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Geomorphology has a distinguished history in
Canada, as old as the country itself. Initially, the
science of geomorphology of Canada drew on rich
British and French scientific traditions, but later it
developed its own character, strongly influenced by
the richness and diversity of the Canadian landscape,
the strong imprint of glaciation, and the importance
of periglacial processes, permafrost, and sea ice.

Canada is the second largest country in the world.
Its coastline is longer and more varied than that of
any other country. Nearly one-third of Canada is
underlain by permafrost, some up to 700 m thick.
The country’s physiography ranges from nearly flat
coastal and interior plains to the glacierised moun-
tains of Baffin and Ellesmere Islands, British
Columbia, and the Yukon. Its climate and vegetation
are equally diverse, ranging from the cold semiarid
tundra of the high Arctic to the temperate rainforest
of the Pacific coast. Given this diversity, it is not
surprising that Canada is active in many areas of
geomorphic research. An incredible spectrum of
landforms and geomorphic processes has fostered
world-class research in Canada, both by Canadians
and by scientists from other countries. Much of this
research is field-based and empirical, rooted in field
observation. In recent decades, however, there have
been important advances in inductive, laboratory and
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field experiment-based research, which have greatly
broadened the contribution that Canadian geomor-
phologists are making to the science. Geomorphic
research in Canada has both basic and applied ele-
ments, although the distinction between the two has
become increasingly blurred in a science that is so
inherently practical. This is particularly true in
Canada, where the landscape, the heritage of Pleis-
tocene glaciation, and geomorphic processes have
profoundly influenced the country’s development and
continue to affect people’s lives.

This issue of Geomorphology is a sampler of
Canada’s recent and continuing research in geomor-
phology. It is not encyclopaedic; space limitations
preclude coverage of all fields in which Canadians
are active contributors. Rather, it includes a selection
of contributions in fields in which Canadians have
been leaders. Each of the nine papers is written by a
leading Canadian geomorphologist. Some of the pa-
pers are reviews, others present results of recent
research. They are organised in the following tempo-
ral sequence:

Ž1. Tertiary landform evolution Bouchard and Joli-
.coeur

Ž2. Quaternary landforms and sedimentation Hick-
.son, Brennand, Gilbert

3. Late-glacial and postglacial crustal processes and
Žlandform evolution Dyke and Peltier, Hetu and´

.Gray
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Ž .4. The Little Ice Age Luckman
Ž5. Contemporary hillslope and fluvial erosion Bryan

.and Buffin-Belanger et al.

Below, we briefly discuss these papers in the
context of their contributions to Canadian geomor-
phology.

1. Chemical weathering studies in southeastern
Canada

Mireille Bouchard and Serge Jolicoeur direct our
attention to three kinds of studies that have a bearing
on long-term chemical denudation in southeastern

Ž .Canada: 1 formation of bedrock morphology by
Ž .chemical weathering; 2 occurrences, character-

Ž .istics, and age of saprolites; and 3 contemporary
chemical denudation rates. There is a tradition, going

Ž . Ž .back to McConnell 1891 and Chalmers 1898 , of
interpretation of the long-term evolution of Canadian
landscapes. These studies appeal to the role of chem-
ical weathering in producing the differential erosion

Ž .of different lithologies. Parry 1963 , Ambrose
Ž . Ž .1964 , and Ritchot 1964 provide more recent illus-
trations of this approach in the context of Canadian
landscapes. Nevertheless, the prevailing assumption
among Canadian geomorphologists has been that
glaciation, periglaciation, and paraglaciation have
destroyed so much of the evidence of preglacial
landscapes that higher priority attaches to sorting out
the landform implications of these latter processes.
Similar assumptions were held in Europe prior to the

Ž .work of Godard 1965 .
Bouchard and her colleagues have reintroduced to

Canadian geomorphology a serious focus on
preglacial landscapes. They have studied pockets of
deeply weathered material that have survived the

Ž . Žeffects of glaciation saprolites Bouchard et al.,
.1995 and have used a geochemical mass balance

approach to provide a check on rates of breakdown
of bedrock by chemical weathering processes under

Ž .present conditions Bouchard, 1983 . Although this
work has raised many new questions that remain
unresolved, it has reminded Canadian geomorpholo-

Ž .gists of: 1 the reality of the presence of saprolites
Ž .in the landscape, at least in one region of Canada; 2
Ž .the necessity of research into their characteristics; 3

the importance of assessing the environmental condi-

Ž .tions under which they formed; and 4 how those
conditions compare with those of the contemporary
environment.

One of the reasons for the relative neglect of
studies of the geomorphological significance of
saprolites and the infrequent appeal by Canadian
geomorphologists to geochemical mass balance stud-
ies relates to the comparatively small emphasis on
chemistry in comparison to physics in the traditional
geomorphological curriculum. The geophysical be-
haviour of ice, rocks, and sediments has been privi-
leged over the biogeochemical processes. In this
collection of papers, Luckman and Bryan provide
some correction to this emphasis; but it is only in the
work of Bouchard that we see the central importance
of biogeochemistry and, incidentally, the value of
biogeochemistry in linking geomorphology with other
environmental sciences.

2. Subglacial volcanism

Pioneering work on subglacial volcanism was
done by W.H. Mathews, a prominent Canadian geo-
morphologist. In the course of mapping geology in
the Tuya–Teslin area of northern British Columbia,

Ž .Mathews 1947 recognized eruptive features with
morphologies very different from those of normal
volcanoes. The features, which he termed tuyas, are
steep-sided and have flat to gently sloping tops.
Mathews proposed that tuyas formed by eruption of
lavas beneath the ice sheet that covered British
Columbia during late Pleistocene time. The eruptions
built up piles of pillow lavas and pyroclastic debris
in cavities produced by melting within the ice. The
flat tops of classic tuyas define water planes of
former englacial lakes, and foreset beds at the mar-
gins delineate areas where pyroclastic debris
avalanched down the sides of the flat-topped mounds.

Ž .Mathews 1951, 1952, 1958 later described other
ice-contact volcanic landforms in the Mount
Garibaldi area of southwestern British Columbia,
including sinuous basalt ridges with esker-like mor-
phologies and steep toes of lava flows that cooled
against the margins of decaying late Pleistocene
glaciers. The joints of these lavas have patterns
consistent with cooling against ice masses that have
since disappeared.
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In the second paper in this collection, Catherine
Hickson reviews and extends Mathews’ pioneering
work on subglacial volcanism. Hickson describes the
full suite of landforms produced by eruptions under
and at the margins of glaciers, drawing on the litera-
ture from British Columbia, Iceland, and elsewhere,

Žas well as her own field experience e.g., Hickson et
.al., 1995 . She also describes the internal structure of

these features and discusses the processes that pro-
duce them.

An interesting issue that is not addressed by
Hickson is the temporal association of volcanism and

Ž .glaciation in western Canada. Grove 1974 noted
that many Pleistocene eruptions in this region oc-
curred at times when the Cordilleran ice sheet was
melting. He postulated that glacial unloading and
attendant crustal deformation triggered the eruptions.
This interpretation seems reasonable, but it begs the
question of whether subglacial eruptions are any
more common than nonglacial eruptions, of which,
for example, there have been a large number during

Ž .postglacial time Souther, 1977 .

3. Laurentide eskers

Melting of the Laurentide ice sheet produced
large volumes of meltwater that transported glacial
debris from the interior of the ice sheet to its margin.
Yet it is only in the past three decades that the
importance of meltwater in shaping the Laurentide

Žglacial landscape has been fully realized Shaw,
.1996 . It has long been known that meltwater pro-

duced Laurentide eskers, kames, and kame terraces,
but recently meltwater has been invoked to explain a
much larger suite of subglacial landforms, including

Ždrumlins, rogen moraine, and tunnel valleys Shaw,
.1996; Munro and Shaw, 1997 . Furthermore, it is

now clear that meltwater drainage and glacier dy-
namics are linked, and that consideration of both is
fundamental to formulating realistic ice sheet models
Ž .Arnold and Sharp, 1992; Clarke, 1996 .

Three bodies of research are providing a better
Ž .understanding of Laurentide meltwater drainage: 1

Žmodern glacial hydrology e.g., Hubbard and Ni-
. Ž .neow, 1997; Gordon et al., 1998 ; 2 glaciological

Ž . Ž .theory e.g., Rothlisberger and Lang, 1987 ; and 3¨
Žglacial geomorphology e.g., Brennand and Shaw,

.1996 . A considerable dialog exists between glacier
hydrologists and glacial theorists on the subject of
meltwater drainage, but few geomorphologists have
worked with these scientists. This is surprising given
that observations on glaciofluvial landforms and sed-
iments should provide the ultimate tests of models of
Laurentide ice sheet drainage and glaciodynamics
Ž .Hughes, 1995 .

The third paper in this issue, written by Tracy
Brennand, bridges these three areas of research.
Brennand evaluates current knowledge of Laurentide
eskers in the light of recent developments in glacier
hydrology and glacial sedimentology. She tackles
questions about the morphology and sedimentology
of eskers, the operation of subglacial channel sys-
tems, the role of supraglacial meltwater input and
proglacial water bodies, controls on esker patterns,
and the glaciodynamic condition of the ice sheet at
the time of esker formation. Brennand proposes a
morphologic classification of eskers consisting of
five types that formed under different hydrological
and glaciological conditions. Factors responsible for
the pattern and operation of channels in which eskers

Ž .formed include a combination of: 1 supraglacial
Ž .meltwater drainage; 2 number and location of sink

Ž . Ž .holes; 3 ice surface slope; 4 ice thickness and
Ž .velocity; and 5 permeability, topography, and rigid-

ity of the bed. These factors cause, and respond to,
changes in ice dynamics and thermal regime over the
course of a glacial cycle.

4. Environmental assessment from fiord sedi-
ments

The numerous fiords of Canada’s Pacific, Arctic,
and Atlantic coasts are part of the country’s glacial
heritage. The fiords encompass a range of environ-
ments, from temperate to polar, and so a range of

Žsedimentary processes and forms Syvitski and Shaw,
.1995 . Canadian scientists have long been interested

in these environments and have been leaders in
research that has substantially increased our under-
standing of the sedimentology of high-latitude fiords
Že.g., Gilbert, 1983; Gilbert et al., 1993; Syvitski,
1989, 1993; Syvitski et al., 1987; Lemmen, 1990;

.Aitken and Bell, 1998 .
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Fiord sediments are used to assess sedimentary
and oceanic processes, and glacial, periglacial, and
geomorphic history. However, as Robert Gilbert
points out in the fourth paper in this collection, fiord
sediments are also important proxies for past climate
and hydrology. With appropriate transfer functions,
sediment proxies from fiords can reproduce the in-
strumental climate record with reasonable precision.
Fiord sediments can also provide insights into past
environments that are not available from the instru-
mental record. Field studies in fiords are providing
point-in-time information on oceanographic and sed-
imentary processes, and on the erosional and deposi-
tional features that result from these processes. The
investigations have contributed to conceptual models
of fiord sedimentology, which combined with studies
of hundreds of samples and cores, will ultimately
allow detailed paleoenvironmental assessment over
significant portions of Quaternary time.

This understanding provides the basis for using
fiord sediments to assess future global change. Such
assessments will require integration of results from
fiords with those from lakes. It might seem that
fiords and lakes have similar sedimentary environ-
ments: both are controlled by a similar external
environment, which includes climate, hydrology,
landscape, and especially the input of water and
sediment. However, the sedimentary processes and
deposits of fiords differ fundamentally from those of

Ž .lakes due to 1 the role of salt water in inhibiting
Ž .mixing and in promoting flocculation, 2 the ex-

change of mass and energy with the ocean beyond,
Ž .and 3 the role of benthic biota. Power in applying

proxy environmental records from fiords will come
from comparing them with sediment records from
lakes.

5. Glacio-isostatic effects of decay of the Lauren-
tide ice sheet

The Laurentide and Innuitian ice sheets consti-
tuted the largest, late Pleistocene glacier complex on
Earth, covering at their maximum much of Canada
and the northern United States. They have been the
focus of an extraordinary amount of geomorphic
research and are better understood than other late
Pleistocene ice sheets.

One aspect of Laurentide glaciation that has re-
ceived considerable attention is the isostatic response
of the lithosphere to glacial unloading. The recovery
of the lithosphere from decay of the Laurentide and
Innuitian ice sheets has been established by studies
of relict elevated shorelines, deltas, and other littoral

Žlandforms in Atlantic and Arctic Canada e.g., An-
drews, 1970; Dyke, 1998; Dyke and Prest, 1987;

.Dyke et al., 1991; England, 1992; Gray et al., 1993 .
Relative sea-level curves have been constructed by
radiocarbon dating fossil shells, bone, and wood
associated with these landforms. Comparison of rela-
tive sea-level curves from different areas in Atlantic
and Arctic Canada has allowed inferences to be
made of, not only the pattern and timing of deglacia-
tion, but also the thickness and rheology of the
lithosphere.

Ž . Ž .Clark 1980 and Andrews and Peltier 1989
have shown that patterns of postglacial relative sea-
level change in and near glaciated regions are of
three general types. Sites that were heavily loaded by
ice during the last glaciation exhibit continuous post-
glacial emergence; sites near the glacial limit show
initial emergence followed by submergence; and
more distal sites exhibit continuous submergence.

In the fifth paper in this issue, Arthur Dyke and
William Peltier take this analysis a step further by
examining spatial variability in the speed of emer-

Ž .gence response time and by commenting on the
probable causes and significance of these variations.
They show that relative sea-level curves from
glaciated North America display coherent spatial pat-
terns of response times. Response-time ‘‘half-lives’’
in the Laurentide Ice Sheet area range from 1.2 to
1.4 ka at the uplift centre to 1.7 to 2.0 ka along a
ridge inboard of the glacial limit. Half-lives decline
from this ridge to less than 1.0 ka along the margin
of the ice sheet. In the Innuitian Ice Sheet area,
half-lives are about 2.0 ka at the uplift centre and
decline to less than 1.0 ka at the margin. The central
Laurentide response times are about half those of
central Fennoscandia, which was covered by a much
smaller ice sheet. This result is consistent with the
theoretical expectation that central response times
are inversely proportional to ice sheet radius for
large ice loads which are insensitive to lithospheric
thickness. The central Innuitian response time indi-
cates that rebound at the centre of this ice sheet,
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which is much smaller than the Fennoscandian Ice
Sheet, is sensitive to lithospheric thickness. Radial
gradients in response times reflect the increasing
influence of the lithosphere at sites increasingly closer
to the margin. Near the glacial limit, isostatic adjust-
ment is complicated by forebulge migration and
collapse.

6. Effects of environmental change on postglacial
scree slope development

Interpretation of environmental change from the
evidence of slope deposits alone is difficult; most of
the literature that attempts to analyse environmental
change during the Holocene is concerned with dated
sedimentary sequences of marine, lacustrine, or flu-
vial origin. Bernard Hetu and James Gray, however,´
have shown that slope deposits can provide valuable
paleoenvironmental information. In a series of well
documented papers, they have transformed our un-
derstanding of the postglacial evolution of Gaspesie´
ŽHetu, 1995; Hetu and Gray, 1980; Hetu et al.,´ ´ ´

.1995 . The sixth paper in this collection is the culmi-
nation of this research effort.

Hetu and Gray have used three organising frame-´
Ž .works in their research: 1 the paraglacial model of

Ž . Ž .Church and Ryder 1972 ; 2 contemporary slope
Ž . Ž .process studies e.g., Gray, 1971 , and 3 paleoenvi-

Žronmental reconstruction e.g., Labelle and Richard,
. Ž .1984 . A seminal paper by Church and Ryder 1972

introduced the term paraglacial sedimentation to
describe sedimentation conditioned by glaciation.
They invoked the concept to explain landforms and
deposits in the interior of British Columbia that
spoke of unusually high rates of fluvial sedimenta-
tion in the early postglacial period. The paraglacial
concept has been widely, though not universally,
adopted by students of rapid valley sedimentation
Že.g., Slaymaker and McPherson, 1977; Jackson et
al., 1982; Clague, 1986; Jordan and Slaymaker,

.1991 .
Hetu and Gray have concluded from their geo-´

morphic studies in Quebec that paraglacial sedimen-´
tation is one part of the story, but by no means all of
it. Based on an elaborate programme of field mea-
surements and analysis of the paleoenvironmental

record, they conclude that slope change in Gaspesie´
has continued unabated throughout the 10,000–
13,000 years of the postglacial period. Rock glacier
formation and movement were important slope pro-
cesses in this part of Gaspesie in the early postglacial´
period; after 7250 years BP, however, scree develop-
ment was the dominant slope process. Scree forma-
tion has diminished during the Holocene only in
areas where summit rock walls have disappeared.
The main question that arises out of this study is
whether we are looking at a punctuated, catastrophic
history or a continuously changing process of slope
evolution. The authors do not explicitly address this
question on the grounds that the data do not allow a
clear-cut conclusion.

7. Little Ice Age

The term Little Ice Age was coined by Matthes
Ž .1939 to describe a period of more extensive glacier
cover that followed a warmer part of the Holocene.
Interest in the Little Ice Age has grown in recent
years, partly because of its significance to the debate
over natural versus human-induced climate change.
The Little Ice Age precedes the period of the instru-
mental climate record. Detailed information on Little
Ice Age climate variability obtained from proxy,
paleoenvironmental records is providing a better un-
derstanding of what drives climate change on
timescales as short as decades.

Early paleoenvironmental studies of the Little Ice
Age were founded on relatively simple assumptions
about climate change, namely that periods of rela-
tively uniform climate are separated by sharp bound-
aries. The Little Ice Age was viewed as a relatively
uniform cold period, with perhaps two or three peaks,

Žpreceded by a similarly uniform warm period the
.MedieÕal Warm Period and abruptly followed by

the warmer twentieth century. The development of
continuous, high-resolution, proxy climate records
for the last millennium challenges this simple view-
point and is the subject of the seventh paper in this
issue, written by Brian Luckman.

Luckman provides an overview of the Little Ice
Age in the Canadian Rocky Mountains. He has
contributed more to our understanding of the Little
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Ice Age in western Canada than any other researcher,
although his work is part of a much larger effort
Že.g., Ryder and Thomson, 1986; Osborn and Luck-
man, 1988; Clague and Mathews, 1992; Desloges
and Gilbert, 1995; Smith et al., 1995; Leonard,

.1997 . Luckman summarizes the two main types of
proxy climate records: the glacial record and the
lacustrine record.

The glacier record includes moraines and the
sediments that form them. Little Ice Age moraines
fronting many glaciers in western Canada have been
mapped, and they have been dated using lichenomet-
ric and dendrochronological techniques. The dating
commonly provides only moraine abandonment ages
and only rarely provides information on the advance
of the glacier. However, dendrochronological dating
of snags and logs which are covered by till and occur
in the cores of some Little Ice Age moraines have
yielded fairly precise glacier advance dates. The
glacier record, of course, is selectively preserved and
thus is necessarily incomplete. Nevertheless, Luck-
man has established a chronology of glacial events
for the last 700 years from studies of moraines in the
Canadian Rockies. Detailed information on climate
during this period has been provided by analysis of
the width and density characteristics of long tree-ring
series at some of the study sites.

Varve sequences in proglacial lakes provide con-
tinuous, annually resolved records of sediment yield
in glacierised catchments. Variations in thickness
and texture of long sequences of varves have been
linked to glacier fluctuations in the basins.

The glacial and lacustrine records from the Cana-
dian Rockies collectively indicate glacier advances
in the 12–13th, early 18th, and throughout the 19th
centuries. Regional ice cover was probably greatest
in the middle 19th century, although in places the
early 18th century advance was more extensive.
Tree-ring data show that most glacier advances re-
sulted from both increased precipitation and reduced
summer temperatures. Negative mass balances in the
last 25 years, however, have been caused primarily
by decreased winter snowfall.

Luckman concludes that the glacial record does
not contain a simple climate signal. Rather, the
record is a complex response to several factors that
interact with one another and operate on different
time scales. He argues that simplistic concepts of

Little Ice Age climate should be abandoned and
replaced with more realistic records based on contin-
uous proxy data.

8. The influence of dynamic soil properties on
hillslope erosional response

Rorke Bryan and his co-workers at the University
Ž .of Toronto Scarborough Campus have carried out

the definitive Canadian experimental work on hills-
lope erosional processes, such as rainsplash, surface

Ž .wash Bryan, 1991 , piping, rill erosion, and gully-
ing. Much of the field work has been done in the

ŽDinosaur Provincial Park badlands in Alberta Bryan
.et al., 1978 . Bryan has been principally responsible

for new understandings of the mode of evolution of
badland landscapes in particular and the role of soil
characteristics in influencing hillstope evolution in
general.

It is worth noting that the pioneering work in this
field was carried out by American soil conservation

Ž .specialists, notably Bennett 1926 and Middleton
Ž .1930 . While acknowledging his debt to these work-
ers, Bryan summarises the difficulty of relating their
experimental results to the full-scale field problem of
geomorphology. Indeed, it seems fair to say that only
two laboratories world-wide have consistently
related their laboratory and field experiments to
significant geomorphological problems. One of these
laboratories is at Scarborough; the other is the Bel-
gian laboratory at Louvain, founded by DePloey and

Ž .Savat 1968 and maintained today by Poesen and
Ž .Govers Govers et al., 1990 .

Bryan has dedicated much of his career to investi-
gations of soil erodibility variations, the heteroge-
neous nature of natural soil profiles and their influ-
ence on water partitioning, and the temporal variabil-
ity of the soil properties that control soil erodibility.

Ž .In the eighth paper in this volume, he focusses on 1
Ž . Ž .inter-rill processes, 2 rill erosion, and 3 piping,

and shows how soil erodibility is dominated by a
few soil properties, specifically soil aggregation,
consistency, and shear strength. The spatial and tem-
poral variations in soil erodibility are then explained
by the ways in which frost action, moisture condi-
tions, and soil organic matter and microorganisms
influence dynamic soil properties. He sees stochastic
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modelling as the most promising direction for future
research.

9. Large-scale flow structures in a gravel-bed
river

Canadian fluvial geomorphology has its origins in
the 1960s with Tom Blench at the University of
Alberta and his passionate defence of mobile bed
fluviology, a regime theory-based interpretation of

Ž .river channels Blench, 1969 . At that time, fluvial
geomorphologists internationally were preoccupied
with sand-bed rivers. During the 1970s, Kellerhals
and Church commenced a series of studies of the
hydraulics and formative flow and sediment trans-
port regimes of gravel-bed rivers in the Canadian

Ž .Cordillera Kellerhals et al., 1979 . By the 1980s, a
Canadian gravel-bed rivers group emerged under the

Žcreative leadership of Mike Church Church, 1983;
.Church and Jones, 1982 and included a new genera-

Žtion of fluvial geomorphologists Ashmore and
Parker, 1983; Lapointe, 1992; Robert et al., 1993;

.Roy et al., 1999 . One of the major challenges for
this group has been unravelling the causal links
between the hydraulics of the flow and the response
of the container, namely the form of the river chan-
nel.

In the last paper in this issue, Thomas Buffin-Be-
langer, Andre Roy, and Alistair Kirkbride focus on´
the identification of large-scale flow structures in an
attempt to relate similar scales of hydraulic phenom-
ena to morphological changes in gravel-bed rivers.
The paper confirms that large-scale flow structures
do indeed exist in gravel-bed rivers and display a
complex organisation. Wedges of intermittent high
speed are separated by regions of lower velocity.
Because of their duration and size, these wedges are
likely to play a major role in bedload sediment
transport.

It is interesting to note that Roy’s laboratory, out
of which this study comes, maintains a strong field
experiment programme in addition to its laboratory
experiments. One of the signal achievements of this
contribution is that of developing flow visualisation
techniques and highly sophisticated measurement
programmes on a real gravel-bed river, the Eaton

North River in Quebec. Future research is indicated´
on the origin, development and interactions of wedges
with the adjacent river bed and banks.
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