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A Landslide Inventory and Analysis for Grand Teton National Park, Wyoming
Thesis Abstract—Idaho State University (2022)

Mass movements are a widespread and frequently destructive occurrence in high-relief
landscapes including northwest Wyoming's Teton Range. Since critical human infrastructure
often co-occurs within these landscapes, landslide inventory maps serve as foundational datasets
for assessing hazards and risks posed by future events. Here we use a 2014 LiDAR elevation
dataset to produce a novel landslide inventory geodatabase encompassing ~1040 mass
movements throughout Grand Teton National Park. Our diverse inventory serves as the basis of a
geostatistical investigation exploring the extent to which various topographic domains and
substrate lithologies contribute to variations in landslide occurrence and type. We find that mass
movements occur in unique topographic and lithologic settings, and that slope and lithology
provide the strongest predictors of the spatial distribution of the different types. These statistical
findings provide a foundation for future susceptibility analyses and advance our understanding of

where and how mass movements occur in other landslide-prone regions.

Key Words: landslide, landslide inventory map, Grand Teton National Park, Wyoming, LiDAR,

geomorphology, geostatistics, mass movement



Chapter 1: Introduction

1.1 Problem Statement

Mass movements play a critical role in landscape evolution and pose a serious hazard to
human lives and infrastructure, especially in steep mountainous regions that experience
seismicity and intense precipitation (Cendrero et al., 2006; Highland and Bobrowsky, 2008;
Hong et al., 2007). Increasing urbanization in these mass movement-prone regions and the
uncertain impacts of climate change emphasize the necessity of ongoing efforts to improve
community preparedness and mitigate further losses (Crozier, 2010; Hong et al., 2007; Bishop,
2013). One way to address this challenge is using systematic observations of where and how past
movements have most frequently occurred in an affected area to identify trends in topographic
and geologic domains that are most susceptible to future events. By consulting landslide
susceptibility models derived from these observations, officials can assess the hazard and risk
posed to vulnerable communities or infrastructure and choose where to adopt the most effective
mitigation measures (Bishop, 2013; Napieralski et al., 2013; Hong et al., 2007; Vandromme et
al., 2020).

This study seeks to apply a statistical approach to assess where and how mass movements
occur in mountainous, landslide-prone regions by addressing the following two questions: (1) to
what extent is landslide-producing topography different from that of the encompassing region?
(2) to what extent do different mass movement styles occur in unique topographic and/or
geologic domains? Towards this end, we apply several geostatistical tests to a comprehensive
landslide inventory map produced from a 2014 LiDAR (light detection and ranging)-derived bare
earth digital elevation dataset encompassing Grand Teton National Park (GTNP) the John D.

Rockefeller Memorial Parkway, and the National EIk Refuge. GTNP is an ideal location for this



study because it is prone to landslides and has wide variations in both topography and lithology
(Love et al., 1992; Butler, 2013). Furthermore, multiple intersecting predisposing factors,
including recent deglaciation and high topographic relief, and triggering factors, such as extreme
precipitation and seismicity along the active Teton fault, heighten the widespread occurrence of
slope failures that pose potential risks to the 3-4 million annual park visitors (NPS, 2019;
Vandromme et al., 2020). Although this study does not address the hazard (the probability that a
given event will occur in a specific location within a particular time) and risk (harm to
communities and infrastructure) posed by specific events (van Westen, 2013; Soeters and van
Westen, 1995), it does provide a foundational set of products that will facilitate future work

toward these goals.

1.2 Background

1.2.1 Defining Mass Movements

A mass movement is a general term describing the downslope movement of a mass of
rock and/or soil under the force of gravity (Cruden and Varnes, 1996; Varnes, 1978). Various
terms and phrases, including “landslide,” “slope movement,” and “slope failure,” are commonly
used interchangeably with “mass movement” throughout the literature (Cruden and Varnes,
1996; Highland and Bobrowsky, 2008). For the purposes of this thesis, we will use “landslide” to
refer to all types of mass movements. GTNP contains almost all types of movement which, thus,
demand definition here.
1.2.2 Classifying Mass Movements

Although numerous classification systems have been proposed to distinguish between

different mass movement styles, the Varnes (1978) system (Figure 1.1) has remained the most



widely adopted landslide classification system in the English language (Hungr et al., 2014). Later
updated by Cruden and Varnes (1996), this system defines 29 unique landslide types according
to two criteria: the mode of transportation and the kind of material mobilized. Five primary types
of movement are proposed: slides, falls, flows, topples, and spreads.

Slides are the downslope movement of earth materials along a discrete failure plane. The
transported materials tend to start movement as a cohesive mass over a single surface of rupture
or relatively thin zones of intense basal shear strain, and there tend to be few to no internal shear
surfaces (Cruden and Varnes, 1996; Campbell, 1985). Slides are subdivided by translational and
rotational motion.

Translational Slides typically shear along a relatively planar failure surface such as a

bedding plane, fault, joint, contact, or other discontinuity. The displaced mass may disintegrate
into multiple smaller units as velocity and/or travel distance increases (Campbell, 1985;
Highland and Bobrowsky, 2008). Translational slides are also called block slides when the
transported mass moves as a single unit and experiences little to no internal deformation (\Varnes,
1978; Campbell, 1985).

Rotational Slides have an upwardly-concave failure surface and an axis of rotation

parallel to the contour of the slope. Often occurring in homogenous materials, they are typically
deeper-seated than translational slides, with near-vertical headscarps and upwardly-displaced
toes. Rotational slides that have multiple curved failure planes are also called slumps (Cruden
and Varnes, 1996; Highland and Bobrowsky, 2008).

Flows involve the downslope transportation of materials in which motion is distributed
across multiple internal short-lived, closely spaced shear surfaces. Whereas slides maintain some

degree of internal cohesion, flow movement resembles that of a viscous fluid due to the



substantial relative motion of particles within the moving mass (Varnes, 1978; Cruden and
Varnes, 1996; Campbell, 1985). Flows are often described as “wet” or “dry” depending on if
their interstitial pore fluid is air or water. For example, channelized debris flows are a common
form of a rapid, wet flow in which a slurry of earth materials and water are channeled down
steep gullies. Conversely, extremely rapid dry flows formed by the collapse and subsequent
transport of materials on steep hillslopes are called avalanches (Cruden and Varnes, 1996;
Hungr, 2007).

Falls describe the rapid vertical downward displacement that occurs when materials are
detached from steep hillslopes. Transport occurs through free-falling, bouncing, or rolling, and
there is little to no shear displacement (Campbell, 1985; Hungr, 2007).

Topples occur when a mass detaches from a steep hillslope and rotates forward away
from the slope about an axis below the displaced mass’s center of gravity. Topples often occur
within vertically-jointed bedrock (Campbell, 1985; Hungr, 2007).

Lateral spreads are flat to low-angle translational displacements that cause subsidence

and lateral extension within a coherent mass following liquefaction or flow of a weaker
underlying layer. This results in shear or tensile fractures within the overlying unit (Varnes,
1978; Campbell, 1985). Spreads are often triggered by seismic activity, and frequently occur
along coastlines or artificial fill over former wetlands (Highland and Bobrowsky, 2008; Varnes,
1978).

A sixth category, complexes, describes cases in which a composite of two or more of the
primary types are required to describe a movement (Hungr et al., 2014; Varnes, 1978).

The dominant type of material mobilized by each movement type is broadly divided into

unweathered rock, intact prior to the initiation of movement and engineering soil. Engineering



soil refers to any unconsolidated or poorly-cemented aggregate of rock fragments or particles,
including weathered bedrock. Engineering soil is further divided into debris, where at least 20-
80% of the fragments are coarser than 2 mm (sand size) and the remaining are 2 mm or finer, and
earth where at least 80% of the particles are 2 mm or finer in size (Cruden and Varnes, 1996;
Varnes, 1978; Campbell, 1985).

Later publications including Campbell (1985) and Hungr et al. (2014) sought to revise the
Varnes (1978) classification system by incorporating modern geotechnical material definitions
and nomenclature into additional landslide types and supplementary terms that more precisely
describe the failure style and the material properties including the composition and moisture
content. However, they will not be implemented here because we wish to maintain the greatest
degree of compatibility with existing landslide inventories and susceptibility models, which
continue to overwhelmingly adopt the taxonomy presented in Varnes (1978) and Cruden and

Varnes (1996).

1.3 Landslide Inventories

1.3.1 Purpose

A key guiding principle for evaluating landslide hazards is that the past is the key to the
future (Highland and Bobrowsky, 2008). In other words, the same topographic, geologic, and
land cover conditions that contributed to a prior mass movement can lead to future slope failures
of a similar nature. By recognizing patterns among the predisposing factors associated with the
landslides present in an area, as well as identifying where past landslides have occurred, one can
identify which locations are most susceptible to future landslides or reactivations of older

movements. Based on this knowledge, one can further address the specific landslide hazards



present at a given location and ultimately mitigate the potential risks posed to people and
infrastructure (Napieralski et al., 2013; Vandromme et al., 2020; Galli et al., 2008).

Before analyzing landslide susceptibility or assessing local hazard and risk, it is essential
to build a landslide inventory database. These are foundational datasets which seek to describe
the distribution, extent, and characteristics of all mass movements within a given domain (Galli
et al., 2008; Guzzetti et al., 2012; Vandromme et al., 2020). They can identify all movements
present on the landscape or be limited to specific failure styles or a particular time interval.
Likewise, their extent and level of detail can widely vary from local to regional depending on the
area of interest and spatial resolution of the available data coverage (Guzzetti, et al., 2012).
1.3.2 Traditional Techniques

The variety of techniques available to prepare landslide inventories has grown with the
emergence of new technologies. Geomorphological field mapping is the traditional approach to
making landslide inventories (Guzzetti, 2012). Although this method allows workers to make
detailed observations, rugged terrain limits the area that can be mapped and the spatial scope of
inference. It can also be difficult to recognize the extent of large or heavily vegetated landslides.
In recent years, GPS technology has offset some these limitations by enhancing the accuracy of
data collected in the field (Guzzetti, 2012).

Visual interpretation of aerial imagery has remained the conventional tool for producing
landslide inventories since airborne photographs became widely available in the 1930’s and
1940’s (Keefer, 2002; Guzzetti, 2012; Napieralski, 2013). This method is inexpensive and
efficient, especially with the aid of stereoscopic viewers (Guzzetti, 2012). Since the 1970’s, the
availability of multitemporal satellite imagery has enabled researchers to detect slope failures

triggered by discrete precipitation or seismic events throughout an affected region (Napieralski,



2013). However, aerial imagery comes with several limitations. For example, the spatial
resolution of the imagery limits the size of landslides that can be mapped, and heavy vegetative
cover can increasingly obscure the boundaries of older failures. Although field observations can
address some of these limitations, it often remains difficult to discern the type of movement and
the boundaries of large or deep-seated landslide complexes, especially in inaccessible or
vegetated environments (Keefer, 2002; Guzzetti, 2012).
1.3.3 Modern Techniques

Recent advances in geographic information system (GIS) software has allowed
researchers to analyze topography using digital elevation models (DEMS). In particular, light
detection and ranging (LiDAR) systems penetrate gaps in the forest canopy and reveal bare-earth
topography with sub-meter spatial resolution, allowing researchers and state geologic surveys to
develop landslide inventories with unprecedented efficiency, resolution, and accuracy (McKean
and Roering, 2004; Napieralski, 2013; Bishop, 2013; Guzzetti et al., 2012). For example, a 2005
pilot project by the Oregon Department of Geology and Mineral Industries found that a LIDAR-
assisted digital mapping approach allowed researchers to identify three to 200 times the number
of landslides than inventories produced with aerial photographs or lower-resolution DEMs alone
(Burns and Madin, 2009). Finally, interferometric synthetic aperture radar (INSAR) techniques
can detect and monitor landslides by comparing multitemporal radar images collected from
satellites to measure subtle ground surface deformation (Mondini et al., 2021; Napieralski,
2013).
1.3.4 Landslide Susceptibility

As second-order derivatives of landslide inventories, landslide susceptibility maps predict

the likelihood of future mass movements occurring throughout a given domain (Reichenbach et



al., 2018). Accurately performing these higher-order assessments requires a thorough
understanding of the local conditions that influence where landslides occur in a given area.
Reichenbach et al. (2018) notes that susceptibility studies may use a variety of techniques: (1) a
statistical approach that employs methods such as regression (e.g., Erener and Diizglin, 2010) or
machine learning (e.g., Crawford et al., 2020) to quantify the relationship between one or more
instability factors and the distribution of landslides in a given domain, (2) a physically-based
approach that uses numerical modeling and geotechnical investigations to analyze the driving
and resisting factors controlling slope stability (e.g., Vandromme et al., 2020), (3) a qualitative
heuristic approach in which factors assumed to drive instability are ranked and weighted by their
relative influence on causing mass movements (e.g., Stevenson, 1977), or (4) a combination of
approaches (e.g., Pellicani et al., 2013; Balteanua et al., 2020). Moreover, a single susceptibility
model can consider all mass movements en masse (e.g., Erener and Diizgun, 2010) or separate
models can be prepared for specific movement styles (e.g., Boualla et al., 2019). Susceptibility
models are often evaluated by their ability to fit the distribution of known landslides used to
calibrate the model or their performance in predicting landslides not used to train the model
(Reichenbach et al., 2018). Finally, susceptibility studies are the basis for higher-order hazard
studies that assess the probability that a mass movement of a given magnitude and intensity will

occur in a given location and period of time (van Westen, 2013; Reichenbach et al., 2018).

1.4  Study Area

1.4.1 Geologic Setting
Grand Teton National Park is located in northwestern Wyoming and encompasses the

central and eastern flanks of the Teton Range and much of the adjacent Jackson Hole basin to the



east (Figure 1.2). The park’s complex geologic history is reflected by a diverse suite of bedrock
lithologies, which are described extensively by Love et al. (1992) and are summarized by Love
et al. (2003), KellerLynn (2010), and Henderson et al. (2020). The oldest rocks in the park
consist of Archean gneiss, amphibolites, ultramafic rocks, and metagabbro. This suite of
crystalline rocks underwent metamorphism in late Archean time at around 2.680 Ga and were
subsequently intruded by the Mount Owen Quartz Monzonite around 2.547 Ga (Zartman and
Reed, 1998). Finally, numerous subvertical diabase dikes intruded the Archean rocks in the Late
Proterozoic around 769 Ma (Harlan et al., 1997). These Precambrian basement rocks are exposed
in the eastern flanks of the central Teton Range, where they are weathered into steep sided
canyons and a chain of prominent peaks that are the highest in the region.

A nonconformity separates the Precambrian rocks from the overlying Paleozoic
sedimentary rocks. Deposition began in the Cambrian Period with the Flathead Sandstone around
510 Ma and continued through the Mesozoic Era with a sequence of interbedded fossiliferous
shales, limestones, dolostones, and nearshore sandstones that reflect repeated transgressions and
regressions of a shallow sea. In the Late Cretaceous period, the Cretaceous Interior Seaway
deposited thick shales and sandstones that transitioned into terrestrial sandstones and
conglomerates interbedded with coal as the seaway retreated and the Sevier orogeny uplifted
highlands to the west. The Sevier orogeny continued into the Cenozoic era and was immediately
followed by the Laramide orogeny. As these mountain-building events thrusted sheets of
sedimentary strata upwards near the modern-day Teton Range, the Jackson Hole basin subsided
to the east (Love et al., 1978). A thick package of sediments shed from the surrounding

highlands filled this basin throughout the Paleogene and Neogene periods.



The Cenozoic era was also marked by volcanism, which emplaced extensive tuff, breccia,
and other extrusive rocks throughout GTNP and the surrounding area. Regional volcanism
initiated between 53-43 Ma with the eruption of the Absaroka volcanic field northeast of the park
(Smedes and Prostka, 1972). Sediments from these eruptions are preserved on the eastern side of
GTNP in the lacustrine deposits of the Colter and Shooting Iron Formations (Leopold et al.,
2007). Next, eruptions from the Heise volcanic field in the eastern Snake River Plain deposited
the Conant Creek Tuff and Kilgore Tuff throughout the park in 5.51 Ma and 4.45 Ma,
respectively (Leopold et al., 2007; Morgan and Mclntosh, 2005). Finally, the Yellowstone
Plateau volcanic field began to erupt just north of the Park in 2.08 Ma (Rivera et al., 2014).
Evidence of Yellowstone’s ongoing hotspot volcanism is recorded in GTNP by the Teewinot
Formation, Lewis Creek Rhyolite, and Lava Creek Tuff (Leopold et al., 2007; Shamloo and Till,
2019).

1.4.2 Tectonic Setting

The steep topography of the Teton Range is the product of both contractional and
extensional tectonic regimes. An initial period of uplift occurred in the Late Cretaceous and early
Paleogene periods when the Laramide Orogeny thrust Paleozoic and Mesozoic sedimentary
strata eastward along the Buck Mountain fault (Love et al., 1978; KellerLynn, 2010; Love et al.,
2003). Basin and Range crustal extension and regional tectonism associated with the
Yellowstone hotspot triggered the rapid and ongoing uplift of the modern fault-block range along
the Teton fault (White et al., 2009; Brown et al., 2017). This north-striking normal fault bounds
the eastern flank of the range and extends at least 72 km from approximately 3 km south of
Wilson to at least the northern boundary of GTNP (Figure 2.1; Zellman et al., 2019; Brown et al.,

2017). An estimated 6 km of rapid vertical displacement along the fault (Brown et al., 2017) has
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resulted in the Teton Range’s asymmetry characterized by gently sloping western slopes
dominated by back-tilted Paleozoic sedimentary strata and steep eastern slopes composed of
Precambrian crystalline basement rock (Figure 1.3; Love et al. 1992).

Thermochronologic modeling by Brown et al. (2017) suggests that the Teton Fault first
initiated along the northern part of the Teton Range around 15-13 Ma before propagating to its
present southern extent at 7 Ma. The late Cenozoic history of fault motion is also indicated by
the tilting of volcanic and sedimentary rocks at Signal Mountain (Pierce et al., 2018). DuRoss et
al. (2019) noted evidence of Holocene events on the southern Teton Fault at 9.9 ka, 7.1 ka, and
4.6 ka. This recent fault activity is manifested by fault scarps up to 30 m tall that offset Pinedale-
age glacier deposits (Smith et al., 1993), and indicates significant Holocene seismic activity. It is
believed that the fault is capable of generating a magnitude 7.5 earthquake today (White et al.,
2009).

1.43 Glacial Record

Pleistocene climate fluctuations in the GTNP region resulted in many episodes of
glaciation. However, the modern geomorphic record only preserves evidence of the past two
glacial periods: the Bull Lake glaciation and the Pinedale glaciation (Foster et al., 2010; Pierce et
al., 2018). The Bull Lake glaciation, which occurred from 190-130 ka, was the most extensive of
the two (Pierce et al., 2018; Liccardi and Pierce, 2018). A lobe of ice advanced from the
Yellowstone plateau to bury the Jackson Hole valley beneath approximately 700 m of ice (Pierce
et al., 2018). Although the receding ice left extensive moraines, meltwater channels, scour
features, and glacial erratics in the southern end of Jackson Hole, loess and outwash gravels from
the subsequent Pinedale glaciation buried most of these features within GTNP (KellerLynn,

2010; Love et al., 1992).
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The Pinedale glaciation occurred from 30-15 ka and was much less extensive than the
Bull Lake glaciation (Pierce et al., 2018). During the Pinedale glaciation, mountain-valley
glaciers sculped the Teton Range’s characteristic landscape, including its deep glacial cirques, U-
shaped valleys, and sharp horns and ridges (KellerLynn, 2010; Pierce et al., 2018). These
glaciers extended to the western edge of Jackson Hole, where they deposited terminal moraines
that today enclose several large lakes (Pierce et al., 2018). In addition, a far more massive ice
stream advanced south from the Yellowstone Plateau ice cap and split into three lobes. These
lobes were responsible for excavating Jackson Lake, scouring deep troughs, basins, and
meltwater channels, and producing numerous glacial features including kettle lakes, eskers, and
drumlins across the northern part of GTNP (Love et al., 1992, Pierce et al., 2018). Although the
ice stopped short of Jackson Hole, its deep scouring generated a tremendous volume of cobbly
gravel that buried the valley in broad glacial outwash fans up to 100 m thick (Love et al. 1992;
Pierce et al., 2018).

The Teton Range experienced rapid deglaciation following the last glacial maximum
(LGM). For example, cosmogenic ages of moraine boulders reveal that the deglaciation of
Cascade Canyon (Figure 1.2) spanned a narrow 2.1 kyr window from 15.0-12.9 ka (Liccardi and
Pierce, 2018). This is corroborated by the 13.8 ka onset of non-glacial sedimentation in Jenny
Lake (Figure 1.2; Larsen et al., 2016) and a bedrock exposure age of 12 +/- 2 ka on the floor of
Garnet Canyon (Figure 1.2; Tranel et al. 2015). However, Larsen et al. (2020) suggests that small
remnants of glacial ice persisted as small debris-covered alpine glaciers or rock glaciers
sustained by snow redistributed by wind and avalanching.

Analysis of alpine lake sediments reveals that glaciers in the Tetons began to readvance

around 6.3 ka following a decline in summer insolation and a progressive shift to a cooler and
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wetter climate (Larsen et al., 2020). This glacial expansion culminated in two phases: one
between 3.2-2.4 ka and a second, more extensive phase between 0.7-0.1 ka known as the Little
Ice Age. These advances were separated by an interval of retreat caused by an extreme drought
known as the Late Holocene Dry Period (Larsen et al., 2020; Larsen et al., 2016). All glaciers
have retreated in the past century from their Little Ice Age limits and are expected to continue to
retreat in response to anthropogenic climate change. Given sufficient insolating debris input and
redistributed snow, glacial ice is expected to persist as debris-covered glaciers that may transition
to stagnant rock glaciers (Larsen et al., 2020).
1.4.4 Paleoclimate History of the GTNP Region: LGM through the Present

Sediment records preserved in Yellowstone Lake (Brown et al., 2021), Jenny Lake
(Larsen et al., 2016), and small alpine lakes (Larsen et al., 2020) offer insights into the
paleoclimate and vegetation conditions experienced in GTNP and the greater Yellowstone
region. The 14.7 ka Bglling Allergd warm period marked the onset of sustained warming
following the LGM. Although this transition was briefly interrupted by the 13.5-11.5 ka Younger
Dryas cooling event, by the early Holocene (9.88-6.7 ka) the regional climate was experiencing
longer, hotter summers and greater aridity than present due to higher summer insolation and a
strengthened northeastern Pacific subtropical high-pressure system. Winters were colder than the
modern climate but experienced similar precipitation. The middle (6.7-3 ka) and late (3 ka-
present) Holocene were marked by a shift to a progressively cooler and wetter climate with
greater winter precipitation and colder summer temperatures. This coincided with an increase in
forest density and large fire episodes. However, temporary shifts back to the warmer and drier

conditions of the early Holocene did occur in 4.5-3 ka, 1.55-1.1 ka, and 1-0.7 ka.
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The modern climate in GTNP is dominantly subarctic, and the lowest and highest
elevations experience humid continental and tundra climates, respectively (Beck et al., 2018).
The dry summer months are dominated by warm, moist air originating from the Pacific and Gulf
of Mexico. Most precipitation is received as snow during the winter months, which are
influenced by Arctic and Pacific air masses. The high topography of the Tetons and Yellowstone
Plateau form an abrupt orographic barrier that captures moisture-laden Pacific Ocean air
funneled east along the low-lying Snake River Plain. Consequently, annual precipitation
increases with elevation (Licciardi and Pierce, 2018; Pierce et al., 2018; Foster et al., 2010).
1.45 Mass Movements in GTNP

Mass movements are a widespread occurrence throughout GTNP and the surrounding
region due to numerous converging predisposing and triggering factors, including weak
sedimentary dip slopes, glacially oversteepened and debuttressed canyon walls, frequent freeze-
thaw cycles that accelerate mechanical weathering processes, intense summer precipitation that
can rapidly oversaturate hillslopes, and active seismicity along the Teton Fault (Henderson et al.,
2020; KellerLynn, 2010; Butler, 2013). Landslide dams are another regional concern, especially
along major drainages. For example, the seismically-triggered 1925 Gros Ventre rockslide
mobilized an estimated 38 million m® of rock to form a 69-76 m high dam on the Gros Ventre
River east of GTNP that ultimately failed, creating a flood that killed 6 people downstream
(Figure 1.2; Blackwelder, 1912; KellerLynn, 2010). The 1959 Hebgen Lake landslide, triggered
by a 7.1 magnitude earthquake, dammed the Madison River northwest of Yellowstone National
Park with an estimated 28 million m® of rock and formed a lake measuring 10 km in length and
up to 58 m deep (Hadley, 1964). Twenty-eight people died as a consequence of the landslide and

damming of the river.

14



Geochronological constraints for individual movements in GTNP are largely limited to
rockfall/topple events. For example, a major rock topple that occurred in lower Cascade Canyon
in late 2018 temporarily closed the popular Hidden Falls overlook (Huntington, 2018). In
addition, Tranel and Strow (2017) analyzed cosmogenic *°Be concentrations in talus fans to
constrain the age of rockfall events in Garnet Canyon. The authors found that rockfall is an
active process that has continuously occurred in the canyon following its 12-11 ka deglaciation
and appears to be more closely linked to climate fluctuations, rather than discrete seismic events.
Likewise, the 15-11 ka retreat of Pinedale ice constrains the maximum age of mass movement
deposits preserved in GTNP. Debris originating from any mass movements that occurred prior to
then would most likely have been transported and deposited in moraines or buried beneath the
associated glacial outwash.

1.4.6 Previous Inventories

A limited number of studies have systematically addressed where and how mass
movements occur throughout GTNP. Case (1990) used aerial photographs to map landslides
across much of Wyoming in a series of 1:24,000 scale maps. A subsequent 1:62,500 scale
geologic map of GTNP by Love et al. (1992) includes landslide debris among its Quaternary
units. However, the authors did not subdivide the debris by landslide type.

More recent work by Butler (2013), Shroder and Weihs (2014), and Marston et al. (2011)
incorporated detailed field observations, aerial imagery analysis, and GIS analysis of topographic
datasets derived from ~10 m resolution DEMSs to refine and expand Case’s (1990) inventory. In
addition, these studies performed the first local geostatistical analysis of landslides in GTNP to
our knowledge in which descriptive statistics and chi-square tests identified which combinations

of slope, aspect, rock strength, and other key variables control landslide style and frequency.
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However, the mapping and interpretations were limited to five major canyons on the eastern
flank of the range and only considered three styles of mass movement: rockfall, rock slides, and
debris flows (Butler, 2013). Most recently, Mauch et al. (2021) published a 1:100,000 scale
surficial geologic map of the western part of GTNP. Although this is the first study to use the
parkwide LIDAR dataset, its utility as a landslide inventory is limited because of its coarse scale,
focus on deposits, and undifferentiated styles of failure.

Our research builds upon these previous workers’ efforts by using the superior mapping
capabilities of LIDAR imaging to produce the first comprehensive landslide inventory map of
GTNP at the much finer scale of 1:4,000. This enables us to address the gap in quantitative
knowledge concerning how different topographic domains and geologic substrates contribute to

landslide susceptibility throughout GTNP.

1.5 Thesis Structure

This thesis has three chapters. This introductory chapter details the background and
motivation for our research. The second chapter is a standalone paper summarizing our research
in a concise format intended for journal publication. It provides our methods, descriptions of the
mapped units, and our statistical findings. The third and final chapter presents and interprets our
findings while also emphasizing the implications of our work and opportunities for future

research.
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Chapter 1 Figures

TYPE OF MATERIAL
ENGINEERING SOILS
TYPE OF MOVEMENT BEDROCK
Predominantly coarse Predominantly fine
FALLS Rock fall Debris fall : Earth fall
TOPPLES Rock topple Debris topple : Earth topple
ROTATIONAL :
SLIDES Rock slide Debris slide | Earth slide
TRANSLATIONAL |
|
LATERAL SPREADS Rock spread Debris spread ; Earth spread
Rock flow Debris flow : Earth flow
FLOWS
(deep creep) (soil creep)
COMPLEX Combination of two or more principal types of movement

Rotational landslide Translational landslide Block slide

Debris flow

Solt clay wath
witce-beading «i
and sand layess

Lateral spread

Debris avalanche Earthflow

Figure 1.1: (top) The Varnes (1978) classification system distinguishes unique mass movement styles by
type of movement and type of material involved. (center and bottom) Block diagrams of common mass
movement styles modified from Highland (2006).
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region east of the Teton Fault (heavy dashed line). Modified from Foster et al. (2010).
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Chapter 2: A Landslide Inventory and Analysis for Grand Teton
National Park, WY

Chapter 2 is formatted as a manuscript for submission to Earth System Science Data
2.1 Introduction

2.1.1 Obijectives

Mass movements play a critical role in landscape evolution and pose a serious hazard to
human lives and infrastructure, causing billions of US dollars in annual economic losses (Chung
et al., 1995). Increasing urbanization in mass movement-prone regions and the uncertain impacts
of climate change emphasize the necessity of ongoing efforts to improve community
preparedness and mitigate further losses (Crozier, 2010; Hong et al., 2007; Bishop, 2013).

Ongoing research has addressed this challenge by observing where and how past
movements have most frequently occurred in an affected area in order to predict the topographic
and geologic domains that are most susceptible to future events. By consulting landslide
susceptibility models derived from these observations, officials can assess the hazard and risk
posed to vulnerable communities or infrastructure and choose where to adopt the most effective
mitigation measures (Bishop, 2013; Napieralski et al., 2013; Hong et al., 2007; Vandromme et
al., 2020).

This study applies a statistical approach to better understand where and how mass
movements occur in the steep, landslide-prone topography of northwestern Wyoming’s Teton
Range by addressing the following two questions: (1) to what extent is landslide-producing
topography different from that of the encompassing region? (2) to what extent do different mass
movement styles occur in unique topographic and/or geologic domains? Towards this end, we

apply several geostatistical tests to a comprehensive landslide inventory map produced from a
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2014 LiDAR (light detection and ranging)-derived bare earth digital topographic dataset
encompassing Grand Teton National Park (GTNP) and the adjacent John D. Rockefeller
Memorial Parkway and National ElIk Refuge.

GTNP is an ideal location for this study because numerous intersecting predisposing
factors, including glacially-oversteepened valleys and high topographic relief, and triggering
factors, including extreme precipitation and seismicity along the active Teton Fault, heighten the
widespread occurrence of slope failures that pose potential risks to the 3-4 million annual park
visitors (NPS, 2019; KellerLynn, 2010). Furthermore, wide variations in both topography and
lithology create a natural laboratory to observe how different topographic and geologic domains
affect where and how movements occur. Although evaluating specific hazards (the probability
that a given event will occur in a specific location within a particular time) and risks (harm to
communities and infrastructure posed by specific events) is not within the scope of this study, the
landslide inventory and statistical findings described here will serve as foundational products that
facilitate future efforts to further these goals (e.g., van Westen, 2013; Soeters and van Westen,
1995)

2.1.2 Landslide Classification

A mass movement is a general term describing the downslope movement of a mass of
rock and/or soil under the force of gravity (Cruden and Varnes, 1996; Varnes, 1978). Various
terms and phrases, including “landslide,” “slope movement,” and “slope failure,” are commonly
used interchangeably with “mass movement” throughout the literature (Cruden and Varnes,
1996; Highland and Bobrowsky, 2008). Here the term “landslide” is used to refer to all types of

mass movements.
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Although numerous classification systems have been proposed to distinguish between
different mass movement styles, the Varnes (1978) system (and its subsequent update by Cruden
and Varnes (1996)) has remained the most widely adopted landslide classification system in the
English language (Hungr et al., 2014), and is hence implemented in this study. This taxonomy
defines 29 unique landslide styles according to two criteria: the mode of transportation and the
type of materials mobilized. Landslides are divided into five primary styles of movement: slides,
falls, flows, topples, and spreads. Slides are subdivided into translational and rotational slides by
the curvature of the failure surface. A sixth category, complexes, describes cases in which a
composite of two or more of the primary types are required to describe a movement (Cruden and
Varnes. 1996; Varnes, 1978).

The dominant type of material mobilized by each movement type is broadly divided into
unweathered rock, intact prior to the initiation of movement and engineering soil. Engineering
soil refers to any unconsolidated or poorly-cemented aggregate of rock fragments or particles,
including weathered bedrock. Engineering soil is further divided into debris, where at least 20-
80% of the fragments are coarser than 2 mm (sand size) and the remaining are 2 mm or finer, and
earth where at least 80% of the particles are 2 mm or finer in size (Cruden and Varnes, 1996;
Campbell, 1985).

2.1.3 Landslide Inventory Maps

Landslide inventory maps are descriptive datasets which systematically document the
distribution, extent, and characteristics of mass movements within a given domain (Galli et al.,
2008; Guzzetti et al., 2012). They can identify all movements present on the landscape or be
limited to specific failure styles or a particular time interval (Guzetti et al., 2012). In addition to

providing a first order assessment of where landslide activity has occurred in the past, and where
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future reactivations may occur, they serve as the foundation for higher-order assessments of
susceptibility, hazard, and risk by facilitating investigations into the conditions influencing
where and how landslides have occurred on the landscape (Napieralski et al., 2013; Vandromme
et al., 2020; Galli et al., 2008). As discussed by Guzzetti et al. (2012), a growing number of tools
are available for landslide inventory mapping. Although geomorphological data mapping and
aerial imagery interpretation have remained the most widely-implemented approaches, emerging
technologies including LIDAR, interferometric synthetic aperture radar (INSAR), and geographic
information system (GIS) software have allowed inventory maps to be produced with
unprecedented efficiency, accuracy, and resolution (Napieralski et al., 2013; Bishop, 2013;
Guzzetti et al., 2012; Mondini et al., 2021). In particular, LIDAR systems are extremely useful
for mapping forested landscapes because they penetrate the forest canopy and visualize bare-
earth topography with sub-metric spatial resolution (McKean and Roering, 2004).
2.1.4 Geologic Setting

Grand Teton National Park is located in northwestern Wyoming and encompasses the
central and eastern flanks of the Teton Range and much of the adjacent Jackson Hole basin to the
east (Figure 1.2). The park’s complex geologic history is reflected by a diverse suite of bedrock
lithologies, which are described extensively by Love et al. (1992) and are summarized by Love
et al. (2003) and KellerLynn (2010), and Henderson et al. (2020). The oldest rocks in the park
consist of late Archean gneiss, amphibolites, ultramafic rocks, and metagabbro that were
metamorphosed around 2.680 Ga and were subsequently intruded by the Mount Owen Quartz
Monzonite at 2.547 Ga (Zartman and Reed, 1998) and again by numerous subvertical diabase
dikes around 769 Ma (Harlan et al., 1997). These Precambrian basement rocks are exposed on

the eastern flanks of the central Teton Range (Figure 2.1). The Precambrian rocks are overlain by
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a sedimentary sequence of interbedded sandstone, limestone, dolostones, and shale that were
deposited in the Cambrian through the Late Cretaceous periods and subsequently thrusted and
folded during the Sevier and Laramide orogenies. This deformation triggered the subsidence of
the Jackson Hole basin and further deposition of Cenozoic sedimentary units (Love et al., 1978).
These sedimentary rocks are exposed on the northern and western flanks of the Teton Range and
throughout the eastern half of the park (Figure 2.1). Regional volcanism initiating between 53-43
Ma with the eruption of the Absaroka volcanic field (Smedes and Prostka, 1972) and continuing
through 631 ka with eruptions from the Heise and Yellowstone Plateau volcanic fields deposited
tuff, breccia, rhyolite, and other extrusive rocks throughout the northern and eastern areas of the
park (Figure 2.1; Leopold et al., 2007; Shamloo and Till, 2019).

The Tetons are a fault block range bounded on their eastern flank by the north-striking,
east-dipping Teton Fault (Figure 2.1; Zellman et al., 2019). A product of Basin and Range crustal
extension and regional tectonism associated with the Yellowstone hotspot, the Teton Fault first
initiated along the northern part of the Teton Range around 15-13 Ma before propagating to its
present southern extent at 7 Ma (Brown et al., 2017). An estimated 6 km of rapid vertical
displacement along the fault has resulted in an asymmetrical form in which gently-sloping
western flanks overlain with back-tilted sedimentary strata are contrasted by steep eastern flanks
exposing Precambrian crystalline basement rock (Brown et al., 2017; Love et al. 1992). Active
tectonism and associated seismicity has continued into the Holocene with known events recorded
on the southern Teton Fault at 9.9 ka, 7.1 ka, and 4.6 ka (DuRoss et al., 2019). It is believed that
the fault is capable of generating a magnitude 7.5 earthquake today (White et al., 2009).

Pleistocene climate fluctuations in the GTNP region drove many episodes of glacial

advance and retreat. However, the modern geomorphic record only preserves evidence of the
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past two glacial advances. The first and most extensive was the Bull Lake glaciation, which
occurred from 190-130 ka, and at its maximum extent, buried the Jackson Hole valley beneath
approximately 700 m of ice (Liccardi and Pierce, 2018; Pierce et al., 2018; Foster et al., 2010).
During the subsequent Pinedale glaciation, which lasted from 30-15 ka, local valley glaciers
sculped the Teton Range’s characteristic U-shaped valleys and deposited extensive terminal
moraines that today enclose several large lakes. In addition, the southern lobe of the Yellowstone
Plateau ice cap excavated Jackson Lake and buried the Jackson Hole valley beneath glacial
outwash fans up to 100 m thick (Love et al. 1992; Pierce et al., 2018).

The Teton Range experienced rapid deglaciation following the 15 ka Pinedale glacial
maximum, with cosmogenic ages from Liccardi and Pierce, (2018), Tranel et al. (2015), and
Larsen et al. (2016) suggesting that the range was nearly deglaciated by 11.5 ka. This age is
notable because it constrains the maximum age of most mass movements observed throughout
GTNP. Debris originating from any mass movements that occurred prior to then was most likely
transported and deposited in moraines or buried beneath the associated glacial outwash.
Remnants of several alpine glaciers continue to persist in the high parts of the Teton Range,
having briefly advanced from 3.2-2.4 ka and again during the Little Ice Age from 0.7-0.1 ka.
These glaciers owe their survival to the deep annual orographic snowfall generated as moisture-
laden Pacific Ocean air is funneled east across the low-lying Snake River Plain until
encountering this abrupt topographic barrier (Larsen et al., 2020; Licciardi and Pierce, 2018;
Pierce et al., 2018; Foster et al., 2010).

2.1.5 Previous Landslide Inventories
Mass movements in GTNP and the surrounding region have been a focus of several

studies. Case (1990) used aerial photographs to map landslides across much of Wyoming in a
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series of 1:24,000 scale maps. A subsequent 1:62,500 scale geologic map of GTNP by Love et
al. (1992) includes undivided landslide debris among its Quaternary units. More recent work by
Butler (2013), Shroder and Weihs (2014) and Marston et al. (2011) used field observations,
aerial imagery, a ~10 m resolution digital elevation model (DEM) to refine Case’s (1990)
inventory and identify which combinations of topographic and geologic variables control
landslide style and frequency in five major canyons on the southeastern flank of the Teton
Range. Most recently, Mauch et al. (2021) used the LIDAR elevation dataset to create a
1:100,000 scale surficial geologic map of the western part of GTNP, which included undivided
landslide deposits among its mapped units.

This study builds upon these previous workers’ efforts by using the superior mapping
capabilities of LIDAR imaging to produce the first comprehensive landslide inventory map of
GTNP at the much finer scale of 1:4,000. This will help close the gap in quantitative knowledge
concerning how different topographic domains and geologic substrates contribute to landslide

susceptibility throughout GTNP.

2.2 Methods

2.2.1 Digital Mapping

All mass movement features in the study area were mapped at 1:4000 scale following the
Burns and Madin (2009) protocol for LiDAR-aided landslide inventory mapping and classified
following Cruden and Varnes (1996). Mass movement features were primarily interpreted from a
0.5 m resolution slope layer generated from a bare earth digital terrain model (DTM). The DTM
was derived from a parkwide LIDAR dataset collected in summer 2014 with a pulse spacing of

0.7 m and a point density of 5.72 points/m? (Woolpert, 2014). To map the boundaries of
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movements partially extending beyond the GTNP LiDAR extent, we referenced 2019 NAIP
aerial imagery and slope layers derived from a 10 m USGS DEM and a 0.5 m LiDAR-derived
DTM encompassing Yellowstone National Park and part of the Bridger-Teton National Forest.
Digitized copies of Case’s (1990) landslide inventory map, the Mauch et al. (2021) surficial
geologic map of the Jackson Lake quadrangle, and Butler’s (2013) landslide inventory were also
consulted during mapping.

Our inventory does not differentiate the age of the mass movements, but is rather a
cumulative inventory of all movements that are detectable at a 1:4,000 scale as of the 2014
acquisition of the LIDAR dataset. These movements document the legacy of the past ~15 ka of
mass wasting following the LGM.

2.2.2 Field Validation

Field investigations were conducted in the summers of 2020 and 2021 to validate the
boundaries and classifications of a subset of the office-mapped mass movements throughout the
study area. We also refined our inventory by removing features that we incorrectly interpreted as
landslides, such as alluvial fans and moraines, and adding landslides that were not already
mapped. Evidence of recent activity including tension cracks, hummocks, internal scarps, sag
ponds, swales, and pistol-butted trees were also documented following Slaughter et al. (2017).
The lithology in which the movements initiated was also identified by observing the bedrock
units exposed in head scarps and clasts entrained within the deposits. Observations and feature
class edits were recorded with ESRI’s ArcGIS Field Maps mobile application. These validations

increase quality of the landslide inventory map and geostatistical analysis.
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2.2.3 Topographic and Geologic Attributes

To identify patterns in where and how landslides occur in GTNP, we first derived seven
topographic or lithologic characteristics for each mapped movement. Although there is no
agreement in the literature on which variables should be used for susceptibility analyses
(Nefeslioglu et al., 2009), these attributes were selected because they are widely evaluated
predisposing factors in landslide susceptibility studies (Reichenback et al, 2018) and were
available in our study area. Although elevation, annual precipitation, vegetation density, and land
cover are also commonly used in landslide susceptibility studies (Reichenback et al, 2018), we
chose to omit them from this study because they are closely linked to climate, which has
fluctuated greatly in GTNP since the LGM (Larsen et al., 2016). Since the movements recorded
in this inventory occurred throughout the Holocene, we cannot assume that they initiated under
the present-day climate and vegetation regime.

Substrate lithology describes the basal unit in which a mass movement was mobilized.

All units from the 1:62,500 scale GTNP geologic map by Love et al. (1992) were aggregated into
four classes: sedimentary rocks, intrusive igneous and metamorphic rocks, extrusive igneous
rocks, and surficial deposits (Figure 2.1). These classes were defined by similar rock types and
rheology generally following Balteanua et al. (2020). Intrusive igneous and metamorphic rocks
were grouped because they largely co-occur throughout the study area and share common
discontinuities. Shallow slope failures that occurred in alluvium, terrace deposits, preexisting
landslide deposits, or glacial till were assigned a surficial substrate lithology. Deep-seated
movements that mobilized intact bedrock and shallow failures that scoured down to bedrock
were assigned a non-surficial substrate lithology. This includes channelized debris flows that

initiated in scoured bedrock channels and earth flows that failed along the interface of the
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regolith and underlying unweathered bedrock. If the bedrock unit was concealed beneath
surficial deposits, it was interpolated from the mapped bedrock unit nearest to the upper
bounding scarp. These interpretations were confirmed and refined by field observations that
identified the substrate lithology by examining exposures in the head scarp and/or fragments of
transported bedrock within the body of the deposit. Finally, each channelized debris flow was
assigned the lithology that encompasses the majority of its path since debris flows derive most of
their volume by accumulating loose material along the length of the channel (Hungr, 2007).

Slope refers to the maximum rate of elevation change relative to horizontal. It has been
widely cited in the literature as the strongest control on mass movement susceptibility because it
directly affects the shear stress imparted on hillslope materials (Reichenback et al, 2018;
Brardinoni et al., 2003; Campbell, 1985; Yilmaz et al., 2012). Slope was measured in degrees
with the Add Surface Information tool, which interpolates elevation values at each of a
polyline’s vertices from a DEM and calculates their average slope using their difference in
elevation and the 3D length along the elevation surface connecting them. The slopes of
individual polyline segments are averaged by weighting them by their 3D lengths (ESRI, 2022a).
The line segments were hand drawn on unfailed adjacent slopes, parallel to the downslope
direction of the landslide, interpreted to be representative of the pre-failure topography (Figure
2.2). For rockfall and topple, slope was measured from the source area immediately upslope
from the deposit. We measured the slope of channelized debris flows from the transport paths
bounded by their initiation points and the top of each deposit.

Aspect describes the compass direction of maximum slope. It has been found to control
the amount of solar insulation, drying winds, and moisture received by Teton hillslopes (Foster et

al., 2010). These variables affect the rates of chemical weathering by moisture and temperature
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fluctuations and the mechanical weathering processes controlled by freeze-thaw cycles that
predispose hillslopes to failure (e.g., Sahin et al. 2017; Ferrier et al., 2012; Yilmaz et al., 2012).
We reported mass movement aspect as a generalized movement direction measured as an
azimuth in degrees clockwise from north following Burns and Madin (2009). This was measured
with line segments constructed from the center of each movement’s head scarp/initiation point to
the center of its toe.

The median aspect was calculated with equation 1 following Hodgson and Gaile (1996)
where asp rad is each aspect in radians. This eliminates the problem inherent to a circular scale
wherein taking a simple average of 350 degrees and 10 degrees would incorrectly yield a
directional mean of 180 degrees. The directional variance was calculated by modifying equation
1 to take the interquartile ranges of cos(asp rad) and sin(asp rad).

median(cos(asp rad)) 5 180
median(sin(asp rad)) T

Equation 1:  directional median = tan'l(

Local vertical relief is the maximum difference in elevation within a given distance of a

point. Tectonic and glacial processes have imparted a strong contrast in local relief between the
western and eastern sides of GTNP (Figure 2.3), providing an opportunity to observe how this
variable affects slope failure style and distribution. Relief was calculated from the DEM by
differencing the maximum and minimum elevations within a 1500 m radius circular moving
observation window. The 1500 m radius was chosen to reflect the magnitude of upslope terrain
contributing to a given deposit. In particular, 3000 m is the approximate length of the longest
continuous hillslope contributing to any of the mapped deposits.

Plan and profile curvature describe the rate of change of slope perpendicular and parallel

to the maximum slope direction, respectively (Nefeslioglu et al., 2008; Yilmaz et al., 2012). As
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discussed by Minar et al. (2020), the magnitude of their values (measured in m/100) corresponds
with the tightness of a slope’s concavity or convexity (Figure 2.3). Positive plan curvature values
indicate that the surface is upwardly convex while negative values indicate upward concavity.
Conversely, negative profile curvature values correspond with upward convexity while positive
values indicate upward concavity. Planar surfaces have plan and profile curvature values of zero.
Both attributes were derived with the ArcGIS Curvature tool. Although there are numerous other
approaches to calculating curvature such as the “standard curvature” that is a mean of plan and
profile curvature (Minér et al., 2020), we chose to consider them separately (1) to ensure the
greatest comparability with previous studies (e.g., Sahin et al., 2017; Crawford et al., 2020;
Nefeslioglu et al., 2008) and (2) because they control different aspects of landslide kinematics.
For example, plan curvature influences the convergence and divergence of surface and
groundwater flow whereas profile curvature influences the acceleration and deceleration of
downslope flow—and by extension its erosive capacity (Reichenback et al, 2018; Nefeslioglu et
al., 2008; Yilmaz et al., 2012).

Topographic surface roughness broadly describes the variability of topography at a given

scale (Grohmann et al., 2011). Although surface roughness has been proposed as a strong
indicator of landslide susceptibility (Reichenback et al, 2018; Regmi and Walter, 2020), as a tool
for automated landslide mapping (Bunn et al., 2019), and a tool for relative landslide age dating
(Nicholas, 2018), there is no standard approach to quantifying it (Grohmann et al., 2011). Simple
approaches that use a single topographic parameter (such as the standard deviation of elevation,
slope, or profile curvature) have been proposed in the literature (Reichenback et al, 2018;
Grohmann et al., 2011), as have more complex methods that derive a terrain ruggedness index

(Moreno et al., 2003) or integrate multiple topographic parameters (Regmi et al., 2013). We
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calculated surface roughness (in degrees) by taking the standard deviation of slope from a
moving observation window because of its simplicity of calculation and reliable performance in
previous studies (Grohmann et al., 2011; Regmi and Walter, 2020; Nicholas, 2018). Regmi et al.
(2013) notes that the size of the observation window should reflect the wavelength, or spatial
frequency, of the topographic irregularities one wishes to capture. Because we are primarily
interested in detecting the hummocky topography characteristic of landslide deposits, we chose a
10 m radius circular smoothing window to closely match the ~20 m spacing of hummocks
observed in the study area. We frequently noticed circular artifacts in the output raster
surrounding isolated boulders and scarps (Figure 2.3), which Crawford et al. (2021) suggests are
a consequence of using a circular window to generate the roughness layer. The slope raster from
which roughness was derived was generated with the Slope tool, which uses a DEM to calculate
the rate of change in the x and y directions of a 3x3 cell moving observation window. This rate
of change is converted to degrees and assigned to the central cell. This algorithm is described in
detail by ESRI (2022b).

In order to eliminate surface irregularities and artifacts caused by interpolating LIDAR
ground points that would otherwise add noise to the dataset and mask larger topographic trends
in the slope’s curvature and topographic surface roughness, the 0.5 m GTNP DTM was
smoothed by calculating the mean elevation value within a 15 m radius circular moving
observation window following Crawford et al. (2021). Shi et al. (2007) notes that although
square smoothing windows are traditionally used for focal statistics, circular windows are more
accurate when there is a high window to cell size ratio because they eliminate directional bias in
the diagonal dimensions. Given the fine spatial resolution of the GTNP DTM, we chose to use

circular windows for all focal statistics operations in this study.

32



As with the slope measurements, our approach to calculating vertical relief, curvature,
and roughness varied by movement style (Figure 2.2). Thirty-meter radius buffers were
constructed around points positioned near the center of each rockfall/topple source area and
clipped to the source area boundaries. Buffering the points ensured that the measurements were
not biased by small topographic variations. In addition, 10 m radius buffers were constructed
around the channelized debris flow initiation points. This buffer radius corresponds to the ~20 m
gully width observed at most of the initiation points. For all other movement types, 30 m radius
buffers were constructed around points positioned on slopes adjacent to the disturbed area
interpreted to reflect the terrain conditions prior to failure. The Zonal Statistics tool calculated
the mean relief, curvature, and roughness within each buffer. Finally, the Yellowstone 0.5 m
DTM and the USGS 10 m DEM were used to extract the topographic variables where
movements extended beyond the GTNP DTM.

2.2.4 Geostatistical Analysis

Geostatistical analysis was performed to (1) compare the characteristics of landslide-
producing topography to those of the bulk study area and (2) compare the characteristics of
different mass movement styles. In order to decrease the size disparity between groups,
movements were aggregated into four categories: rockfall/topple, debris flows, earth flows, and
slides (Figure 2.4). Open-slope debris flows and channelized debris flows were grouped into a
single category, as were translational and rotational slides. Complexes were reclassified by
primary movement style. Topple was grouped with rockfall because it was not observed in
unique settings. Because a large portion of GTNP encompasses low-gradient domains
completely devoid of observed mass movements, we chose to exclude all lakes, glacial outwash

plains, and rivers and their associated floodplain and fluvial terrace treads from our analysis of
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the bulk study area (Figure 2.3). Due to limited computational power, slope, aspect, relief, plan
and profile curvature, and roughness datasets derived from the smoothed 0.5 m GTNP DTM
were resampled to 5 m resolution before being exported as comma separated value (CSV) files.
Two statistical tests were implemented to identify whether clustering is present in the
data. First, the average nearest neighbor test was performed within ArcGIS Pro to determine
whether mass movements are evenly distributed throughout GTNP. As described by Clark and
Evans (1954) and presented in equation 2, the average nearest neighbor ratio (ANN) was
calculated by dividing the observed mean distance between each mass movement centroid and its
nearest neighbor (Do) by the hypothetical mean distance to nearest neighbor expected if all
movements were randomly distributed throughout GTNP (De). If ANN is less than 1.0, then
there is a clustering pattern in the data. If ANN is greater than 1.0, then there is a pattern of

dispersion.

Equation2: ANN = Do
De

Second, Syrjala’s test of spatial independence between populations was performed in the
R environment to assess whether the four movement styles occur in unique locations within
GTNP. This nonparametric test compares the spatial distribution of two populations by
comparing cumulative distribution functions constructed at each sampling location (Syrjala,
1996). The distributions are normalized to eliminate any biases from different sample counts
between groups. Since the test requires all values to be sampled at the same set of locations, the
four movement styles were compared using the cells of four overlapping kernel density layers
generated for the entire study area. If Syrjala’s test produced a large p-value (0.1 or more) for a
given comparison, then the data is consistent with the null hypothesis that the two styles’ spatial

distributions are the same. If the test produced a small p-value (0.01 or less) we concluded that
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the data supports the alternative hypothesis that the two movement styles are differently
distributed across the study area.

The remaining statistical tests were performed in the MATLAB environment. First, the
two-sample Kolmogorov-Smirnov (K-S) test was used to individually compare the slope, aspect,
topographic roughness, plan and profile curvature, and vertical relief of all mass movements with
that of the bulk study area. This test assesses the degree to which two random sample
distributions have been drawn from the same underlying distribution (Goodman, 1954), and has
been used in previous studies to compare the attributes of different landslide inventories (Bellugi
et al., 2021) and determine the degree of association between various topographic domains and
failure styles (Irigaray and Fernandez, 1996). If the K-S test produced a large p-value (0.1 or
more), then the data is consistent with the null hypothesis that for a given topographic attribute,
landslide-producing topography is not different from that of the bulk study area. If the test
produced a small p-value (0.01 or less) we concluded that the data supports the alternative
hypothesis that that characteristic of landslide-producing topography is different than that of the
bulk study area.

Next, the Kruskal-Wallis test was used to individually test whether the four movement
styles’ slope, aspect, topographic roughness, plan and profile curvature, and vertical relief values
originated from the same population. This non-parametric equivalent of the one-way ANOVA
(analysis of variance) test is used to compare three or more groups within a categorical
independent variable based on each group’s mean rank of data values within a quantitative
dependent variable (Kruskal and Wallis, 1952; Dai, 2018), and has been used to compare land
use with landslide density and volume (Brardinoni et al., 2003). It was chosen because none of

the six topographic variables satisfied ANOVA’s assumption that that the dependent variable is
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both normally distributed and has an equal variance within each category. Although the ANOVA
test has been widely used to compare landslide attributes (e.g., Carrara et al., 1982; Keefer,
2000), we suggest that the Kruskal-Wallis is a more statistically-sound alternative when the data
did not satisfy its assumptions. These assumptions were tested with the Shapiro-Wilk test of
normality and Levene’s test of equal variance following Kim (2017). Since both tests produced
small p-values for all topographic variables compared (Appendix 1), the data is consistent with
the tests’ alternative hypotheses that the four movement styles are not normally distributed and
do not have an equal variance among each topographic variable. If the Kruskal-Wallis test
produced a large p-value (0.1 or more) for a given topographic variable, then the data is
consistent with the null hypothesis that that variable does not influence the style of failure. If the
test produced a small p-value (0.01 or less) we concluded that the data supports the alternative
hypothesis that at least one of the failure styles is different than the others based on that variable.

As seen in equation 3, the coefficient of determination (R?) of each Kruskal-Wallis test
was calculated for each topographic variable following Palacios-Gonzalez and Garcia-Fernandez
(2012), where the variance between each group (Model SS) was divided by the total variance in
all observations (Total SS). This value describes the portion of the total variance within each

variable that can be explained by separate populations.

Model SS

Equation3: R?% =
Total SS

Because the Kruskal-Wallis test does not identify which combinations of movement
types differ for a given topographic variable, we performed Dunn’s multiple comparison test.
This non-parametric post-hoc test makes pairwise comparisons of ranked values to determine
which pairs of movement differ (Dunn, 1964). If Dunn’s test produced a large p-value (0.1 or

more) for a given comparison, then the data is consistent with the null hypothesis that that those
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two movement styles cannot be differentiated based on that topographic variable. If the test
produced a small p-value (0.01 or less) we concluded that the data supports the alternative
hypothesis that those two movement styles can be differentiated based on that variable.

Finally, we performed the chi-square test to compare the overall distribution of mass
movement substrate lithologies with that observed throughout the park as well as that of each
mass movement style. Commonly used in landslide statistical analysis to determine whether
slope failures occur in unique geomorphic domains (e.g., Gritzner et al., 2001; Sahin et al., 2017;
Butler, 2013), the chi-square test assesses the strength of association between each explanatory
variable and each landslide type by comparing the actual number of movements observed in each
category to the expected number of movements based off the overall distribution of each
category across the entire dataset (van Westen, 1993; Rogerson, 2015; Sahin et al., 2017). If the
chi-square test produced a large p-value (0.1 or more) for a given comparison, then the data is
consistent with the null hypothesis that that substrate lithology does not affect where or how
landslides occur in GTNP. If the test produced a small p-value (0.01 or less) we concluded that
the data supports the alternative hypothesis that certain lithologies must be affecting the presence

of mass movements or the failure style.

2.3 Results

2.3.1 Landslide Inventory

A total of 1040 unique mass movements were mapped in the park along with 12
suspected movements and 34 rock glaciers. The mass movement deposits have a combined
surface area of 76.1 km?, or 5.2% of the study area. The movements have a non-uniform spatial

distribution, with the highest concentrations found in the steep high-relief topography west of the
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Teton Fault and a lower frequency in the flatter, lower-relief terrain east of the Teton Fault
(Figure 2.4). The distribution of movement styles is likewise heterogeneous, with channelized
debris flows (42% of population), earth flows (24%), and rockfall (17%) occurring with the
greatest abundance.
2.3.2 Description of Mapped Units

The following unit descriptions explain how each movement style was recognized and
mapped. This includes (1) techniques for distinguishing mapped units based on their diagnostic
features and (2) interpretations of the settings in which they occur derived from field
observations. The statistical exploration of these observations is tested in sections 2.3.3 and
2.3.4.
2.3.2.1 Slides

Each slide is defined by a polygon encompassing the mobilized mass, a polygon
encompassing the upper bounding scarp exposed where the mass detached from the stable
hillslope, and polylines tracing the upper edges of internal scarps and/or tension cracks, if
applicable. Few slides remain coherent blocks, but rather disaggregate into earth flow
complexes. Three styles of slides are observed:

Translational rock slides (RS-T; Figure 2.3) are found on weak sedimentary and extrusive

dip slopes. They typically have linear headscarps and lateral bounding scarps. Linear internal
scarps and tension cracks intersect the deposits perpendicular to the transport direction. Tension
cracks are sometimes present immediately upslope of the head scarp. Depending on the transport
distance and velocity, the deposits vary from undeformed, cohesive blocks to hummaocky,

bouldery masses.
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Rotational rock slides (RS-R; Figure 2.3) are observed on jointed sedimentary and

extrusive anti-dip slopes. They are characterized by massive back-rotated blocks with near-
vertical, cusp-shaped headscarps and upwardly-displaced toes that are more pronounced than
those of translational slides. Multiple nested cusp-shaped internal scarps from successive failures
are frequently observed in the deposits. This internal displacement tends to disrupt the internal
drainage and form sag ponds or depressions throughout the deposit.

Rotational earth slides (ES-R) are found on homogeneous surficial deposits such as

glacial till, soil, and alluvium, and are often found along cutbanks of fluvial channels. They
resemble rotational rock slides but tend to be smaller, shallower, and more localized.
2.3.2.2 Flows

Three styles of flows are observed in GTNP. Earth flows (EFL; Figure 2.3) are
commonly found on forested, moderately-steep, soil mantled hillslopes, especially where weak
sedimentary or extrusive units are present. They initiate on the contact between the regolith and
the underlying bedrock, and have steep cusp-shaped headscarps that are shallower than those of
rotational rock slides. The hummocky deposits typically have multiple overriding lobes and a
high water table that supports dense deciduous vegetation. The internal deformation that
distinguishes flows from slides is often manifested by compressional ridges that are oriented
transverse to the flow direction and enclose closed basins, as well as elongated levees that
parallel the direction of downslope movement (Coe et al., 2009). Seeps are commonly observed
along the base of the lobate toes. Each earth flow is mapped by a polygon enclosing the
mobilized mass, a polygon encompassing the upper bounding scarp, and polylines tracing the
head of internal scarps where reactivation has occurred. If distinct reactivated features were

visible the 1:4,000 scale, they were mapped as separate deposits.
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Channelized debris flows (DFL-C; Figure 2.3) are confined to pre-existing channels or

gullies and have specific domains of material scouring/transport and deposition. Each
channelized debris flow was mapped following Burns and Madin (2009) with an initiation point,
a transport path polyline, and a polygon enclosing the deposit. Debris flows are interpreted to
initiate on the uppermost point along the channel that scouring is observed. Upstream of this
point, the channel is either indistinct or intersects a low-gradient hanging valley or ridgeline.
Debris flow paths tend to follow steep, constricted bedrock channels. If multiple tributaries
contributed material, the debris flow path was mapped following the most distinct channel,
which was interpreted to be the most recently active. The deposits are typically fan-shaped and
encompass the area of deposition. They are unsorted, matrix supported, and composed of boulder
to pebble sized rocks, soil, and dead vegetation. Fans typically have multiple active and
abandoned channels bounded by natural levees comprised of coarse material.

Open-slope debris flows (DFL-O) are distinguished from channelized debris flows

following Cruden and Varnes (1996), where the movement forms its own path down a hillslope,
rather than being confined to an existing channel. Open-slope debris flows are hummocky, lobate
deposits that resemble earth flows, but mobilize coarser material such as colluvium or glacial till.
They often initiate within rock slide deposits or colluvium and/or till-mantled hillslopes that are
too steep to form a thick soil profile. Compressional ridges and internal levees were frequently
observed in the deposits, indicating energetic transport and internal deformation. Open-slope
debris flows are mapped like earth flows with polylines tracing internal scarps and separate

polygons encompassing the upper bounding scarp and deposit.
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2.3.2.3 Falls

Rockfall (RF; Figure 2.3) was the only type of fall that was observed in GTNP. These
coarse deposits are found on gentle to moderately steep talus slopes beneath bare cliff faces,
especially where vertically jointed sedimentary, intrusive, and metamorphic lithologies intersect
glacially-oversteepened high relief topography such as Garnet Canyon and the Death Canyon
Shelf. Following Cruden and Varnes (1996), we are grouping rock avalanches with rockfall.
These produce similar deposits, but with a more extensive runout zone. Because rockfall was
observed to some degree on nearly all steep slopes, mapped deposits are limited to constructive
features that we interpreted to be primarily a product of thousands of years of episodic rockfall
events. For example, sporadic rockfall that occurs on moraines and colluvial slopes was not
mapped if the boundaries of a unique deposit could not be distinguished from the underlying
feature. Source area polygons encompassing all continuous steep terrain that may have
contributed material to each deposit are also mapped.
2.3.2.4 Topples

Rock topple (RT) was the only type of topple that was observed in GTNP. Like rockfall,
rock topple produces coarse deposits on gentle to moderately steep talus slopes beneath steep
cliff faces that are often a product of glacial sculpting and debuttressing. This process was
primarily observed on vertically-jointed sedimentary dip slopes and intrusive igneous and
metamorphic units with exfoliation joints that often have tension cracks that parallel the
escarpment and are spaced at 1-5 m intervals. These tension cracks were traced with polylines

and encompassed within source area polygons.
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2.3.2.5 Complexes

Complexes (C; Figure 2.3) encompass all deposits that are the product of multiple styles
of movement. They are classified sequentially from the primary event in which movement
initiated to subsequent failures in the order they were interpreted to occur. For example, we
frequently observed rotational rockslides that were remobilized as earth flows as the soil
overlying the mobilized rock disaggregated due to oversaturation (Cruden and Varnes, 1996).
These deposits are categorized as “RS-R/EFL”. A second common complex consists of rock
topple and rockfall since these two processes initiate in the same settings. Complexes are
mapped following the symbology of their primary movement. Distinct movements within a
larger complex were mapped separately only if they were remobilizations with distinct head
scarps that occurred independent of the initial movement and are visible at the 1:4,000 scale.
2.3.2.6 Rock Glaciers

Rock glaciers are masses of boulders, ice, and earth that slowly flow downward under the
force of gravity. They can be comprised of an ice mass mantled by rock or rock with interstitial
ice (Knight, 2019). Although the Cruden and Varnes (1996) taxonomy does not classify rock
glaciers as mass movements, they are distinctive mobile features that facilitate downslope mass
transport in the Teton landscape and the deposits are potentially confused with landslide
deposits. Thus, we chose to map them as separate feature classes and omit them from the
statistical analysis. Rock glaciers are commonly observed in north-facing cirques typically
characterized by high elevations and perennial snowfields. The cirques are often ringed by cliffs
that supply coarse material to the head of the deposit via topple, rockfall or other mass wasting
processes. Rockfall deposits were mapped separately if their less-mobile talus cones could be

easily distinguished from the adjacent rock glacier. Although rock glaciers share the “ropy”
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texture often observed in terminal moraines and protalus ramparts, they were distinguished from
these stationary landforms by an upper domain bounded by levees paralleling the flow direction
that indicate an accelerating transport rate, a lower domain in which multiple nested
compressional ridges that are oriented transverse to the flow direction indicate a slowing
transport rate, and a lobate, steep-faced toe. Although the entire deposit maintains a coarse,
bouldery texture, the upper reaches are often unvegetated and covered by perennial snowfields
while the toe can be vegetated. Each rock glacier is mapped with a polygon enclosing the entire
mobile mass but not the source area.
2.3.2.7 Suspected Movements

Features that appear to be a product of mass wasting but cannot be classified in any of the

aforementioned categories are mapped as suspected movements. These include the products of

creep processes, such as solifluction and gelifliction lobes, and fans that have steep catchment
areas capable of generating channelized debris flows but lack the diagnostic leveed channels and
coarse texture. Each suspected movement is mapped with a polygon enclosing the entire deposit
but not the source area. Because they are not definitively classified as landslides, suspected
movements were omitted from the statistical analysis.
2.3.3 Descriptive Statistics

Descriptive statistics measuring the central tendency, variability, and distribution of the
attributes derived for the inventory dataset reveal numerous insights into the topographic and
geologic domains in which mass movements initiate. Since positively-skewed distributions were
observed for slope, vertical relief, and surface roughness, we chose to report median and

interquartile range rather than the more commonly-reported mean and standard deviation (e.g.,
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Butler, 2013; Crawford, 2020; Panek et al., 2019). These statistics are tabulated in Table 2.1 for
the four movement styles, bulk inventory, and study area.

The distributions of the six topographic variables were also visualized with violin plots,
box plots, and rose diagrams. Figure 2.5 compares the characteristics of the bulk inventory to the
study area and Figure 2.7 compares the four movement styles. Several outliers were eliminated
from the surface roughness and plan and profile curvature plots to better visualize the values in
which most values differ. Finally, bar plots illustrate how each of the four substrate lithologies
are distributed between each movement style, the bulk inventory, and the bulk study area (Figure
2.6). Appendix 6 compares these percentages in a tabular format.

2.3.4 Geostatistical Analysis

The nearest neighbor test calculated a ratio of about 0.42 and p-value of <0.000005
(Appendix 2). This indicates that there is a strong, statistically significant clustering pattern in
the distribution of mass movements throughout GTNP. In addition, Syrjala’s test produced small
p-values (p<0.01) for all six pairwise comparisons made between the kernel density distributions
of each movement style (Appendix 3). This strongly supports the alternative hypothesis that the
four movement styles occur in unique settings.

The two-sample K-S Test produced small p-values (p<0.01) when the cumulative
distributions of slope, vertical relief, aspect, surface roughness, and plan and profile curvature in
the bulk landslide inventory were each compared to their respective cumulative distributions
throughout the bulk study area (Appendix 4). This supports the alternative hypothesis that for
each of these six topographic variables, the values sampled from landslide-producing topography

originated from a distinct cumulative distribution than that of the bulk study area.
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The Kruskal-Wallis test produced small p-values (p<0.01) when the distributions of
slope, vertical relief, surface roughness, and plan and profile curvature were each compared
between the four movement styles (Appendix 5). This supports the alternative hypothesis that for
each of these five topographic variables, the values sampled from one or more movement styles
originated from a distinct population. Conversely, the Kruskal-Wallis test produced a larger p-
value (p=0.156) when the values of aspect were compared. This is consistent with the null
hypothesis that movement direction does not influence the style of failure. As such, we did not
perform a post-hoc test on the aspect data.

Among the five significant topographic variables on which Dunn’s multiple comparison
test was performed, slope was the only variable for which all six pairwise comparisons produced
small p-values (p<0.01; Appendix 5). This supports the alternative hypothesis that the slopes of
all four movement styles were sampled from four distinct populations. Dunn’s test also produced
small p-values (p<0.01) for several additional pairwise comparisons among the four remaining
variables (Appendix 5). It appears that vertical relief can distinguish earth flows and slides from
rockfall/topple and debris flows, but larger p-values cast doubt on its ability to distinguish earth
flows from slides (p=0.0181) and rockfall/topple from debris flows (p=0.242). Topographic
surface roughness appears to distinguish debris flows from rockfall/topple but cannot distinguish
earth flows and slides (p=0.665). Plan curvature appears to distinguish debris flows from the
other movement styles but cannot distinguish earth flows, slides, or rockfall/topple. Finally,
profile curvature appears to distinguish debris flows and rockfall/topple, but cannot distinguish
earth flows from slides (p=1).

The R? values calculated for the Kruskal-Wallis tests indicate that the strength of

variation between groups greatly varies between the topographic variables. Slope and vertical
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relief have the highest coefficients, at about 0.66 and 0.49 respectively, while aspect and profile
curvature have the lowest values of about 0.005 and 0.08 respectively. Plan curvature and
topographic roughness both have a moderate R? value of about 0.37.

Lastly, the chi-square test produced a very small p-value (p=1.48E-224) when the overall
distribution of movement lithologies was compared to that of the bulk study area (Appendix 6).
This supports the alternative hypothesis that mass movements originate from a distinct
distribution of lithologies than those observed throughout the bulk study area. The chi-square test
likewise produced small p-values (p<0.01) when the lithology distributions observed for each
mass movement style was compared to that of all mass movements (Appendix 6). This is
consistent with the alternative hypothesis that the four mass movement styles initiate in unique

lithological settings.

2.4  Discussion

2.4.1 Do Mass Movements Occur in Unique Domains?

As previously mentioned, our first statistical objective investigates the extent to which
landslide-producing topography is different from that of the encompassing region. Descriptive
statistics informed by statistical analysis (Table 2.1; Figure 2.5) reveal that mass movements are
not randomly distributed throughout the park, but rather cluster in unique settings. Compared to
the bulk study area, here defined by the LIDAR extent minus the lakes, river floodplains, and
outwash terraces in which no movements were observed, mass movements preferentially initiate
on slopes that are steeper, rougher, higher-relief, more upwardly concave, and more north-south
oriented than those observed throughout the bulk study area. This explains why most movements

are clustered in the steep, high relief slopes west of the Teton Fault that are a product of the
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range’s glacial legacy and rapid surface uplift (Figures 2.3, 2.4). These results are consistent with
those presented in a similar study in the by Panek et al. (2019), which found that movements in
the Czech Republic’s Carpathian Mountains most frequently occur on steep, high-relief, and
north-south oriented slopes.

Although these findings describe broad trends in the dataset, they do not consider biases
that arise from differing abundances of movement styles. For example, debris flows and
rockfall/topple preferentially initiate on hillslopes with a greater surface roughness and vertical
relief than the bulk study area, whereas earth flows and slides preferentially initiate on smoother,
lower-relief hillslopes than the study area (Table 2.1). However, since the inventory contains
more than twice the number of debris flow and rockfall/topple deposits than earth flows and
slides (Figure 2.4), the bulk inventory’s descriptive statistics do not reflect the terrain in which
earth flows and slides initiate. Likewise, although Figure 2.5 suggests that mass movements in
GTNP preferentially initiate on north and south-facing slopes, this is only true for the debris
flows and rockfall/topple that dominate the range’s east-west oriented glacially-oversteepened
canyons (Figure 2.4). Earth flows and slides are rather more likely to initiate on eastern aspects
(Figure 2.7).

Mass movements were also found to preferentially initiate in certain lithologies (Figure
2.6). For example, over half of the movements initiate in intrusive and metamorphic rocks even
though these lithologies cover about 22% of the bulk study area. Conversely, only 6.3% of
movements initiate in surficial deposits even though these deposits cover about 55% of the bulk
study area (Appendix 6). However, these findings should be interpreted with discretion since
many deep-seated movements that initiated in locations mapped as surficial deposits were

assigned a bedrock substrate lithology interpolated from adjacent hillslopes.
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2.4.2 Are Movement Styles Clustered in Unique Domains?

Our second statistical objective addresses whether different mass movement styles are
clustered in unique domains. Descriptive statistics informed by statistical analysis reveal that the
four mass movement styles do occur in distinct locations throughout GTNP. Slope and substrate
lithology appear to be the strongest controls on movement style because additional statistical
tests produced small p-values (p<0.01), suggesting that these variables can differentiate all four
movement styles. Moreover, a relatively high R? value of 0.66 indicates that two thirds of the
overall variance in slope can be explained by movement style. Overall, earth flows and slides
preferentially initiate on moderate slopes of about 20° and 26°, respectively, while debris flows
and rockfall/topple respectively initiate on steep to very steep slopes of about 39° and 67° (Table
2.1). Movements also preferentially initiate in differing lithologies. Debris flows and
rockfall/topple overwhelmingly occur in intrusive and metamorphic lithologies whereas slides
and earth flows primarily occur in sedimentary and extrusive igneous rocks (Figure 2.6).

Small p-values (p<0.01) produced by statistical tests also suggest that vertical relief,
surface roughness, and plan and profile curvature can distinguish certain movement types. For
example, profile curvature, vertical relief, and surface roughness can distinguish rockfall/topple
and debris flows from earth flows and slides. Additionally, surface roughness and plan and
profile curvature can distinguish debris flows from rockfall/topple. Vertical relief also appears to
distinguish earth flows from slides. However, comparatively low R? values reveal that that only
8-49% of the overall variance in these four variables can be explained by movement style. This
suggests that that even though these variables can distinguish certain types of failures, they are

less powerful predictors than slope.
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Although a larger p-value (p=0.156) suggests that aspect cannot distinguish any of the
movement styles at a statistically significant level, descriptive statistics illustrate that on average,
debris flows preferentially initiate on south facing slopes whereas rockfall/topple preferentially
initiates on north and northeast-facing slopes (Table 2.1; Figure 2.7). We hypothesize that this
correlation is largely controlled by the contrasting amount of solar insulation received by north
and south facing slopes. On shaded north-facing slopes, freezing temperatures and snow persist
for a greater duration of the year than on south-facing slopes, which are subject to more solar
insulation, and consequently, more freeze-thaw cycles. This causes more snowmelt and
disproportionately creates a longer time period in which liquid melt water is present south-facing
slopes. Since liquid water facilitates debris flow transport, this process dominates on south-
facing slopes. With that said, the extremely low R? value reveals that only 0.5% of the overall
variance in aspect can be explained by movement style. As such, aspect is not a reliable predictor
of movement style.

By identifying the topographic and geologic domains controlling where movements are
most likely to occur, we can explain why certain movement styles are clustered in different areas
of GTNP. For example, the places where rockfall/topple and debris flows are most densely
clustered (Figure 2.4) co-occur with the steep, high-relief slopes underlain by
intrusive/metamorphic lithologies that are concentrated on the flanks of the high peaks west of
the Teton Fault where the greatest glacial exhumation has occurred (Figures 2.1, 2.3; Foster et
al., 2010). Likewise, the areas where earth flows and slides are most densely clustered (Figure
2.4) co-occur with the moderate, lower-relief slopes underlain by sedimentary/extrusive
lithologies and surficial deposits that are concentrated on the lower peaks bounding the Teton

Range to the north and south and the rolling hills east of the Teton Fault (Figures 2.1, 2.3). These
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observations corroborate Panek et al. (2019), who also found that movements of the same type
tend to cluster in the topographic and lithologic settings.
2.4.3 Limitations

One limitation of this study is that our field-based data validation process was inherently
biased. Because large sections of GTNP are inaccessible by road or trail, we had to rely on the
LiDAR data, aerial imagery, and the Love et al. (1992) map to ground truth the classification and
substrate lithology of movements in the remote corners of the park. This is a potential source of
error in the statistical analysis because it was often difficult to determine whether prehistoric
landslides dominantly mobilized earth or debris without direct field observations because
colluvial cover masks the original texture. Moreover, field observations were only viable where
the movement was accessible and had outcrops or stream incision exposing its interior.
Therefore, we suggest that one can most accurately implement the Cruden and Varnes (1996)
taxonomy to describe recent or historic movements but will face greater uncertainty classifying
prehistoric movements.

This data validation bias might also reflect a mapping bias. In particular, discrete
rockfall/topple deposits were often difficult to distinguish from adjacent colluvium and glacial
deposits without field observations because they share a similar texture in the LIDAR slope
layer. This may help explain why rockfall/topple are most frequently mapped in the easily
accessible canyons of the southern Tetons but are mapped less frequently in the inaccessible yet
similarly steep terrain of the northern Teton Range.

Although the inventory identified a variety of movement types, it is by no means
exhaustive. For example, we observed active earth fall/topple and debris fall/topple features

along river channel cut banks that were too small for the 1:4,000 mapping scale. Consequently,
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these smaller movement styles were omitted from the inventory. Conversely, although no
spreads were observed in the study area, we believe that they have occurred in the past, given the
region’s active seismicity and the extensive wetlands adjacent to the Snake River and Jackson
Lake.

2.4.4 Applications to Existing and Future Studies

Descriptive statistics reported by Buter (2013) on the slope, aspect, and standard
curvature of channelized debris flows, rockfall, and rock slides observed in five canyons draining
the southeastern part of the Teton Range allow us to perform a limited validation of our
statistical findings. Although Butler’s (2013) findings corroborate the median slope, aspect, and
curvature values we derived for debris flows and rockfall/topple (Table 2.1), they are not
consistent with the attributes we measured for slides. Butler (2013) suggests that rock slides
preferentially initiate on planar to slightly convex north-facing hillslopes with a very steep
average slope of about 54°, while we found that slides tend to initiate on planar east-facing
hillslopes with a much lower median slope of about 26°. One explanation for this discrepancy is
that most of the mapped slides are clustered in the northern and eastern parts of GTNP, where
there is a greater occurrence of moderate east-facing slopes than in the five canyons that
comprise Butler’s study area, which are dominated by steep north- and south-facing slopes
(Figures 2.3, 2.4).

A second explanation for the lack of agreement is the method by which Butler (2013)
measured the rock slides’ topographic attributes. Because landslides modify the topography in
which they initiate, the topographic attributes measured for a given movement will vary based on
where and how they are measured. Although we attempted to describe the unmodified

topography that produced each slide by extracting topographic attributes from hillslopes laterally
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adjacent to each deposit (Figure 2.2), Butler measured these attributes from source point features
positioned directly upslope of each deposit. This lack of consistency is common to all landslide
susceptibility studies, which have also used source point features positioned in the deposit
centroid (e.g., Crawford et al., 2021) and “seed cells” randomly generated in the unmodified
topography adjacent to each movement’s head scarp and flanks (e.g., Suzen and Doyuran, 2004).
The area of the zones from which these values are calculated also varies between studies.
Butler (2013) derived his topographic values from point features whereas the mean values within
10-30 m radius circular buffers were calculated here (Figure 2.2). We argue that the buffer radius
should match the scale of the topography that is being measured. Larger radii capture larger
topographic trends whereas smaller radii and points are more sensitive to “noise,” or local
variation in the DEM, as evidenced by the larger standard deviations in Butler’s reported values.
These methodological inconsistencies in measuring topographic attributes highlight the
need for an established landslide characterization protocol. Reichenbach et al. (2018) notes that
most landslide susceptibility studies use a statistical approach in which logistic regression
evaluates the extent to which each variable predicts the presence and absence of mass
movements in a given domain. The problem with this is that when a model is trained with
“presence points” derived from the mass movement deposits and “absence points” derived from
the region outside of known mass movement features, it is actually predicting the presence of
landslide deposits, rather than landslide-producing topography. Consequently, landslide
susceptibility maps constructed with this approach may mis-assess unmodified hillslopes that are
susceptible to failure. However, the subjectivity with which we inferred what constitutes
landslide-producing topography highlights the difficulty of implementing these changes within a

logistic regression framework. In particular, generating “absence points” that do not intersect
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unmodified landslide-prone topography will require robust descriptive statistics of the
topographic and geologic domains in which movements initiate.

One challenge to implementing a standardized susceptibility modeling protocol is the
varying availability of high-resolution elevation datasets. Even though global LiDAR coverage is
rapidly expanding, 10 mis still the highest spatial resolution available for many global locations.
Although the absence of a high-resolution bare-earth DTM greatly reduces the accuracy and
precision with which movements can be mapped (McKean and Roering, 2004), the similarities
between the slope and curvature values Butler (2013) and this study derived for rockfall and
debris flows suggests that accurately measuring topographic variables is still possible with a
coarse DEM. With that said, Butler’s (2013) study area was constrained by largely-unforested
alpine terrain where rockfall deposits and debris flow fans are clearly visible in satellite imagery.
Further research is required to discern whether this assumption holds true in forested landscapes
where there might be a greater discrepancy between landslide inventories created with and

without a bare-earth DTM.

2.5 Conclusions

To better understand where and how mass movements occur in steep, high-relief
landscapes, we paired digital mapping with field observations to create a landslide inventory map
encompassing GTNP. The topographic and geologic diversity of the Teton landscape is reflected
by the wide variety of movement styles observed. Compared to the bulk study area, mass
movements in GTNP occur on steep hillslopes with greater local vertical relief and topographic

surface roughness and upwardly concave plan and profile curvatures (Figure 2.5).
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Grouping the movements into four generalized classes and performing further
geostatistical investigations reveals that mass movement styles occur in unique topographic and
geologic domains. Debris flows preferentially initiate on steep (~39°), high-relief, concave,
south-facing hillslopes that have a relatively high surface roughness and overlie intrusive and

metamorphic lithologies. Rockfall/topple preferentially initiates on very steep (~67°), high-relief,

convex, northeast-facing hillslopes that have a relatively high surface roughness and overlie
intrusive and metamorphic lithologies. In contrast, earth flows preferentially initiate on gentle
(~20°), lower-relief, planar, northeast-facing hillslopes that have a relatively low surface
roughness and overlie sedimentary and extrusive lithologies and surficial deposits. Finally, slides
preferentially initiate on moderate (~26°), moderate-relief, planar, east-facing hillslopes that
have a relatively low surface roughness and overlie sedimentary and extrusive lithologies. The
strong spatial clustering observed for each of these four movement styles (Figure 2.4) reflects
how the topographic and lithologic domains most favorable for their development co-occur in
specific areas of the park (Figures 2.1, 2.3).

By identifying these patterns in where and how past landslides preferentially occur, our
inventory and statistical findings serve as the foundation for all future efforts to characterize
landslide hazards in GTNP and assess the risks they pose to visitors and infrastructure. This
includes developing park-wide landslide susceptibility models that predict the likelihood of
future events based off the domains in which past events occurred. Since the various movement
styles preferentially initiate in differing topographic and geologic domains, we emphasize that a
single generalized landslide susceptibility model may be a less powerful tool than multiple
susceptibility models optimized for individual movement styles. For example, a localized

rockfall event not only occurs in a different location, but also presents a different risk to people
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and infrastructure than a slow-moving earth flow complex and likewise requires different

mitigation measures.
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Chapter 2 Figures
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Figure 2.1: Overview map of the study area (outlined in green). The geologic units defined by Love et al.
(1992) have been aggregated into four rock types based on their age, rheology, and co-occurrence in the

park. The brown line traces the Teton Fault as mapped by Zellman et al. (2019). The measured grid is in

NAD 1983 UTM Zone 12N. Hillshade basemap and transportation data courtesy of ESRI.
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Figure 2.2: Annotated slope maps of several of the most common movement styles and examples of their
diagnostic features observed (top left) south of Emma Matilda Lake, (top right) in Granite Canyon,
(bottom left) near Pacific Creek, and (bottom right) adjacent to Arizona Creek. The curvature, vertical
relief, and surface roughness of the topography in which each movement initiated was derived from blue
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Figure 2.3: Distribution of the six topographic variables derived for each movement and the bulk study
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Figure 2.4: Kernel density maps of all mass movements and each of the four movement styles are overlain
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Figure 2.5: Violin plots in which kernel distribution functions normalized by probability density compare
the (A) slope, (B) local vertical relief, (C) plan curvature, (D) profile curvature, and (E) topographic
surface roughness of the bulk study area (red) with that of all mass movements (blue). Box plots indicate
the median and upper and lower quartiles. Values beyond the length of each whisker (1.5 times the
interquartile range) are considered outliers (MathWorks, 2022). Several extreme outliers are not shown in
the plan and profile curvature plots to emphasize how the two distributions differ at low curvature values.
Several outliers are eliminated from the plan and profile curvature plots to emphasize how the two
distributions differ at low curvature values. (F) Rose diagrams compare the probability distribution of
hillslope aspect throughout the bulk study area (red) with that of mass movement direction (blue).
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percentage of each movement style, the overall inventory, and the entire study area.
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Figure 2.7: Violin plots in which kernel distribution functions normalized by probability density compare
the (A) slope, (B) local vertical relief, (C) plan curvature, (D) profile curvature, and (E) topographic
surface roughness of debris flows (orange), rockfall/topple (purple), earth flows (green), and slides (bluge).
Box plots indicate the median and upper and lower quartiles. Values beyond the length of each whisker
(1.5 times the interquartile range) are considered outliers (MathWorks, 2022). Extreme outliers are not
shown in the plan and profile curvature plots to emphasize how the distributions differ at low curvature
values. (F) Rose diagrams compare the probability distributions of the four styles” movement directions.

62



Chapter 2 Tables

Table 2.1: Descriptive statistics tabulating the median topographic values and interquartile ranges (IQRS)
derived for the four movement styles, the overall inventory, and the bulk study area.

Surface Roughness

Profile Curvature

Plan Curvature

Aspect (azimuth

Slope (deg) Vertical Relief (m) (deg) (m/100) (m/100) clockwise from north)
Median 1QR Median IQR Median 1QR Median IQR Median IQR Median IQR

Debris Flows 38.89 12.53| 1011.50 359.19 2.42 2.52 0.23 1.20 0.23 2.52 172.12 025.74
Rockfall/Topple 66.60 17.18 953.07 470.47 3.47 2.15 -0.32 1.12 0.08 1.29 038.79 032.85
Earth Flows 20.30 8.10 355.67 194.12 1.20 0.79 0.05 0.26 0.01 0.28 042.36 051.71
Slides 25.80 8.45 425.28 482.12 1.07 0.74 0.05 0.29 0.01 0.36 104.40 046.07
All Movements 34.53 23.96 818.32 644.27 1.91 2.25 0.06 0.62 -0.19 1.97 104.08 034.84
Field Area 14.96 21.86 534.33 677.56 1.06 1.46 0.03 0.63 0.02 0.61 097.24 045.38
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Chapter 3: Conclusions

3.1 Summary

To more precisely describe where and how mass movements occur in GTNP and similar
high-relief landscapes, digital mapping assisted by a LiDAR-derived bare earth DTM and
detailed field observations were employed to create a 1:4,000 scale landslide inventory map
documenting the position and failure style of all past mass movements in GTNP. The distribution
of mapped features reveals that mass movements most frequently occur in the steep topography
of the Teton Range and the lower-relief hills along the northern park boundary, yet seldom occur
in the low relief glacial outwash terraces that dominate the central part of the park.

Next, the slope, vertical relief, topographic roughness, plan and profile curvature, aspect,
and substrate lithology of all 1040 movements were individually measured. By calculating
descriptive statistics from these topographic and geologic attributes, we were able to better
characterize the domains in which different movement styles initiate. Debris flows were found to
preferentially initiate on steep (~39°), high-relief, concave, south-facing hillslopes that have a
relatively high surface roughness and overlie intrusive and metamorphic lithologies.
Rockfall/topple was found to preferentially initiates on very steep (~67°), high-relief, convex,
northeast-facing hillslopes that have a relatively high surface roughness and overlie intrusive and
metamorphic lithologies. Earth flows were found to preferentially initiate on gentle (~20°),
lower-relief, planar, northeast-facing hillslopes that have a relatively low surface roughness and
overlie sedimentary and extrusive lithologies and surficial deposits. Finally, slides were found to
preferentially initiate on moderate (~26°), moderate-relief, planar, east-facing hillslopes that

have a relatively low surface roughness and overlie sedimentary and extrusive lithologies.
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In addition to identifying patterns in the dataset, these seven attributes served as the basis
for a twofold geostatistical analysis. We first considered whether mass movements as a whole
occurred in unique settings. The small p-values produced by statistical tests (p<0.01) suggest that
mass movements are not randomly distributed throughout the park, but are rather clustered into
unique domains with topographic and geologic attributes that differ from those of the bulk study
area. Next, we considered whether the four categories of movement styles occur in unique
locations, and if so, which attributes best explain their clustering. The small p-values (p<0.01)
produced by additional statistical tests suggest that the four movement styles have unique spatial
distributions that are best explained by variations in slope and substrate lithology. Vertical relief,
surface roughness, and plan and profile curvature appear to have limited discriminatory power
since larger p-values (p>0.1) suggest they could only distinguish one to three movement styles.
This is reflected by lower R? values and overlapping distributions. Finally, a large p-value
(p=0.156) and small R? value (R?=0.005) suggest that aspect cannot distinguish between any of

the movement styles at a statistically significant level.

3.2 Limitations

One of the limitations inherent to landslide inventory mapping and classification is that
prehistoric landslide deposits seldom constitute a singular event, but rather are the product of
repeated remobilizations and diffusive processes that act to modify the initial movement over
hundreds to thousands of years (Hungr et al., 2014). If these later events have obscured the
diagnostic features of the initial movement, then it is possible that we misclassified the primary
movement of older complexes. For example, we observed many debris flow fans in steep gullies

bounded by cliffs that are capable of producing rockfall. Although it is likely that the coarse
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material in the fan is a product of both falls and flows, it is difficult to determine the initial
movement. This is also true for rockfall/topple complexes. This nuance highlights the limitations
of a statistical approach that considers only one mode of transport when it is widely
acknowledged that most movements are complexes (Cruden and Varnes, 1996).

These are also limitations to classifying movements with LIDAR alone. For example,
many of the large movements that were observed in the isolated northwestern region of the park
and classified as earth flows may have initiated as translational or rotational rockslides. One
explanation for this is that slides tend to disintegrate into multiple smaller units as velocity
and/or travel distance increases (Campbell, 1985; Highland and Bobrowsky, 2008). Because
these smaller units increasingly-resemble the hummocky topography diagnostic of earth flows,
we may have misclassified older, soil-mantled slides as earth flows. We hypothesize that
following the initial slide, the internal drainage of the displaced mass is modified to force water
to the surface near the toe. The steep, oversaturated toe subsequently fails as an earth flow.

Classification errors also have ramifications for statistical analysis. If a large portion of
slides were misclassified as earth flows, that could help explain why statistical tests suggest that
they cannot be differentiated by plan and profile curvature, surface roughness, and aspect. An
alternative explanation is that slides and earth flows do indeed co-occur in similar topographic
domains and are rather more readily distinguished by soil thickness and other geologic
parameters not examined here.

Finally, a lack of historical observations and geochronological data limits our ability to
definitively characterize the age and temporal frequency of mass movements in GTNP.
However, our understanding of the local paleoclimate and predisposing and triggering factors

allows us to speculate on this issue (Figure 3.1). Based on the present distribution of mass
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movements and the maximum extent of the Pinedale glaciation (Pierce et al., 2018), we propose
that the movements presented in this inventory have dominantly occurred in the ~15 kyr
following the LGM. Thus, we expect the ratio of new movements to reactivations of existing
movements to decrease over time.

We also propose that the frequency of mass movements has fluctuated over time, with
spikes in frequency potentially tied to glacial, climatic, and seismic forcings. For example, we
expect to see a higher frequency of movements immediately following the LGM due to retreating
glaciers debuttressing oversteepened hillslopes and a lack of stabilizing vegetation. This is
supported by the rapid deposition of non-glacial sediments with low concentrations of organic
matter into Jenny Lake at the start of the early Holocene (Larsen et al., 2016). While the effects
of debuttressing have diminished over time as the freshly-deglaciated hillslopes are colonized by
vegetation and adjusted by mass wasting to more stable geometries, (Larsen et al., 2016), other
forcing may become more dominant. For example, mass movement frequency may fluctuate in
response to climate variation, since more intense precipitation increases pore water pressure
(Crozier, 2010; Highland, 2008) and a warmer and/or drier climate is more favorable to more
frequent or intense wildfires that denude the landscape of stabilizing vegetation (Highland, 2008;
Flannigan et al., 2006). Finally, seismic events have been tied to historic (e.g., Blackwelder,

1912; Hadley, 1964) and prehistoric (e.g., Tranel and Strow, 2017) movements in the region.

3.3 Future Work

3.3.1 Significance
This landslide inventory provides a means for park officials to identify where existing

mass movements intersect roads, trails, and other vulnerable infrastructure. Because existing
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movements are prone to reactivation, this inventory provides a first-order assessment of where
future failures may occur. In addition, the statistical analysis offers a second-order assessment of
the topographic and geologic domains in which specific movement styles tend to initiate (Figure
3.2). The strong clustering pattern observed between the four movement styles reflects how their
controlling topographic and lithologic domains likewise co-occur in specific areas of the park.
These statistical findings also serve as the basis for future third- and fourth-order assessments of
susceptibility and risk (Figure 3.2). Since different failure styles present different risks and
require different mitigation measures, it is important to understand how future mass movements
are likely to occur. For example, rockfall and debris flow damage was frequently observed
throughout the western part of the park where trails followed the bottom of glacially-sculpted
valleys or traversed boulder fields beneath steep cliffs. Conversely, buckling roads and tipping
utility poles were observed in the northeastern corner of the park where they intersected
slide/earth flow complexes.
3.3.2 Improvements Needed to Support Susceptibility Mapping

Although the seven topographic and geologic attributes explored in this study are a good
starting point for future efforts to map landslide susceptibility, additional work is needed to
quantitatively assess the degree to which each factor is controlling where and how future mass
movements will occur in GTNP. The R? values provide a useful measure of how well each
topographic variable can differentiate movement style, but equivalent metrics cannot be
calculated for substrate lithology, or any other categorical variables compared with the chi-
square test.

In addition, we acknowledge that the seven variables presented here are by no means an

exhaustive list of predisposing factors. One factor not addressed in this study is the influence of
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geologic structure. Butler (2013) determined that proximity to the Teton Fault is a statistically
significant variable controlling the frequency of mass movements in five major canyons along
the eastern flank of the range. He hypothesized that the active seismicity has weakened the valley
walls by fracturing bedrock and exacerbating preexisting joints. Future work may evaluate the
extent to which this relationship applies to the entire study area, or if it is unique to the glacially-
debuttressed canyons that intersect the fault. In that case, glacial oversteepening may be the
primary control on movement distribution.

A second potential geologic control on movement distribution is bedding orientation with
respect to hillslope aspect. During field reconnaissance, translational rockslides and rock topple
were most frequently observed on dip slopes whereas rotational rockslides were observed on
anti-dip slopes. Although these observations are limited to sedimentary and extrusive lithologies,
we hypothesize that joints and/or foliation may be exercising a similar control on the frequency
and style of movements that initiate in intrusive and metamorphic lithologies. Although we chose
not to differentiate rotational and translational slides for the statistical analysis, we hypothesize
that the presence of dip and anti-dip slopes will be an important predictor in future susceptibility
modeling efforts. However, since numerous faults and folds have produced large local variations
in bedrock orientation, accurately interpolating this parameter at a parkwide scale will require
bedrock attitude measurements to be collected at a greater density than is presently available
from Love et al. (1992).

3.3.3 Best Practices for Future Researchers

Several authors, including Cruden and Varnes (1996), Burns and Madin (2009), and

Slaughter et al, (2017) have suggested approaches for mapping and classifying mass movements.

In this study, we recognized several ways to build upon and/or improve these authors’ ideas.
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Here we propose several additional “best practices” that future workers may implement in the
production, characterization, and analysis of landslide inventory maps.

Landslide Mapping and Classification

e There is a need for a single established landslide mapping protocol that adopts a standard
classification taxonomy (e.g., Cruden and Varnes, 1996) and geodatabase structure (e.g.
Burns and Madin, 2009). Adhering to such a standard will facilitate easier comparisons
between studies and the integration of local inventories into regional or global datasets.

e Open-slope debris flows should be distinguished from channelized debris flows because not
all flows that mobilize coarse materials are confined to stream channels.

e Although rock glaciers are typically not included in landslide inventories, we recommend
that they be incorporated into the inventory geodatabase as a separate feature class so they
are not misclassified as mass movements in future map updates. This is also true for
suspected movements.

Characterizing Inventories with Descriptive Statistics

e When characterizing an inventory, the attributes of pre-failure topography should be
measured, rather than those of deposits or scarps. This can be interpreted from unfailed
hillslopes adjacent to each movement.

e Similar movement styles should be grouped prior to statistical analysis to address small

sample sizes (e.g., translational and rotational slides) and redundancy between styles that co-

occur (e.g., rockfall and topple). We acknowledge that this approach is subjective, and
different ways of grouping may influence statistical outcomes.
e Median and interquartile range are preferable measures of central tendency and variability to

mean and standard deviation when a variable exhibits a skewed distribution.
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Circular smoothing windows are appropriate for eliminating random variation and capturing
larger topographic trends when generating raster layers (slope, aspect, curvature, etc.) from a
LiDAR-derived DTM. ESRI’s new Surface Parameters tool may be worth integrating into
future studies because it automatically adjusts the size of the moving observation window to
the variability of the local terrain (ESRI, 2022c).

Plan and profile curvature should be considered separately because they control different

aspects of landslide kinematics.

Susceptibility Analysis

A single susceptibility model is not appropriate for predicting the likelihood of all mass
movement styles since different types preferentially occur in different settings. However, we
acknowledge that some types co-occur in similar settings. For example, our statistical
findings suggest that future GTNP susceptibility models should group earth flows and slides
together unless one identifies additional attributes that differentiate these two movement

styles at a statistically significant level.

Dissemination of Landslide Inventory to the Public

ArcGIS Story Maps provide a free and easily accessible web portal for the public and
stakeholders to interact with the landslide inventory geodatabase and LiDAR-derived
basemaps without the need for GIS software and a computer with high processing power.
Our GTNP landslide inventory has been published online in a Story Map available at this

link: https://arcqg.is/laaKHi
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Chapter 3 Figures
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Figure 3.1: Conceptual timeline showing how the role of various predisposing factors (e.g., glacial
debuttressing and wildfire) and triggering factors (e.g., intense precipitation and earthquakes) has varied
over the past ~15 kyr following the LGM. Likewise, the frequency of mass movements (here represented
as counts in a histogram with bin widths corresponding to equal time intervals) has fluctuated over time,
with spikes in frequency potentially tied to these glacial, climatic, and seismic forcings. We also propose
that the ratio of new movements (red) to reactivations (tan) has decreased over time.
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Figure 3.2: Conceptual diagram showing how the landslide inventory map and statistical analysis
presented here serve the foundation of higher-order products including susceptibility models and risk
assessments that may build upon these findings in future studies.
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Appendix 1: Results of Shapiro-Wilk and Levene’s Tests

Table Al.1: p-values reported from the Shapiro-Wilk test of normality in which the distribution of each
movement style was assessed for each of the topographic variables. Small p-values cast doubt on the null
hypothesis that a given movement style is normally distributed within a given topographic variable.

. p-value
Variable Compared - -
Debris Flows |Rockfall/Topple | Earth Flows Slides

Slope 5.99E-07 1.72E-05 6.00E-03 2.12E-12
Aspect 1.71E-09 4.82E-07 2.00E-10 2.87E-05
Local Vertical Relief 1.80E-03 0.285 9.46E-12 4.97E-08
Plan Curvature 3.84E-06 3.02E-06 2.73E-07 5.54E-07
Profile Curvature <0.000005 5.61E-11 5.32E-06 9.40E-07
Topographic Roughness 7.77E-16 8.24E-05 4.58E-10 5.29E-13

Table A1.2: p-values reported from Levene’s test of equal variance in which the of the distribution of
each movement style was compared across each of the topographic variables. The small p-values cast

doubt on the null hypothesis that the movement styles’ variances are equal across a given topographic
variable.

Variable Compared p-value

Slope 3.23E-18
Aspect 2.80E-07
Local Vertical Relief 1.39E-10
Plan Curvature 6.90E-75
Profile Curvature 2.03E-31
Topographic Roughness 7.11E-43
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Appendix 2: Results of Average Nearest Neighbor Test

Nearest Neighbor Ratio 0.424693
z-score -35.493360 I

Significance Level Critical Value
(p-value) (z-score)
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Given the z-score of -35.49336, there is a less than 1% likelihood that this clustered pattern
could be the result of random chance.

Average Nearest Neighbor Summary

Observed Mean Distance 344.9897 Meters
Expected Mean Distance 812.3271 Meters
Nearest Neighbor Ratio 0.424693
z-score -35.493360
p-value 0.000000

Figure A2.1: Report generated from the average nearest neighbor test in which the average distance
between movements was compared with the distance expected if all movements were randomly
distributed across the study area. The test identified a strong clustering pattern, suggesting that
movements initiate in unique locations within GTNP.
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Appendix 3: Results of Syrjala’s Test

Table A3.1: p-values reported from Syrjala’s test of spatial independence between populations in which
pairwise comparisons were made between the kernel density distributions of each movement style. Small
p-values support the alternative hypothesis that the normalized spatial distributions of the compared
movement styles vary across GTNP.

Group Control Group |p-value

Debris Flow Earth Flow <0.000005
Debris Flow Fall/Topple  |<0.000005
Debris Flow Slide <0.000005
Earth Flow Fall/Topple  |<0.000005
Earth Flow Slide <0.000005
Fall/Topple Slide <0.000005
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Appendix 4: Results of Two-sample Kolmogorov-Smirnov Test

Table A4.1: p-values reported from the Two-sample Kolmogorov-Smirnov Test in which the distribution
of each variable was compared to that of the bulk study area. Small p-values support the alternative

hypothesis that that attribute of landslide-producing topography is different from that of the bulk study
area.

Variable Compared p-value

Slope 1.53E-202
Aspect 0.0019
Local Vertical Relief 1.16E-48
Plan Curvature 1.21E-58
Profile Curvature 9.41E-04
Topographic Roughness 2.54E-68
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Appendix 5: Results of Kruskal-Wallis and Dunn’s Tests

Table A5.1: p-values reported from the Kruskal-Wallis test in which the distribution of each movement
style was compared for each of the topographic variables. Small p-values support the alternative
hypothesis that at least one of the movement styles originated from a separate population based on that

variable. The coefficient of determination (R?) describes the percentage of the total variance within each
variable that can be explained by separate populations.

Variable Compared p-value R?

Slope 2.57E-148 0.660
Aspect 0.1562 0.005
Local Vertical Relief 3.88E-110 0.491
Plan Curvature 7.34E-83 0.369
Profile Curvature 9.83E-19 0.084
Topographic Roughness 8.48E-82 0.365

Table A5.2; p-values reported from Dunn’s Test in which pairwise comparisons were made between all
movement styles on the basis of their slope. Small p-values support the alternative hypothesis that the
compared movement styles can be differentiated by their slope.

Group Control Group |p-value

Debris Flow Earth Flow 3.77E-09
Debris Flow Fall/Topple 3.77E-09
Debris Flow Slide 3.77E-09
Earth Flow Fall/Topple 3.77E-09
Earth Flow Slide 0.0012273
Fall/Topple Slide 3.77E-09

Table A5.3: p-values reported from Dunn’s Test in which pairwise comparisons were made between all
movement styles on the basis of their vertical relief. Small p-values support the alternative hypothesis that
the compared movement styles can be differentiated by their vertical relief.

Group Control Group |p-value

Debris Flow Earth Flow <0.00005
Debris Flow Fall/Topple 0.24238
Debris Flow Slide <0.00005
Earth Flow Fall/Topple <0.00005
Earth Flow Slide 0.018093
Fall/Topple Slide <0.00005
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Table A5.4: p-values reported from Dunn’s Test in which pairwise comparisons were made between all
movement styles on the basis of their topographic surface roughness. Small p-values support the
alternative hypothesis that the compared movement styles can be differentiated by their surface

roughness.

Group Control Group |p-value

Debris Flow Earth Flow 3.77E-09
Debris Flow Fall/Topple 3.79E-09
Debris Flow Slide 3.77E-09
Earth Flow Fall/Topple 3.77E-09
Earth Flow Slide 0.6650877
Fall/Topple Slide 3.77E-09

Table A5.5: p-values reported from Dunn’s Test in which pairwise comparisons were made between all

movement styles on the basis of their plan curvature. Small p-values support the alternative hypothesis
that the compared movement styles can be differentiated by their plan curvature.

Group Control Group |p-value

Debris Flow Earth Flow 3.77E-09
Debris Flow Fall/Topple 3.77E-09
Debris Flow Slide 3.77E-09
Earth Flow Fall/Topple 0.6085313
Earth Flow Slide 0.976152
Fall/Topple Slide 0.9056039

Table A5.6: p-values reported from Dunn’s Test in which pairwise comparisons were made between all
movement styles on the basis of their profile curvature. Small p-values support the alternative hypothesis
that the compared movement styles can be differentiated by their profile curvature.

Group Control Group |p-value

Debris Flow Earth Flow 0.0010831
Debris Flow Fall/Topple 3.77E-09
Debris Flow Slide 0.011162
Earth Flow Fall/Topple 8.97E-07
Earth Flow Slide 1
Fall/Topple Slide 2.82E-05

93



Appendix 6: Results of Chi-Square Test

Table A6.1: p-values reported from the Chi-Square Test in which the distribution of substrate lithologies
within each mass movement style was compared to that of all mass movements. The lithology distribution
of all mass movements was also compared to that of the bulk study area. Small p-values suggest that the
four mass movement styles occur in unique lithological settings and that the distribution of landslide-
producing lithologies does not reflect the distribution of those contained within the bulk study area.

Groups Compared p-value

Debris Flows to all movements 7.98E-39
Slides to all movements 1.33E-26
Rockfall/Topple to all movements 5.23E-07
Earth Flows to all movements 6.37E-52
All movements to bulk field area 1.48E-224

Table A6.2: Observed and expected counts of debris flow substrate lithologies used as inputs for the chi-
square test. The expected counts are proportional to the overall substrate distribution among all movement

styles.

Dominant Substrate Lithology |Actual Count |Actual Count (%) [Expected Count |Expected Count (%)
Extrusive 20 4.4% 64 14.0%
Intrusive and Metamorphic 378 83.1% 235 51.7%
Sedimentary 48 10.5% 127 27.9%
Surficial Deposits 9 2.0% 29 6.3%
Grand Total 455 100.00% 455 100.00%

Table A6.3: Observed and expected counts of rockfall/topple substrate lithologies used as inputs for the
chi-square test. The expected counts are proportional to the overall substrate distribution among all

movement styles.

Dominant Substrate Lithology |Actual Count |Actual Count (%) [Expected Count |Expected Count (%)
Extrusive 12 6.3% 27 14.0%
Intrusive and Metamorphic 132 68.8% 99 51.7%
Sedimentary 48 25.0% 54 27.9%
Surficial Deposits 0 0.0% 12 6.3%
Grand Total 192 100.00% 192 100.00%
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Table A6.4: Observed and expected counts of earth flow substrate lithologies used as inputs for the chi-
square test. The expected counts are proportional to the overall substrate distribution among all movement

styles.

Dominant Substrate Lithology |Actual Count |Actual Count (%) [Expected Count |Expected Count (%)
Extrusive 64 25.7% 35 14.0%
Intrusive and Metamorphic 14 5.6% 129 51.7%
Sedimentary 120 48.2% 69 27.9%
Surficial Deposits 51 20.5% 16 6.3%
Grand Total 249 100.00% 249 100.00%

Table A6.5: Observed and expected counts of slide substrate lithologies used as inputs for the chi-square
test. The expected counts are proportional to the overall substrate distribution among all movement styles.

Dominant Substrate Lithology |Actual Count |Actual Count (%) |[Expected Count |Expected Count (%)
Extrusive 50 34.7% 20 14.0%
Intrusive and Metamorphic 14 9.7% 74 51.7%
Sedimentary 74 51.4% 40 27.9%
Surficial Deposits 6 4.2% 9 6.3%
Grand Total 144 100.00% 144 100.00%

Table A6.6: Observed and expected counts of mass movement substrate lithologies used as inputs for the
chi-square test. The expected counts are proportional to the overall distribution of lithologies throughout

the bulk study area.

Dominant Substrate Lithology |Actual Count |Actual Count (%) [Expected Count |Expected Count (%)
Extrusive 146 14.0% 89 8.6%
Intrusive and Metamorphic 538 51.7% 228 21.9%
Sedimentary 290 27.9% 150 14.4%
Surficial Deposits 66 6.3% 573 55.1%
Grand Total 1040 100.00% 1040 100.00%

95




