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Abstract: The characterization of landslides located in remote areas poses significant challenges
due to the costs of reaching the sites and the lack of reliable subsurface data to constrain geological
interpretations. In this paper, the advantages of combining field and remote sensing techniques to
investigate the deformation and stability of rock slopes are demonstrated. The characterization of
the Fels landslide, a large, slowly deforming rock slope in central Alaska, is described. Historical
aerial imagery is used to highlight the relationship between glacier retreat and developing instability.
Airborne laser scanning (ALS) and Structure-from-Motion (SfM) datasets are used to investigate
the structural geological setting of the landslide, revealing a good agreement between structural
discontinuities at the outcrop and slope scales. The magnitude, plunge, and direction of slope
surface displacements and their changes over time are studied using a multi-temporal synthetic
aperture radar speckle-tracking (SAR ST) dataset. The analyses show an increase in displacement
rates (i.e., an acceleration of the movement) between 2010 and 2020. Significant spatial variations
of displacement direction and plunge are noted and correlated with the morphology of the failure
surface reconstructed using the vector inclination method (VIM). In particular, steeper displacement
vectors were reconstructed in the upper slope, compared to the central part, thus suggesting a
change in basal surface morphology, which is largely controlled by rock mass foliation. Through
this analytical approach, the Fels landslide is shown to be a slow-moving, compound rockslide, the
displacement of which is controlled by structural geological features and promoted by glacier retreat.

Keywords: landslide characterization; displacement monitoring; multisensor analysis; LiDAR; SAR;
structure-from-motion

1. Introduction

Landslides pose a threat to nearby communities and infrastructure and can have
significant social and economic consequences [1]. Highways, railroads, and pipelines in
alpine areas are especially vulnerable to landslide damage due to the location and extent of
such linear infrastructure near or at valley floors and adjacent to steep slopes. Damage or
blockage of linear infrastructure interrupts the movement of people and goods and can,
in some cases, isolate remote communities [2]. The characterization and monitoring of
unstable rock slopes is, therefore, critical to ensuring the safety of people, infrastructure,
and communities.
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However, the investigation of unstable rock slopes, particularly those in remote re-
gions, is often challenging due to difficulties in access and safety on the ground. In such
cases, remote sensing techniques can be employed to collect geological data required to
assess the state of activity of the slope and to identify the underlying structural, geome-
chanical, and geomorphic factors and processes responsible for instability.

Terrestrial and airborne laser scanning (TLS and ALS) methods involve the emission
of a laser pulse from an instrument, referred to as a laser scanner, and the measurement
of the time required for the pulse to reach a sensor mounted on the same instrument after
bouncing off the object surface [3]. Such a process, repeated several thousand times per
second, allows high-resolution 3D models of the ground surface to be collected in the form
of point clouds. The models can then be used to perform discontinuity mapping, rock mass
characterization, and slope surface analysis [4,5]. High-frequency sampling of the reflected
signal allows a researcher to identify multiple returns for each emitted pulse and enables
the removal of vegetation and other minor obstacles in order to create a so-called “bare
earth” dataset. Surface features of interest (e.g., cracks, grabens, gullies, fractures) can thus
be readily identified and interpreted across heavily vegetated slopes (e.g., [6]). Because
such surveys are accurate and can be repeated, both TLS and ALS are now widely used to
characterize and monitor unstable slopes (e.g., [7–9]).

Digital photogrammetric techniques such as Unmanned Aerial Vehicle-based Structure-
from-Motion (UAV-SfM) are capable of reconstructing the 3D geometry of a scene or an
object using pairs or groups of digital photographs and are therefore routinely employed
to analyze and characterize deforming slopes at a variety of scales [5,7,10,11]. To a more
limited extent, these techniques have been exploited to monitor rock slope deformation and
landslide displacement [12,13]. Photogrammetric methods take advantage of the concept
of “stereoscopic parallax”, which is the relative change in the position of a pixel or feature
in photographs taken from different positions. Positions within the 3D space of common
features are then precisely determined by comparing their position in the photographs and
successively computing, through an iterative process, positions of camera stations (i.e., the
position from which each photo was taken) relative to the investigated scene [14,15].

Recently, 3D and 2D datasets have been integrated, enhancing the amount and quality
of geological, geomechanical, and hydrogeological data when analyzing rock slopes. In
particular, infrared thermography (IRT) datasets, gathered in tandem with TLS datasets,
have been used to investigate the degree of fracturing [16] and rock mass quality [17] within
rock slopes. To a lesser extent, hyperspectral imagery has also been incorporated with 3D
datasets to map lithological changes within quarry walls, exploiting the varied different
spectral responses of minerals [18].

A limitation of both laser scanners and photogrammetric surveys is the need to travel
to the study site (for ground-based surveys) or fly over it (for airborne surveys) to collect
high-resolution data. Repeated flights and travel to a site can be costly but may be required
for rock slope monitoring purposes. Alternatively, TLS can be installed at the site to
allow for quasi-real-time monitoring of limited sections of rock slopes by automatically
repeating the scan at defined intervals [19,20]. Multiple fixed camera systems have also
been employed to perform high-temporal-resolution monitoring of sections of rock slopes
using the SfM technique [21]. In all cases, however, high-spatial-resolution and high-
temporal-resolution monitoring of rock slopes has a significant financial cost, which may
limit the use of TLS and SfM in monitoring unstable rock slopes.

Satellite-based radar techniques, such as the differential interferometric synthetic aperture
radar (DInSAR) method, aim to address this challenge and allow millimeter- to centimeter-
scale measurements of surface displacement and, therefore, are an effective slope monitoring
tool [22–24]. Measurement of displacements is performed by computing the phase difference
between subsequent SAR images collected from a satellite-mounted sensor. However, an
important limitation of DInSAR analyses is the insensitivity to the N-S component of slope
deformation, which can result in high errors that can only be reduced through complex
analyses based on multiple line-of-sight (LoS) satellite geometries [23,25,26] or estimated from
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differences in slope orientation [27]. The speckle-tracking method (ST) is an innovative SAR
technique that extends the use of SAR imagery by deriving the three vector components of
displacement (N-S, E-W, up–down) of deformations up to tens of meters with reasonable error
margins [28]. Two LoS geometries, one from an ascending satellite path direction and the
other from a descending path direction, are required for ST.

SAR and laser scanning techniques, although useful for characterizing rock slope de-
formation, are seldom used in combination. The limited number of applications described
in the literature mostly employ ground-based sensors [17,29,30]. Donati et al. [31] describe
an innovative approach that combines SAR ST and ALS to characterize the components
and magnitudes of the displacement vectors across the slowly moving Fels landslide in
Alaska and to show how the displacement trend and plunge can be computed and used in
the interpretation of the failure mechanism of the landslide.

In this paper, the engineering geological workflow introduced by [31] to characterize
the Fels landslide is exploited and expanded. Using a combination of remotely sensed and
field-based data, a detailed engineering geological analysis of the slide is performed, its
evolution in historic time is described, and a sound geological interpretation is provided.
Historical aerial and satellite imagery are used to investigate the progressive retreat of
the Fels Glacier from the valley floor and adjacent lower slopes. The ST dataset is then
employed to analyze in detail the distribution and rates of displacement that occurred
within the slide area between 2010 and 2020. Structural and geomorphic slope-scale
lineaments are identified and mapped using the ALS dataset and then compared with
previously measured outcrop-scale discontinuity data ([32]) to highlight the structure
control on the landslide. Profiles across the slope are created to infer, in combination with
surface displacement data, the depth and morphology of the failure surface. Infrared
thermography (IRT) datasets, collected using long-range, ground-based sensors, are also
presented to assess their potential applications in characterizing groundwater seepage
across the unstable slope.

The objectives of this study are (1) to perform a comprehensive interpretation of the
geological and monitoring data in order to classify the landslide based on the system
proposed by [33]; (2) to determine the major factors that control the failure; (3) to document
the evolution of the slope stability and morphology; and (4) to demonstrate the useful-
ness of the SAR ST technique for both preliminary failure characterization and long-term
monitoring of slowly moving landslides located in remote locations.

2. Geographic and Geological Overview

The Fels landslide is located within the Alaska Range, 150 km southeast of Fairbanks,
Alaska. The landslide lies on the north slope of the Fels Glacier valley, an E-W-trending
tributary of the Delta River valley (Figure 1a), and was first identified in 2013 [32]. The
Richardson Highway, which connects Fairbanks to the coastal town of Valdez, and the
Trans-Alaska Pipeline, which extends from oil fields on the north shore of Alaska to the
Valdez Marine Terminal, pass through the Delta River valley.

Two adjacent and distinct areas of active slope deformation, separated by a promi-
nent gully, referred to as “Lobe A” and “Lobe B”, exist within the Fels Glacier valley
(Figure 1a; [32]. The Fels landslide corresponds with the area of Lobe A, which, compared
to Lobe B, is characterized by significantly higher deformation rates. Lobe A also displays
a spatially varied distribution of displacement rates. The western part of the lower slope
displays evidence of active instability, mainly in the form of steep scarps, and is hereafter
referred to as “fast-moving toe” (Figure 1b). The central part of the landslide has spa-
tially homogeneous displacement rates. In comparison, the upper part displays an abrupt
decrease in displacement rates (upper right inset in Figure 1a). The north slope of the
Fels Glacier valley dips about 20–30◦ SSW, increasing to 40–50◦ near the Fels Glacier. The
landslide has an area of 2.3 km2 and extends down to the toe of the glacier, about 3 km
above the mouth of the Fels Glacier valley. It has a measured length of 1400 m in the E-W
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direction and 1600 m in the N-S direction (between elevations of 920 and 1490 m above sea
level (a.s.l.)).

Bedrock on the north slope of the Fels Glacier valley comprises fine-grained Devonian
metasedimentary rocks of the Jarvis Creek Glacier subterrane, primarily quartz-mica schist
and quartzite, and secondly chlorite-muscovite schist, calc-schist, marble, and basalt [34,35].
Within the landslide area, bedrock is blanketed by colluvium, which is involved in local
surficial rotational sliding, especially on the lower part of the slope. Bedrock crops out locally
within deeply incised gullies and in sub-vertical geomorphic steps at higher elevations. The
bedrock is characterized by a prominent undulatory foliation that dips between 20 and 25◦

SSW within the landslide area. The foliation is sub-parallel to the slope and possibly controls
its morphology, as noted by Newman (2013). On a larger scale, the foliation dips more steeply
to the south, reaching up to 50–60◦ near the Denali Fault [35].

The Denali Fault is an active, right-lateral strike-slip fault that follows the Canwell
Glacier valley south of the Fels Glacier valley (Figure 1a). An MW 7.9 earthquake occurred
on this fault on 3 November 2002, accompanied by up to 5.3 m of right-lateral slip, as
estimated within nearby Delta River valley [36,37], and hundreds of rock avalanches,
rockslides, rotational slides, and debris avalanches within the epicentral area [38,39]. The
area of the landslide was also affected by ground shaking during the 1964 MW 9.2 Good
Friday earthquake, which had a source beneath Prince Williams Sound about 320 km to the
WSW. In this case, the ground motions were considerably attenuated over a large distance
from the earthquake source [40].
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Figure 1. Overview of the Fels landslide. (a) Satellite view of the intersection of the Delta River and
Castner, Fels, and Canwell valleys (Copernicus–Sentinel 2 imagery). The black dashed line marks the
trace of the Denali Fault. The insets show the location of the Fels landslide in Alaska and a satellite
view of the landslide area [41]. Black curved lines in the upper right inset delineate the areas of “Lobe
A” (i.e., the Fels landslide) and “Lobe B” where deformation has also been detected. The upper part
of Lobe A, characterized by significantly lower deformation rates, is also outlined. (b) Frontal view of
the landslide from the crest of the ridge on the south side of Fels Glacier valley. The white dashed
line marks the boundary of the inferred unstable area, and the red dotted line delineates the upslope
boundary of its fast-moving toe. Note the absence of a well-defined landslide headscarp.

A full understanding of the Fels landslide requires knowledge of the evolution of
the Fels Glacier valley. The valley, in some form, has existed since the Pliocene, possibly
since the Miocene, but it was profoundly deepened and widened by glaciers during the
Quaternary Period. Repeated glaciations steepened the valley walls and increased the local
relief. Glacier flow has exacerbated rock slope instability by damaging the rock mass [42].
During periods of glacier retreat, the removal of lateral slope support provided by the
glacier ice further reduced the kinematic constraint of the rock slope [43–45]. During the last
Pleistocene glaciation, the Cordilleran Ice Sheet extended over the Alaska Range, burying
Fels valley beneath up to 1.4–1.5 km of glacier ice [46]. By about 11,000 years ago, the
ice sheet had disappeared, but an alpine glacier (Fels Glacier) has remained in the valley
ever since. The Fels Glacier achieved its maximum Holocene extent during the Little Ice
Age when it extended into Delta River valley and constructed the prominent lateral and
end moraines there [35]. At the peak of the Little Ice Age, the surface of the Fels Glacier
opposite the fast-moving toe of the Fels landslide had an elevation of about 1115 m a.s.l.,
about 115–140 m above the present glacier surface. In this paper, the progressive thinning
and retreat of the Fels Glacier are investigated to highlight the potential correlation between
ongoing climate change and the stability and geomorphic evolution of the slope.

3. Materials and Methods

3.1. Workflow

The present research builds on a study by [32], who presented a slope characterization
of the landslide based on a combination of traditional geological and geomechanical
mapping. Refs. [32,47] presented preliminary ALS and DInSAR results for motion of the
landslide. Our research significantly expands the scope and findings described in these
works by combining advanced multi-temporal and multi-sensor remote sensing datasets to
provide an improved interpretation of the failure mechanism and to highlight the evolution
of the landslide behavior over the past 60 years.

This research follows the workflow summarized in Figure 2. The workflow comprises
five stages: field characterization, historical analysis, multi-scale (i.e., slope and rock mass)
characterization, SAR data processing, and an integrated interpretation. Alyeska Pipeline
Service Company provided ALS for 2014 and 2016 and access to the site for ground-based
field and remote sensing characterization. Table 1 provides a summary of the remote
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sensing datasets used in this research, together with relative information on the source,
scale, and resolution.

                     
 

 

                       
                           
         

 
                         

                                 
             

         
 

     
 

   

   

   
 

 
   

   
   

               
   

   
   

   
 

                   
   
   

               
               

                   

   
   

 
 

     
   

 
 

 
 

 

               
 

 
 

   
   

 
 
 
 

               
   

   
                  

     
   

                     
 

 

 
 

 
 

 
 

                 
   

 
 

   
   
       

                     
 

   
   

   
     

           
         

 

Figure 2. Research flowchart. Detailed results from Stage 1 are described in [32].

Table 1. Summary of remote sensing datasets used in this research, ordered by type and scale. For
each dataset, source and resolution are reported.

Type Dataset Use in this Study Year
Original Areal

Extent
Resolution Source

RGB imagery

RapidEye satellite
imagery

Historical analysis of
glacier and surface

cracks

2010 ca. 25 × 20 km 5 m/pixel Obtained from Planet Labs
database ([41])

Historical air
photographs

1949 ca. 15 × 18 km 1 m/pixel Obtained from USGS Earth
Explorer database1977 ca. 28 × 28 km 1 m/pixel

1981 ca. 28 × 28 km 1 m/pixel

Slope-scale
orthophoto 2017 ca. 2 × 2 km 0.5 m/pixel

Created from helicopter-
and ground-based-SfM

surveys
Digital

photographs of
rock outcrop

SfM reconstruction for
discontinuity mapping 2017 ca. 12 × 8 m ca. 0.2

mm/pixel Ground-based survey

Laser
datasets

ALS DEM
Elevation change
detection analysis

2014 ca. 4 × 5 km 3 m/pixel Provided by Alyeska
Pipeline Service Company2016 ca. 4 × 5 km 1 m/pixel

TLS point cloud Registration of SfM
models 2017 ca. 2 × 2 km ca. 10 pts/m2 Ground-based survey

Infrared
datasets IRT Groundwater seepage

analysis 2017 ca. 2 × 2 km ca. 1 m/pixel Collected from
ground-based survey

SAR datasets RadarSat-2 SAR
imagery

SAR ST analysis

2010 ca. 13 × 8 km 1.5 m by 5 m
pixels

Obtained from Canadian
Space Agency database

through MDA *

2015 ca. 13 × 8 km 1.5 m by 5 m
pixels

2020 ca. 13 × 8 km 1.5 m by 5 m
pixels

* See https://www.asc-csa.gc.ca/eng/satellites/radarsat2/ (accessed on 1 October 2023).

3.2. Stage 1: Field Characterization

Field work was undertaken in 2010 to characterize the Fels landslide from a geological
and geomechanical perspective. The location, extent, and orientation of geomorphic
features, such as uphill- and downhill-facing scarps, tension cracks, benches and steps,
and slope bulging, which are indicative of deep-seated slope deformation, were recorded.
Field observations also included geological, structural, and geomechanical data, such as
lithology, foliation planes, fold axes, fracture orientation, spacing, persistence, infilling
and surface conditions, intact rock strength values [48], and geological strength index [49].
At three stations, intact rock and discontinuity data were systematically recorded using
a scanline mapping approach [50]. A detailed description of the field characterization
program conducted is beyond the scope of this paper; the interested reader is referred
to [32] for details. In this paper, selected extracts of Newman’s work that are relevant to the
described remote sensing analyses are presented.

https://www.asc-csa.gc.ca/eng/satellites/radarsat2/
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3.3. Stage 2: Historical Analysis

A visual analysis of Fels valley was performed using historical air photographs (Au-
gust 1949, June 1977, August 1981; resolution about 1 m/pixel), satellite imagery (August
2010; RapidEye image; 5 m/pixel), and an orthophoto obtained during a helicopter sur-
vey (August 2017; 0.5 m/pixel). Both historical air photographs and satellite imagery
were obtained from the USGS “Earth Explorer” database (https://earthexplorer.usgs.gov/,
accessed on 1 October 2023). The available databases were filtered using a polygon with the
extent of the investigated area. The 2017 orthophoto was created using an SfM approach,
using photographs collected at multiple stations on the opposite side of the valley and
during a helicopter survey (see Section 3.4). This analysis enabled an investigation and
quantification of both the progressive development of surface cracking through time and re-
treat of Fels Glacier from the lower part of the valley. Each image was registered in ArcMap
10.6 [51] using the coordinates of natural points obtained from the ALS dataset available
for the study. These points are located outside the landslide area and are considered to
be stable through time. Surface cracks visible on the air photographs were then digitized
as polylines, following the workflow described by [8]. The total length of all polylines
was computed for each analyzed air photograph. Based on the distribution of lineaments
identified in the historical imagery, the area of the fast-moving toe of the landslide was
outlined and computed. The outline of Fels Glacier was manually digitized in each air
photograph, and its terminus was identified and mapped. The glacier retreat was estimated
by measuring the distance of the terminus along the valley axis in each image from its
position in the first (1949) photograph. Finally, the surface elevation of glacier ice was
estimated by sampling points on the 2016 ALS dataset at the slope/glacier interface in the
mid-point location of the fast-moving toe area.

3.4. Stage 3: Multi-Scale Slope Characterization

The third stage of the investigation is an engineering geomorphic characterization of
the slope using remote sensing techniques. The analysis was undertaken at progressively
larger scales. First, a slope-scale landslide characterization was undertaken in ArcMap.
Hillshade, aspect, and slope maps derived from the 2016, 1 m resolution ALS dataset were
created using built-in tools in ArcMap. These thematic maps were employed to identify
and map linear geomorphic features such as scarps, antislope scarps, tension cracks, and
gullies [6,52]. The geometric characteristics of these elements, for example, trend and
length, are commonly controlled by faults and joints, which represent weak planes within
the rock mass that are exploited by weathering, erosion, and deformation processes [53].
Consequently, linear geomorphic features can be considered proxies that potentially record
the style of deformation of the slope and its geomorphic evolution.

The trends (i.e., the azimuth) of all the mapped lineaments were reported in a summary
table, which was then imported into the software DIPS 8 [54] for interpretation. Rosette
diagrams were used to identify and visualize the principal trends of geological structures
within the slope, which in other studies have been shown to coincide with the orientations of
major geomorphic elements such as valleys, gullies, ridges, and landslide boundaries [45,55].
These results were compared with preliminary lineament mapping described by [32], which
was completed using a lower resolution digital elevation model (1/3 arc-second, about 10 m),
as well as optical satellite imagery and a LiDAR DEM with partial coverage of the landslide.

At a larger scale, a Riegl VZ-4000 laser scanner with a maximum operating range
of about 4 km was used to perform a TLS scan of the unstable Fels valley slope in the
summer of 2017 from a location 700–2000 m away on the opposite side of the valley.
High-resolution photographs were obtained using a 50 MPixel Canon EOS 5Ds-R digital
reflex camera mounted on a Gigapan robotic tripod head and coupled with a f = 200 mm
focal length lens. Geotagged photographs were taken from four camera stations on the
south side of Fels valley and used for the SfM reconstruction of the slope in combination
with photographs acquired during a helicopter survey. In addition to the 3D SfM model,
the photogrammetric survey provided an updated orthophoto of the area, including the

https://earthexplorer.usgs.gov/
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terminus of Fels Glacier. An infrared thermography (IRT) analysis was performed with a
FLIR SC7750 thermal camera, coupled with a f = 50 mm focal length lens, to investigate
seepage from the unstable slope. The analysis of the IRT dataset was conducted using the
software ResearchIR 4 [56].

The previous study by [32] and the multi-stage slope characterization of this study
allowed for the identification of locations on the colluvium-blanketed slope where bedrock
is exposed, and thus, remote sensing engineering discontinuity mapping could be effec-
tively undertaken. Outcrop-scale remote sensing mapping was conducted along a deeply
incised gully that marks the eastern boundary of the landslide area. The gully wall could
not be safely accessed; therefore, a close-range SfM approach was used to build an oriented
3D model of the outcrop (i.e., a virtual outcrop). To do so, high-resolution, geotagged
photographs of the outcrop were collected from distances ranging from 5 to 15 m at more
than 10 stations along the opposite side of the gully. Discontinuity data were then extracted
from the 3D model using the software CloudCompare 2.12 [57]. The orientations (i.e., dip
and dip direction) of the mapped discontinuities were plotted in a stereonet using DIPS,
and the major discontinuity sets, including foliation, within the rock mass were identified.

3.5. Stage 4: Multi-Temporal ALS and SAR ST Analysis

Next, a change detection analysis using the 2014 and 2016 ALS datasets (both with
1 m resolution) was performed. The change detection analysis was conducted by sub-
tracting, pixel-by-pixel, the elevation in 2016 from that in 2014, thus providing the vertical
deformation over an equal-sized raster grid.

An advanced ST analysis was then performed, following the workflow outlined
in [31], using RADARSAT-2 spotlight mode imagery. Ref. [31] also provides a detailed
description of the SAR-ST method applied to landslide analyses, as well as specifications
with regard to detail, advantages, limitations, and applicability. The analysis focused on
two consecutive five-year time windows, namely 2010–2015 and 2015–2020. For each time
window, the ST analysis provided the cumulative surface displacement along the three
principal components (E-W, N-S, and vertical) of the displacement vector. ST data were
then post-processed in ArcMap, where raster datasets and thematic maps of the magnitude,
azimuth, and plunge of the surface deformation were created. By comparing, pixel-by-
pixel, the difference between the 2010–2015 and 2015–2020 time windows, it was possible to
recognize and quantify the changes in the style of deformation and failure mechanism that
occurred over the 10-year period covered by the ST investigation. A qualitative comparison
of the deformation maps computed from the ST datasets was performed, and the lineament
map developed in the previous stage of this study was examined to identify the geological
structures that control slope deformation.

Next, profiles of slope elevation, deformation magnitude, and displacement plunge
along the slope were created to infer the state of activity of the landslide and its differences
in space (i.e., across the landslide area) and time (i.e., 2010–2015 vs. 2015–2020). Finally,
the morphology of the failure surface of the landslide was reconstructed using the vector
inclination method (VIM; [58]).

3.6. Stage 5: Integrated Interpretation

In the final stage of the study, the results obtained from the preceding four stages were
integrated and analyzed. An interpretation of the landslide, its classification according
to the scheme of [33], and an analysis of the factors that controlled the evolution of the
landslide are provided.

4. Results

4.1. Historical Analysis

The analysis of historical air photographs and satellite imagery revealed a significant
increase in the cumulative length of surface cracks over time (Table 1). Surface cracks were
visible near the toe of the slope in the 1949 air photograph, indicating that the landslide



Remote Sens. 2024, 16, 117 9 of 30

has been active since before 1949 (Figure 3a). Between 1949 and 1977, cumulative surface
cracking in the landslide area increased from about 1300 m to 2100 m, from which an
average increase of surface cracking length of 75 m/year was derived. The cumulative
length of the surface cracking increased to 3550 m by 1981, 9750 m by 2010, and 12,760 m
by 2017 (Figure 3a,b), corresponding to increases in surface crack length of 890 m/year,
340 m/year, and 1800 m/year for the time windows 1977–1981, 1981–2010, and 2010–2017,
respectively (Figure 3b).
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Figure 3. Summary of historical analysis of Fels Glacier and the deforming slope bordering its toe.
(a) Progressive growth of surface slope damage features (solid red lines) mapped on historical air
photographs. The tab in the lower left corner provides a summary of the progressive retreat of the
toe of Fels Glacier based on historical air photographs. The elevation of the slope–ice interface was
sampled at the location of the white line. (b,c) Plots showing changes in, respectively, cumulative
crack length and surface area of the fast-moving landslide toe and glacier ice surface elevation
over time.

Based on the analysis of aerial and satellite imagery, the Fels Glacier retreated over
1000 m over the 68-year period 1949–2017 (Table 1). Over that time, the total lowering
of the glacier surface at the center of the fast-moving toe of the Fels landslide was 79 m.
Between 1949 and 1977 and between 1981 and 2010, the glacier retreated approximately
410 m and 430 m, respectively, from which an average rate of retreat of 15 m/year was
derived (Figure 3a). Between 1977 and 1981, the glacier retreated about 157 m, yielding
an average retreat rate of 39 m/year. The differences in the computed retreat rates may
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be biased by the different months in which the images were captured (i.e., June in 1977
and August in 1981). Disregarding the 1977 data point, the total retreat between 1949 and
1981 is 567 m, from which an average rate of retreat of 18 m/year was calculated. Notably,
between the 1960s and early 1980s, glaciers around the world, including Alaska, stabilized
and advanced short distances (e.g., [59–61]). It is likely that the Fels Glacier stabilized and
advanced during the same period; thus, the average rates for the periods of 1949–1977
and 1977–1981 are biased by this variability. It is estimated that the glacier retreated an
additional 30 m between 2010 and 2017 (average rate = 4 m/year).

The area of the fast-moving toe of the Fels landslide progressively increased over time
(Table 2). In 1949, the surface area of the fast-moving toe was about 200,000 m2. It increased
to about 235,000 m2 in 1977, 236,000 m2 in 1981, 266,000 m2 in 2010, and 320,000 m2 in 2017
(Figure 3c).

Table 2. Evolution of Fels Glacier and Fels landslide from 1949 to 2017.

Month/Year of the
Imagery

Cumulative Glacier
Retreat

(m)

Cumulative Length of
Surface Cracking

(m)

Fast-Moving Toe Surface
Area
(m2)

Glacial Ice Surface
Elevation (Mid-Point of

Fast-Moving Toe)
(m a.s.l.)

August 1949 (baseline) 1300 200,000 1024
June 1977 410 2100 235,000 1009

August 1981 570 3550 236,000 990
August 2010 1000 9750 266,000 945
August 2017 1020 12,760 320,000 945

4.2. Multi-Scale Slope Characterization

4.2.1. Slope-Scale Analysis

The entire landslide area is characterized by vegetation-free failure scarps that high-
light the ongoing instability affecting the slope (Figure 4). Particularly prominent rotational
slide scars, with dip angles up to 50◦ and heights up to 50 m, characterize the fast-moving
toe and mark its lateral and rear boundaries (I in Figure 4). No bedrock daylights are seen
within these prominent features, suggesting that the minimum thickness of the blanketing
colluvial deposit on the lower slope is 50 m. Above the fast-moving toe, rotational slides
appear to be more superficial, with elevations and lengths that progressively decrease
toward the upper slope.
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Figure 4. Overview of the Fels Glacier valley slope. (a) Hillshade map derived from the ALS dataset.
Profile A-A’, plotted in the inset, extends across the northwest boundary of the landslide area and
intersect the geomorphic steps discussed in the text. (b) Photograph (view to the northwest) taken
from a helicopter. Line I is the upper limit of the rotational sliding instability of the fast-moving toe.
Lines II and III mark scarps at the northwest boundary of the landslide. Line IV delineates a gully
that marks the east boundary of the landslide.



Remote Sens. 2024, 16, 117 11 of 30

Persistent linear features (i.e., length > 500 m) on the failing slope reflect a significant
structural control on their location and orientation. A NE-SW-oriented, sub-vertical scarp
with a length of about 800 m and a height of about 10 m crosses the slope between 1240
and 1400 m a.s.l. (II in Figure 4). Just west of this feature is another structurally controlled
geomorphic step (III in Figure 4) with a similar orientation and length but a significantly
lower dip angle, possibly due to erosion at the crest and deposition at the base of the slope.
It likely is older than the sub-vertical scarp, below which a two- to three-fold increase
in deformation rates in the SAR ST dataset is observed (see Section 4.3). The trend of
these features is similar to that of the prominent gully on the east side of the landslide
(IV in Figure 4), suggesting that the gully’s location may also be controlled by bedrock
discontinuities. The Fels Glacier flows in an ESE-WNW direction past the landslide area.
However, to the east, outside the landslide area but near the gully, the glacier flows in a
SE-NW direction, about 20◦ different from the downvalley flow direction. This change in
the orientation of the valley axis is likely controlled by geological structure (Figure 5a).

Lineaments were placed on the GIS thematic maps to further highlight the potential
correlation between geomorphic features and structural geology. Rosette diagrams illus-
trating the mapped lineament orientations define three major trends (Figure 5a), which
are referred to as trends I, II, and III based on the relative number of lineaments mapped.
Trend I includes lineaments with a SW-NE orientation, parallel to the geomorphic steps
(II and III in Figure 4) and the gully that marks the east boundary of the landslide (IV in
Figure 4). Trend II comprises lineaments oriented in an NNW-SSE direction parallel to the
east landslide boundary. Trend III comprises lineaments with an ENE-WSW orientation,
which is sub-parallel to the orientation of the Denali Fault and the rear boundary of the
landslide area. The orientation of the valley axis east of the gully also correlates with
trend III and aligns with the rear boundary of the wedge-shaped, fast-moving toe, further
supporting the control exerted by the geological structure on the evolution of the valley
and landslide (Figure 5a). However, on the east part of the lower slope, features similar in
orientation to trend III occur in glacial deposits. Lineaments in this area represent lateral
moraines rather than geological structures. Similar results were reported by [32], who
identified three prominent lineament trends oriented NNE-SSW, NE-SW, and E-W, in good
agreement with trends I, II, and III of our study.
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Figure 5. Results of lineament analysis. (a) Lineament map showing the mapped features, which are
color-coded based on orientation. The dotted black lines delineate the approximate upslope boundary
of the landslide and, below it, the internal boundary, below which higher displacement rates are
observed. The red dashed line marks the boundary of the fast-moving toe. Trend III lineaments on
the east part of the lower slope are likely controlled by surface deformation of Little Ice Age glacial
deposits. The change in orientation of the valley axis is also highlighted by the dash-dotted black
line. (b) Oblique view of the trend III lineaments in glacial deposits on the lower slope, which are
independent of geological structures.

Infrared photographs obtained from the slope opposite the Fels landslide were stitched
into a single panoramic image (Figure 6. Groundwater seepage is concentrated on the
lower slope, particularly within the colluvial deposit near the valley bottom (Figure 6).
It seems likely that the south-dipping foliation exerts some control on groundwater flow.
Surface runoff from rainfall and snowmelt is concentrated along gullies within the slide
area (Figure 6). Significant snow patches were still visible at the higher elevations when the
infrared survey was performed in August 2017.
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Figure 6. IRT dataset showing differences in surface temperature that can be correlated with vegeta-
tion (or absence thereof), groundwater seepage, and snow patches. Dotted white and red lines mark
the boundary of the landslide area and the fast-moving toe, respectively.



Remote Sens. 2024, 16, 117 13 of 30

4.2.2. Outcrop-Scale Analysis

The bedrock outcrop that was surveyed is located at an elevation of about 1450 m a.s.l.
on the east wall of the gully on the east side of the slide area (Figure 4a). The orientation and
persistence of the discontinuities obtained by processing the point cloud in CloudCompare
are plotted in the stereonet shown in Figure 7. The rock mass discontinuities can be placed
into three main sets that are sub-perpendicular to each other and are referred to as D1,
D2, and D3. D1 discontinuities are foliation planes. They are characterized by an average
mapped persistence of 8 m and an orientation of 36◦/228◦ (hereafter, all orientations are
expressed using a dip/dip direction convention), sub-parallel to the slope surface. D2
discontinuities have an average persistence of 5.7 m and are characterized by a sub-vertical
orientation of 87◦/135◦, sub-parallel to the gully and the outcrop surface. D3 discontinuities,
with an average persistence of 4 m, dip into the slope with an orientation of 44◦/19◦, sub-
perpendicular to the slope surface. However, the orientation of this discontinuity set,
combined with the low height of the outcrop (6–7 m), results in censoring [62] that is
difficult to estimate and correct.

The results from the remote sensing outcrop-scale analysis display some agreement
with field data reported by [32], including an average foliation orientation of 27◦/207◦

and a sub-vertical northwest-dipping set (referred to as J1) that correlates with D2 in this
study. Reference [32] also reported two minor sub-vertical north- and northeast-dipping
discontinuity sets in the west part of the landslide area; however, we did not observe them
in the investigated outcrop. The observed differences are likely due to the greater number
of localities investigated by [32], both within and outside the landslide area. In this study,
only rock outcrops outside the slide area were investigated.
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Figure 7. Outcrop-scale analysis. (a) Close-up view of the investigated outcrop, highlighting the
discontinuity sets identified during discontinuity mapping. Note the slope-parallel bedrock foliation
(D1); discontinuity set D2, which is sub-parallel to the outcrop; and discontinuity set D3, which
is sub-perpendicular to both D1 and D2. (b) Hillshade map of the slope showing the location of
the investigated outcrop (red dot), which is outside the slide area. Black and white line mark the
boundary of the landslide. Red line marks the boundary of the fast-moving toe. (c) Stereonet (lower
hemisphere, equal angle) showing the results of the discontinuity mapping.
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4.2.3. Comparison of Slope- and Outcrop-Scale Datasets

A similarity between the outcrop-scale discontinuity data and orientations of slope-
scale lineaments was noted after plotting the rosette diagrams. Specifically, correspondence
was observed between lineament trend I and discontinuity set D2 and between lineament
trend III and discontinuity set D3 (Figure 8a). D1 discontinuities (i.e., bedrock foliation) are
unlikely to control surface lineaments due to their slope-parallel orientation. Lineament
trend II does not display any obvious correlation with the outcrop-scale discontinuity
sets. The correlation between rock mass discontinuities and surface lineaments suggests
the latter are primarily controlled by geological structures. In turn, the distribution of
surface movements is controlled, to a certain extent, by deformation that occurs at depth
within the slope below the colluvial blanket. An example is the fast-moving toe (Figure 8b).
The geomorphic processes and features that can be observed within this area, such as the
retrogressive behavior and high scarps, are typical of roto-translational or pseudo-rotational
failures that occur in soil and weak rock slopes. However, the boundaries of this large,
unstable area are clearly aligned with both the interpreted lineaments and the outcrop-scale
discontinuities, suggesting that geological structures play an important role in defining the
dimension and shape of the fast-moving toe.
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Figure 8. (a) Rosette diagrams showing slope-scale lineaments and the outcrop-scale discontinuities.
(b) Potential correlation between the discontinuity sets identified during the outcrop-scale analysis
(D2-D3) and the lineaments (I-III) delineating the boundaries of the landslide (dotted black line,
excluding the low displacement rate area) and the fast-moving toe (red dotted line).

4.3. Multi-Temporal ALS and SAR ST Analysis

4.3.1. ALS Change Detection

The ALS datasets collected in 2014 and 2016 were compared to identify areas within
the investigated slope with vertical deformation over the two-year period (Figure 9a).
Significant downward displacements occurred within the fast-moving toe over this period.
It was noted that elevation changes progressively increased in magnitude from the west
boundary of the landslide (<4 m) to the east part of the fast-moving toe (4–6 m). The
raster dataset produced from the change detection analysis displays fringes across the fast-
moving toe, with an alternation of stripes with positive and negative vertical displacements.
Such a pattern suggests that the fast-moving toe is progressively moving toward the valley
bottom while breaking-up in a series of rotational slides. The stripes with different vertical
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displacements are parallel to lineament trend III, supporting the hypothesis of strong
structural control on the evolution and behavior of the fast-moving toe. An area with an
elevation gain of up to 1.1 m is located just upslope of the fast-moving toe and exhibits
a forward movement (i.e., out of the slope) rather than an actual upward displacement.
This interpretation is supported by the generalized elevation loss (up to 50 cm) that we
observed across the upper part of the main landslide body, which is the area where most of
the elevation changes and total displacement are recorded (Figure 9b).

                     
 

 

 
(a) 

 
(b) 

                           
                               

                                 
                          tt        

                       
                               

                       
                     

   

Figure 9. (a) The 2014–2016 ALS change detection results and (b) total 2010–2020 displacements
derived from the ST analysis. Note the significant elevation changes on the lower slope, the elevation
gain on the central part of the slope (shades of red, possibly related to a forward, out-of-the-slope
displacement), and the elevation loss on the upper slope (shades of blue). The dotted lines mark the
boundaries between the fast-moving toe, the main landslide body, the slower displacement (possible
secondary failure) area, and the stable part of the slope. In the slower displacement area, observed
displacements are greater than the measurement error, but displacement magnitudes and elevation
changes are significantly smaller than in the main landslide body.
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4.3.2. Characterizing Landslide Displacement Using the Speckle-tracking Datasets

The ST analysis was conducted using SAR images obtained over two subsequent
five-year time windows: 2010–2015 and 2015–2020. The displacement magnitude maps for
each period (Figure 10a,b) show surface movements of more than 10 m on the fast-moving
toe. Over the combined ten-year period, the fast-moving toe locally moved up to 75 m.
The wedge shape of the fast-moving toe is clear in both maps. Above the fast-moving toe,
the total displacement progressively decreases toward the upper slope. Near the upper
boundary of the landslide, the total displacement over the 2010–2015 and 2015–2020 time
windows is about 30–60 cm. The achievable accuracy of ST techniques is typically between
1/10th and 1/100th of the spatial resolution of the SAR image dimension (5 × 1.5 m in this
case) [63]. Therefore, we consider displacement values lower than 50 cm to be background
values for the purpose of this analysis.

The 2010–2020 displacement magnitude maps highlight the differences in displace-
ment rates across the landslide area (Figure 9b). The limits of resolutions of displacement
values (i.e., the computed displacement in the parts of the slope that are considered to
be stable), which is 100 cm over the 2010–2020 survey period, were used to identify and
trace the landslide boundaries. Areas where the computed displacements exceeded this
threshold are considered to be part of the landslide. To the west, displacements are greater
than 5–6 m below the 10 m high scarp (II in Figure 10) and significantly decrease above
the scarp. Upslope of the 30 m high geomorphic step (III in Figure 10), displacements
progressively decrease to background values. This 30 m high scarp roughly divides the
main landslide body, where most displacement and elevation changes occur, from the area
where instability progresses more slowly. To the east, displacements decrease significantly
near the gully where the outcrop-scale survey was performed (IV in Figure 10). There,
deformation may be partly affected by surface erosion or by slumping into the gully itself.
To the north, in the area where the ALS change detection analysis showed a predominant
elevation loss (Figure 9), displacements reached 10 m between 2010 and 2020. Upslope,
displacements up to 4–5 m are observed within the slowly moving area of the landslide.
Similar displacement magnitudes are also observed to the northeast, but their trend to the
SSE (Figure 11a) suggests that they are generated by surface movements toward the gully
(e.g., slumping or erosion) and are, therefore, not part of the Fels landslide. East of the
gully, within the area referred to as Lobe B (Figure 1a), we observed some displacements
(up to 5.5 m) up to an elevation of 1350 m a.s.l. on the lower slope. The absence of obvious,
structurally controlled deformation features in this area does not allow the depth of the
movement to be confidently inferred. In general, a significant increase (up to 30%) is appar-
ent in total displacement magnitudes across the central and upper parts of the unstable
slope between the 2010–2015 and 2015–2020 time windows (Figure 10a,b). Conversely, on
the fast-moving toe, total displacements generally decreased (as much as 20 m in places)
between the two time windows, although there are local areas of increased displacements.
For example, there is a significant increase in displacement magnitude along the northeast
boundary of the fast-moving toe, with a difference in displacement magnitudes >10 m
between the two time windows. An increase near the northwest boundary was also noted,
indicating a generalized upslope propagation of the fast-moving toe (Figure 10b).

The displacement trend map shows a near-constant SSE (175◦–195◦) direction of
movement over the entire landslide area, with only minor spatial variations likely due to
surficial deformation (Figure 11a). The most significant spatial variations of the movement
direction within the fast-moving toe, where displacement trends range between 100◦ and
230◦, are roughly perpendicular to lineament trends I and III, respectively. However, the
average trend of movement direction here is in accord with that on the rest of the unstable
slope. Conversely, the northwest sector of the landslide area and the east part of the upper
slope display a southeast displacement trend (about 100–110◦ and 140–150◦, respectively).
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Figure 10. Maps of computed total displacements and displacement rates for the (a) 2010–2015 and
(b) 2015–2020 time windows. The yellow and the white dotted lines outline the fast-moving toe and
the boundary of the landslide area, respectively. The black dotted lines in (a,b) outline the areas with
the largest displacements. Lines II and III mark the geomorphic features shown in Figure 4. Note
the increase in displacements between the 2010–2015 and 2015–2020 time windows and the upward
propagation of the fast-moving toe highlighted in the 2015–2020 displacement map.

A map of displacement plunge provides information useful for the interpretation
of slope deformation (Figure 11b). The fast-moving toe is characterized by displacement
plunge values up to 50◦. The occurrence of such a strong vertical downward component of
deformation agrees with field observations and the progressive breaking-up of the lower
slope through a series of roto-translational and pseudo-rotational failures. Behind the
fast-moving toe, computed displacement plunge values decrease to 20–22◦, with only
local increases that are possibly due to surface rotational sliding. At elevations between
1360 m (to the west) and 1160 m (to the east), displacement plunge angles increase to
36◦, although there is considerable variability with values as low as 20◦. Such variability
is also interpreted as resulting from local surface rotational sliding. Consistently high
displacement plunge values (up to 50◦) are also evident near the northwest boundary of
the slide area within the slow displacement area (Figure 9b), possibly related to secondary
instability (i.e., slope failures driven by the displacement of the main landslide body).
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Figure 11. Maps of trends and plunges of displacements based on the 2015–2020 time window. (a) Dis-
placement trends. Note the overall SSW displacement of the landslide. (b) Displacement plunges.
Note the changes in plunge over the upper, central, and lower parts of the slope. The fast-moving toe,
entire landslide area, and the portion of the landslide area where significant displacements occur are
outlined in (a,b).

4.3.3. Profile Construction and Description

Profiles from the GIS maps allow changes in displacement magnitude and plunge
between the 2010–2015 and 2015–2020 time windows to be quantified and compared with
the topography of the slope (Figure 12). Longitudinal profiles reveal the magnitude of
the computed temporal (2010–2015 vs. 2015–2020) change down the slope, with positive
and negative changes indicating, respectively, an increase or a decrease in displacement
magnitude derived from the ST analyses. Displacement plunge data can also be plotted
along longitudinal profiles to highlight details of the deformation mechanism and the
morphology of the failure surface, assuming that the trend along the profile is controlled by
the orientation of the failure surface. In general, higher positive or negative values indicate,
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respectively, steeper downward or upward displacement vectors and, in turn, a steeper
failure surface. The horizontal parts of longitudinal profiles correspond to areas with
a uniform displacement plunge, which likely indicates translational movements along a
surface with a constant dip angle (i.e., planar sliding). Conversely, an upward or downward
concavity of the displacement plunge profile indicates, respectively, a decrease or increase
in the downward component of the displacement vector. Expressed differently, an upward
concavity in the displacement plunge profile corresponds to a downward concavity in the
failure surface, and vice versa.
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Figure 12. Locations of profiles 1 and 2. The boundaries of the entire landslide, the fast-moving toe,
and the part of the landslide where the greatest displacements occur are shown.

Two longitudinal profiles were constructed down the steepest portion of the slope
and parallel to the dip of the rock foliation (Figure 12). Both profiles extend across the
entire body of the landslide, including the fast-moving toe. Analysis of profile 1 shows
the increase in slope deformation in the 2015–2020 time window relative to the 2010–2015
period (Figure 13a). The increase in displacement begins near the upper boundary of the
landslide, which, in this case, does not correlate with any obvious geomorphic feature and
is maintained across the entire profile.

Displacements start along profile 1 near the crest of the slope at an elevation of 1600 m
a.s.l. However, rates are low (about 25 cm/y) down to 1500 m a.s.l., where displacements
are in excess of 5 m (1 m/y) for both the 2010–2015 and 2015–2020 time windows. At about
1300 m a.s.l., there is a change in slope angle at the surface (slope break 1 in Figure 13a)
and the displacement magnitude progressively increases downward toward the toe of
the slope. A spike in displacement at 1120 m a.s.l. corresponds to the upper limit of the
fast-moving toe, a prominent slope break (slope break 2 in Figure 13), and an increase in
the slope angle. This abrupt increase in displacement starts about 50 m farther up the slope
in 2015–2020 than in 2010–2015, indicating that the area of fast deformation propagated
upslope by this amount over the ten-year period (Figure 13a). The total displacement along
profile 1 displays, along its entire length, some undulations, which cause deformation to
locally decrease downslope (Figure 13a,d). These undulations probably result from the
overlapping effects of slope deformation at depth and local surface rotational sliding. In this
interpretation, the maximum magnitude of slumping-related displacements correlates with
the peaks of the undulations, whereas areas with limited or no surface rotational sliding
correlate with negative peaks in displacement magnitude. Displacement plunge values
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near the slope crest display significant differences between datasets. However, considering
the low magnitude of the displacements in that area, these are likely related to data noise.
Between 1600 and 1480 m a.s.l., displacement plunge values are approximately 30◦ in
both time windows. Between 1450 and 1380 m a.s.l., displacement plunge progressively
decreases from 30◦ to about 22◦. In the central part of the slope, the displacement plunge
angle is approximately constant at 20–22◦. On the lower slope, near slope break 2, the
displacement plunge sharply decreases (i.e., the profile curve moves upwards), albeit
with significant superposed spatial undulations. This decrease in displacement plunge
is particularly evident in the 2015–2020 time window. Displacement magnitude and
topography display a good correlation along longitudinal profile 1. Each slope break
correlates with a change in the displacement rate downslope. A significant change in both
displacement plunge and displacement magnitude correlates with slope break 2 located
at 1100 m a.s.l. (Figure 13). Slope break 1 at 1300 m a.s.l. seems to correlate with a minor,
negative peak in the displacement plunge curve, possibly indicating the presence of a
secondary failure surface and an increase in displacement rates downslope.

Limited displacements are evident along the upper part of profile 2 (Figure 13d),
starting at 1600 m a.s.l. and increasing downslope below 1470 m a.s.l., which is the inferred
location of the headscarp. Deformation between 1600 and 1470 m a.s.l. is probably due to
secondary failure or the presence of a slow-moving block that is separate from the rest of
the landslide. Except for local undulations related to surface roto-translational instabilities,
displacement rates between 1470 and 1050 m a.s.l. remain approximately constant at about
1 m/y and 1.4 m/y in the 2010–2015 and 2015–2020 time windows, respectively. A minor
slope break (slope break 3 in Figure 13) correlates with a negative peak in displacements
in the 2010–2015 and 2015–2020 time windows. A significant slope break at 1050 m a.s.l.
correlates with an increase in displacement rates, particularly in the 2015–2020 time window.
This slope break and the related increase in displacement may be caused by the erosional
steepening of the slope by the Fels Glacier. The displacement plunge along profile 2 is
relatively constant (about 25◦), with limited undulations between 1600 and 1180 m a.s.l.
(Figure 13e). Below 1180 m a.s.l., the displacement plunge progressively decreases from
−25◦ to 0◦ (i.e., horizontal displacement) at the bottom of the slope. Variations in plunge
above 1600 m a.s.l. are not meaningful because the observed displacement magnitude is
lower than the estimated error in the ST dataset. In general, displacement plunge values
along profile 2 are smaller than those along profile 1, which may indicate that differences
in the orientation of the failure surface are less significant along the latter profile.

Displacement plunges along both profiles, in combination with the displacement
magnitude data, were used to reconstruct the failure surface using a vector inclination
method (VIM; Figure 13c,f). The procedure is described by [58], and its application to the
Fels landslide is outlined by [31]. Based on this method, we infer that the basal surface of
the Fels landslide has a multi-planar configuration, which is particularly prominent along
profile 1 (Figure 13c). Here, the inferred dip angle of the basal surface ranges from 35◦

on the upper slope (i.e., at the headscarp) to 20◦, coinciding with the bedrock foliation
on the central and lower slope. Given the low dip of the slope, the failure surface must
break through the rock mass on the lower slope for the landslide mass to move. In profile 2,
the plunge of the basal surface is approximately 25◦ on the upper and central slope, but
decreases on the lower slope (Figure 13f). The multi-planar configuration is still evident
in this profile, but it is less pronounced than in profile 1. Based on our reconstruction, we
estimate the maximum thickness of the landslide to be about 100–120 m along profile 1
and 80–100 m along profile 2. A progressive decrease in thickness to the east is expected
because of the slight difference in the orientation between the bedrock foliation, along
which the failure surface lies, and the ground surface.
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Figure 13. Summary of profile analysis and VIM failure surface reconstruction. (a) Cumulative
displacement (2010–2015 and 2015–2020) along profile 1. (b) Displacement plunge (2010–2015
and 2015–2020) along profile 1. (c) Failure surface reconstruction along profile 1 based on plunge
and displacement data. (d) Cumulative displacement (2010–2015 and 2015–2020) along profile 2.
(e) Displacement plunge (2010–2015 and 2015–2020) along profile 2. (f) Failure surface reconstruction
along profile 2 based on plunge and displacement data. Blue and red zones in the plots indicate,
respectively, the extent of the fast-moving toe in the 2010–2015 ST dataset and the upslope extension
noted in the 2015–2020 dataset.

To further investigate the form of the failure surface, a preliminary limit equilibrium
(LE) analysis in the code SWedge [64] was conducted. For this analysis, trend I and II
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lineaments were considered lateral release surfaces, trend III lineaments were considered
tension cracks, and the foliation was assumed to be the sliding surface (foliation orientation
within the slide area from [35]). According to the model, the sliding direction is exclusively
controlled by the orientation of the foliation, thus justifying and supporting the progressive
westward thickening of the Fels landslide body (Figure 14).
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Figure 14. Simplified reconstruction of the landslide in the LE software SWedge 7, highlighting the
correlation between the basal surface orientation and the computed displacement trends (view to the
north). Note the progressive increase in landslide thickness toward the west.

5. Discussion

The historical, remote sensing and field-based characterization of the Fels landslide has
provided a wealth of data that we have integrated and interpreted to identify relationships
among environmental factors (e.g., glacier retreat), geological factors (e.g., characteristics of
the hillslope materials), structural factors (e.g., discontinuities at various scales), and slope
evolution. Reference [31] concluded, on the basis of spatial differences in displacement
magnitude, displacement plunge, and slope morphology, that the main landslide body can
be subdivided into lower, central, and upper domains. The style and rates of deformation
of the landslide differ significantly across these three domains. The lower domain com-
prises the fast-moving toe, which is displaced by a roto-translational or pseudo-rotational
mechanism at rates up to 5–8 m/year. Roto-translational deformation (i.e., slumping)
involves a circular failure surface, whereas the pseudo-rotational deformation involves a
partial planar basal failure surface, which at our study site is potentially controlled by the
bedrock foliation.

The central domain above the fast-moving toe extends 300–400 m upslope from its
boundary with the lower domain. Here, displacement magnitudes decrease significantly
(1–2 m/year), although undulations and changes observed in the displacement plunge
maps and profiles suggest that incipient roto-translational or pseudo-rotational failures are
developing via failure retrogression in the central domain. The upslope propagation of the
fast-moving toe documented by comparing the 2010–2015 and 2015–2020 displacement
maps (Figure 10) shows the potential evolution of these incipient failures. The central
domain transitions into the upper domain, where, based on the ST datasets, slow defor-
mation, up to 1 m/year, is occurring. On the upper part of the slope, near the crest, we
note a sharp decrease in displacement rates, although they are above the error of the ST
dataset (Figures 10 and 13). Such displacements may be due to secondary failures that
occurred after the initiation of the landslide and caused its retrogression both upslope
and westward. In particular, displacements in the northwest sector of the landslide area
are characterized by rates and directions that differ significantly from the lower, middle,
and upper domains, where slope-parallel deformation dominates (Figure 11a). The sec-
ondary nature of deformation in the northwest sector, beyond the 30 m high scarp (III in
Figures 4 and 10), is supported by the high displacement plunge, possibly indicating a
roto-translational mechanism (i.e., with a high displacement plunge to the rear), and by the
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southeast direction of displacement, which indicates movement toward the void generated
by the landslide movement. Due to the lack of pre-2010 monitoring data, it is unclear
how long such secondary failures have been active. These areas of secondary failure are
indicated as, respectively, the western secondary failure (WSF) and upper secondary failure
(USF) domains (Figure 15).
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Figure 15. Slope domain subdivision. UD: upper domain. CD: central domain. LD: lower domain.
WSF: western secondary failure. USF: upper secondary failure.

The results of this research suggest that the complex geomorphic configuration of
the Fels landslide is linked to the long-term evolution of the valley. Glacier retreat and
the structural setting of the valley are the most significant factors in the occurrence and
evolution of the landslide. The historical analysis documented a significant increase in
surface cracking between 1977 and 1981, which is the time the Fels Glacier terminus
retreated past the west boundary of the landslide area. The 30 m high step that marks the
west boundary of the main landslide body (III in Figures 4 and 10) is visible in the 1949
imagery, suggesting that the slope was moving before then. It can be argued that the Fels
landslide is a reactivation of an older slope instability, which was possibly initiated at the
end of the Pleistocene after the Cordilleran Ice Sheet disappeared and an alpine glacier
became established in the Fels valley. However, the relatively low height and slope angle
of the scarp and the absence of obvious landslide deposits on the valley floor in the Delta
River valley suggest that the slope instability has never transitioned into a rapid rockslide
or rock avalanche.

The impacts of glacier retreat on the stability of rock slopes have been extensively
investigated, and many examples exist of instabilities that are initiated as a result of the
down-wasting and recession of glaciers (e.g., [44,65–67]). However, the Fels landslide is
peculiar, as it is the outcome of a series of events and processes that are connected by cause-
and-effect links that enhance the kinematic freedom of the landslide. The historical aerial
imagery shows that in 1949, displacements were concentrated on the lower slope. With
glacier retreat, particularly since 1977, the fast-moving toe propagated upslope through a
roto-translational or pseudo-rotational mechanism. Historic glacier retreat and the upslope
propagation of the fast-moving toe induced (1) a decrease in lateral support of the landslide
and (2) steepening of the lower slope. The weight of the material upslope of the fast-
moving toe and decreased lateral support concentrated stresses at depth within the slope
behind the fast-moving toe. This stress concentration appears to have been critical in the
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evolution of the landslide, as it led to the formation of a persistent multi-planar failure
surface. The failure surface on the central and upper slope appears to exploit bedrock
foliation (i.e., structural control on slope evolution), as its dip and dip direction are the
same as the plunge and directions of surface displacement derived from the ST analysis.
Based on the reconstructed profiles and assuming a constant orientation of the foliation,
the rock mass must have been broken through for the failure surface to daylight near the
valley floor. Stress concentration promotes this process, allowing the failure surface to
propagate at a low angle within the lower slope and through the colluvial blanket by means
of rock mass dilation, fracture propagation, and shearing of rock bridges. The multi-planar
failure surface results in an “active-passive” configuration, in which the weight of the
passive block lying on the low-angle part of the rupture surface opposes the displacement
of an active block comprising material lying on the high-angle part of the failure surface.
Yielding of the rock mass at the interface between active and passive blocks is a kinematic
requirement for displacement of landslides with multi-planar failure surfaces [68]. In the
case of the Fels landslide, accumulation of slope damage associated with the evolution
of the fast-moving toe may have allowed the rock mass upslope to yield kinematically.
The upslope propagation of the fast-moving toe, combined with the observed increase in
displacement rates in the central and upper slope, appear to support this interpretation.
Based on the combined results of our study, we classify the Fels landslide as a slow-moving,
compound rockslide [33].

The role of earthquakes and ground shaking in the evolution and behavior of the
Fels landslide is unclear. The Denali Fault, which ruptured during the 2002 earthquake,
is located just a few kilometers south of the unstable slope. The intense ground shaking
did not induce major deformation across the Fels landslide [32]. However, a coseismic
surface scarp up to a few tens of centimeters high is present near the east boundary of
the landslide. It is likely that coseismic slope damage, in the form of fracture propagation
and cracking, may have also occurred at depth within the slope, potentially exacerbating
seismic wave amplification in future earthquakes. Further, it is certain that future large
earthquakes will occur on the Denali Fault, as it is a major locus of strain accumulation in
Alaska [37]. Such damage accumulation and its effects are documented in the literature
(e.g., [69], but its characterization in the field remains a challenge. The next stage in our
Fels landslide investigation will include numerical modeling focused on the effects of both
glacier retreat and ground shaking on the accumulation of internal slope damage and their
role in the long-term geomorphic evolution and stability of the slope.

Another significant feature of this landslide is its displacement along a low-angle
sliding surface. The factors that contribute to this low-angle surface are currently unclear. It
is possible that damage during the earliest stages of the landslide, possibly combined with
coseismic damage, decreased the strength available along the sliding surface, lowering its
friction angle and cohesion to residual values. The presence of an elevated groundwater
table may have also decreased shear strength, in combination with hydromechanical fatigue
promoted by seasonal fluctuations. Nevertheless, in the absence of additional subsurface
borehole data, these observations, although reasonable from a geomechanical viewpoint,
remain speculative for this specific site.

The interpretation of the results obtained in this study is summarized using an “in-
teraction matrix”, which graphically shows the role of selected controlling factors on the
evolution, behavior, and stability of the Fels landslide (Figure 16). The use of interaction
matrices in rock slope engineering was introduced by [70] and involves the development of
a square matrix in which controlling factors are aligned along a diagonal. The off-diagonal
cells (Xij) describe the effects of the interaction of the pair of controlling factors indicated by
the row (i) and column (j) of the considered factors.

The workflow employed in this study involved a series of activities that can be
performed independently before combining their results to provide a solid and geologically
sound interpretation of the landslide. While the combination of field and remote sensing
methods, including SAR-based monitoring, is often employed for landslide characterization
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and monitoring (Table 3), this is the first study that describes the application of the SAR ST
method to perform long-term (10 years) monitoring of a large landslide and also to exploit
the monitoring results to determine the mechanism of slope deformation and infer the
morphology and depth of the basal surface. In particular, the use of the SAR ST technique
provided estimates of the three components of the displacement vector to be estimated,
which is critical in understanding the kinematic configuration of the landslide and its
spatial variation across the unstable area. Despite its lower spatial resolution and accuracy
compared to traditional InSAR techniques, the ability of SAR ST to document larger
displacements both in the E-W and N-S directions were instrumental in characterizing the
Fels landslide.
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Figure 16. Interaction matrix summarizing the role of selected principal controlling factors (green
cells along the main diagonal) on the stability and evolution of the Fels landslide. Italic font indicates
interactions that are assumed but have not been investigated in detail in the present research.

Table 3. Selected published literature employing remote sensing methods, including SAR, to charac-
terize and monitor landslides in rock.

Site
Rock Mass and Slope

Characterization
Deformation Monitoring

Method and Time
Reference

Mt. Gorsa (Italy)

• Traditional field mapping for
estimating geological strength
index (GSI)

• TLS surveys for rock mass
discontinuity mapping

• Ground-based InSAR analysis
(seven multi-day surveys
between January 2010 and
September 2011)

[4]

Beauregard DSGSD (Italy)

• Airphoto interpretation for
geomorphic lineament
mapping

• Repeated total station surveys
• Ground-based InSAR analysis

between June and October
2008

[71]
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Table 3. Cont.

Site
Rock Mass and Slope

Characterization
Deformation Monitoring

Method and Time
Reference

Five DSGSDs in
Central Italian Alps (Italy)

• Traditional field mapping for
rock mass characterization

• Photographic interpretation
for mapping lineaments
associated with DSGSDs

• Satellite-based PS-InSAR
between 1992 and 2003 [72]

Aknes rockslide
(Norway)

• Traditional field mapping for
rock mass characterization

• Repeated TLS surveys for
block displacement
monitoring

• Seasonal GB-InSAR surveys
(90–110 days in 2006, 2008,
2010, 2012)

[73,74]

Köfels rockslide
(Austria)

• Traditional field activity for
rock mass characterization
and discontinuity mapping

• Satellite-based DInSAR
analysis, August 2004–August
2005

[75]

Rockslides in the Troms
County
(Norway)

• ALS and airphoto
interpretation for geomorphic
characterization of rockslide
structures

• Satellite-based DInSAR
analysis, 2009–2014 and
2015–2018

[76,77]

6. Conclusions

Historical, field, and remote sensing data were acquired to characterize the deforma-
tion and failure mechanism of the Fels landslide. Historical aerial photographic imagery
since 1949 was used to quantify glacier retreat and the progressive accumulation of surface
cracking. Surface slope damage increased when the glacier terminus retreated past the west
boundary of the landslide. ALS datasets were employed to map geomorphic lineaments
across the landslide area, thus characterizing the structural setting of the slope and high-
lighting the occurrence of three major lineament trends aligned with the boundaries of the
landslide. A significant correlation between the major lineament trends and outcrop-scale
discontinuities was also noted. IRT was used to investigate the occurrence of seepage across
the slope. An ST analysis was conducted using SAR imagery, and displacement trends,
plunges, and magnitudes were derived from the N-S, E-W, and up–down components
of the displacement vectors. Displacement data relative to two five-year time windows,
namely 2010–2015 and 2015–2020, were derived. A comparison of these datasets showed
an increase in displacement rates across the landslide area between 2010 and 2020. The
Fels landslide can be classified as a slow-moving compound rockslide (according to [33])
that is displacing along a multi-planar failure surface that exploits bedrock foliation in the
central and upper slope areas and is accompanied by rock mass yielding in the lower slope
area. The landslide likely represents the reactivation of an older slope instability that was
possibly initiated following late Pleistocene deglaciation and never transitioned from a
slow creeping deformation to a rapid rockslide or rock avalanche. The style of deformation
appears to be controlled by geological structures at different scales. This research provides
evidence that ongoing climate change may potentially impact the evolution of the land-
slide. Specifically, it is shown that surface damage and cracking at the site progressed in
combination with glacier thinning and retreat as a result of enhanced kinematic freedom of
the slope.

The usefulness of the SAT ST technique for unstable slope characterization has been
demonstrated. The main advantage of the work plan used in this study is that it allows
researchers to determine geological and structural factors controlling the displacement of
large, slow-moving landslides where subsurface or geophysical data are not available and
site access is difficult due to challenging logistics or terrain. This research also demonstrated
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the potential practical applications of multi-temporal SAR ST datasets, not only for slope
monitoring but also for characterizing the style of deformation and classifying the failure
mechanism of slow-moving landslides. The main limitation of the approach employed in
this study is related to its restricted applicability to slow rock slope deformations and dis-
placements. Fast slope instabilities should be investigated and monitored using techniques
that allow for more frequent surveys. Additionally, the resolution of the SAR ST datasets
is lower than that of other satellite-based monitoring datasets such as InSAR. However,
the employed approach is well suited for slow-moving landslides with large surface areas
(several hundred square meters to several square kilometers), and a comparatively low
resolution is still capable of describing and measuring slope movements with accuracy
and a significant level of detail. Additionally, the subsurface configuration of the landslide
remains a significant source of uncertainty, and engineering judgment remains important in
the interpretation of the failure mechanism and the style of deformation. Nevertheless, this
approach adopted in this study can assist in planning geophysical surveys and geotechnical
borehole drilling, which, in turn, can confirm the location of the basal rupture surface.

The importance of historical datasets, such as air photographs and maps, for critically
assessing the evolution of landslides, glaciers, and valley slopes over the past 100 years
is emphasized in this study. Archived maps and air photographs will likely continue to
be important resources for slope investigations, at least until several decades of historical
LiDAR and SAR datasets become available.

The datasets collected and processed in this study will be instrumental for future
numerical simulations of the landslide, which represents the next step in this research
project. Numerical modeling is an important complement to any investigation of the long-
term evolution of unstable slopes, as it allows the effects of slope damage accumulation
due to glacier flow or seismic ground shaking to be determined. In this context, field
and remote sensing data collected in this study will serve as input data for numerical
modeling that will be conducted using sophisticated approaches, such as the distinct
element method. Importantly, monitoring data, particularly SAR ST data, will also be
valuable for constraining and validating the results of numerical simulations. Additional
SAR ST analyses will also be conducted in order to establish trends of displacement of
the landslide to improve understanding of the style of deformation and potential future
evolution in terms of morphological changes and long-term stability.

Even if located in remote regions, large landslides can still affect people, either directly
by endangering communities located near unstable slopes or indirectly by disrupting food,
water, and power supply chains. Effectively characterizing and managing landslide risk
requires identification and subsequent monitoring of unstable slopes using a combination
of remote sensing methods.
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