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Abstract:  Eastern Canada has extensive deposits of sensitive marine clay in the Saint 

Lawrence River Lowlands of southern Quebec and southeastern Ontario, which contains 20% of 
the country’s population, as well as vital transportation and communication corridors.  Large 
retrogressive landslides occur in these clay deposits.  These landslides, which develop very 
quickly and without warning, often involve millions of cubic metres of debris and affect very 
gently sloping ground.  Aerial photos covering a substantial proportion of this area have been 
reviewed to identify spatial trends and geological, topographical and geomorphological factors 
governing landslide occurrence and distribution.  A number of interesting trends have been 
interpreted.  These will be used to support further geospatial analysis involving satellite imagery, 
geological mapping, digital elevation models, land use mapping and other thematic features 
within a geographical information system to develop landslide hazard models.  The goal of this 
work is to support risk management efforts to reduce landslide impact on critical linear 
infrastructure. 
 
INTRODUCTION 

Canada has extensive deposits of marine and lacustrine clay.  These clays, particularly those 
deposited in a marine environment, are often sensitive, which means the remoulded, or disturbed, 
strength of the clay is substantially lower than its intact strength.  Sensitive clays are prone to 
landsliding due to their relatively low shear strength.  When conditions are right, these landslides 
can retrogress, with large volumes of soil losing strength and flowing as a viscous liquid.  Such 
retrogressive flow slides are often very large, occur very quickly, and can have catastrophic 
results. 

The area of interest, Saint Lawrence Lowlands in southern Quebec and southeastern Ontario, 
contains the deposits from the Champlain and LaFlamme Seas (see Figure 1), that existed 
between 12,000 to 8,000 years ago during the last deglaciation.  This area contains extensive and 
often very thick deposits of marine clay, much of which is highly sensitive.  This region is 
known for landslides in the marine clays, including the frequent occurrence of large retrogressive 
flow slides. 

Landslides in sensitive clays represent a significant hazard to human life and to critical 
infrastructure.  The present paper examines the nature of this landslide hazard, as a first step in 
managing the associated risk to linear infrastructure such as roads, railways, power transmission 
lines and pipelines.  This paper records the findings of a review of aerial photos of several areas 
within the Saint Lawrence Lowlands.  This work was completed to study geological, 
topographical and geomorphological factors associated with the occurrence of landslides in 
sensitive clay in eastern Canada. 
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The findings of this study will be used to support further geospatial interpretation via 
geographical information systems (GIS) or other tools, as one element of effective assessment 
and management of landslide hazards in sensitive clays potentially affecting linear infrastructure. 

 

 
Figure 1. Study Area Location Plan.  Base mapping from data provided by ESRI (2002) and 
DMTI Spatial (2005).  Approximate extent of marine deposition adapted, in part, from Fransham 
& Gadd (1977) and otherwise estimated from land use patterns in ESRI (2002) satellite imagery. 

 
STUDY METHODOLOGY 

The air photo review was completed in three main stages.  In the first stage, three areas in 
Quebec known to contain several landslides were reviewed.  These areas – Desbiens, Yamaska 
and Saint Vallier, Quebec – were selected because prior landslide inventory data were available 
in the literature.  A compilation of available inventory data for Quebec (Chagnon 1968) is shown 
in Figure 2, which shows numbers of landslides in different areas of the province.  The available 
air photos were reviewed, in part, to check the accuracy and completeness of existing available 
landslide inventories.   

The second stage of air photo review was used to explore topographic and geomorphological 
features surrounding three other areas of known landslide occurrence.  These areas were chosen 
due to availability of additional information in the literature, and included Maskinongé, Quebec 
(see Demers et al. 1999), Trois Rivières, Quebec (Bolduc 1999), and the South Nation River, 
east of Ottawa, Ontario (Evans & Brooks 1994).  The South Nation River was selected because 
two large retrogressive flow slides have been observed there since 1970. Furthermore, landslides 
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along this river were documented during a thorough inventory of landslides in the Ottawa area 
by Fransham & Gadd (1977).  Figure 3 illustrates the spatial distribution of landslides in the 
Ottawa area. 
 

 
Figure 2. Quebec Landslide Inventory.  Landslide occurrence data modified from Chagnon 
(1968), base mapping from ESRI (2002) and DMTI Spatial (2005). 

 
Five complete 1:50,000 National Topographic System (NTS) map sheets were selected for 

review in the third stage.  Each topographic map was studied, and areas of probable absence and 
presence of landslides were identified from the maps, based on the patterns established in the 
first two stages.  Air photos of selected areas within these map sheets were then reviewed to 
check the preliminary interpretation from the topographic maps, and to refine the understanding 
of geospatial trends.  The selected map sheets included NTS sheets 31C16 (Perth/Smiths Falls), 
31H13 (Laurentides), 31H4 (Chateauguay), 31H11 (Beloeil), and 31I2 (Yamaska). 

The air photo review was limited to selected areas within the former Champlain Sea, and the 
availability of photos at different years and scales varied.  Figure 4 illustrates the approximate 
spatial coverage of reviewed air photos.  The findings of this study are believed to be 
representative of the whole Champlain Sea, but there will be variations outside the areas of 
visual review, and these variations may be substantial.  The relative lack of air photo coverage 
for certain areas limited the ability to interpret temporal trends.  As a general rule, coverage is 
much better for built up areas, and some rural areas have only one or two years of imagery.  In 
some cases, only high altitude (i.e. 6,000 m or greater) photos were available.  The size of 
landslide that can be resolved varies with the scale of the photo.  Only large retrogressive flow 
slides and very fresh smaller landslides could be detected reliably in these higher altitude photos. 
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Figure 3. Ottawa Area Landslide Inventory.  Landslide data adapted from Fransham & Gadd 
(1977), base mapping from ESRI (2002) and DMTI Spatial (2005). 

 

 
Figure 4. Air Photo Review Study Areas.  Satellite image from ESRI (2002). 

 

105



 

The bulk of this paper is concerned with the larger retrogressive flow slides, since these are 
more readily observed in the air photo record.  The smaller landslides, being much more 
frequent, may represent a greater aggregate hazard than the larger landslides.  This consideration 
will be examined in later work. 

 
FACTORS INFLUENCING THE DEVELOPMENT OF SENSITIVE CLAY AND 
TRIGGERING OF LANDSLIDES IN SENSITIVE CLAY DEPOSITS 

Fransham & Gadd (1977) discuss geological controls of landslides in the Ottawa valley.  
Rankka et al. (2004) provide a detailed overview of the deposition, post-deposition 
transformation and mechanical behaviour of Swedish sensitive clays, which are similar to the 
sensitive clays of eastern Canada.  Some of the geological factors affecting the development of 
sensitive clays and/or subsequent triggering of landslides include: 

• Deposition in a marine environment (Quigley 1980) and leaching of saline pore fluid 
(Bjerrum 1954 and 1955); 

• Thickness of clay sediment, presence of underlying coarse-grained material, and presence 
of high permeability layers within the clay deposit (Rankka et al. 2004, Mitchell and 
Klugman 1979); 

• Bedrock lithology, permeability and topography (LaRochelle et al. 1970, Aylsworth and 
Lawrence 2004); 

• Size and topography of catchment areas (Rankka et al. 2004);  
• Groundwater gradient (Fransham and Gadd 1977, Fellenius 1955, LaRochelle et al. 1970, 

Lefebvre 1996); 
• Presence of organic soils (Rankka et al. 2004); 
• Height above present sea level (Rankka et al. 2004);   
• River erosion (Lebuis et al. 1982); and 
• Mineralogy (Bjerrum 1954, Quigley 1980). 
 
A detailed discussion of these factors is beyond the scope of the present paper.  Many of these 

factors tend to affect both the sensitivity and the likelihood of a landslide trigger occurring, 
particularly those factors associated with groundwater flow.  These various factors have been 
considered during the review of aerial photos, and many are discussed later in the report in light 
of the observations made during the photo review. 
 
LANDSLIDE HAZARD AND RISK IN SENSITIVE CLAY IN EASTERN CANADA 

Natural landslides in sensitive clay may be divided broadly into two categories:  those that 
retrogress, and those that do not.  Examples of non-retrogressive landslides affecting a secondary 
highway are documented by Demers et al. (1999).  Retrogressive flow slides tend to be much 
larger.  These often initiate with a smaller landslide, with subsequent retrogression of the slide 
scarp through a series of additional failures and viscous flow of debris and liquefied clay, usually 
involving natural slopes with very gentle relief.  Typical examples are documented by Bjerrum 
(1955), Tavenas et al. (1971) and Evans & Brooks (1994).  Extremely large retrogressive flow 
slides involving several square kilometres have occurred in pre-historic times in the Ottawa area 
(Aylsworth & Lawrence 2003) and at Saint-Jean-Vianney (Tavenas et al. 1971).  The South 
Nation River landslide of 1971, a typical example of a large retrogressive flow slide, is 
illustrated in Figure 5.  The footprint of the landslide crater is evident in the irregular striped 
pattern of clay ridges aligned roughly parallel with the slide scarp and the river.  Another, older 

106



 

landslide scar located across the river may be interpreted from its similar, but muted, thumbprint 
morphology. 
 

 
Figure 5. South Nation River Slide of 1971.  Image from National Air Photo Library (1971). 
 

 
Figure 6. Major Transportation Corridors in the Study Area.  Transportation features from 
DMTI Spatial (2005), base mapping from ESRI (2002) and DMTI Spatial (2005). 

 
Risk may be broadly defined as the product of hazard and consequence (Fell et al. 2005).  In 

the present context, hazard is the probability of landslides occurring in the sensitive soils and 
affecting linear infrastructure within the study area.  Consequence may be considered to be the 
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importance of any loss incurred due to occurrence of the hazard.  Consequences of landslides in 
sensitive clay include: death or injury; damage to property resulting in dollar costs, or 
interruption of key transportation or communications arteries.  These consequences could result 
from:  direct impact of sliding debris; loss of ground due to retrogression of the slide scarp; 
impact of flowing debris; and, flooding associated with debris dams. 

The area of the former Champlain Sea contains several major population centres, as well as 
extensive rural development, comprising approximately 20% of Canada’s population (Evans et 
al. 2005).  Further, both national railway companies’ (CN and CPR) main lines run through the 
study area, as do the Trans-Canada highway and numerous power, communication and pipeline 
utilities.  Figure 6 illustrates the congestion of major roads and railway lines within the area of 
the former Champlain Sea.   

The findings of this study present an opportunity to better understand the hazard associated 
with landslides in Champlain clay, and will provide a basis for hazard mapping.  Such geospatial 
hazard mapping, when superimposed in GIS over maps of linear infrastructure, will enable an 
area-wide appreciation of risk, which is one key element of a risk management framework. 
 
SUMMARY OBSERVATIONS  

Detailed observations from each air photo study area are not included here; however, a 
number of interesting trends emerge when the observations from various parts of the former 
Champlain Sea are considered together, and these are described below. 

Landslides tend to be more common in the northern part of the study area, north of the Ottawa 
and Saint Lawrence Rivers.  This appears to be due to steeper average grades, more efficient 
drainage systems and deeply incised drainage features.  In most of the area south of the rivers, 
the plains are wide with very gentle grades and fewer landslides.  Where landslides are present 
south of the rivers, the plains formed by deposition of marine sediments in the Champlain Sea 
(i.e. between the Rivers and the outer boundary of the former Champlain Sea) tend to be 
narrower, with somewhat steeper average grades, and have more deeply incised drainage features 
with high, steep banks.   

It might be speculated that the mineralogy and/or texture of the marine silts and clays would 
vary from north to south across the former Champlain Sea, as is the case in Sweden (Rankka et 
al. 2004), since surface waters flowing into the sea from the north may have carried more rock 
flour than those flowing from the south, due to glacial grinding of the bedrock.  This could prove 
to be a relevant factor in discriminating between high and low incidence of landslides.  However, 
in the absence of additional data, it appears likely that physiography is a more important 
controlling factor, since those areas south of the Saint Lawrence River with similar terrain to 
landslide-prone areas north of the river are similarly affected. 

The lower frequency of retrogressive flow slides in many areas south of the Ottawa and Saint 
Lawrence Rivers tends to be associated with shallower channels, generally gentler terrain, and 
inefficient drainage systems, often typified by swampy lowlands and/or the presence of irrigation 
channels that suggest the need for artificial drainage. 

All large natural landslides, including all retrogressive flow slides, were observed along the 
banks of existing or abandoned watercourses.  In many cases, and particularly in the case of the 
largest observed (ancient) landslides, they occur along abandoned banks of paleo-channels of the 
Ottawa and Saint Lawrence Rivers, or along abandoned terraces adjacent to these rivers.  No 
natural retrogressive flow slides were observed in natural slopes that were not associated with 
existing or abandoned watercourses. 
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The presence of retrogressive flow slides is strongly related to the size (i.e. flow volume) and 
channel morphology of the drainage feature.  Minor and intermediate drainage features with low 
relief tend to show little or no evidence of landslide activity in the air photo review, although 
landslides that are too small to be resolved in the photos may exist.  Minor features with greater 
relief (i.e. more deeply incised channels) tend to have numerous obvious small landslides, but 
rare, if any, retrogressive flow slides.  Intermediate drainage features with greater relief tend to 
have frequent large retrogressive flow slides.  Note that these intermediate drainage features may 
pass through different types of terrain; landslide incidence will be highest where a deep channel 
is carved through elevated plains, and retrogressive flow slides will be absent or rare where the 
channel has less relief in lower lying plains.  For example, the South Nation River is only 
affected by large landslides along a 15-20 km section where the river is deeply entrenched in an 
elevated plain (see Figure 7).  Major drainage features will either have frequent very large 
retrogressive flow slides (e.g. Rivière Saint Maurice near Trois Rivières) or a complete absence 
of retrogressive flow slides (e.g. Richelieu River).  In these cases, presence/absence appears to be 
governed by the average gradient of the river and depth of channel, similar to intermediate 
drainages. 

 

 
Figure 7. South Nation River Landslides.  Drainage features from DMTI Spatial (2005). 
 

The maximum size of retrogressive flow slides appears to be related to the size of the eroding 
watercourse.  Massive ancient landslides are observed adjacent to major paleo-channels of the 
Ottawa River, and scarps suggestive of possible additional massive paleo-slides are observed in 
many areas alongside the Saint Lawrence River.  Smaller, but still very large, retrogressive flow 
slides are observed along the Rivière Saint Maurice near Trois Rivières, which is one of the 
larger rivers draining into the Saint Lawrence.  The smaller rivers, which may have large 
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complexes of multiple landslides, tend to have smaller retrogressive flow slides.  The smallest 
drainages tend to have only small, non-retrogressive landslides, or rarely, small retrogressive 
flow slides. 

Channel morphology and flow may be related to the maturity, or stage of development, of the 
drainage feature.  As suggested by Lefebvre (1996), the potential for large landslides is greatest 
for watercourses of intermediate age, where there is a strong connection between underlying 
aquifers and the river, resulting in upward gradients at the toe of riverbanks.  Thus, channel 
morphology and flow may be indirect indicators of landslide potential in that they are a direct 
indication of maturity of the watercourse. 

Since size and morphology of drainage features appear to control the incidence of 
retrogressive flow slides, it is interesting to consider the broader factors that govern drainage 
patterns.  In some areas, surface drainage appears to be strongly controlled by underlying 
bedrock structure.  Notable examples from this study include the Yamaska and Richelieu Rivers, 
as well as the drainage features in the Saint Vallier area.  Further, the Ottawa and Saint Lawrence 
Rivers and Saguenay Fiord also appear to reflect regional bedrock structure.  In many other parts 
of the study area, drainage patterns are more random, suggesting a weaker relationship with 
bedrock structure, and therefore possibly thicker overburden.  The depth to bedrock influences 
the potential for landslides in a number of ways (see Lefebvre, 1996, and Rankka et al. 2004), so 
it may be worthwhile to explore the causative relationships between bedrock structure and 
surface drainage patterns. 

Presence of retrogressive flow slides is more common along drainages that are perpendicular 
to the Ottawa and Saint Lawrence Rivers, and less common along those that are parallel or sub-
parallel to these rivers.  This is believed to be related to the fact that perpendicular drainages 
have shorter profiles and therefore steeper overall gradients, and typically deeper channels. 

Large clusters of retrogressive flow slides north of the Saint Lawrence River, and frequent 
large landslides south of the river, tend to be associated with the presence of rising plutonic 
bedrock hills and the Saint-Narçisse Moraine in the north, or the Drummondville Moraine in the 
south.  These features are sources of surface flow and groundwater which is necessary for the 
process of salt leaching that increases the sensitivity of the clay and for fluctuations in 
groundwater pressures that increase the potential for landslide triggering. 

In other areas, removed from the bedrock or moraine uplands, landslide occurrence is often 
associated with the presence of a sand cap overlying the marine clay and silt (Fransham & Gadd 
1977).  Many of the landslides observed along the Yamaska River occurred at the fringes of 
areas with sand overlying the marine clay.  It is also likely that intercalated sand layers, which 
would allow rapid groundwater pressure fluctuations if linked to surface water, may be strongly 
associated with landslide occurrence; however, these features cannot be interpreted directly from 
the air photos. 

It is relatively common for new retrogressive flow slides to occur immediately adjacent to 
older landslides, and these landslides tend to occur in clusters.  This suggests that landslide 
hazard may be greater near existing clusters of retrogressive flow slides than in sections of 
drainages unaffected by landslide activity. 

Relatively little information is available to determine the temporal distribution of large 
retrogressive flow slides; however, none of the massive landslides (i.e. several km2) are thought 
to have occurred in the period of historic observation, with the possible exceptions of an older, 
massive landslide at Saint-Jean-Vianney (Tavenas et al. 1971), which may have been triggered 
by the 1663 Charlevoix earthquake (Leggett and LaSalle 1978), and two large landslides near 
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Shawinigan believed to be triggered by the same event (Desjardins 1980).  It can be seen that a 
moderately large (e.g. roughly 3 million cubic metres for the Lemieux slide) retrogressive flow 
slide occurs about once every 30 years, very roughly, over the 15-20 km section of the South 
Nation River affected by landslide activity.  Also, only one of the fifteen moderately large 
landslides near Saint Vallier occurred after 1949, suggesting a similar frequency to that observed 
for the South Nation River. 

Ground elevation may be an important factor in landslide incidence and distribution (Rankka 
et al. 2004), since higher elevation implies greater time since rebound above water, and therefore 
greater time for leaching and development of sensitive soils.  All of the large landslides observed 
near Saint Vallier occurred at elevations between 30 and 40 m above sea level.  Landslide 
incidence along other affected watercourses often tends to be more pronounced at one end of the 
drainage than the other (e.g. further south along the Yamaska River, further north along Rivière 
du Loup).  While proximity to bedrock or moraine may be the more important factor, it is 
possible that there is a causative link with ground elevation in this study area.  This requires 
further study in other parts of the former Champlain Sea. 

 
CONCLUSIONS AND CLOSURE 

This work was initiated with a hypothesis that a number of geological, topographical and 
geomorphological factors associated with landslides in sensitive clay would become evident 
through methodical review of a representative set of aerial photographs.  A number of interesting 
and consistent patterns have emerged through the course of this study, suggesting that a broad 
understanding of landslide hazard in the Saint Lawrence Lowlands might be developed through 
careful review of comprehensive visual imagery, paired with other geospatial information such 
as surficial and bedrock geology, satellite imagery, land use and vegetative cover thematic 
mapping, and similar data.  These preliminary patterns include the following: 

• landslides tend to be more common north of the Ottawa and Saint Lawrence Rivers than 
south;  

• all large landslides in sensitive Champlain clay tend to occur along the banks of existing 
or abandoned watercourses, and were not typically observed on other types of natural 
slopes, including the scarps of old landslides;  

• large retrogressive landslides only tend to occur along deeply incised drainage features 
with high banks.  Smaller non-retrogressive slides can occur along any drainage feature; 

• landslides tend to be absent in low-lying, poorly drained areas that can often be readily 
distinguished by the presence of swampy areas or man-made irrigation channels; 

• the presence of large landslides is related to the size of the drainage feature, with 
landslides largely absent in very small or very large drainage features, and more prevalent 
in intermediate size features; 

• the maximum size of large landslides appears to be positively correlated with the size of 
the drainage feature; 

• channel morphology and size may be indirect indicators of landslide potential; 
• bedrock depth and structure may be linked with landslide occurrence; 
• retrogressive landslides are more common along drainage channels that are perpendicular 

to the Saint Lawrence River than along those that are sub-parallel; 
• large clusters of retrogressive landslides are associated with the presence of emerging 

bedrock hills and the Saint Narçisse Moraine in the north, and the Drummondville 
Moraine in the south; 
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• landslide occurrence elsewhere is often associated with the presence of a sand cap 
overlying the finer marine sediments; 

• new retrogressive flow slides tend to occur close to old slides, so that large slides appear 
in clusters; 

• large retrogressive landslides tend to occur about every thirty years, on average, in the 
landslide-prone areas of Saint-Vallier and the South Nation River; and 

• landslide occurrence may be associated with elevation above sea level. 
 
This paper documents a first step in assessing landslide hazard within the study area.  Future 

work will involve additional air photo review to extend the spatial coverage, and extensive 
geospatial analysis within a geographical information system.  This will allow an area-wide 
understanding of the landslide hazard, which will support an assessment of landslide risk within 
a rational risk management framework.  Ultimately, managers of linear infrastructure will have a 
useful resource to support effective risk management planning. 
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