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Canadian Technical Guidelines and Best Practices related to Landslides:
a national initiative for loss reduction

IDENTIFICATION, MAPS AND MAPPING

Note to Reader

This is the sixth in a series of Geological Survey of Canada Open Files that will be published
over the course of a year. The series forms the basis of the Canadian Technical Guidelines and
Best Practices related to Landslides: a national initiative for loss reduction. Once all Open Files
have been published, they will be further edited, compiled into, and published as, a GSC
Bulletin. The intent is to have each Open File in the series correspond to a chapter in the
Bulletin.

Comments on this Open File, or any of the Open Files in this series should be sent before the
end of December 2012 to Dr. P. Bobrowsky, pbobrows@nrcan.gc.ca

1. INTRODUCTION

Landslide maps delineate the spatial extent of one or more aspects of landslides for a given area
of interest (for example, Cascini et al., 2005). Early effective applications of such mapping in
North America date back at least to the 1970s (Brabb et al., 1972; Brabb 1982). Since then
landslide mapping in its various forms has been widely adopted and applied across the globe (for
example, Carrara, 1983a, 1983b; Carrara et al., 1991; Chung et al., 1995; Jackson, 2002;
Mehrotra et al., 1996; PMA-GAC 2007).

Canadian examples include mapping for resource development (Rollerson et al., 2005), urban
development (Hardy et al. 1978; Klugman and Chung, 1976; and Lebuis et al., 1983), and linear
corridors for transportation of people, goods, energy and telecommunication, in both subaerial
(Hungr et al., 1999 and 2003; Eshraghian et al., 2005; Couture and Riopel, 2008a and b; and
Blais-Stevens et al., 2011b) and subaqueous (Nadim and Locat, 2005) environments. Besides
such large scale depictions, landslide susceptibility maps can also be produced at the national
scale (for example, Bobrowsky and Dominguez, 2012). In many cases, landslides are mapped as
a part of regional surficial geology mapping, also known as terrain mapping (for example, BC
Resources Inventory Standards Committee, 1996a and Blais-Stevens, 2008). Typically, regional
surficial geology mapping is undertaken by federal and provincial geological surveys.

This Open File focuses on landslide identification, map elements, type of landslide maps and
mapping methods primarily for landslide practitioners. General suggestions are provided where
necessary. A practical form for the field description and its impact is also briefly discussed. A
comparable guide for a non-technical landslide audience is available in several languages
(Highland and Bobrowsky, 2008).

2. IDENTIFICATION

An accurate map of landslide and landslide attributes requires first and foremost the
identification and spatial delineation of landslides and associated attributes.


mailto:pbobrows@nrcan.gc.ca

Different types of landslides can have different diagnostic features. For instance, landslides
that involve falls, topples, slides, spreads and unchannelized flows typically leave evidence of
detachment in source area such as head scarps, features associated with displacement and
resulting deposits. Channelized flows, however, may not leave obvious features in source areas
and deposits may be removed or buried after deposition.

Diagnostic features of different types of landslides are briefly described and/or illustrated in
many textbooks on geomorphology and interpretation of air photographs (for example, Mollard
and Janes, 1984). Dikau et al. (1996) provide a particularly comprehensive and well-illustrated
reference on the topic. Table 1 summarizes diagnostic geomorphic features used to identify
landslides and provides some comments on the likely significance of those features.

Table 1. Examples of geomorphic features diagnostic of landslides and likely significance

Diagnostic geomorphic feature on slope

[Likely significance of feature with respect to:

i) possible age and/or character of slope movement

Fresh scars

recent or ongoing movement of part of the slope

Tension cracks, crescent-shaped or curved scarps or
depressions; shallow, linear depressions: step-like benches
or small scarps

recent or ongoing continuous or intermittent slope
movement

Fresh rock or soil surfaces

recent or ongoing slope movement

Groups of toppled , jack-strawed, leaning, ‘drunken’ trees,
pistol grip

recent or ongoing slope movement

Split trees

recent or ongoing differential slope movement

Disrupted roads, fences, or other linear features

recent or ongoing differential slope movement

Group of re-curved “pistol butt’ trees

recent or ongoing slow slope movement; can also
indicate deep snow cover

Revegetated scars or partially revegetated strips; linear
strips of even-aged vegetation or trees

older slope movement; inactive/dormant

ii) evidence/possible landslide type

Fresh accumulation of rock or soil on lower slope or at base
of step slope

rock or soil fall, topple or slide

Linear or fan shaped tracks of angular blocks below steep
slopes

rock fall or debris flow

Hummocky ground, sag ponds

earth flow; can also result from erosion of displaced
material of other landslide types

Rock or soil piled on the upslope side of trees

channelized debris flow

Colluvial fan or debris piles at mouth of gully

channelized debris flow

Trim lines, levees along gully; no or new vegetation in
gully bottoms

channelized debris flows; levees are definitive, lack of
vegetation is suggestive

Vegetation in gully much younger than the adjacent forest;
poorly developed soils on gully sides relative to adjacent
slopes

channelized debris flow

iii) evidence/ other possible significance

Mixed or repeated soil profiles present in natural or
artificial exposures

slope movement; repeated soil profiles indicates thrusting
or shearing

Buried soil profiles present in natural or artificial exposures

displaced material from landslide has buried undisturbed
material

Poorly developed soils relative to other comparable slopes

possibly the result of slope movement

Terracettes across slopes

shallow slow deformation of slope; may indicate
seasonally saturation or permafrost thaw

Bulging in the lower portion of a slope

incipient larger slope movement

Displaced or disrupted stream channel

slope movement into stream channel

Numerous springs along toe of slope

disruption of drainage due to slope movement




The identification process is typically a combination of recognition and interpretation of
landslides and landslide attributes from various passive and active imaging methods,
supplemented by field checking, also known as ground-truthing. Larger features can be observed
both on the ground and by the interpretation of the appropriate passive or active image; smaller
features can only be observed on the ground. Field checking is required to verify the accuracy of
image-based identification and interpretation. Interpretation of imagery alone is only valid for
preliminary mapping or general reconnaissance purposes. Both the identification and
interpretation processes typically improve with the experience of the interpreter.

Table 2 summarizes landslide imaging techniques and provides example studies. Passive
imaging methods include film and digital air photos and satellite images. The imaging captures
light in the visible or near infrared wavelengths. Active imaging methods scan the land surface
subaerially with radar (radio waves) or LIiDAR (light pulses). Multibeam echosounders (acoustic
pulses or acoustic waves) are used to scan the land surface subaqueously. In all active methods,
reflected waves and pulses are collected and digitally processed to create images.

Table 2. Example studies of landslide identification and interpretation processes

Passive imaging methods | Active imaging methods

Subaerial Subagueous
Air photos Satellite imagery Radar imagery LiDAR imagery | Multibeam imagery
Blais-Stevens, 2008; |Fidel-Smoll et al., Singhroy et al., 2005; |Schulz, 2004; Gafeira et al., 2007;
Rollerson et al., 2005 {2005 Singhroy, 2008 Burns et al., 2012; Mosher and Piper,
Jaboyedoff et al., 2007;
2012 Jackson et al., 2008

3. MAP ELEMENTS

A map is a representation of observations, measurements and interpretations and consists of
elements such as scale, projection, co-ordinate system, textures and symbols and labels.

3.1 Map scale

Table 3 specifies appropriate map scales, polygon size and associated field checking for a variety
of purposes of landslide maps. Polygons refer to the mapped units. Ideally the map scale should
be the same or smaller than the scale of the imagery used to interpret the data. For example
landslide data interpreted from 1:30,000 scale air photos should not be used to produce a 1:5,000
scale map. In Table 3, the rate of field progress pertains to conditions typical to the forested and
hilly or mountainous terrain of British Columbia.

Data collection and map production are driven by the intended end use. A priori decisions
regarding the scale of information collection must be made in advance of the mapping efforts.
Maps are used for a variety of purposes (for example land use planning, site selection, risk
assessment and so on) and the appropriate large or small scale protocol must first be determined.



Table 3. Map scales, polygon sizes, field checking for typical objectives (adapted from BCRIC,
1996a and BC Ministry of Forests, 1999)

Map scale | Polygon | Polygons | Field progress | Method of field Typical objectives
size* (ha) field per crew day checking
checked (%) (ha)
1:500 - <2 100 highly variable |field checking by [study of specific sites; accurate
1:5,000 foot traverse enough to guide layout of individual
structures or specific operations or to
plan treatment
1:5,000 - 2-5 75-100 20-100 field checking by |land use or resource development
1:10,000 5-10 foot traverse studies
1:10,000 - 5-10 50-75 100-600 field checking by |regional and feasibility studies; to be
1:20,000 10-15 foot traverse followed by more detailed work
1:20,000 - 15-20 25-50 500-1,200 |[field checking by |regional land use or resource
1:50,000 50-200 foot traverse, sup- |planning
ported by vehicle
and/or flying
1:20,000 - 20-30 1-25 1,500-5,000 |vehicle and flying |regional land use or resource
1:50,000 100-400 with selected field [planning, preliminary mapping
checking
1:20,000 - 20-40 0 n/a no field checking |general reconnaissance
1:1,000,000 | 200-600 only image
interpretation

*Approximate range of average polygon size;

3.2 Map textures

Map textures refer to the lines, points, cells and other symbols used to display information on a
map. The choice of landslide map textures depends on the characteristics of the study area, as
well as the scale and purpose of mapping. Map textures can affect use, limitations and accuracy
of the final product. Six of the most common map textures are briefly described in Table 4.

Map textures are routinely composed of geographically registered elements such as
polygons, line and point entities that can be managed and manipulated in a Geographical
Information System (see for example, Rengers et al., 1991; van Westen et al., 2000; Paudit$ and
Bednarik, 2002).



Table 4. Description of map textures

Texture Brief description

Lines and points |show the spatial distribution of features best represented as lines and points; for example lines
for the location of tension cracks and headscarps and points for the location of springs; on
small-scale maps, points depict two-dimensional features that are too small to show otherwise;
minimum length of a line should not be less than 5 mm at the final map scale

Feature outlines  |two-dimensional feature outlines that are sufficiently large, so as not to mask the feature being
represented; on large or detailed-scale maps, actual landslides are often outlined in this manner;
other examples include surface water boundaries, anthropogenically modified ground, and
vegetation cover

Linear segments |delineate linear natural or man-made features; can be partitioned into segments with relatively
homogenous characteristics; for example a shoreline divided into segments with a similar
susceptibility to landslides; minimum length of a linear segment should not be less than 5 mm at
the final map scale

Polygons irregular, multi-sided and closed areas that delineate areas with similar attributes; typically
cover the entire map area; size and shape depend on the attributes, their distribution and
heterogeneity; size depends on the judgement, experience and mapping philosophy of the
landslide mapper (‘lumpers’ vs “splitters”); lumpers tend to delineate one larger polygon;
splitters tend to delineate two or more within the same area; minimum size of polygons should
not be less than 1 cm?at the final map scale

Contours or lines that connect points of equal value, and enclose areas having values greater or less than the
Isopleths contour value; a derivative of a contour or isopleth map can yield other information, for
example an analysis of a line perpendicular to topographic contours can yield the slope gradient;
can delineate areas of similar landslide density, susceptibility or risk

Pixels cells of a grid that divide a map into units of equal area; data associated with each cell is
specified by the GIS operator for the intended analysis; commonly used when remote sensing
techniques and digital elevation models are used as the primary data inputs; removes
subjectivity; useful for manipulation on a GIS platform; limiting factor of cell size is often
computational power or the resolution of digital sources; cell size is also dependant on map
scale and ground resolution

Geographic landslide and landslide attribute data are easily digitized and geographically
referenced utilizing geographical information systems (GIS). Geographically referenced map
textures can communicate a wide variety of information (both spatial and temporal) about
landslides including type, size, extent, age and activity. Associated, geographically reference
metadata can be electronically attached to individual map elements and symbols.

Map textures should conform to existing standards where they exist. There is no standard for
landslide map textures in Canada, therefore, a clear legend should be provided with each map.
Example standards include those used in many countries (IAEG, 1981a), in Canada (Deblonde et
al., 2012) and in British Columbia (BCRIC, 1996b and 1998).

3.3. Map labelling systems
Besides map textures, landslide maps typically have a labelling system to communicate

information. There are basically four types of labelling systems, as summarized in Table 5.
These labelling systems generally progress from qualitative to quantitative in nature.



Table 5. Description of map labelling systems

Labelling system Brief description.
Unique identifier alphanumeric labels that describe one or more aspects of landslides, landslide attributes or
elements at risk; can be written in full or can use abbreviations identified in a legend
Boolean data being mapped is grouped into one of two categories according to some criteria being

true or false; for example, a map can be divided on the basis of slopes, greater or less than
30 degrees, or into areas described as stable or unstable

Subjective tier attributes are grouped into ranges based on a subjective opinion or criterion; for example
classifying areas into “high’, ‘medium’, and ‘low’ probability of occurrence; often
alphanumerically or colour coded

Gradational similar to the subjective tier, but typically more objective and quantitative; values can be
estimated or determined, or grouped into ranges; for example, a slope is 32 degrees or
grouped within a range 30 — 45 degrees; often alphanumerically or colour coded

4. LANDSLIDE MAPS

Landslide maps can be divided into three broad types depending on the information displayed
and the level of interpretation:

1) inventory maps show the spatial distribution of inactive and active landslides, or landslide

attributes, within an area

2) susceptibility maps show the spatial distribution of the susceptibility of an area to

landslides, and

3) risk maps show the spatial distribution of the susceptibility of an area to landslides and also

consider the effects on the elements at risk from those landslides.
Examples of these three map types are shown as Figures 1, 2 and 3, respectively.

A landslide hazard map, another type of map sometimes noted, is a specific type of landslide
susceptibility map in which elements at risk are acknowledged, but are not necessarily
considered.

Landslide maps are prepared for a number of purposes including for public safety, land use
planning, transportation/corridor planning and resource planning management as well as other
goals. Because landslide maps can display a variety of data, and serve more than one purpose,
they sometimes share attributes involving more than one of the above three types. Some example
references to the three types of landslide maps are summarized in Table 6.

Table 6. Examples of landslide inventory, susceptibility and risk maps

Landslide map type Example reference Purpose Country
1) Inventory Huntley et al., 2006 public safety and land use planning |Canada
Valaddo et al., 2002 Portugal
Wills and McCrink, 2002 United States
Bonuccelli et al. 1996 Brazil
2) Susceptibility Anbalagan et al., 2000 reservoir and dam safety India
Refice and Capolongo, 2002 |seismic response Italy
Rollerson, 2002 resource management Canada
3) Risk Sobkowicz et al., 1995 public safety, land use planning Canada
Aleotti et al., 2000 land use planning, public safety Italy
McDonnell, 2002 public safety, coastal recession United Kingdom




Bichler et al. (n.d.) reviewed each of these three types of landslide maps along with nine
different landslide mapping methods: A) Distribution, B) Activity, C) Density, D) Geomorphic,
E) Subjective Rating, F) Predictive Movement, G) Stability Calculation, H) Relative Variant, and
1) Probabilistic. Each of these mapping methods is briefly described in Table 7. In general,
transitioning from method A) to method I), the methods become more complex, objective,
quantitative, and therefore more computational resources are required.

All the methods can make use of a GIS platform; albeit some are better suited to GIS. If a GIS
platform is used, different types of landslides and different landslide attributes should be filed on
separate GIS layers linked to geographically referenced data tables. This will allow the most
flexibility for interpretation and analysis.

Bichler et al. (n.d.) proposed a landslide map classification system based on the three types of
landslide maps: 1 to 3, and the nine landslide mapping methods: A to | (Table 8). As noted in
Table 8, mapping methods E to | are not used to produce Landslide Inventory Maps, and
mapping methods A to C are not recommended for susceptibility or risk mapping because these
mapping methods typically do not identify or consider the causes of landslides, and are unlikely
to predict landslides where previous landslides have not occurred. Refer to Bichler et al. (n.d.)
for further discussion.

Bichler et al. (n.d.) did not consider the differences in mapping landslides that involve
different types of landslide movement (fall, topple, slide, spreads and flow). In the discussions of
the landslide maps types to follow, the different types of landslide are differentiated.



Table 7. Description of Landslide Mapping Methods (adapted from Bichler et al., n.d.)

Mapping
Method

Brief Description

A) Distribution

Spatial distribution of past and existing landslides or terrain attributes. Highly dependent on experience and knowledge of the mapper. Does not consider
changed conditions.

B) Activity A subset of distribution method, coupled with landslide state of activity and/or rate of change. Dependant on experience and knowledge of the mapper.
Can include change in location of headscarp over time. Useful for looking at changed conditions.
C) Density An extension of distribution method to estimate landslide density, such as average number of landslides/unit area or % of unstable slopes/unit area. Can

plot using contours or isopleths. Requires less mapping experience than most of the following methods. Relatively simple, less subjective than previous
methods, however, the level of interpretation is limited.

D)Geomorphic

Based on geomorphic features or attributes to delineate areas of past, present and potential landslides. Requires a moderate to high level of mapping
experience. Subjective and qualitative. The rules governing the mapping are not pre-defined or rigid. Has a low level of reproducibility. Can delineate
areas of potential landslides where they have not occurred in the past, unlike previous methods

E) Subjective
Rating

Similar but less subjective than geomorphic method. Requires a moderate to high level of mapping experience. Map areas are delineated based on a
variety of attributes and in association with landslide processes. Each attribute is assigned a subjective relative rating based on its assumed effect on slope
instability. Uses a set criteria or algorithm for the entire map area. Requires extensive knowledge and experience of landslide processes in area. Once
established, a less experienced mapper can apply criteria to similar locations with similar attributes. More objective than geomorphic method; level of
reproducibility is greater than previous methods.

F) Predicted
Movement

Based on expected landslide travel path or regression; typically used for relatively small areas. Requires a moderate to high level of mapper experience.
Potential initiation zones of landslides must be identified. Travel path or regression, and spatial distribution of past events are determined or estimated.
Along with topographic data, the probable landslide travel path or regression is estimated by an experienced and knowledge mapper (subjective and low
level of reproducibility) or by using dynamic models (objective and reproducible).

G) Stability
Calculation

Based on the geometry of slopes, geotechnical properties of the materials and the internal and external forces or moments. Requires a high level of
experience. Can be either deterministic (distribution of an index of relative stability, such as the factor of safety) or probabilistic (probability that a
threshold value is exceeded). The latter method is related to probabilistic method. Although values are calculated precisely, precise
measurements/estimates of the geometric and geotechnical properties are difficult, therefore, may be no more guantitative than previous methods.

H) Relative
Variant

Relative rating of slope stability prediction based on statistically derived relationships between slope performance and terrain attributes. Requires a
moderate level of mapping experience. Similar to subjective rating method, requires spatial distribution of landslides and terrain attributes. Requires more
fieldwork, measurements and possibly some laboratory testing. Statistical techniques can be either bivariant (correlation between each individual
landslide attribute or set of attributes) or multi-variant (number of attributes are correlated simultaneously then analyzed using a discriminant or multiple
regression technique). Algorithm requires in-depth knowledge of the landslide processes and terrain attributes of the area, but removes subjectivity. More
objective than subjective rating methods. Ratings can be re-calculated as new data become available, therefore flexible and adaptive to previously
unstudied areas and/or where conditions change. Has a high level of reproducibility.

I) Probabilistic

Similar to relative variant method but includes the frequency of landslide, thus adds a temporal component; a spatial distribution of the probability of
occurrence of a landslide for a given period of time. Requires less expertise but greater computational time and resources. Requires the spatial distribution
of terrain attributes and the spatial and temporal distribution of landslides. Correlations use either bivariant or multi-variant statistical analysis. Data can
be derived from other mapping methods, particularly predicted movements and stability calculations. The calculations of probability are objective and
reproducible. The most quantitative of the nine mapping methods discussed.




Table 8. Landslide map classification based on the map type (rows 1 to 3) and the mapping method (columns A to I) (Bichler et al., n.d.).

Mapping Method

terrain attributes

associated
terrain attributes

terrain attributes

A B C D E F G H I
Distribution Activity Density Geomorphic Subjective Predicted Stability Relative Variant |  Probabilistic
Relative Movement Calculation
- 1A: 1B: 1C: 1D:
5 [ Based on Based on Based on Based on
g distribution of distribution and | distribution of distribution of
2 |landslides or activity of areas of similar | geomorphic
1 | g |associated landslides or landslide density | features or Not applicable : Not applicable : Not applicable : Not applicable : Not applicable
T |terrain attributes | associated or densities of associated
3
c
<
-

Map Type

and elements\at
risk
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and elements
risk

and elements at
risk

> : B: C: 2D: 2E: 2F: 2G: 2H: 21
S | Based on Based on Based on Based on Based on a Based on Based on slope |Based on a Based on the
E |interpretations of | intekpretations of | intekpretations of | interpretations of | defined predicted travel | stability defined statistical | statistical
8 | distribytion of distribytion and | distribytion of distribution of subjective path or runout calculations and rigorous relationship
2 4 | landslides or activity gf areas oksimilar | geomorphic algorithm zone algorithm between past
g associat landslides or landslide'\density | features or landslide and
T |terrain attributes | associated or densities\of associated parameters
g terrain attribotges | associated terrain attributes known to be
S terrain attributi associated with
4 landslides
Elements at Risk
C: 3D: 3E: 3F: 3G: 3H: 3l
Based on Based on Based on a Based on Based on slope |Based on a Based on the
~« intexpretations of | interpretations of | defined predicted travel | stability defined statistical | statistical
-é’ distribution of distribution of subjective path or runout calculations, and |and rigorous relationship
° areas of similar | geomorphic algorithm, and zone, and elements at risk | algorithm, and between past
3|2 landslide\density | features or elements at risk | elements at risk elements at risk | landslide and
§ or densities of associated parameters
ks associated terrain attributes, known to be

associated with
landslides, and
elements at risk

Legend
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r to text)

Typically
qualitative

Typically qualitative to quantitative

Typically quantitative




4.1 Landslide inventory maps

Landslide inventory maps (1A to 1D in Table 8 and Figure 1) show the distribution of past
and active landslides, their relative activity, landslide density and/or geomorphic attributes,
within an area. Some geomorphic attributes include slope, slope aspect, bedrock lithology and
structure, soil type, depth of overburden, moisture content and geomorphic processes such as
gullying and soil erosion. Each landslide is typically mapped as a geographically referenced
polygon; small landslides can be represented by a geographically referenced point. Depending on
the scale, other features such as fissures and grabens can also be mapped. If possible, each
landslide should be assigned a landslide type and, where possible, other information should be
included such as date of occurrence, state of activity and approximate volume.

Although inventory maps typically do not address causes of landslides, they are an essential
precursor to generating susceptibility and risk maps.

Inventory maps in Canada have an implicit temporal dimension. With the exception of parts
of Yukon and Northwest Territories, the landslide record starts at the end of deglaciation,
approximately 18,000 to 6,000 years ago (Dyke et al., 2003).

Most types of landslides leave evidence of detachment (such as head scarps), features that are
associated with displacement and accumulated deposits. These can be mapped using various
types of airborne or satellite-borne passive and active imagery (see Table 2). In contrast,
channelized flows, such as debris flows, may not leave obvious features in source areas and their
deposits may be removed or buried shortly after deposition, hidden by tree cover or are otherwise
not visible on imagery. Some types of landslides, such as thin soil slides, debris slides and
channelized flows, both subaerial and subaqueous, can be cyclical and consequently only the
most recent events may be inventoried, unless repetitive imagery of the area is available.
Different types of landslides require a different mix of investigative tools.

Air photo-based surficial geology or terrain mapping systems, such as the British Columbia
Terrain Classification system described by Howes and Kenk (1997), or the engineering
classification system suggested by the IAEG (1981a and 1981b) are useful in preparing
inventory maps for most types of landslides. Inventory maps of cyclical landslides, including
channelized flows, typically require more extensive field investigations in addition to air photo
interpretation to identify the presence or absence of past activity. Table 9 summarize a number of
methods to identify past channelized flow, and provide example studies.

Table 9. Methods to recognize channelized flows in drainage basins and fans

Method Example studies

Geomorphology of fans and channels Costa, 1984; Hooke, 1987; Jackson, 1987; Jackson et al., 1987;
Corominas et al., 1996; Jakob, 2005a

Sedimentology and granulometry of fans  |Bull, 1962, 1972; Church and Ryder, 1972; Jackson et al., 1987;
Hutchison, 1988; Corominas et al., 1996; Friele and Clague, 2005

Ground-penetrating radar of fans Ekes and Hickin , 2001

4.2 Landslide susceptibility maps

Landslide susceptibility maps (2D to 21 in Table 8 and Figure 2) show the spatial distribution of
the susceptibility of an area to landslides. They communicate where landslides can initiate, and
the likelihood or probability of their occurrence. Other characteristics of potential landslides
events, such as type of landslide, magnitude (geographic extent, volume or peak discharge) and



intensity, can also be included, but those characteristics are typically applied as a stepping stone
to risk maps. Since a variety of landslide types can occur in an area, the type or types of landslide
movement should also be specified. Susceptibility maps are derivative maps, interpreted from
one or more inventory maps and additional information (for example Chung et al., 2002).

Models for susceptibility should be tested and only used in areas with similar physiography,
geology, vegetation and land use. The rationale for the models should be defendable and
explainable to non-specialists and stake-holders.

As with inventory maps different approaches are necessary to map the susceptibility of
different types of landslides. Examples of several approaches are presented in the following
discussion.

Susceptibility mapping of areas prone to channelized flows should identify those drainage
basins that can potentially produce such flows and differentiate fans dominated by colluvial
processes (built from channelized flows deposits) from those dominated by alluvial processes
(built from water-transported deposits). Morphometric methods are one set of tools to identify
flow-producing drainage basins and to differentiate fans (Jackson et al., 1987; Kellerhalls and
Church, 1990; Bovis and Jakob, 1999; DeScalley and Owens, 2004; Wilford et al., 2004; Jakob,
2005a). Such methods use topographic data to determine the relationships between parameters
including basin area, relief, drainage length, and fan gradient associated with flow-producing
basins. In a given area, when these data are plotted, colluvial and alluvial dominated streams
typically appear as distinct clusters. Morphometric parameters for basins in the same general area
can then be compared to help identify potential flow-producing basins. Morphometric methods
are not substitutes for field work but are valuable indicators of where follow-up field work
should be directed. Morphometric relationships are region-specific and those from one area
should not be simply applied to areas of different climate, vegetation, and geology without
correlation or modification. Multivariable approaches that utilize topographic and other geologic
variables have also been applied to identify channelized flow potential (for example, Blais-
Stevens et al., 2011b).

As mentioned elsewhere, channelized flows typically re-occur and can affect the same
channels and fans. Consequently, susceptibility mapping should address the frequency of past
events. Table 10 presents a number of methods that can be used to estimate frequency of past
channelized flows and provides some examples. For risk mapping, a frequency-volume or
frequency-discharge is also required. This is discussed further in Section 4.3.

Table 10. Methods to determine frequency of past channelized flows

Method Example studies
Stratigraphic study Jakob and Weatherly, 2005
Dendrogeomorphology Sigafoos, 1964; Jackson, 1977; Jackson et al., 1989; Hupp, 1984; Hupp
et al., 1987; 1989; Gonzélez et al., 2008
Radiocarbon dating Church and Ryder, 1972; Hupp et al., 1987; Jakob and Weatherly, 2005;
Friele and Clague, 2005

For susceptibility mapping of channelized flow basins, it is useful to differentiate
‘weathering-limited flow systems’ or ‘transport-limited flow systems’. A weathering-limited
flow system requires time for sediment to re-accumulate in and along its channels between flow
events regardless of the magnitude of any intervening hydro-meteorological events. In contrast, a
transport-limited flow system has an unlimited supply of easily erodible sediment such that flows
can be initiated whenever a specific hydro-meteorological event threshold is exceeded (Jakob,




2005a). An example of the former is a small, steep drainage basin located in resistant, coarsely-
jointed crystalline rock. Examples of the latter are a small, steep drainage basin consisting of
weak volcanic rock and a basin containing extensive glacial sediment or talus fans.

Similar to channelized flows, the areas below falls and topples can be repeatedly affected.
Identification of rock falls or topples during inventory mapping usually establishes continuous
susceptibility, and such mapping should address the frequency of such events. The stratigraphic
study and dendrogeomorphological methods used for flows in Table 7 can be modified for rock
falls and topples.

As with all susceptibility mapping, susceptibility mapping of large rock fall-debris flows
depends on an inventory of similar landslides in the area. Large rock fall-debris flows, also
commonly called rock avalanches or sturzstroms (Hsu, 1975), result from the rapid collapse of
mountain sides and ridges. Because there may be only one or a few such large landslides in a
study area, they are typically too scarce for probability of occurrence analysis. Furthermore,
because they have such a long-lasting geomorphogical imprint, they typically represent all
landslides of this type since deglaciation. Therefore, although antecedent geotechnical and
hydro-meteorological factors associated with a large rock fall-debris flow can be identified (for
example, Brideau et al., 2012) it is not always practical to predict future instability because
hydro-meteorological conditions may change. Susceptibility mapping of large rock fall-debris
flows should also include the identification of deformed or deforming mountain sides (for
example, Turtle Mountain and Mount Livingstone, Alberta (Jackson and Lebel, 1998; Pedrazzini
et al., 2012) and Mystery Creek, BC (Blais-Stevens et al., 2011a).

4.3 Landslide risk maps

Landslide risk maps (3D to 3l in Table 8 and Figure 3) show the spatial distribution of the
susceptibility of an area to landslides and also consider the effects on the elements at risk from
those landslides. In other words, they communicate where landslides can initiate, the likelihood
or probability of their occurrence and the consequences. Risk maps are used for land use and
resource planning as well as planning and prioritizing landslide treatment, and they are typically
the final product of a mapping project.

Consequences to elements at risk are considered when a susceptibility map is extended to a
risk map. In addition to the susceptibility of landslide occurrence, the following attributes of a
landslide include:

e magnitude (geographical extent, volume or peak discharge)

e frequency

e spatial probability (predicted travel path near at the toe of the landslide or regression from

the original headscarp)

e temporal probability (whether the element at risk is at the site when the landslide occurs

and if it is, the vulnerability from the landslide).
Methods of assigning risk can range from highly subjective to highly objective.

As with inventory and susceptibility maps, different approaches are necessary to map the risk
of different types of landslides. Examples of several approaches are presented in the following
sections.

Table 11 summarizes various methods and provides examples of risk mapping for
channelized flow that address factors including frequency, volume, peak discharge, and intensity
of past flows.



Table 11. Methods to estimate frequency and magnitude, and intensity of past channelized flows

Method Example studies
Stratigraphic study to estimate frequency and Jakob and Weatherly, 2005
volume/discharge
Dendrogeomorphology to estimate frequency and Sigafoos, 1964; Jackson, 1977; Jackson et al., 1990;
volume/peak discharge Hupp, 1984; Hupp et al., 1987; Gonzalez et al., 2008
Radiocarbon dating of flow stratigraphy to estimate Church and Ryder, 1972; Hupp et al., 1987; Jakob and
frequency Weatherly, 2005; Friele and Clague, 2005

Indirect methods to estimate peak discharge from run-up [Jakob, 2005a
and super-elevation

Empirical equations relating total or peak discharge and |Rickerman, 1999; Jakob, 2005a (Table 17.5)
peak flow velocity

Design flow volume based on surveys of sediment Hungr et al., 1984; VanDine, 1985; Giraud, 2005; Hungr
production and channel storage et al., 2005; Jakob, 2005a

Maximum expected (design flow) volume based upon Fidel-Smoll et al., 2009 after JICA, 1988; Bovis and
unit sediment yield from historic or reconstructed flows |Jakob, 1999; Jakob and Weatherly, 2005; Gonzaélez et al.,

2008

Numerical and physical modelling of runout and intensity |Nasmith and Mercer, 1979; Garcia et al., 2004; Hungr et
al., 1984

Flow classification relating frequency, volume, peak Hungr, 1997; Jakob, 2005a and b

discharge and area inundated to effects

With regard to Table 11, Jakob (2005a and b) classifies channelized flows by order of
magnitude volume-related steps, and suggests a corresponding destructive effect for each. A
combination of the semi-quantitative flow probability suggested by Hungr (1997) and the
classification by Jakob (2005a and b) is one method to estimate a volume-frequency rating
system for channelized flows. The largest flow likely to be produced by a basin, the design flow,
is also an important quantity to estimate for risk mapping and treatment design.

Risk mapping for rock falls and topples contrasts with that of other types of landslides
because the physics of fragmental rock falls and topples runout are better established. Maximum
runout distance can be mapped for rock falls and topples based on field observations and
modeling (for example, Hungr et al., 1999, 2003). The rockfall hazard risk management system
employed by Canadian National Railway (Pritchard et al., 2005) is an exemplary example of a
risk management approach to rock fall in Canada. Other examples applicable to Canadian terrain
are the Rock fall Hazard Rating System developed for the Oregon Department of Transportation
and the United States Federal Highway Administration (Pierson et al., 1990; Pierson and van
Vickle, 1993).

The runout of large rock fall-debris flows typically exceed distances that would be predicted
solely from frictional properties of the rock volumes involved (Melosh, 1987). Such landslides
with volumes greater than 10° m® typically display this enhanced mobility. The Hope Slide and
Frank Slide are well known Canadian examples (McConnell and Brock, 1904; Cruden and
Krahn, 1973; Bruce and Cruden, 1977; Mathews and McTaggert, 1978; and Brideau et al. 2005).
Risk maps for such landslides are typically based on volumes and assumed travel angles that are
based upon landslides with similar geologic and topographic settings. Besides direct risks to
lives, property and infrastructure, indirect risks from large rock fall-debris flows include
landslide-dammed lakes, displacement waves and generation of secondary landslides.



5.0 GENERAL SUGGESTIONS FOR MAPPING

Because of the potential wide range of uses and objectives of landslide mapping in a country as
regionally diverse as Canada, it is not practical to suggest a preferred methodology or single best
practice for pan-Canadian adoption. The following *general suggestions’ are intended to assist in
developing and carrying out landslide mapping projects in Canada. They are not exhaustive and
should be modified as necessary for any specific project.

5.1 Planning

The first task of any successful mapping project is to clearly define the objectives and to
realistically identify the required time and resources and the accessibility of the area and
logistical considerations. This involves having a general understanding of the landslide activity
and landslides in the area (existing and potential) as well as the terrain and geology of the study
area, knowing the requirements for the final product, and identifying potential users. The
mappers and all stakeholders, including the owner/client and the potential users, should have
input as to the objectives.

The required time and resources should be defined explicitly in the objectives. Resources to
be considered include mappers with appropriate experience and knowledge, and appropriate
technical, computational and field support. For some projects, a multi-disciplinary approach may
be required. If the final product is not achievable with the time and/or resources available, either
the desired final product should be modified, the project area should be adjusted, or additional
time and/or resources should be allocated to the project.

The choice of which type of landslide map, inventory, susceptibility or risk, is a function of
the objectives of the mapping project. Both susceptibility and risk maps are dependent on
inventory maps; whereas risk maps are dependent on susceptibility maps.

The scales of the working and final maps should be determined at an early stage in the
project. The final scale is related to the objectives of the project and can be different from the
working scale. The working scale is dependent on the scale of pre-existing information such
maps and airphotos, and influences the method of mapping, data collection requirements,
technical, computational and field support and, therefore the time required. Typically the largest
practical scale, given the time and resources, should be selected. The base map should have
sufficient detail and information to support the collected and derived data. Typically a contour
map or plan forms the base map. Where a digital base map is used, data should be separated into
homogeneous layers.

The selection of the mapping methods for a specific project should consider the objectives,
study area characteristics, available time and resources, map scale, and required map type.
Qualitative versus quantitative requirements should be considered. Additional considerations
should include the required lifespan of the map, need and ease of updating, amount of reliable
available background data, have the methods been regionally tested, can the method be
calibrated for the study area, the experience, knowledge and capabilities of the mappers and
resources. Where standard mapping procedures exist they should be considered, if not followed.

The selection of map textures, symbols and labelling system is related to the mapping method,
scale, characteristics of the study area, and the objectives of the project. They should conform to
standard systems, if in existence.

5.2 Mapping



Data compilation includes: collecting and reviewing existing relevant data from the study area
and surrounding areas; interpretation of air photo and/or remote sensing images, sometimes of
multiple sequential images, prior to field work; and an appropriate level of field checking
(ground truthing) including observations from fixed wing aircraft, helicopters, vehicles and foot
traverses.

The resulting database from the data compilation is an integral component of the mapping
project. The database should designed to be as simple as possible. Where digital databases and
GIS platforms are used, the types of information should be considered prior to data collection.
The data should be presented using a common and appropriate geographical projection and
datum. Dimensional data should be metric. Data capture standards, such as BCRIC (1996b and
1998). A metadata file, which contains information about the data, should accompany the
database. It records where the data came from, when they were collected, who collected them,
their reliability, precision and quality assurance checks.

After data compilation, interpretation is used to derive the landslide maps. In most cases,
interpretations should be conservative, with the rationale and assumptions clearly defined,
technically justified and documented. There are three main methods by which data can be
interpreted: subjectively, using pre-determined criteria, or statistically. The method of
interpretation should be consistent with the data compiled, the objectives and the experience of
the mappers.

The resulting final map should clearly communicate the required information about the
landslides of the mapped area. Other components of the maps should include items such as the
scale, geographic coordinate system and/or north arrow, legend, title block, mappers and the year
of mapping. If the final product is a GIS file, an accompanying text file should contain the above
information. In some cases, a series of maps should be produced to reduce the amount of
information displayed on one map. Some landslide maps are created as ‘stand-alone’ documents.
In these cases, the text that appears on the sides of the map should be more extensive and should
include many of the items that would be included in an accompanying report.

The accompanying report is a detailed summary of the project. It is a written account of the
work carried out, as well as a document to support the conclusions presented on the map. The
following items should be considered for inclusion in a report:

« who requested the mapping, the terms and references, objectives and level of detail

» background references, data sources and their associated metadata

. description of regional physiography, climate, vegetation, drainage, surficial geology, bedrock
geology, geologic, geomorphologic and landslide processes

. Dbasis of selecting the mapping method, attribute selection

« description of the mapping methodology including data compilation, interpretations,
assumptions, classifications, summary of the reliability, limitation and lifespan of the final
product

. recommendations for further work

. appendices.

5.3 General

The data used to create a landslide map should be current. Over time, factors that control
landslide processes change; for example, land uses such as timber harvesting and urbanization,
and the effects of climate change. Theoretically, once data collection has ceased, even before a
map is published, it can be out-of-date. Therefore, it is a best practice to report a realistic lifespan
for the reliability of the data used to construct the map. Ideally, landslide mapping should be an
ongoing process that should be updated frequently (Aleotti and Chowdhury, 1999).



Landslide mapping projects should be carried out under the direction of a landslide
professional, such as a professional geologist or geological engineer, who is qualified by training
or experience to engage in this type of work (see VanDine, 2012). Junior mappers can carry out
this work under close professional supervision. The mapper is responsible for the landslide map
and/or estimates of susceptibility and risk; not for determining the acceptability of the results’
risks. Such decisions are reserved for those individuals, clients, agencies or authorities, such as
landowners, governments or courts, who incorporate appropriate socio-economic and
environmental factors into their decisions.

6.0 FIELD DESCRIPTION

A comprehensive approach for field description of landslides and their effects for Canada was
developed by the Geological Survey of Canada in collaboration with geological surveys in the
Andean countries (Servicio Nacional de Geologia y Mineria, 2007). It is based on internationally
established methodologies (Cascini et al., 2005; Fell, et al., 2005; Lee and Jones, 2004; Soeters
and van Westen, 1996; Varnes, 1978; WP/WLI, 1991 and 1993). Figures 4a and 4b show the
first two pages of the ‘landslide investigation report’ form that was developed. Page 3 of the
form provides space for additional notes, sketches and diagrams and directions to append
documentary photographs as necessary.

Many of the fields on the form only require marking an appropriate check-box with no
additional information, whereas others require written information or diagrams. Most of the
information is recorded while the individuals are in the field. Other documentary information can
be added to the form as data are gathered.

The approach and form can easily be adapted for entry into a GIS platform. It was found to be
particularly useful in assessing the effects of landslide-causing natural disasters, such as intense
regional rainstorms or earthquakes. It can easily be adapted to most landslide field investigation
projects. The form is divided into 15 sections as described in Table 12

Table 12. Description of landslide investigation report form. Refer to Figure 4 (Multinational
Andean Project, 2009)

Section Brief description

General information project, investigator; date; organization, report code and importance rating

Geographic location and  |jurisdiction; coordinate; relative geographic location; documentation, both maps and air

occurrence photos

Movement activity dates of movement; state, style and distribution of activity

Lithology and structure  |description; structure; orientation; spacing

Classification movement type; material including texture of both rock and soil, soil moisture, origin of
soil, plasticity, USCS classification; velocity; other characteristics; classification

Morphometry general; dimensions; terrain deformation features; terrain inventory unit/additional notes

Causes pre-existing; triggering

Vegetation cover and land |cover type; land use

use

Reference documents

Secondary effects landslide damming including dam type; dam morphology, condition of the dam,
morphometry of landslide-dammed lakes; other effects

Damage assessment people; infrastructure, economic activity, environmental damage relative damage
intensity

Notes and evaluation of

continuing risk

Diagram of the landslide

Documentary photographs




7. ACKNOWLEDGEMENTS

Much of the information in this Open File was derived from several sources (BCRIC 1996 and
an internal report prepared for the Geological Survey of Canada by Mr. Arhen Bichler). The
information on the field description is derived from the Geological Survey of Canada’s
Multinational Andean Project: Geoscience for Andean Communities. The authors would like to
thank these agencies for the use of this information. The authors would also like to thank the
reviewers Dr. David Huntley and Dr. Robert Fulton and series technical advisor Doug VanDine.

8. REFERENCES

Aleotti, P. and Chowdhury, R., 1999. Landslide hazard assessment: summary review and new
perspectives; Bulletin of Engineering Geology and the Environment, v. 58, p. 21-44.

Aleotti, P., Baldelli, P., Polloni, G., Govi, M., and Villani, B., 2000. Hydrogeological risk
assessment of the Po River basin (Italy); in Proceedings of the Eighth International
Symposium on Landslides, (ed.) E. Bromhead, N. Dixon and M.-L. Ibsen; Cardiff,
Wales, p. 13-18.

Anbalagan, R., Srivastava, N.C.N., and Jain, V., 2000. Slope stability studies of Vyasi Dam
Reservoir area, Gerhwal Himalaya, U.P. India; in Proceedings of the Eighth International
Symposium on Landslides, (ed.) E. Bromhead, N. Dixon and M.-L. Ibsen; Cardiff,
Wales, p. 51-56.

BC RISC (British Columbia Resources Inventory Standards Committee), 1996a. Guidelines and
Standards to Terrain Mapping in British Columbia; Surficial Geology Task Group, Earth
Sciences Task Force, http://www.ilmb.gov.bc.ca/risc/pubs/earthsci/012/index.htm

BC RISC (British Columbia Resources Inventory Standards Committee), 1996b. Terrain
Stability Mapping in British Columbia; a review and suggested method for landslides
hazard and risk mapping; Slope Stability Task Group, Earth Sciences Task Force,
http://env.gov.bc.ca/terrain/terrain_files/stds/stability

BC RISC (British Columbia Resources Inventory Standards Committee), 1998. Standard  for
digital terrain data capture in British Columbia: terrain technical standard and database
manual; British Columbia Ministry of Forests, Victoria.

Bichler, A., VanDine, D., and Bobrowsky, P., n.d. Landslide hazard and risk mapping — a review
of methodology, Report on file with the Geological Survey of Canada, 130 p.

Blais-Stevens, A., 2008. Surficial geology and landslide inventory of the lower Sea to Sky
corridor; British Columbia. Geological Survey of Canada, Open File 5322, 2008, 1 sheet
1 CD-ROM.

Blais-Stevens, A., Hermanns, R.L., and Jermyn, C., 2011la. A 36Cl age determination for
Mystery Creek rock avalanche and its implications in the context of hazard assessment,
British Columbia, Canada; Landslides, v. 8, p. 407-416.


http://www.ilmb.gov.bc.ca/risc/pubs/earthsci/012/index.htm
http://env.gov.bc.ca/terrain/terrain_files/stds/stability

Blais-Stevens, A., Livposky, P., Kremer, M, Couture, R., and Page, A., 2011b.  Landslide
inventory and susceptibility mapping for a proposed pipeline route, Yukon Alaska
Highway corridor, Canada; in Proceedings of the Second World Landslide Forum, Rome,

7p.

Bobrowsky, P.T. and Dominguez, M.J., 2012. Landslide Susceptibility of Canada, Geological
Survey of Canada, Open File 7228, scale 1:6 million.

Bonuccelli, T., Luzia de Souza, M., and Zuquette, L.V., 1996. Landslides in urban areas: the
triggering factors in the historical city, Ouro Preto, Brazil; in Proceedings of the Eighth
International Conference and Field Trip on Landslides, (ed.) J. Chacdn, C. Irigaray and
T. Ferndndez; Granada, Spain, p. 117-124.

Bovis, M.J. and Jakob, M., 1999. The role of debris supply conditions in predicting debris flow
activity; Earth Surface Processes and Landforms, v. 24, p. 1039-1054.

Brabb, E.E., Pampeyan, E.H., and Bonilla, M.G., 1972. Landslide susceptibility in San Mateo
County, California; United States Geological Survey miscellaneous field studies map,
MF-360 (reprinted 1978).

Brabb, E.E., 1982. Innovative approaches to landslide hazard and risk mapping; in Proceedings
of the Fourth International Symposium on Landslides, (ed.) J. Seychuck; Toronto,
Canada, v. 2, p. 307-323.

Brideau, M.-A., Stead, D., Kinakin, D., and Fecova, K., 2005. Influence of tectonic structures on
the Hope Slide; Engineering Geology, v. 80, p. 242-259.

Brideau, M.-A., Stead, D., McDougall, S.R., Couture, R., Evans, S.G., and Turner, K., 2012.
Three-dimensional distinct element modelling and dynamic runout analysis of a landslide
in gneissic rock, British Columbia, Canada; Bulletin of Engineering Geology and the
Environment, v. 71, no. 3, p. 467-486.

British Columbia Ministry of Forests, 1999. Mapping and assessing terrain stability guidebook;
British Columbia Ministry of Forests, Victoria, British Columbia.

Bruce, I. and Cruden, D.M., 1977. The dynamics of the Hope Slide; Bulletin International
Association of Engineering Geology, v. 16, p. 94— 98.

Bull, W.B., 1962. Relation of textural (CM) patterns of depositional environment of alluvial fan
deposits; Journal of Sedimentary Petrology, v. 32, p. 211-216.

Bull, W.B., 1972. Recognition of alluvial fan deposits in the stratigraphic record; in Recognition
of ancient sedimentary environments, (ed.) J.K. Rigby and W.K. Hamblin; Society of
Economic Paleontologists and Mineralogists Special Publication 16, p. 63-83.

Burns, W.J., Madin, I.P., and Mickelson, K.A., 2012. Protocol for Shallow-Landslide
Susceptibility Mapping; Oregon Department of Geology and Mineral Industries, Special
Paper 45, 32 p.



Carrara, A., 1983a. Multivariate models for landslide hazard evaluation; Mathematical Geology,
v. 15, p. 302-426.

Carrara, A., 1983b. Geomathematical assessment of regional landslide hazard; in Proceedings of
the Fourth International Conference on Applications of Statistics and Probability in Soil
and Structural Engineering, (ed.) G. Augusti, A. Borri and G. Vannucchi; Firenze, Italy,
p. 3-27.

Carrara, A., Cardinali, M., Deitti, R., Guzzetti, F., Pasqui, V., and Reichenbach, P., 1991. GIS
techniques and statistical models in evaluating landslide hazard; Earth Surface Processes
and Landforms, v. 16, p. 427-445.

Cascini, L., Bonnard, C., Corominas, J., Jibson, R., and Montero-Olarte, J., 2005. Landslide
hazard and risk mapping for urban planning and development; in Landslide Risk
Management; (ed.) O. Hungr, R. Fell, R., Couture and E. Eberhardt; Proceedings of the
International Conference on Landslide Risk Management, Vancouver, Canada; Balkema,
London, p. 199-235.

Chung, C.J.F., Fabbri, A.G., and van Westen, C.J., 1995. Multivariate regression analysis for
landslide hazard zonation; in Geographical Information Systems in Assessing Natural
Hazards, (ed.) A. Carrara and F. Guzzetti; Advances in Natural and Technological
Hazards Research, Kluwer Academic Publishers, Drodrecht, v. 5, p. 107-133.

Chung, C.J., Bobrowsky, P.T., and Guthrie, R., 2002. Quantitative prediction model for landslide
hazard mapping, Tsitika and Schmidt Creek Watersheds, Northern Vancouver Island,
British Columbia, Canada; in Geoenvironmental Mapping: methods, theory and practice,
(ed.) P. Bobrowsky; Swets and Zeitlinger Publishing, the Netherlands, p. 697-716.

Church, M. and Ryder, J.M., 1972. Paraglacial sedimentation: consideration of fluvial processes
conditioned by Glaciation; Geological Society of America Bulletin, v. 83, p. 3059-3072.

Corominas, J., Remondo, J., Farias, P., Estevao, M., Zézere, J., Diaz de Teran, J., Dikau, R.,
Schrott, L., Moya, J., and Gonzélez, A., 1996. Debris flows; in Landslide Recognition:
Identification, Movement and Causes, (ed.) Dikau, R., Brunsden, D., Schrott, L. and
Ibsen, M.L; John Wiley and Sons, p. 161-177.

Costa, J.E., 1984. Physical geomorphology of debris flows; in Development and applications of
geomorphology, (ed.(); J.E. Costa and P.J. Fleisher; Springer-Verlag, Berlin, p. 268-318.

Couture R. and Riopel S., 2008a. Landslide Inventory along a Proposed Gas Pipeline Corridor
between Inuvik and Tulita, Mackenzie Valley, Northwest Territories; Geological Survey
of Canada, Open File 5740, 1 DVD-ROM.

Couture R. and Riopel S., 2008b. Regional landslide susceptibility mapping, Mackenzie Valley,
Northwest Territories; in Proceedings of the 4th Canadian Conference on Geohazards:
From Causes to Management; Presse de I’Université Laval, Québec, p. 375-382.

Cruden, D.M. and Krahn, J., 1973. A re-examination of the geology of the Frank Slide; Canadian
Geotechnical Journal, v. 10, p. 581-591.



Deblonde, C., Plouffe, A., Boisvert, E., Buller, G., Davenport, P., Everett, D., Huntley, D.,
Inglis, E., Kerr, D., Moore, A., Paradis, S.J., Parent, M., Smith, R., St-Onge, D., and
Weatherston, A., 2012. Science language for an integrated Geological Survey of Canada
data model for surficial maps, version 1.2; Geological Survey of Canada, Open File 7003,
224 p.

DeScally, F.A. and Owens, I.F., 2004. Morphometric controls and geomorphic responses on fans
in the Southern Alps, New Zealand; Earth Surface Processes and Landforms, v. 29, p.
311-322.

Dikau, R., Brunsden, D., Schrott, L., and Ibsen, M.L., 1996. Landslide Recognition:
Identification, Movement and Causes; John Wiley and Sons, 251 p.

Dyke, A.S., 2004. An outline of North American deglaciation with emphasis on central and
northern Canada; in Quaternary glaciations - extent and chronology; (ed.) J. Ehlers and
P.L. Gibbard; Part Il: North America. Elsevier, Amsterdam, p. 373-424.

Ekes, C. and Hickin, E.J., 2001. Ground penetrating radar facies of the paraglacial Cheekeye fan,
southwestern British Columbia, Canada; Sedimentary Geology, v. 143, p. 199-217.

Eshraghian, A., Martin, C.D., and Cruden, D.M., 2005. Landslides in the Thompson River valley
between Ashcroft and Spences Bridge, British Columbia; in Landslide Risk Management,
(ed.) O. Hungr, R. Fell, R. Couture and E. Eberhardt; Balkema, London, p. 437-446.

Fell, R., Ho, K.K., Lacasse, S., and Leroi, E., 2005. A framework for landslide risk assessment
and management; in Landslide Risk Management, (ed.) O. Hungr, R. Fell, R. Couture
and E. Eberhardt; Balkema, London, p. 3-25.

Fidel-Smoll, L., Guzman Martinez, A., Zegarra Loo, J., Vilchez Mata, M., Colque Tula, J., and
Jackson, L.E., Jr., 2005. Investigation of the origin and magnitude of debris flows from
the Payhua Creekbasin, Matucana area, Huarochiri Province, Per(; in Landslide Risk
Management; (ed.) O. Hungr, R. Fell, R. Couture and E. Eberhardt; Balkema, London, p.
467-473.

Fidel-Smoll, L., Zegarra Loo, J., Manuel Vilchez Mata, M., Castillo Navarrez, L.F., and Jackson,
L.E. Jr., 2009. Evolution of landslide activity, and the origin of debris flows in the El
Nifio affected Payhua Creek basin, Matucana area, Huarochiri, Peru; in Engineering
Geology For Tomorrows Cities; (ed.) M.G. Culshaw, H.J. Reeves, I. Jefferson and T.W.
Spink; Paper 32, Geological Society special publication No. 22, 12 p.

Friele, P.A. and Clague, J.J., 2005. Multifaceted hazard assessment of the Cheekye fan, a large
debris flow fan in south-western British Columbia; in Debris flow hazards and related
phenomena; (ed.) M. Jakob and O. Hungr; Springer-Praxis Publishing, Chichester, p.
659-683.

Gafeira, J., Bulat, J. and Evans, D., 2007. The southern flank of the Storegga slide: imaging and
geomorphological analysis using 3D-seismic; in Submarine mass movements and their
consequences; (ed.) V. Lykousis, D. Sakellariou, and J. Locat; Springer Verlag,
Germany, p. 77-88.



Garcia, R., Rodriguez, J.J., and O’Brien, J.S., 2004. Hazard zone delineation for urbanized
alluvial fans; American Society of Civil Engineers 2004 World Water & Environmental
Resources Congress — Arid Lands Symposium, Salt Lake City, Utah, 10 p.

Giraurd, R.E., 2005. Guidelines for geologic evaluation of debris flow hazards on alluvial fans in
Utah, USA; in Landslide Risk Management, (ed.) O. Hungr, R. Fell, R. Couture, and. E.
Eberhardt; A.A. Balkema Publishers, Leiden, p. 457-456.

Gonzélez, M.A., Baumann, V., and Jackson, L.E. Jr., 2008. Estimation of debris flow Hazard to
Chalala village, Quebrada de Humahuaca UNESCO World Heritage Site, Jujuy Province,
Argentina; in Monitoring, simulation, prevention and remediation of Dense and Debris
flows, (ed.) D. de Wrachien, C.A. Brebbia, and M.A.Lenzi; WIT Press, Southampton, p.
113-123.

Hardy, R.M., Morgenstern, N.R. and Patton, F.D., 1978. Report of the Garibaldi Advisory Panel-
part 1; British Columbia Department of Highways, Victoria, British Columbia, 77 p.

Hervas, J. and Bobrowsky, P., 2009. Mapping: inventories, susceptibility, hazard and risk; in
Landslides — Disaster Risk Reduction; (ed.) K. Sassa and P. Canuti; Springer-Verlag,
Germany, p. 321-348.

Highland, L. and Bobrowsky, P.T., 2008. The Landslide Handbook — A Guide to Understanding
Landslides. USGS Circular 1325, 129 p.

Hooke, R. LeB., 1987. Mass movement in semi-arid environments and the morphology of
alluvial fans; in Slope Stability, (ed.) M.G. Anderson and K.S. Richards; John Wiley and
Sons, NY, p. 509-525.

Howes, D.E. and Kenk, E., 1997. Terrain classification system for British Columbia; British
Columbia Ministry of Environment, Lands and Parks, Victoria, Version 2, 102 p.

Hsu, K. J., 1975. Catastrophic Debris Streams (Sturzstroms) Generated by Rockfalls; Geological
Society of America Bulletin, v. 86, p. 129-140.

Hungr, O., 1997. Some methods of landslide hazard intensity mapping; in Proceedings of a
landslide risk workshop, (ed.) R. Fell, and D.M. Cruden; A.A. Balkema, Rotterdam, p.
215-226.

Hungr, O., Morgan, G.C., and Kellerhalls, R., 1984. Quantitative analysis of debris torrent
hazards for design of remedial measures; Canadian Geotechnical Journal, v. 21, p. 663-
677.

Hungr, O., Evans, S.G., and Hazzard, J., 1999. Magnitude and frequency of rock falls and rock
slides along the main transportation corridors of southwestern British Columbia;
Canadian Geotechnical Journal, v. 24, p. 224-238.



Hungr, O., McDougall, S., and Bovis, M., 2005. Entrainment of material by debris flows; in
Debris flow hazards and related phenomena; (ed.) M. Jakob and O. Hungr; Springer-
Praxis Publishing, Chichester, p. 135-158.

Hungr, O., Fletcher, L., Jakob, M., MacKay, C., and Evans, S.G., 2003. A system of rock fall
and rock slide hazard rating for a railway; in Proceedings Geohazards 2003; Edmonton
Alberta, p. 277-283.

Huntley, D., Duk-Rodkin, A., and Sidwell, C., 2006. Landslide inventory of south-central
Mackenzie Valley region, Northwest Territories; in Current Research, Part A, 2006 A-10,
Geological Survey of Canada, 11 p.

Hupp, C.R., 1984. Dendrogeomorphic evidence of debris flow frequency and magnitude Mount
Shasta, California; Environmental Geology and Water Sciences, v. 6, p. 121-128.

Hupp, C.R., Ostercamp, W.R., and Thornton, J.L., 1987. Dendrogeomorphic evidence and dating
of recent debris flows on Mount Shasta, northern California; United States Geological
Survey Professional Paper 1396-B, 39 p.

Hutchison, J.N., 1988. Morphological and geotechnical parameters of landslides in relation to
geology and hydrogeology; in Landslides; (ed.) C. Bonnard; Proceedings of 5"
International Symposium on Landslides, p. 3-35.

International Association of Engineering Geology Commission on Engineering Geological
Mapping, 1981a. Recommended symbols for engineering geological mapping; Bulletin of
the International Association of Engineering Geology, v. 24, p. 227-234.

International Association of Engineering Geology Commission on Engineering Geological
Mapping, 1981b: Rock and soil description and classification for engineering geological
mapping; Bulletin of the International Association of Engineering Geology, v. 24, p. 235-
274.

Jackson, L.E. Jr., 1977. Dating and recurrence frequency of prehistoric mudflows near Big Sur,
Monterey County, California; United States Geological Survey Journal of Research, v. 5,
p. 17-32.

Jackson, L.E. Jr., 1987. Debris flow hazard in the Canadian Rocky Mountains; Geological
Survey of Canada, Paper 86-11, 20 p.

Jackson, L.E. Jr., 2002. Landslides and landscape evolution in the Rocky Mountains and
adjacent Foothills area, southwestern Alberta, Canada; Reviews in Engineering Geology
XV; Geological Society of America, p. 325-344.

Jackson, L.E. Jr. and Lebel, D., 1998. Evidence of Catastrophic rock avalanche potential and past
failures, east face of Mount Livingstone and Windsor Ridge, Alberta; in Current Research
1998-A, Geological Survey of Canada, p. 225-231.

Jackson, L. E. Jr., Kostachuk, R.A., and MacDonald, G.M., 1987. Identification of debris flow
hazard on alluvial fans in the Canadian Rocky Mountains; in Debris flows/avalanches:



process, recognition and mitigation; Reviews in Engineering Geology VII, (ed.) J.E.
Costa and G.F. Wieczorek; Geological Society of America, Boulder Colorado, p. 115-
124.

Jackson, L.E. Jr., Hungr, O., Gradner, J.S., and MacKay, C., 1990. Cathedral Mountain debris
flows, Canada; Bulletin of Engineering Geology and the Environment, v. 40, p. 35-54.

Jackson, L. E. Jr., Hermanns, R.L., Jermyn, C. E., Conway, K., and Kung, R., 2008. Annotated
images of submarine landslides and related features generated from swath multibeam
bathymetry, Howe Sound, British Columbia; Geological Survey of Canada, Open File
5662, 1 CD-ROM.

Jakob, M., 2005a. Debris flow hazard analysis; in Debris flow hazards and related phenomena;
(ed.) M. Jakob and O. Hungr; Springer-Praxis Publishing, Chichester, p. 411-443.

Jakob, M., 2005b. A size classification for debris flows; Engineering Geology, v. 79, Issues 3-4,
p. 151-161.

Jakob, M. and Weatherly, H., 2005. Debris flow hazard and risk, Jones Creek, Washington; in
Landslide Risk Management, (ed.) O. Hungr, R. Fell, R. Couture, and E. Eberhardt; A.A.
Balkema Publishers, Leiden, p. 533-542.

JICA (Japan International Cooperation Agency), 1988. Final report for the master plan study on
the disaster prevention project in the Rimac River basin; Japan International Cooperation
Agency, 6 volumes. Tokyo, Japan.

Jaboyedoff, M., Oppikofer, T., Abella'n, A., Derron, M.-H., Loye, A. Metzger, R., and
Pedrazzini, A., 2012. Use of LIDAR in landslide investigations: a review; Natural
Hazards, v. 61, p. 5-28.

Keller, E.A., 2008. Introduction to Environmental Geology; Pearson-Prentice Hall, New Jersey,
661 p.

Kellerhals, R. and Church, M., 1990. Hazard management on fans, with examples from British
Columbia; in Alluvial fans: a field approach; (ed.) A.H. Rachocki and M. Church; John
Wiley and Sons, Chichester, p. 335-354.

Klugman, M.A. and Chung, P., 1976. Slope stability study of the regional Municipality of
Ottawa-Carleton, Ontario, Canada; Ontario Geological Survey, miscellaneous paper 68,
13 p.

Lee, E.M. and Jones D.K.C., 2004. Landslide risk assessment; Thomas Telford, London, 454 p.
Lebuis, J., Rober, J.M., and Rissmann, P., 1983. Regional mapping of landslide hazard in

Quebec; Symposium on slopes on soft clays; Swedish Geotechnical Institute, Report no.
17, p. 205-262.



Mathews W.H. and McTaggart, K.C., 1978. Hope rockslides, British Columbia; in Rockslides
and Avalanches, 1, Natural Phenomena, (ed.) B. Voight; Elsevier, New York, p. 259-
275.

McConnell, R.G. and Brock, R.W., 1904. Report on the great landslide at Frank, Alberta,
Canada; Canadian Department of Interior, Annual Report, 1902-1903, Part 8.

McDonnell, B.A., 2002. Hazard identification and visitor risk assessment at the Giant's
Causeway World Heritage Site, Ireland; in Proceedings of the international conference
organised by the Centre for the Coastal Environment, Isle of Wight Council, Ventnor,
Isle of Wight, United Kingdom, (ed.) R.G. Mclnnes and J. Jakeways; v. 1, p. 527-534.

Mehrotra, G.S., Sarkar, S., Kanungo, D.P., and Mahadevaiah, K., 1996. Terrain analysis and
spatial assessment of landslide hazards in parts of Sikkim, Himalaya; Journal of the
Geological Society of India, v. 47, no. 4, p. 491-498.

Melosh, H.J., 1987. The mechanics of large rock avalanches; in Debris flows/avalanches:
process, recognition and mitigation, (ed.) J.E. Costa and G.F. Wieczorek; Reviews in
Engineering Geology VII; Geological Society of America, Boulder Colorado Geological
p. 41-49.

Mollard, J.D. and Janes, J.R., 1984. Airphoto interpretation and the Canadian landscape; Energy,
Mines and Resources Canada, Ottawa, Canada, 415 p.

Mosher, D.C. and Piper, D.JW., 2007. Analysis of multibeam seafloor imagery of the
Laurentian fan and the 1929 Grand Banks landslide area; in Proceedings of submarine
mass movements and their consequences, Austin, Texas, (ed.) V. Lykousis, D.
Sakellariou and J. Locat; Springer, Germany, p. 77-88.

Multinational Andean Project: Geoscience for Andean Communities (Geological surveys of
Argentina, Bolivia, Canada, Chile, Colombia, Ecuador, Peru, and Venezuela), 2009. Field
description of a landslide and its impact; Geological Survey of Canada Open File 5991.

Nadim, F. and Locat, J., 2005. Risk assessment for submarine slides; in Landslide Risk
Management, (ed.) O. Hungr, R. Fell, R. Couture and E. Eberhardt; Balkema, London, p.
321-349.

Nasmith, H.W. and Mercer, A.G., 1979. Design of dykes to protect against debris flows at Port
Alice, British Columbia; Canadian Geotechnical Journal, v. 16, p. 748-757.

Paudits, P. and Bednarik, M., 2002. Using GIS in evaluation of landslide susceptibility,
Handlovska kotlina basin; in Proceedings of the First European Conference on
Landslides, (ed.) J. Rybar, J. Stemberk and P. Wagner; Prague, Czech Republic, p. 437-
441.

Pedrazzini, A., Froese C.R., Jaboyedoff, M., Hungr, O., and Humair, F., 2012. Combining digital
elevation model analysis and run-out modelling to characterize hazard posed by a
potentially unstable rock slope at Turtle Mountain, Alberta, Canada; Engineering
Geology, v. 128, p. 76-94.



Pierson, L., Davis, S., and Van Vickle, R., 1990. Rockfall hazard rating system implementation
manual; Report FHWA-OREG-90-01, Federal Highway Administration, Washington,
D.C.

Pierson, L. and Van Vickle, R., 1993. Rockfall Hazard Rating System—Participant’s Manual;
Report FHWA-SA-93-057, Federal Highway Administration, Washington, D.C.

Pritchard, M., Porter, M. Savigny, K.W., Bruce, I, Oboni, F., Keegan, T. and Abbott, B., 2005.
CN rockfall Hazard risk Management system: experience, enhancements, and future
Direction; in Proceedings, 46th Canadian Geotechnical conference; Saskatoon, 46 p.

Proyecto Multinational Andino: Geociencias para las Comunidades Andinas (PMA:GCA), 2007.
Movimientos en masa en la region Andina: una guia para la evaluacion de amanazas.
Publicacion Geoldgia Multinacional no. 4, 404 p.

Refice, A. and Capolongo, D., 2002. Probabilistic modeling of uncertainties in earthquake-
induced landslide hazard assessment; Computers and Geosciences, V. 28, no. 6, p. 735-
749.

Rengers, N., Soeters, R., and van Westen, C.J., 1991. Remote sensing and GIS applied to
mountain hazard mapping; Episodes, v. 15, no. 1, p. 36-45.

Rickerman, D., 1999. Empirical relationships for debris flows; Natural Hazards, v. 19, p. 47-77.

Rollerson, T., Maunard, D., Higman, S., and Ormayr, E., 2005. Phillips River landslide mapping
project; in Landslide Risk Management, (ed.) O. Hungr, R. Fell, R. Couture and E.
Eberhardt; Balkema, London, p. 447-455.

Schulz, W.H., 2004. Landslides mapped using LIDAR imagery, Seattle, Washington; United
States Geological Survey, Open File Report 2004-1396, 11p.

Servicio Nacional de Geologia y Mineria, 2007. Movimientos en masa en la region Andina: una
guia para la evaluacion de amenazas. Proyecto Mulinacional Andino, Geosciencias para
las comunidades Andinas, Publicacion Geol6gica Multinacional no. 4, 404 p.

Sobkowicz, J., Hungr, O., and Morgan, G., 1995. Probabilistic mapping of a debris flow hazard
area: Cheekye Fan, British Columbia; in Proceedings of the 48th Canadian Geotechnical
Conference; Vancouver, British Columbia, v. 1, p. 519-529.

Soeters, R. and VanWesten, C.J., 1996. Slope instability recognition, analysis and zonation; in
Landslides investigation and mitigation, (ed.) K. Turner and R.L. Schuster;
Transportation Research Board Special Report 247, National Academy Press,
Washington D. C, p. 129-177.

Sigafoos, R.S., 1964. Botanical evidence of flood and flood plain position; United States
Geological Survey Professional Paper 485-A, 35 p.



Singhroy, V., 2008. Satellite remote sensing applications for landslide detection and monitoring;
in Landslide Disaster Risk Reduction, (ed.) K. Sassa and P. Canuti; Springer, Berlin p.
143-158.

Singhroy, V., Couture, R., and Molch, K., 2005. INSAR monitoring of the Frank Slide; in
Landslide Risk Management; (ed.) O. Hungr, R. Fell, R. Couture, and E. Eberhart; A.A.
Balkema, Leiden, p. 611-622.

Valaddo, P., Gaspar, J.L., Queiroz, G., and Ferreira, T., 2002. Landslides density map of S.
Miguel Island, Azores archipelago; Natural Hazards and Earth System Sciences, v. 2, p.
51-56.

VanDine, D., 1985. Debris flows and debris torrents in the southern Canadian Cordillera;
Canadian Geotechnical Journal, v. 22, p. 44-68.

VanDine, D., 2012. Risk Management — Canadian Technical Guidelines and Best Practices
related to Landslides: a national initiative for loss reduction; Geological Survey of
Canada, Open File 6996, 8 p.

van Westen, C.J., Soeters, R., and Sijmons, K., 2000. Digital geomorphological landslide hazard
mapping of the Alpago area, Italy; International Journal of Applied Earth Observation
and Geoinformation, v. 2, p. 51-60.

Varnes, D.J., 1978. Slope movement types and processes; Landslides, analysis and control;
Transportation Research Board, special publication 176, Washington, D.C., p. 11-23.

WP/WLI, 1991. A suggested method for a landslide summary; Bulletin International
Association of Engineering Geology, no. 43, p. 101-110.

WP/WLI, 1993. A suggested method for describing the activity of a landslide; Bulletin
International Association of Engineering Geology, no. 47, p. 53-57.

Wilford, D.J., Sakals, M.E., Innes, J.L., Sidle, R.C., and Bergerud, W.A., 2004. Recognition of
debris flow, debris flood and flood hazard through watershed Morphometrics; Landslides,
v.1, p. 61-66.

Wills, C.J. and McCrink, T.P., 2002. Comparing landslide inventories: the map depends on the
method; Environmental and Engineering Geoscience, v. 8, no. 4, p. 279-293.



Figure 1. Hypothetical example of a landslide inventory map showing distribution of landslides
and their state of activity (Bichler et al., n.d.).
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Figure 2. Hypothetical example of a landslide susceptibility map showing distribution of areas

susceptible to landslides using a relative landslide index L, where higher values indicate
less stable slopes (Bichler et al., n.d.).
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Figure 3. Hypothetical example of a landslide risk map showing distribution of relative risk to
salmon spawning habitat, where relative risk terms indicates likelihood that salmon
spawning habitat will be disturbed by landslide processes (Bichler et al. n.d.).
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Figure 4. Page 1 of a form for the description of a landslide and its effects in the field
Multinational Andean Project, 2009)
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Figure 5. Page 2 of a form for the description of a landslide and its effects in the field
(Multinational Andean Project, 2009).
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