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Abstract The recent assessment of the Mitchell Creek Landslide
(MCL) in northern British Columbia is a good case history of
engineering geomorphological analysis of a large landslide. It
was completed using historic aerial photographs, with approxi-
mately 20-year time intervals dating back to the mid-twentieth
century and field investigations completed between 2008 and 2014.
The large bedrock slide initiated between 1956 and 1972 and con-
tinues to experience ongoing annual movements. Significant gla-
cial downwasting and retreat has been observed in the
photographic record, and it is hypothesized that alpine glaciation
has contributed to development of the MCL. This paper docu-
ments four aspects of the engineering geomorphological assess-
ment completed at the MCL: (i) topographic evolution, (ii) slope
morphology, (iii) deformation features, and (iv) displacement be-
havior. Four distinct geomorphic zones have been defined at the
MCL based on these analyses, controlled by different failure mech-
anisms. The extents of these zones have changed little over the
documented history of the landslide, and rates of movement
estimated from aerial photography have been consistent over the
last 60 years. Retreat of the Mitchell Valley Glacier appears to have
played an important role in landslide initiation, as the ice mass
receded the kinematic freedom of the slope increased. This study
of the initiation and development of the MCL demonstrates the
capabilities of a multi-faceted approach to engineering geomor-
phology. The combination of historical aerial photographs with
digital photogrammetric modeling and point cloud analysis tech-
niques, and geomorphological mapping, allows for development
of a robust understanding of landslide behavior.

Keywords Landslide - Geomorphology - Remote
sensing - Photogrammetry - Glacial retreat

Introduction

Landslide characterization should incorporate a wide array of
geoscience techniques in order to understand the behavior of
unstable masses of soil and rock (Clague and Stead 2012; Turner
1996). Factors that can lead to large-scale slope instability include
slope geometry, glacial and geologic history, structural geology,
geomechanical properties, hydrogeologic conditions, earthquake
events, and weathering/rock damage, all of which influence the
rock mass strength and applied stresses within the slope. Engi-
neering geomorphology provides a methodology to evaluate and
understand current and historic processes with surficial expres-
sions that affect slope stability (Griffiths 2002, GSL 1972).

Several important methods have been developed that use engi-
neering geomorphological techniques. A comprehensive summary
of the history of engineering geomorphology around the world,
the requisite skills of an engineering geomorphologist, and the
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wide range of practical applications of the science can be found
in Griffiths (2014). The Geological Society of London Engineering
Group Working Party (GSL 1972) put together recommendations
for a standard set of plan and section map preparation procedures
including symbols for use in the UK. However, due to the complex
nature of geomorphic systems, they also recommended that the
practitioner at each site customize mapping symbology to high-
light key features for the intended use of the map. Throughout the
1970s and 1980s, engineering geological/geomorphological map-
ping was recognized as important but did not play a major role in
many engineering projects (Griffiths 2014). In the 1990s, engineer-
ing geology maps developed for special purposes, for example
landslide susceptibility, began to appear and are now being used
to guide development plans in areas with natural hazards partic-
ularly in Hong Kong (Hencher and Malone 2012). In British Co-
lumbia (BC), Canada, terrain mapping (DEGIFS 2002) has been
employed in the forestry industry since the 1970s in order to
evaluate and manage forest resources (Schwab and Geertsema
2010). The techniques developed in the UK are very useful when
applied to landslide sites. For example, Bovis (1990) produced a
large-scale engineering geology map for Affliction Creek Sackung;
it includes geological contacts (bedrock), Quaternary deposits,
landslide scarps, glacier outline, and creeks. Direct mapping from
georeferenced imagery and visualization including slope aspect
and slope angle mapping has been completed within the GIS
software in the Western Italian Alps (Giardino et al. 2004) and
for the catastrophic landslides at Vajont, Italy, and Madison Can-
yon, USA (Wolter 2014). At Vajont, Wolter (2014) used geomor-
phological mapping to identify zones of compression and
extension in the deposit, and to evaluate the mechanics of the
slide movement—identifying two main, two small, and possibly
five sub-blocks within one of the main blocks with distinct move-
ment styles. Completing an engineering geomorphological assess-
ment at the beginning of a landslide investigation provides a large
amount of information and added value to the project for a
relatively small amount of effort and cost. It can also identify
critical areas that should be targeted in future studies, ensuring
that resources are used efficiently.

The Mitchell Creek Landslide (MCL), located in northwestern
B.C., can be classified as a massive, active, composite rockslide
(Cruden and Varnes 1996), or more simply as a compound
rockslide (Hungr et al. 2014). Our study of the MCL is an example
of what can be accomplished with historic remote sensing imagery
and a modern engineering geological investigation (Stead and
Clayton 2014). Visible surface deformation initiated between
1956 and 1972 during rapid glacial retreat in the valley; slow
deformation of the landslide is ongoing. The landslide was iden-
tified during mineral exploration in the area; several active pro-
jects are located in the Mitchell Valley and surrounding area. As a
result of these studies, the geological setting of the site is relatively
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well known, and this remote site is accessible for continuing
engineering geological investigation. Targeted study of the land-
slide was initiated by BGC Engineering Inc. in 2008 (BGC 2010);
field investigation and monitoring of the site has continued
through 2013 in partnership with Seabridge Gold, Pretivim Re-
sources, and Simon Fraser University. The landslide is approxi-
mately 1 km wide, 500 m high, and is actively deforming. Surficial
characterization of the MCL from 1956 to present has been com-
pleted using geological data, geomorphological analysis (photo-
grammetric and geometric techniques), hydrological observations,
and historic and modern slope monitoring. Deformation features
on the slope have been mapped and analyzed. Geomorphic zones
within the landslide were defined using a combination of these
analyses, and deformation mechanisms within each zone assessed.
Three zones were defined within the main landslide and include a
lower zone that is toppling, an upper zone of sliding, and a
transition zone of extension in between (Fig. 1). A fourth zone
has been identified that represents a potentially unstable mass of
rock above the main landslide scarp. Movement rates from 1956 to
2010 have been estimated using aerial photographs, and compared
with survey monitoring for the period 2008 to 2013.

Setting
Regional geology

The MCL is located within the Stikinia Terrane of the Intermon-
tane belt of the North American Cordillera (Lechner 2008). It

consists of Triassic and Jurassic volcanic island arcs that were
accreted onto the North American continent during the Cordille-
ran Orogeny. The Mitchell Valley contains the Stuhini and
Hazelton groups, both of which are composed of deformed volca-
nic, volcanoclastic, and sedimentary rocks that have been brecci-
ated by intrusions and mineralized (Margolis 1993). Large bodies
of Jurassic Mitchell intrusion are found on the north side of the
Mitchell Valley above the Mitchell thrust fault (MTF) and on the
top of the Mitchell-Sulphurets Ridge. Major fold and fault systems
are present in the study area which formed during the Late Creta-
ceous compressional regime. Folding has been identified west of
the study area in the Stuhini rocks of the McTagg anticlinorium
(Campbell 2009) with fold axes striking northeast. Regional thrust
faulting verges eastwards; two of these faults, the Mitchell (MTF)
and Sulphurets (STF), occur in the Mitchell Valley, placing Triassic
Stuhini Group rocks above Jurassic Hazelton Group rocks. The
MCL is located in a sheet of Hazelton Group rocks between the
two thrust faults and is composed of foliated and altered andesitic
tuffs and volcanics; due to intense quartz-sericite-pyrite (QSP)
alteration sometimes combined with quartz stockwork, protolith
rock type can be difficult to identify. The shallow northwest dip-
ping MTF is located approximately at the base of the instability,
and the Brucejack fault (BJF), a sub-vertical fault that has experi-
enced dextral strike-slip and normal motion, strikes north-south
through the eastern Mitchell Valley, near and approximately par-
allel to the eastern boundary of the landslide (Fig. 1). A penetrative
macroscopic cleavage occurs in most of the rocks of the Mitchell
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Fig. 1 Mitchell Creek Landslide (MCL) outline in solid red on the 2010 ortho-photograph; geomorphic zone boundaries are indicated by red dashed lines and regional

faults by blue dashed lines
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Valley. The degree of foliation development is proportional to the
concentration of phyllosilicates, primarily sericite and chlorite, in
the rock (Margolis 1993). In the area of the MCL, the in situ
foliation dips steeply (50-90°) to the N-NNE; locally, there are
zones that pass through vertical and dip steeply to the S-SSW.

Physiography, climate, and geomorphology

The east-west trending Mitchell Valley has approximately 1000 m
of relief with the north wall ridge reaching over 2000 masl. Both
the ridge tops and valley floor slope down to the west. The altered
and mineralized rocks of the valley have experienced tectonic
deformation (folding and faulting), uplift, glacial and fluvial
erosion, and mass wasting. Geomorphic features in the valley
reflect this history, with distinct lateral moraines related to the
main valley and tributary glaciers, striated and smoothed bed-
rock, deeply incised gullies with debris aprons, and avalanche
scars visible on the aerial photograph in Fig. 1. Of particular note
with respect to the Mitchell Creek Landslide is the Little Ice Age
(LIA) lateral moraine of the Mitchell Glacier located approxi-
mately 200 m above the base of the landslide. The Mitchell Creek
downstream of the retreating glacial front is wide with braided
gravel channels, typical of a paraglacial valley. Debris in the valley
bottom approximately 2 km west of the Mitchell Creek Landslide
is the result of another Holocene landslide in the rock mass of the
south valley wall (BGC 2010). The climate of the area is a temper-
ate or northern coastal rainforest, with mean annual precipitation
estimated to be 1652 mm (Rescan 2009); subarctic conditions
exist at high elevations. The duration of the snow-free season
varies depending on elevation; for the MCL, it is approximately
June through September. Spring melt and fall storms typical of
coastal BC mean that there are typically two annual pulses of
groundwater infiltration and surface water runoff. Multiple
groundwater seeps have been observed in the lower slopes of
the Mitchell Valley, on both the north and south walls, some
associated with mineral precipitates (e.g., malachite and azurite)
visible from across the valley.

Deglaciation of the Mitchell Valley is ongoing and is believed to
be a key factor contributing to landslide evolution. Rates of retreat
have been estimated on the order of 30 m/year for the past 30 years,
and single-year retreats of greater than 50 m have been observed in
the last decade. Considerable thinning of the remaining glacier has
occurred over the same time period exposing fresh rock slopes and
removing a kinematic buttress to landslide motion.

Methods and materials

Historic aerial photographs were used for photogrammetry, engi-
neering geomorphological mapping, identification of deformation
features, and displacement tracking. Detailed surface mapping was
completed in 2013 with a focus on deformation character interpre-
tation and structural mapping.

Three-dimensional topography models were built from the
1956, 1972, 1992, and 2010 aerial imagery using the 3DM suite of
software developed by Adam Technology (2013). Changes in land-
slide geometry between the models have been identified and zones
of accumulation and depletion delineated. Using ESRI ArcGIS
(2013), the older aerial photographs were georeferenced to the
2010 imagery by matching points outside of the landslide area
assumed to be stable. Geomorphological features over the land-
slide area including concave and convex slope breaks, cliffs, glacial

moraines, hydrogeologic features, and permanent snowfields have
been mapped for each set of aerial photographs. Deformation
features were mapped in GIS on the georeferenced aerial photo-
graphs. Movement styles in the landslide mass have been identi-
fied using orientation and length of the deformation features and
geomorphological character - this has been used to divide the
project area into four major zones. Connections between the
timing of major events in the valley, e.g., glacial retreat and land-
slide initiation, have been considered. Within the landslide, dis-
tinct natural targets were digitized from each aerial photograph to
estimate displacement magnitude and rate; relative accelerations
and decelerations were noted. The results of these analyses have
been synthesized into a conceptual model of slope evolution.
Details of the four methods used to evaluate the MCL are de-
scribed in the following sections.

Photogrammetry

Photogrammetry techniques were used to recreate the topography
for each set of aerial photographs. Four sets of aerial photographs
captured over the last 60 years were used to complete photogram-
metric analysis of the Mitchell Creek Landslide. The photographs
date from 1956, 1972, 1992, and 2010; the three oldest sets were
taken by the provincial government of British Columbia, and the
2010 photographs were taken by AeroGeometrics Ltd. Three-
dimensional analysis was completed using photogrammetric tech-
niques on aerial imagery of the Mitchell Creek Landslide to create
geospatially referenced point clouds and Digital Terrain Models
(DTMs) for each set of photographs. Basic camera information,
e.g., focal length and sensor size, for the photographs was provided
by the B.C. Government and AeroGeometrics Ltd. Twenty stable
natural control points in the Mitchell Valley in the 2010 images
were selected to geospatially reference the models. These points
were digitized in GIS and draped over 2010 LiDAR data to obtain
co-ordinates. In each of the sets of historic photographs, those
control points that could be identified were used to geospatially
reference the models and to calculate camera calibration data for
use in 3DM CalibCam (Adam Technology 2012). A summary of
input photograph characteristics and resulting model parameters
is provided in Table 1. Vegetation cover, shadows, and the resulting
lack of texture in the mid-slope in both the 1956 and 1972 photo-
graphs meant that the photogrammetric software could not iden-
tify many matching points over the area and therefore did not
generate points within relatively large areas of the interior of the
landslide. In the 1992 and 2010 photographs, this was not a prob-
lem because of higher quality imagery and an increase in surface
texture due to landslide deformation; therefore, the generated
point density over the landslide area is relatively consistent with-
out any missing areas.

The DTM models were compared using a tool in 3DM Analyst
to create a DTM difference map. This tool calculates the absolute
distance from each point in one model to the nearest point in the
second model by expanding a sphere from each point until it
intersects the second model; it does not indicate the direction of
the change between them.

While the DTM difference analysis allows for a quick visual
interpretation of changes between the DTMs generated for the
MCL in 2010 and 1992, in order to assess material depletion and
accumulation resulting from landslide motion and vectors of
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displacement, more advanced point cloud comparisons must be
made. In order to do this, point clouds generated during photogram-
metric analysis were compared using Polyworks (Innovmetric 2013),
an advanced spatial analysis software designed to deal with large
point cloud datasets, such as those produced by laser scanners or
photogrammetry models. The stable zones in the point clouds can be
aligned using this code to remove slight rotations or other offsets
between the models. Multiple comparison schemes are available in
this software package, the most commonly used are (i) distance to
closest point, which finds the closest point in cloud 2 to each point in
cloud 1 and calculates the distance between them, and (ii) change in
elevation, which begins with a point in cloud 1 and calculates the
vertical distance between it and the point above or below it in cloud
2. Comparisons were made between each of the generated topo-
graphic models of the MCL area, beginning with 1956 and 2010—a
period beginning before initiation of movement to capture the entire
lifespan of movement documented to date.

Slope morphology

Several types of geomorphological analysis and interpretation have
been applied to the MCL based on the standards proposed by the
Geological Society of London: Engineering Group Working Party
(GSL 1972): (i) morphological or morphometric maps have been
generated, documenting slope geometry for both pre-deformation
and current topography; (ii) morphographic interpretation of the
slope has been carried out to separate the MCL area into morpho-
logical (or landform) units considering composition of the slope and
geological history of the area; and (iii) slope processes (deformation,
erosion, deposition) that have acted in the past or are presently
acting on the slope have been identified (Table 2).

Aerial photography and field mapping were combined to iden-
tify geomorphic zones within the landslide. Using the method and
symbol recommendations from the Geological Society of London
(1972), slope scale geometric—or morphometric—features were
mapped on the 1956, 1992, and the 2010 photographs.

An analysis of roughness of the slope topography was completed
using block statistic functions available in ArcGIS (ESRI 2013). Slope
angle and aspect data derived from the 2010, 1992, and 1956 photo-
grammetric models were used to generate maps of mesoscale (10s to
100 s of meters) roughness of the landslide surface. Roughness

Table 2 Engineering geomorphology symbols

blocks 10 and 20 m square (with areas of 100 and 400 m?, respec-
tively) were assessed for the range of values and standard deviation
of the slope angle and aspect. Input DEMs had 2 m (1992 and 2010)
and 5 m (1956) resolution; block sizes considered must be multiples
of these values and contain enough points to evaluate the roughness
of the slope. Larger blocks, e.g., 50 m, smoothed the data to an extent
that landslide features were not clearly visible.

Deformation features

Visible deformation features including normal and counterscarps,
trenches, and lineaments were mapped and analyzed spatially on
the 1972, 1992, and 2010 aerial photographs in ArcGIS. A classifi-
cation system was developed to differentiate between major and
minor features, and between normal and anti-slope movements
(Table 3). Ground truthing of movement style of the features
mapped on 2010 photographs was completed in 2013. For features
on the older photographs, comparison of the feature networks
with geomorphic zones and across time steps was completed as a
check on visual mapping. The length and orientation of mapped
features, by time period, were analyzed.

Spacing and persistence of major deformation features in the 1992
and 2010 imagery have been estimated in each of the landslide zones.
Apparent spacing has been measured perpendicular to strike of the
deformation features, approximately parallel to landslide motion for
the majority of the sets. In the toppling zone, the information from 1992
photographs is often more reliable than 2010 — the eastern corner in
2010 is essentially rubble, and there are shadows obscuring some faces.

Point displacement monitoring

Surface displacements were evaluated using the aerial photographs
(1956-2010) and recent survey monitoring (2008-2013).
Georeferenced historic photographs were used to evaluate hori-
zontal slope movements: natural targets visible in all or most of
the images in the four landslide zones were selected; several points
in the stable ground were also selected to estimate the magnitude
of georeferencing and digitizing error; plan distance and azimuth
of movement between time steps was calculated for each point;
total displacements with time have been estimated. Geotechnical
monitoring, which began in 2008, has been compared with these
average historical rates, and a benchmark established for landslide

Feature classification Description

Ridge crest

- Topographic lineament with ground sloping away in opposite directions on either side e.g., glacial moraine

Cliff

- Marks the top of steep, >45°, ground within a dip slope or an asymmetrical ridge

- Used to indicated closely spaced convex and concave slope breaks separated by a scarp face

Convex slope break - Abrupt steepening change in slope dip

Convex slope change - Gradual steepening change in slope dip

Concave slope break - Abrupt shallowing change in slope dip

Concave slope change - Gradual shallowing change in slope dip

Gully

- Trough formed at intersection of slopes dipping towards each other

- Used on its own to indicate narrow steep-sided valleys, together with slope break/change symbols for gentle valleys

Slope direction

- Indicates direction of magnitude of maximum slope dip
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Table 3 Deformation feature classes

Classification Description

Main scarp

- Defines the boundary of the main slide mass

Major normal scarp

- Normal movement indicators

- Large movements have been accommodated separation across scarps visible

- Secondary raveling of scarp walls may have occurred

Minor normal scarp

- Normal movement indicators

- Secondary scarps

- Little or no separation between hanging wall and footwall

Major counterscarp

- Anti-slope movement indicators

- Large movements across high an steep scarps

- Troughs behind scarps may be water retaining features

- Secondary raveling/detachment of blocks may occur along features

Minor counterscarp

- Anti-slope movement indicators

- Secondary scarps, may connect/cross cut major features

- Low relief across scarps, shallow depressions on upslope side of scarps unlikely to be water retaining

Crack/lineament

- Linear features within landslide area

- Movement style unclear

- Includes visible geologic structure

movement rates at the MCL. Glacial downwasting was tracked
through time using the photogrammetric topography; the eleva-
tion of the midpoint of the glacier outboard of the middle of the
MCL was estimated through time.

Results of engineering geomorphological analysis
Topographic evolution through photogrammetry

In the 1956 photographs, there is no evidence of surface defor-
mation in the area of the Mitchell Creek Landslide; however, by
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1972, there is visible surface deformation. Comparisons between
each of the generated topographic models of the MCL area
capture the entire lifespan of visible surface movement. They
show incremental subsidence of the mid-slope bench and defor-
mation of the lower toppling slope between each of the models,
and significant downwasting of the Mitchell Glacier. Changes in
elevation of the midpoint of the glacier adjacent to the landslide
have been tracked and are discussed below. Photogrammetry
analysis supports the conceptual model developed during initial
landslide assessment (BGC Engineering Inc. 2012).
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Fig. 2 Oblique view of DTM difference map created in 3DM Analyst showing negative changes in the ground surface between 1992 and 2010 aerial photographs in

meters, imagery shown from 2010
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Three distinct areas are identified from the 1992-2010 DTM
difference map (Fig. 2):

® The upper sliding zone has displaced up to 5 m in an appar-
ently vertical direction between 1992 and 2010;

® The mid-slope bench represents a transition zone that has
displaced 5 to 15 m with visual displacement occurring both
vertically and to the north; and,

® The lower toppling zone. The DTM difference tool assess-
ment of displacements in this zone is not as good an indicator
of the true landslide motion compared to the other two zones
due to the more complex deformation style of the lowest part
of the slope. Estimated displacements in this zone reflect a
combination of the effects of bulging of the slope due to
toppling, erosion of unconsolidated glacial sediment aprons
as the Mitchell Glacier retreated, and rock fall/talus apron
build-up from the steep slopes.

Further analysis of the high-density point clouds of the 1992
and 2010 photogrammetry models provide a very detailed inter-
ference map for that 18-year period (Fig. 3). The edge of significant
landslide movement at the main backscarp is clear with a 2 m
minimum displacement cut-off. This cut-off was selected based on
observed differences in stable areas. Maximum estimated displace-
ment is 30 m. The Mitchell Glacier has receded significantly more
than 30 m, and a fringe of large subsidence reflecting that is visible
at the glacier edge. This analysis was able to differentiate between
subsiding and bulging areas, and refine georeferencing of the
historic models to the most recent 2010 point cloud.

Unfortunately, due to image quality and vegetation cover in
the 1956 photographs, which resulted in a less dense point cloud
than the 2010 data, the interference pattern generated by com-
paring the closest points between the two clouds shows only
coarse changes in topography. Confidence can only be placed

in model topography differences greater than 5 m based on the
variation in slope geometry apparent between the models on the
stable slope west of the landslide: Because the models were built
using control points that assumed this area has been stable over
the past 60 years, this is a reasonable cut-off for observable
landslide displacement. The maximum magnitude of subsidence
observed in this comparison on the LIA moraine located mid-
slope in the landslide is 45 m with bulging in the eastern half of
the toppling slope of up to 20 m. Over the western half of the
toppling zone, any bulging that may have occurred is obscured
by glacial retreat and erosion of unconsolidated sediments pres-
ent in 1956. It is important to note that despite challenges in
creating a high-quality model of the 1956 topography, the general
behavior of the slope between 1956 and 2010 can be observed in
this comparison of the topographic models due to the large
displacements that have occurred in the toppling and transition
zones.

Slope morphology

1956 provides a snapshot of the slope geometry prior to the
initiation of landsliding, and the high-quality 1992 and 2010 aerial
photographs allow for detailed analysis and comparison of fea-
tures within the landslide. DEMs produced from photogrammetric
analysis, hydrogeologic features, and Quaternary history of the site
were used to identify gentle and abrupt slope breaks, slope dip
direction, and valleys/gullies. From the DEMs raster maps of slope
dip (Fig. 4b), slope aspect (Fig. 4c), and a hillshade representation
of topography (Fig. 4d) were created to aid in delineating these
features. Maps of the morphometric features are presented in
Fig. 5a (1956), 5b (1992), and 5c¢ (2010), and a symbolic legend
can be found in Table 2.

Pre-slide geomorphic processes on the south slope of the
Mitchell Valley include fluvial erosion and deposition, gullying,
snow avalanches, and glacial retreat. Fluvial erosion is primarily
occurring in the upper slopes, deposition is occurring behind the

Fig. 3 Point cloud comparison of 1992 and 2010 photogrammetric models. Distance in meters to the closest point is shown, maximum value of 30 m. Positive values
(yellow-red) indicate subsidence from 1992 to 2010, negative values (blue—purple) indicate bulging/uplift
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Fig. 4 2010 maps used in visual delineation of morphometric features: a aerial photograph, b slope angle, c slope aspect, and d hillshade

LIA maximum moraine and downstream of the glacial front. Gully
incision of soil and bedrock slopes and snow avalanche activity is
occurring on all of the steep slopes, along both the south and north
valley walls. The gullies are generally 5 to 20 m across, and up to
50 m deep; they are typically perpendicular to the valley walls
(striking N-S) on the south side of the Mitchell Valley, and on
the north side are oriented either perpendicular to the valley, ENE-
WSW, or a bilinear combination of the two. Glacial retreat is

1662 | Landslides 14 + (2017)

ongoing in the Mitchell Valley, and was well underway in 1956;
the maximum LIA moraine is located at approximately 1200 masl
at the midpoint of the future MCL, and glacial midpoint elevation
outboard of the same point in 1956 has been estimated from
photogrammetric analysis at 1125 masl. Rates of retreat since
1980 have averaged 30 m/year, and downwasting approximately
2 m/year. Tributary glaciers from the Mitchell-Sulphurets ridge
had completely retreated from the landslide area by 1956. The tip
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Fig. 4 (continued)

of the glacier in the Brucejack fault valley may have been at
approximately the elevation of the main landslide backscarp in
1949; however, snow cover in the photographs obscures the extent
of glacial ice. A glacially dammed lake is present behind the LIA
lateral moraine east of the future MCL. Convex and concave slope
breaks, ridges, gullies and slope direction are marked on the 1956
imagery in Fig. sa. The area of the Mitchell Creek Landslide
contains two main sets of topographic features; the first parallels

the valley walls and is visible on the slopes where bedrock is
exposed or covered by a thin blanket of surficial material. This
set of features displays low amplitudes and is interpreted to be due
to structurally controlled erosion, parallel to the strike of the
regional foliation (approximately east-west). The second set of
features is related to the most recent pulse of glaciation and
overprints the first (Fig. 5a). Lateral moraines from both the main
Mitchell Valley Glacier and two tributary glaciers originating on
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the Mitchell-Sulphurets ridge which flowed down to the north to
join the main Mitchell Glacier form prominent ridges that are 10 to
30 m high and up to 100 m across, and glacial sediments of varying
thickness are present on the slope. Vegetation has not
reestablished within the footprint of LIA maximum glacial extent.
The steepest topography of the project area, bedrock cliff faces
dipping 60-80°, is present in these recent glacial scars (Figs. 4b
and sa-c). Permanent snowfields are located above the landslide
area on the Mitchell-Sulphurets ridge.

Geomorphology of the slow moving MCL changed gradually
over the 60 years of record provided by aerial photographs. Geo-
morphic processes active in the area in 2010 continue to include
fluvial erosion and deposition, gullying and snow avalanches, and
glacial retreat; additionally, subsidence in the upper to mid-
landslide and bulging of the lower slope are ongoing within the
landslide. The midpoint of the Mitchell Glacier at the approximate
landslide center has retreated from approximately 1125 masl in
1956 to approximately 1015 masl in 2010. As of 2010, there is no
glacial ice abutting the landslide and the elevation of the edge of
the glacier is approximately 950 masl. The lake dammed by the
LIA lateral moraine of the Mitchell Glacier east of the landslide is
unchanged from 1956, an indication of the stability and
hydrogeological conditions of the southern valley wall outside of
the landslide area. Few changes in the slope geomorphology are
evident outside of the landslide zone between 1956 and 2010;
bedrock slopes were exposed by glacial retreat, and a braided
floodplain developed downstream of the toe of the Mitchell Gla-
cier. Movement of the landslide is evident as:

® Slope bulging in the lower third of the mass as shown in the
point cloud analysis, this is the location of the steepest recently
de-glaciated slope

® Significant extension and down-dropping of the middle third
or mid-slope bench/LIA moraine mid-slope bench

® Translation of the upper third of the landslide mass downward
and into the valley

Scarps ranging from 1 to 15 m in height have developed at the
upper limit of the main landslide and throughout the mid-slope,
and counter or anti-slope scarps have developed in the bulging
lower slope (Fig. 5¢). The main backscarp of the landslide averages
between 5 and 10 m in height within both rock and soil materials;
the backscarp dips between 35 and 80° to the north and is relatively
continuous across the approximately 1000-m-wide landslide mass.
In the mid-slope, there are several major scarp features that range
from 5 to 15 m in height, the longest of which extends 600 m.
Counterscarps in the lower slope are typically 5 to 10 m wide and
extend 50 to 200 m along strike.

During the period from 1992 to 2010, the landslide experi-
enced significant geomorphic change. The character of the slide
area in 1992 was dominated by pre-existing geomorphic ele-
ments (Fig. 5b), while in 2010 the geomorphology is increas-
ingly dominated by landslide processes (Fig. 5c). The most
striking example is the LIA moraine ridge, which in 1992 is
easily recognizable with a south dipping slope behind the ridge,
despite normal scarps striking E-W that disrupt its surface
(Fig. sb). In the 2010 photographs, the moraine is cut by
multiple sets of scarps, and the former ridge is no longer a

distinct feature. Other notable changes to the geomorphology
include:

® The graben defining the western edge of the sliding block has
deepened and widened.

® The blocks within it are much more disturbed in 2010.

® The scarp height and the length of major features have
increased.

® Minor features have developed between the major scarps of
1992.

Activity in the landslide can be divided into four zones of
consistent deformation processes; the approximate location of
each zone is shown on Fig. 1. Beginning at the base of the slide,
there is a steep toppling region that is characterized by
counterscarps, dislodged blocks, and talus (Fig. 6i, j). This zone
contains numerous ground water seeps, particularly in the lowest
elevations where the built up talus cones are completely saturated
(observed in August 2013). A sub-region within the toppling slope
has been identified comprising a highly disintegrated rock mass
with potentially faster movements distinguishing this area from
the rest of the toppling zone, shown in Fig. 1. This sub-region of
the zone is located at the intersection of the Brucejack and Mitchell
Thrust faults and may have been more tectonically damaged prior
to the onset of landslide movements. It is also at a point where the
Mitchell Glacier completes a 40° bend and the slope could have
been subject to increased plucking, abrasion, and water pressures
during glaciation.

Above the toppling zone is a region of increased density of
surface deformation that coincides with the LIA lateral moraine
and marks the transition from primarily toppling below to the
sliding zone above. Large blocks, 5 to 60 m across, of down-
dropped material characterize this zone, together with cross-
cutting and complex deformation features. Scarps separating
the blocks are typically 5 m high and range in length from
30 m up to 600 m. In this zone, the movement direction on
the primarily normal scarps is down towards the north, but
some counterscarps are also present, particularly on the western
edge of the zone. The fluvial fan located in this zone may be
relict, with water flow being diverted in the zone above. These
features indicate a zone that is extending and subsiding, in
response to removal of support by displacement of the faster-
moving toppling zone below.

The sliding block above the mid-slope bench is characterized as
a relatively intact block sliding along the landslide rupture surface;
scarps exhibit normal movement indicators and follow pre-
existing structural features. Vegetation covers most of this zone;
it includes sub-alpine shrubs and grasses with the occasional
stunted but upright coniferous tree. A well-developed east-west
trending backscarp, 5-10 m high and 8oo m long, defines the
upper boundary of this zone, characterized by a cliff variably
consisting of bedrock and glacial sediments. To the west the
landslide boundary is a steep-sided graben up to 30 m deep and
50 m across, oriented southeast-northwest. It contains disturbed
rock blocks that have detached from the main sliding block and
backscarp. The eastern edge of the sliding zone is partially ob-
scured by lateral moraine deposits associated with the now extinct
Brucejack tributary glacier.
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Fig. 6 2013 field photos from Mitchell Creek Landslide area: a and b show the backscarp above the sliding block and surface water entering the slope through a crack just
above the backscarp; ¢ and d deformation above the main landslide boundary; e a graben block associated with the western backscarp; f=h the complex deformation in
the transition block; and i and j foliation-controlled toppling near the base of the landslide

Above the main backscarp bedrock relaxation features have
been observed. This zone may be part of ongoing retrogression
of the Mitchell Creek Landslide. Possible deformation features
were identified on 2010 aerial photographs; field work in 2013
confirmed the presence of these features. Open cracks, sinkholes,
and normal style movement indicators (e.g., downslope movement
along discontinuities, structure opening parallel to the slope con-
tours) were observed in the field (Fig. 6a-f). The open cracks
ranged from 2 to 40 cm wide, typical opening widths were 10-
20 cm, with lengths ranging from 3 to 50 m and typical visible
depth of 5 to 10 m. Sinkholes observed were up to 2 m deep and
1.5 m in diameter and partially debris filled. The edges of this zone
have been estimated by combining the 2013 field observations,
2010 photographs, and three-dimensional visualization using Goo-
gle Earth (September 2010 imagery).
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Bedrock instability exists in the Brucejack fault valley at the
edge of the relaxing/retrogressing upper MCL block: the nearly
100 m-high cliffs of the western wall are toppling into the tributary
valley. This is interpreted to be related to glacial over-steepening in
the Brucejack tributary glacial valley, and not a part of the MCL.
During the 2013 field season, large blocks, 5 to 10 m across, were
observed broken off and displaced eastwards.

Major features identified in morphometric mapping of the
surface of the slide are discernable in each set of roughness maps
(Fig. 7a 1956, b 1992, and ¢ 2010) although the topography data
from 1992 appears to be smoother than that from 2010 and 1956
which may be an artifact of the photogrammetric data processing.
Outside of the main landslide mass, slope angle roughness for the
northern slope is lower than the south slope of the Mitchell Valley,
with only large gullies breaking the slope. Rocks of the north valley



Fig. 6 (continued)

wall are generally stronger with less alteration than those on the
south wall (BGC 2010) and foliation dips into the slope, which also
increases the stability of these slopes relative to the southern slope.
On the south valley wall, a more than 100-m-wide band of more
variable slope angle (increased roughness) is present at the eleva-
tion of the toppling/transition domain boundary. In Fig. 7, areas of
the landslide that consistently have a higher than average rough-
ness include the gully within the sliding block that ends in a fan on
the mid-slope bench, the eastern half of the transition domain,
and, in 1992 and 2010, the eastern corner of the toppling zone; this
area is covered by glacial ice in 1956 so a comparison cannot be
made for that time. On the maps of the MCL from 2010 (Fig. 4a-d)
major scarps defining the edges of the landslide domains can be
identified. The landslide back scarp and boundary between the
upper sliding domain and transition domain can be clearly iden-
tified in the slope angle roughness map from 2010 (Fig. 7c) but are
less well defined in the slope angle roughness map from 1992
(Fig. 7b), and are not visible in the slope angle roughness map
from 1956 (Fig. 7a). The boundary between the upper instability
and surrounding intact slope cannot be seen in the slope angle
roughness maps.

Deformation features

Timing and evolution

Evolution of the deformation feature network at the MCL between
sets of photographs provides insight into the movement processes
active at various stages of landslide development. Photographs of

typical deformation features and morphology of the zones are
shown in Fig. 6. The set of major features that define landslide
zones is present in all the photographs where surface deformation
is visible (1972, 1992, and 2010) (Fig. 8). In 1992, a nearly threefold
increase in visible deformation features is observed: with cracks
identified in 1972 growing both in length and width, and new
cracks forming between the major structures. The most recent
set of photographs, from 2010, continues to show additional move-
ment along approximately east-west striking foliation-parallel
structures, and division of blocks of the landslide by minor fea-
tures between, intersecting, and cross-cutting the major structures.
The increase in length of deformation features is much reduced for
this 18-year period; in 2010, the total length increased 50% from
that observed in 1992. In contrast, displacements accommodated
along deformation features during this period visibly increased the
height and width of major scarps. Each of these time steps in the
observed history of the MCL show a different stage in the devel-
opment of the landslide, which remains juvenile and rapidly
changing when compared to other large rock landslides, e.g.,
Downie Slide, which may have experienced movement over a
millennium and has a mature deformation style (Kalenchuk 2010).

Feature orientation

The orientation of major toppling features is consistent through-
out landslide development. In 1972, there are two sets (Fig. 9): the
main one striking parallel to foliation at 070-250° and a minor set
in the northeast corner striking 120-300°. In 1992, features in the
dominant toppling orientation continue to develop and no new
features are visible in the minor second orientation. By 2010, the
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Fig. 8 Landslide deformation features: a 1992, b 2010

secondary set is no longer distinguishable within the mapped disturbed. This area is covered in talus sourced from the landslide
features because the northeast corner of the zone is highly which obscures the features. The increased mobility of these
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Fig. 9 Rosette plots and tabular summary of deformation feature strike classified by age and type

blocks compared with the remainder of the toppling zone may location at a change in direction of 40° in the path of the
be a result of the intersecting toppling sets, the proximity of Mitchell Glacier, all of which contribute to increased kinematic

both the Mitchell Thrust fault and Brucejack fault, and its freedom.
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Deformation features with a normal sense of movement show a
changing dominant orientation. In 1972, the features present strike
with a mean orientation of 090-270° in 1992, the mean orientation
is the same with less scatter as more features open up in the
landslide mass. Between 1992 and 2010, there is an apparent
rotation in the orientation of the primary normal scarps to o70-
250° with a larger amount of variation in the orientation of the
scarps from 1992. The 2010 deformation feature network is more
complex than that of 1992, with interference between features
beginning to show at the surface. In addition, by 2010, features
are beginning to develop above the main landslide backscarp—
which may indicate ongoing retrogression of the instability.

Geomorphic zone

Within the toppling zone, there are several types of important
features. First, the major scarps that cross from one side of the
landslide to the other are spaced at approximately 50 m in both the
1992 and 2010 imagery. In 2010, these scarps have been split in
places by other deformation features, and interference patterns
between features are developing; connection of the scarps is still
however identifiable (Fig. 8b). Minor scarps between these are
spaced at approximately 25 m in 2010 with lengths ranging from
25 to 150 m. In 1992, there were only a few minor scarps, and they
are typically less than so m long. The spacing of major
counterscarp features in the toppling region in 2010 is estimated
at 50 to 60 m, with lengths ranging from 100 to 400 m. In 1992,
counterscarp features in the same region have an estimated spac-
ing of 30 to 45 m, with similar length ranges 100 to 300 m. This
indicates that there are toppling features that were visible in 1992
that have been destroyed or obscured in the intervening 18 years.

The only lineaments visible in the sliding block are oriented
diagonally across the landslide, striking o 30-210° (Fig. 9), approx-
imately parallel to regional thrust faulting, and they have minor
surface expressions—they do not appear to have experienced
significant deformation. However, this group of structures may
be important to landslide motion, as part of the main backscarp is
oriented parallel to them, and a portion of the scarp dividing the
transition zone from the sliding zone also follows this trend.
Spacing of these lineaments ranges from 8o to 150 m; surface
expression of the features is discontinuous, but most can be traced
intermittently 0.5 to 1.0 km across the slope. It can be hypothesized
that the sliding block has experienced a relatively small amount of
internal deformation compared with the transition and toppling
zones.

Above the main backscarp in the potentially retrogressing in-
stability there are two main lineament orientations, one parallel to
regional foliation and spaced 25 to 40 m apart is 50 to 250 m long
in 2010, and does not appear to have experienced deformation in
1992. Intensity of deformation across these features appears to
increase with proximity to the landslide. The second group is
parallel to the strike of regional faulting; with a spacing of approx-
imately 60 m, and length ranging from 100 to 250 m.

Point displacement monitoring

Displacement monitoring is a crucial part of understanding the
behavior of large bedrock slides. Movement rates and deviations
from established normal behavior can provide insight that might
signal stabilization of the slide mass, or acceleration towards
catastrophic failure. At the Mitchell Creek Landslide, a nearly 60-

year record of movement can be extracted from historic aerial
imagery. Temporal variations in displacement between photo-
graphs could not be evaluated, as it is possible that the landslide
experienced large variability in annual rates of movement. Due to
ice cover in 1956, few targets could be selected in the toppling zone,
leading to a lack of data from the lower half of that zone. An
estimated rate of 2 m/year ice loss has been observed on the
Mitchell Valley Glacier.

The highest degree of variation in displacement rates is ob-
served in the toppling zone; this is consistent with expectations for
a zone with complex deformation processes. Slabs within the
toppling rock mass may move independently of each other. In
2013, large (>5 m across) hung-up blocks were observed in the
toppling zone. The base of this zone coincides with the footwall of
the MTF; tectonic damage could be expected in a zone around the
fault which could lead to more rapid ground movement than in
the less damaged rocks above. The average rate of movement in
the toppling zone from 1956 to 2010 is 0.8 m/year, with a range of
approximately 0.5 to 1.5 m/year. The high horizontal displacement
estimates for this zone appear to disagree with point cloud com-
parisons as they do not consider vertical displacement and the
closest point algorithm only identifies slope morphology changes.

The transition zone has a slower estimated plan displacement
rate than the toppling zone, at an average of 0.33 m/year with less
variation between points. This block is interpreted to represent a
complex zone between primarily sliding rock above and toppling
below, it is down-dropping, extending, and may be contributing
gravitational driving forces pushing the toppling zone outwards. It
may also be simply subsiding into the space created from primary
toppling in the slope below.

The sliding zone displacement rates are slower again than the
transition zone, with average annual movements of 0.19 m/year.
This zone covers the upper third of the landslide slope, and is
interpreted to be sliding along a geologically controlled basal
rupture surface as a relatively intact block that was initially a
retrogressive part of the landslide that began in the steep toppling
slope. Slow movement rates are consistent with this interpretation.

Tracking movement in the potentially retrogressing upper
block was unsuccessful, for a number of reasons. First, the expect-
ed movements are quite small compared with movements of the
main landslide. Second, the onset of movement in the zone is
unclear from the photographs but was likely after significant
movement of the main slide had occurred. Third, there is partial
snow cover of the outcrops in this zone in older photographs
obscuring landmarks used for georeferencing. And finally, in
1992, this zone is at the edge of the photographs where there is
some image distortion that the georeferencing process used could
not remove.

Annual surface displacement rates and azimuths from 2008 to
2013 are in general agreement with the average rates estimated
between 1956 and 2010 (Table 4). Estimated movement rate in the
toppling zone is lower in survey data, but this is likely due to the
location of the survey points, which are primarily in the upper part
of the zone which was observed to be moving slower than the
lower toppling zone in the historic imagery. Consistency between
annual displacement rates estimated from historic photographs
and geotechnical monitoring indicates that landslide behavior
has not significantly varied from year to year over the recorded
time interval.
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Discussion and conclusions
This paper summarizes the results of a detailed surficial charac-
terization of the Mitchell Creek Landslide using aerial photogra-
phy, field data, and GIS analysis techniques. Applying digital
photogrammetry techniques to historical aerial photographs
allowed for detailed analysis of approximately 20-year time steps
through the development of the Mitchell Creek Landslide. This
study highlights the usefulness of historical aerial photographs
applied to long-term landslide evolution. The 1956 model provided
a pre-failure state for the slope to compare to the current state of
the landslide. Comparisons between the subsequent models pro-
vided insight into landslide movement magnitudes and direction;
the large displacements experienced at the MCL (up to 50 m
between 1956 and 2010) far exceed model generation uncertainties.
The detailed interference map generated from 1992 and 2010
point cloud data (Fig. 3) provides further insight into landslide
movement style. A clear division between the sliding block and
transition zone is apparent, as is the change from subsidence to
~ slope bulging at the top of the toppling zone. The division between
the sliding and transition domains occurs along a discrete major
scarp visible in the aerial photographs. In the western region of the
landslide, movement along this scarp is clear between 1992 and
2010, while in the eastern region of the landslide it is not as
obvious. The division between transition and toppling occurs on
a number of major scarps at approximately the same level across
the landslide, where the displacement character abruptly changes.
Beginning at the top of the landslide, sliding along the basal shear
surface has resulted in down-dropping of 2 to 5 m at the backscarp.
Displacement of the mid sliding zone has not resulted in signifi-
cant subsidence, or lowering of the ground elevation, because of
the interaction of pre-existing topography and block movement
along the planar upper landslide failure surface. As the slope
moves northwards, the surface elevation remains unchanged be-
cause the sliding slab has a consistent thickness in this area and it
is sliding as an intact block along a discrete failure surface. In the
transition zone, the largest amount of subsidence occurs on the
moraine ridge with slightly greater than 20 m of change near the
middle of the slope, and between 10 and 15 m on average for the
ridge. In the toppling zone, bulging occurs across the entire width
of the landslide with magnitudes of change ranging from 5 to 15 m.
This is consistent with initial conceptual models for landslide
motion (BGC Engineering Inc. 2012) and observations from the
DTM difference map shown in Fig. 2.
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E % % documented history of the MCL.
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to regional foliation in all geomorphic zones. Above the main
landslide, opening and relaxation is occurring along geologic
structures, especially o 70 to 090° striking foliation, and sinkholes
are developing at the intersection of these opening structures. In
the sliding block, the main visible feature is the backscarp; evi-
dence of surface water flow into the backscarp and other defor-
mation features was observed in the field, with at least one major
stream fully diverted to subsurface through an open normal scarp.
Vegetation covers small-scale features that are present in this zone.
The mid-slope transition block is covered by glacial sediments, in
places over 10 m thick, and deformation is visible along many large
scarps. Benches between scarps that dip counter to the main slope
direction are intact pieces of the Mitchell Glacier’s Little Ice Age
(LIA) lateral moraine, and have not been back-rotated. Within the
toppling block, foliation is rotating out of the slope and large slabs
have broken off from the slope. The zone is covered by a thin,
discontinuous blanket of ablation sediments. Large talus aprons
composed of landslide debris and glacially transported material
have developed at the base of the toppling zone. The MTF and
tectonic damage associated with it which intersects the lower
landslide slope likely controls the lower limit of landslide move-
ment. On the eastern side of the MCL, the tributary glacier valley,
which itself follows the Brucejack normal fault, provides a lateral
release for the landslide. The intersection of the MTF and BJF
occurs at the base of the northeast corner of the landslide
(Fig. 1), as does a bend in the path of the Mitchell Glacier; the
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Fig. 11 Summary engineering geomorphology map of the Mitchell Creek Landslide. Major scarps and average displacement rates for each geomorphic zone indicated
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Fig. 12 Conceptual model of the MCL showing geomorphic zones, toppling in green, transition in blue, sliding in yellow, and the upper instability as relaxing blocks
above the main landslide. Foliation orientation in the toppling and sliding blocks is indicated in the cross section view

combination of increased potential for glacial plucking and lateral
release at the BJF may be responsible for the greater degree of
disintegration of the rock mass at surface observed there.

The deformation features observed at surface can provide some
insight into the three-dimensional behavior of the landslide. Areas
with a higher intensity of deformation features have likely experi-
enced more internal deformation than areas with few features, and
the size of intact blocks and columns within the landslide mass are
controlled by the location and intensity of internal shearing.

Natural point tracking on aerial photographs has provided a
baseline of movement rates for the MCL beginning in 1956—prior
to the onset of landslide motion, which future measured rates can be
compared against. Average rates of landslide movement have been
remarkably consistent over the last 60 years. An apparent connec-
tion between minor changes in displacement rate and glacial
downwasting can be seen in Fig. 10: where between 1972 and 1992
the slowest rate of ice loss coincides with the slowest average slope
movement rate, and where from 1992 to 2010 a dramatic increase in
glacial ice loss is observed and landslide movement rates also in-
crease. The remaining glacial ice outboard of the landslide is below
the base of the unstable rock mass; it is therefore no longer providing
any kinematic restraint and further downwasting and retreat should
have no additional effect on the landslide.

Figure 11 summarizes the engineering geomorphological model,
highlighting major scarp features (as of 2010), geomorphic zones,
and displacement rates. Surficial assessment of the MCL using
engineering geomorphology and GIS analysis identified major
movement mechanisms active within the slope. In the lower slope,
there is structural toppling resulting in compression and bulging
of the rock mass. The mid-slope transition is down-dropping and
may be driving movement of the lower slope, failing into the space
behind the lower toppling slope or a combination of the two as
landslide movement continues. Extensional deformation features
are present particularly in the upper portion of this zone that
indicate the zone is moving away from the sliding block above.
The uppermost section of the MCL is undergoing translation as it
continues to move downwards along a structurally controlled
rupture surface as a relatively intact block. Above the main land-
slide, secondary instability is developing as support is removed
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through downslope movement of the sliding block. Figure 12 il-
lustrates the conceptual model of landslide behavior, combining
the geomorphological zones and observed scarps with movement
style and subsurface interpretations. A very useful aspect of the
MCL is that historical aerial photographs of the site were captured
at approximately 20-year intervals with the oldest photograph
from prior to the onset of failure—allowing for interpretation of
a complete model of landslide development.
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