which may have arisen from epi-
sodic ice-stream activity.

(4) Boothia-type erratic dispersal trains

Dispersal trains “are long and relatively narrow belts of gla-
cial debris of some distinctive composition transported
down-ice from a source area” (Dyke and Morris, 1988). Dyke
and Morris (1988) recognise two types of dispersal train,
schematically represented in Figure 2. Only the “Boothia-
type” dispersal train is indicative of ice-stream activity, as
the “Dubawnt-type” can be formed by slow sheet-flow.
Hence, it is important to identify the spatial extent of the
source area from which the distinctive till is transported.
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Boothia-type Dubawnt-type

g

lce-sheet flow

Ice-stream flow

Fig. 2. Simplified diagram of Boothia- and Dubawnt-type
dispersal trains. Only the Boothia-type dispersal train is indi-
cative of ice-stream activity, as the Dubawnt-type is formed by
slow-moving ice. Hence, it is important to ascertain the source
area of the distinctive sediment prior to making assumptions
concerning ice velocity (after Dyke and Morris, 1988).

There is not necessarily a blatant connection between ice
streams and dispersal trains, but when found in conjunction
with other criteria, it may be highly suggestive of streaming
activity. This is because ice streams have the ability to trans-
port sediment in a very distinctive fashion. The Boothia-
type plume was identified on south-eastern Prince of Wales
Island in the Canadian Arctic. Dyke and Morris (1988) sug-
gest that this plume was formed by the central part of an ice
stream because of the sharply delineated margins and the
much longer transport of material within it, compared to
either side of it. It is also interesting to note that the more
attenuated drumlins were formed in the central part of the
plume, where presumably the flow was quickest. This pro-
vides further support for the ideas addressed in section (3).

(5) Abrupt lateral margins
Ice streams are characterised by their abrupt lateral mar-
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Fig. 3. Lateral variation in ice-stream velocity, simplified

Jrom Echelmeyer and others (1994). Lateral variation in ice-
stream velocity is characterized by a slight decrease in velocity
Jrom the centre line, followed by a rapid decrease at the margin.
As aresult of this abrupt change in velocity, the marginal areas
of tce streams are heavily crevassed, enabling their margins to
be delineated easily.
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gins bordered by slower-moving ice. Figure 3 shows the
characteristic lateral variation in velocity across an ice
stream and it can be seen that the crevassed marginal area
is only around one-tenth of the ice-stream width. Thus, the
characteristic geomorphology inscribed by a former ice
stream would be expected to exhibit a sharp zonation of
landforms at the margin. Hodgson (1994) noted a “well-
defined margin of the drumlin field” when postulating the
existence of a large ice stream flowing northwards over the
eastern portion of Victoria Island in the Canadian Arctic.
Hence, an abrupt marginal area (approximately one-tenth
of the ice-stream width) would be expected to delimit the
extent of a former ice-stream track.

(6) Lateral shear moraines

An abrupt lateral margin, of fast ice contacting slower ice,
may also produce characteristic landforms. On south-east-
ern Prince of Wales Island, Dyke and Morris (1988) identi-
fied a single, narrow ridge of till that delineated the western
side of the drumlin field. This ridge is approximately 68 km
long, but less than 1 km in width (Dyke and others, 1992). In
a discussion of its origin, the ridge was interpreted as being a
“lateral shear moraine”. It marked a shear zone at the side of
an ice stream, separating fast-flowing ice from slower flow-
ing cold-based ice (Dyke and Morris, 1988). A similar ridge
was also identified by Hodgson (1994), flanking the hy-
pothesized ice stream on eastern Victoria Island. Hence, it
appears that lateral shear moraines may arise from the mar-
gins of former ice streams.

(7) Evidence of pervasively deformed sediment

Subglacial till deformation has been associated with fast flow
(Alley and others, 1986), and because it has been detected be-
neath Ice Stream B on the Siple Coast of West Antarctica
(Engelhardt and others, 1990), evidence of pervasively de-
formed till has been linked to former ice-stream activity.
Thus, areas of highly deformable till may predispose parts
of an ice sheet to fast flow. So, if we find firm evidence of de-
formable till that can be demonstrated to be spatially exten-
sive, it is reasonable to infer that this was a fast-flow zone.

(8) Offshore sediment accumulation fan

Although not necessarily indicative of ice-stream activity,
focused accumulations of substantial sediment on a continent-
al shelf may provide compelling evidence for ice-stream activ-
ity. Recently, Vorren and Laberg (1997) identified huge
submarine till deltas, thought to have been produced by ice
streams draining the north-western part of the Fennoscandian
and the Barents Sea ice sheet. These features are termed
“trough mouth fans” and range in size from 2700 to
215000 km® Their formation is thought to be attributable to
a deformable till layer being deposited at the grounding line
by rapidly moving ice streams (Vorren and Laberg, 1997).
This mechanism is consistent with the observations and
model of Alley and others (1989) on a contemporary ice
stream. As a stable ice-sheet margin (i.e. without an ice
stream) would not deliver such concentrated accumulations
of sediment to the continental shelf over short time periods,
it is clear that offshore sediment accumulations can provide a
valuable clue to the former existence of ice streams. However,
substantial sediment may be accumulated at a stable margin if
the ice sheet focuses small amounts of sediment over very long
time periods. This may occur, for example, in topographic
troughs which are not prone to ice streaming. Thus, it is very
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important to constrain the timing of the sediment deposition
in order to correctly ascertain the glaciological setting.

Application of criteria

It is suggested that the eight criteria outlined above are the
key indicators of ice streams which existed during the Pleis-
tocene. Referring back to Table I, we can see that some of
these criteria appear to have been applied to former ice
streams. However, some of the criteria seem to have been
rarely cited as evidence for ice-stream activity. We suggest it
is perhaps the rarer geomorphological criteria that are more
unique to ice-stream signatures. For example, highly attenu-
ated bedforms may be a sure sign of fast ice flow but may not
distinguish between outlet-glacier flow, surge-type flow or
ice-stream flow in the geological record. However, comple-
mentary evidence, such as a lateral shear moraine, may well
substantiate evidence for ice streaming. The problem is, that
these defining characteristics have often been modified and
may not have been preserved, leaving us with only half the
picture and perhaps only two or three of the criteria. An
example of this is illustrated by the M’Clintock Channel
ice stream postulated by Hodgson (1994). While this may
be an excellent candidate for a former marine-based ice
stream, it only exhibits perhaps three or four of the criteria.
Nevertheless, if we know what to look for in the geomorpho-
logical record and make predictions, it introduces far more
objectivity into our methodology. In summary, evidence of
fast ice flow does not necessarily mean that an ice stream
existed. However, if the associated evidence fits a geographi-
cal template (size, shape, abrupt margins, etc.), then it is lo-
gical to infer ice-stream activity. In essence, the more
criteria we can find, the more certain we can be.

4. ALAND-SYSTEMS APPROACH TO ICE-STREAM
SIGNATURES

It would be highly unlikely that all of the geomorphological
criteria should be found in one location, produced by a
single ice stream, as not all will leave a complete geomor-
phological signature. Nevertheless, collectively, the criteria
can be used to illustrate the perfect, or “fantasy”, former
ice-stream land system. This may then provide an observa-
tional template on which to base future work.

A land system is an area of common terrain attributes. In
terms of glacial geomorphology, the concept of land systems
introduces a holistic approach (Benn and Evans, 1998). Here,
we are dealing with the subglacial land system, and the bed-
forms produced are genetically related to the processes in-
volved in their development, in this case, ice-stream activity.

Categorisation of former ice-stream land systems

Ice streams can be broadly categorised as either terrestrial
or marine-based, depending upon the environment in
which they terminate. All contemporary ice streams are
marine in nature, but former ice sheets may also have been
drained by terrestrial ice streams. The difference between
these two classes of ice streams will be reflected in the geo-
morphological signature of their activity. Clearly, terrestrial
ice streams cannot produce an offshore sediment accumu-
lation fan. Also, a marine based ice stream will become ter-
restrial once it retreats from the grounding line and
progresses inland. Similarly, it is quite plausible that a ter-
restrial ice stream may also become a marine-based ice
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Fig. 4. Four types of land-system signature produced by former ice streams. An ice stream may be broadly classified as either marine
(a) or terrestrial (b ), depending on the environment in which it terminates. This will be reflected in the evidence it leaves behind.
T he recorded geomorphological evidence (1.e. its signature ) may also be loosely classified as time-transgressive, characterized by a
sertes of retreat phases and stillstands, or isochronous, whereby the ice stream leaves a largely intact, unmodified record. Thus, four
possible land systems may result from former ice-stream activity (¢, d, e and f). Note that times-transgressive terrestrial ice streams
may also superimpose (1.e. cross-cut) a splayed pattern of drumlins onto the earlier bedforms as the lobate marginal area retreats.
This has been omitted from the diagram for clarity. These land systems are based on the geomorphological criteria outlined in this

paper as indicative of former ice-stream activity ( see section (4) ).

stream, should the ice sheet build up to such an extent that it
reaches coastal areas, or as a result of sea-level rise. These
scenarios have important ramifications for the geomorpho-
logical record left behind by an ice stream.

Furthermore, the geomorphological signature of ice-
stream activity can be broadly classified as either time-trans-
gressive or isochronous (cf. Clark, 1999). A time-transgres-
sive record of ice-stream activity is characterised by several
phases of landform development, often coinciding with a
time of retreat or indeed advance. Hence, a series of margin-
al or stagnation landforms, such as hummocky moraine,
may be superimposed upon the earlier geomorphology pro-
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duced entirely by subglacial processes (e.g. drumlins). A
time-transgressive record may also be characterized by
cross-cutting landforms, whereby subsequent stages of
advance or retreat may sculpture the earlier bedforms in a
different direction. In contrast, an isochronous record of
ice-stream activity may remain largely unaltered. This may
be produced when an ice stream is “switched off”, and cold-
based retreat preserves a largely intact record of ice-stream
activity. These ideas can be represented by four simple land-
system models (Fig.4) of former ice-stream activity incorpor-
ating the geomorphological criteria suggested above. This
shows the two types of ice stream, marine-based (a) and ter-
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restrial (b), and because each type may leave either a time-
transgressive or isochronous record of their existence, there
are four possible records of former ice-stream activity (indi-
cated in Fig. 4c, d, e and f). These four scenarios provide a
simple observational template upon which the tracks of for-
mer ice streams may be better interpreted.

Ideally, the validity of our land-systems model should be
tested prior to its application. However, until we are able to
make detailed examinations of the submarine and sub-
glacial geomorphology and geology of contemporary ice
streams, this will not be possible.

5. CONCLUSIONS AND IMPLICATIONS

Several geomorphological criteria have been reviewed and
developed to aid the identification of former ice streams.
These criteria are developed from a convergence of know-
ledge gained from contemporary ice-stream research,
coupled with theories of glacial geomorphology. It is thus
postulated that the following six criteria are fundamental
to former ice-stream signatures:

(I) Characteristic shape and dimension;
2) Highly convergent flow patterns;

3) Highly attenuated bedforms;
)

(
(
(4) Boothia-type erratic dispersal trains;
(5) Abrupt lateral margins; and

(

6) Lateral shear moraines.

A further two additional criteria may be present. A former ice
stream may also leave evidence of (7) pervasively deformed
sediment. If the ice stream entered a marine basin, a further
criterion would be (8) an offshore sediment accumulation.
Taking a land-systems approach and using the criteria as a
basis, conceptual models have been produced to illustrate the
unaltered geomorphology of a marine-based and terrestrial
former ice stream. These simple models provide an observa-
tional template upon which theories of former ice streams
can be better based. The criteria, and indeed the proposed
models, not only allow for the testing of previously hypothe-
sised locations, but may also aid the search for ice streams in
relatively unknown formerly glaciated areas. More impor-
tantly, once we are confident of the location, geomorphology
and glacial history of a former ice stream, such information
canbe utilised to advance ice-stream understanding and mod-
elling, in that poorly-constrained model parameters, such as
those on basal geology, can be better represented.

As with all historical science, we rely heavily on assump-
tions, particularly when modern analogues cannot be read-
ily accessed and observed. We have to rely on what is left
behind once the ice has melted and so we can never be un-
equivocal when postulating the locations of former ice
streams. However, the aim of this paper is to introduce some
objectivity to the research by developing criteria to aid the
identification of former ice streams. These criteria are not
definitive, but merely introduce a more objective method-
ology to the research on former ice streams.

This work has implications for research on contempor-
ary ice streams and particularly the possible instability of
the West Antarctic ice sheet. Recently, it has been ascer-
tained that both the East and West Antarctic ice sheets ad-
vanced a considerable distance across the continental shelf
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during the Last Glacial Maximum (Bindschadler and
others, 1998). Their subsequent retreat, which began approxi-
mately 17000 years ago in East Antarctica and 10 000 years
ago in West Antarctica, has exposed the sea floor to examin-
ation. In the Ross Sea region of West Antarctica, the ice sheet
has retreated approximately 150 km from the continental
shelf margin. This retreat was rapid and almost certainly fa-
cilitated through ice streams. We predict that some of the
geomorphological criteria outlined here as characteristic of
ice-stream activity will be found on the Ross Sea floor and
that these criteria can also be viewed as a predictive tool for
marine sonar investigations on submarine ice-stream tracks.
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