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Abstract

The northeastern portion of Denali National Park and Preserve (DENA) is a high-altitude 

(800 m - 1400 m asl), subarctic (63°N) environment where climate is now changing rapidly. This 

landscape is underlain by discontinuous permafrost (perennially frozen ground), and the recent 

surge of mass movements occurring there could be the result of permafrost thaw. Some of these 

mass movements have the potential to damage the Denali Park Road, alter the flow of groundwater 

and stream systems, destroy vegetation cover, and endanger the half a million visitors that DENA 

receives every year. The purpose of this study to understand how mass movements in DENA are 

being affected by different aspects of climate change, to assess the role of permafrost thaw in their 

dynamics, to determine when DENA's landscape experienced periods of geomorphic instability 

in the past, and to better understand the potential trajectory of the landscape changes now 

occurring. Results show that many ongoing mass movements in DENA are reactivations of 

landslides that were active earlier in the Holocene (the last 11,700 years). A representative example 

is the Mile 35 landslide, a complex mass movement initiated along the Park Road during the 

summer of 2016 after a quiescent period of around 4000 years. I use a combination of remote 

sensing and field surveys to establish a four-year timeline of this landslide's movements and then 

compared these observations to records of weather and climate. Results suggest that freeze/thaw 

processes and extreme rainfall events strongly affect the initiation and subsequent movements of 

the Mile 35 landslide. Looking farther back in time, lichenometric dating of rockfalls in DENA 

suggests their frequency peaked 100 to 200 years ago during the initial stages of climate warming 

at the end of the Little Ice Age. These findings suggest that warming climate triggers a predictable 

sequence of mass movement responses in DENA, with the initial warming triggering a bout of 

more frequent rockfalls, and then, as warming penetrates deeper into the ground, causes deep- 

seated mass movements like the Mile 35 landslide. These results suggest that cycles of hillslope 

stability and instability in response to climate change are characteristic, long-term features of 

DENA's ecosystems and dynamic ecosystems and landscapes.
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1. INTRODUCTION

Alaska's diverse landscapes are highly sensitive to changing climate, partly because of the 

widespread presence of permafrost, and partly because of the polar amplification of global climate 

changes (Smith et al., 2019). Polar amplification is evident in climate records showing that Alaska 

experienced a 1.4°C increase in mean annual air temperature over the past century while the rest 

of the world warmed by only 0.8°C, meaning that Alaska is warming at about twice the global rate 

(Wendler and Skulski, 2009; Taylor et al., 2017). Alaska is at the frontline of climate change, and 

for this reason, it is a natural laboratory for studying the impacts of these changes on natural 

systems.

Climate changes will have powerful effects on the people inhabiting the Arctic through its 

impacts on natural systems. Rising air temperatures, permafrost thaw, increased wildfire 

occurrence, and sea ice recession are currently causing widespread damage to infrastructure 

(Larsen et al., 2008; Melvin et al., 2017; Hjort et al., 2018). In the permafrost regions of the 

Northern Hemisphere, it is predicted that 3.6 million people will be affected by infrastructure 

damage related to permafrost thaw by 2050 (Hjort et al., 2018). In Alaska, predictions suggest that 

16,000 structures need repair every year after damage caused by coastal erosion, flooding, and 

permafrost thaw (Larsen et al., 2008; Melvin et al., 2017). Climate-related damage to public 

infrastructure is projected to cost the State of Alaska $3.6 to $6.1 billion between 2008 and 2030 

(Larsen et al., 2008). Similar studies show that Alaska could save up to $1.8 billion in damage 

repair if proper steps were taken to reduce greenhouse emissions (Melvin et al., 2017). To reduce 

the severity of damage to infrastructure and communities, there needs to be a better understanding 

of how and when Alaska's landscapes will respond to climate change.
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Denali National Park and Preserve (DENA) is located in a region of Alaska that is 

experiencing significant geomorphological changes in response to climate change (Capps et al., 

2017; Patton et al., 2019). Of immediate concern is the impact of mass movements on the Park 

Road that traverses the northeastern portion of DENA between the Parks Highway and Wonder 

Lake (Fig. 1). A total of 141 mass movements were identified along the Park Road by Capps et al. 

(2017). Some of these endanger the road and the people traveling on it. For example, a landslide 

covered the Park Road under four meters of debris after intense rainfall in 2016 (Capps et al., 

2017). Probably the most notorious mass movement affecting the Park Road is a rock glacier at 

Polychrome Pass (the Pretty Rocks site), which underlies a 90-m section of the road and has been 

slumping at a rate of 1.5 meters per month (Capps et al., 2017). To better protect the road and the 

people using it, we need to better understand the causes and dynamics of mass movements 

occurring along the Park Road corridor.

The overarching goal of this research is to better understand how climate change has 

affected, and will affect the hillslopes that comprise a critical component of DENA's dynamic 

landscape. This study has four specific aims: 1) to improve the understanding of past landscape 

dynamics in Denali National Park and Preserve, Alaska; 2) to better understand how climate 

influences the mass movements that shape these landscapes; 3) to assess the influence of 

permafrost thaw on mass movement occurring along the Park Road corridor; and 4) to better 

understand the potential future trajectory of these current landscape changes. To accomplish these 

goals, my research has four objectives: 1) to reconstruct a record of past rockfall occurrences in 

order to determine how DENA's landscape changed in the past; 2) to monitor the progress of an 

ongoing mass movement (Mile 35 landslide) near the Park Road and to compare the rates of 

movement to meteorological records to determine how climate and weather influence mass 
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movements; 3) to investigate the subsurface cryostratigraphy of the Mile 35 landslide to better 

understand the extent of underlying permafrost and to model ground temperature change to 

determine how they relate to the development of the Mile 35 landslide; and 4) to use the rockfall 

record and known rates of movement of the Mile 35 landslide to infer how DENA's landscape 

may respond as the climate continues to warm. I chose to study the Mile 35 landslide in detail 

because it is representative of other, complex-process landslides now threatening the Park Road. 

Features that the Mile 35 landslide shares with other deep-seated mass movements in the road 

corridor include: 1) it is a reactivation of an older mass movement, 2) it involves retrogressive 

thawing of permafrost-cemented sediment, and 3) it has resulted in a combination of rotational 

slumping and earth flow on slopes underlain by discontinuous permafrost near the treeline.
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2. BACKGROUND

2.1. Impact of Mass Movements on the Environment and Society

Mass movements can have negative impacts on human society and natural environments.

Mass movements are one of the major ways the geomorphology of hillslopes re-equilibrate with 

new climatic states. In the process of doing so, they can change the topography, disrupt the flow 

of groundwater and rivers, damage wildlife habitats, and strip away or bury overlying vegetation 

(Schuster and Highland, 2007). Mass movements pose diverse threats to human infrastructure, 

particularly in mountainous areas, and especially when climate is changing rapidly (Huggel et 

al., 2012; Allen et al., 2011; Stoffel and Huggel, 2012). As in the case of other natural hazards, 

the societal risks posed by mass movements are determined by the intersection of the precise 

magnitude and nature of the mass movement involved, the exposure of the infrastructure being 

considered (in this case, the Park Road and the people traveling on it), and the coping ability of 

the National Park Service (i.e., how much it costs to repair the Park Road after a mass movement 

(Winter and Bromhead, 2012).

In Alaska, there has recently been an increase in the frequency of mass movement due 

factors like earthquakes and a changing climate (Geertsema et al., 2013; Bessette-Kirton et al., 

2020). While many of these mass movements are occurring at high altitudes in Alaska's 

mountains, others are threatening the integrity of highways, railroads, and pipelines in passes that 

cross the Alaska Range (Darrow et al., 2012; Simpson et al., 2016). Some of the mass 

movements affecting the Richardson and Dalton Highways are permafrost-related landslides that 

involve increased rates of downslope movement as the ice-rich ground thaws (Darrow et al., 

2012; Simpson et al., 2016). In DENA, mass movements and other natural factors, such as rain 

runoff and loss of surface material from wind, have recently required the DENA National Park
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Service to spend $1.3 million/year on maintenance for unpaved sections of the Park Road 

(National Park Service, 2019). In addition to their high economic impact on DENA, mass 

movements along the Park Road disrupt transportation and affect the public safety of visitors 

who travel along the road every summer (Capps et al., 2017). The calculated individual fatality 

risk of these mass movements was 2.8e-06, which is comparable to the occurrence of human 

cancer (Capps et al., 2017).

2.2. Mass Movements in Alpine Environments

Numerous types of mass movements occur in alpine environments, and many of them are 

sensitive to changes in climate (Deline et al., 2014). Three types of “slow” mass movements unique 

to alpine environments are rock glaciers, block slopes, and talus (White, 1981). These three mass 

movements result from prolonged physical weathering and involve relatively slow downslope 

movement, rather than sudden, singular failure events (White, 1981). Mass movements that are 

relatively fast and common in alpine environments, which also occur in lowland regions underlain 

by permafrost, include debris landslides, earthflows, thaw slumps, solifluction, and gelifluction 

(White, 1981). Alpine mass movements of all types vary widely in their volumes and frequencies. 

Rockfalls tend to have the lowest volumes (100-1,000 m3) but can occur more frequently (~1- to 

10-year return periods) (Huggel et al., 2012). At the other extreme, rock and ice avalanches have 

~100 to 1,000-year return periods and tend to be 106 to 108 m3 in volume (Huggel et al., 2012). 

Mass movements can also be characterized as having either shallow (1-2 m failure depth) or deep- 

seated (5-20 m) failure depths (Van Asch et al., 1999).

Rockfalls are of particular interest in permafrost-alpine environments because of their high 

susceptibility to climate warming (Noetzli et al., 2003; Gruber et al., 2004; Gruber and Haeberli, 

2007; Huggel et al., 2012; Deline et al., 2014; Bessette-Kirton and Coe, 2020). A rockfall is defined 
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as a mass of bedrock that detaches from a steep slope or cliff and travels downslope by rolling, 

leaping, or free-falling (Varnes, 1978; White, 1981; Hungr et al., 2014). Rockfalls can occur as a 

single event or in a cluster, and typically the moving fragments interact with the underlying 

substrate more than they do with other moving fragments (Hungr et al., 2014). Most rockfalls in 

alpine terrain are triggered by the fracturing of rock during freeze/thaw processes, by changes in 

pore pressure and water circulation, and/or by changes in the geometry of the mountainside after 

earlier rockfall events (Haeberli, 1975).

2.3. Mass Movements and Climate Change

Climate change has been implicated in the occurrence of many prehistoric and recent mass 

movement events. While climate change has the potential to affect the occurrence of mass 

movements wherever hillslopes occur, its largest effects are probably on the frequency and 

magnitude of mass movements in mountainous and/or permafrost regions (Huggel et al., 2012). In 

these settings, warming climate often influences mass movement initiation and frequency; 

however, the failure responses of specific slopes differ according to several variables, including 

the hillslope aspect and slope angle, vegetation cover, the type of landslide, its failure depth, and 

whether it is a new or reactivated slope failure (Crozier, 2010). After a mass movement has 

occurred for the first time, underlying slope materials often undergo further physical and chemical 

weathering, or thaw, and thus become prone to failure reactivations (Gariano and Guzzetti, 2016). 

As a result of such autogenic feedbacks after an initial failure, landslide reactivations are often 

widespread, can occur years to decades following initial failure, and may be difficult to correlate 

with further climatic triggers (Gariano and Guzzetti, 2016).
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2.3.1. Precipitation-related mass movements

The most common climate and weather-related triggers of mass movement are extreme 

precipitation events that cause pore pressure to increase in the substrate and thus reduce the overall 

shear strength of the hillslope material (Huggel et al., 2012). How mass movements respond to 

changes in the precipitation regime (seasonality, amount, and occurrence of extreme events) 

depends on the local slope geometry, substrate material, geologic setting (e.g., seismicity), and the 

occurrence of weak zones in the substrate (Cloutier et al., 2017). Mass movement initiation in 

mountainous environments requires a higher mean rainfall intensity than initiations in lowland, 

mid-latitude climates (Guzzetti et al., 2008). Areas experiencing prolonged, heavy rainfall are 

prone to shallow mass movements, debris avalanches, and debris flows, whereas more deep-seated 

landslides respond slowly to increased precipitation because long lags often exist between water 

infiltration and slope failure (Cloutier et al., 2017). Thus, shallow mass movements, such as debris 

landslides and rockfalls, respond more quickly to more frequent precipitation events because 

threshold pore pressures develop more rapidly in these shallow, low permeability substrates (Van 

Asch et al., 1999).

2.3.2. Warming and permafrost thaw related mass movements

Large-scale, long-term climate variations, particularly periods of warming air 

temperatures, have the potential to affect the stability of steep, alpine slopes (Matsuoka and Sakai, 

1999; Noetzli et al., 2003; Huggel et al., 2012; Patton et al., 2019). Two widespread processes that 

are strongly influenced by climate change and exacerbate slope instability in alpine regions are 

glacial retreat and permafrost thaw (Deline et al., 2014). Glacial retreat results in stress-release 

fracturing, glacier de-buttressing, and crustal rebound, any of which acting alone or in combination 

can trigger large rockfalls (Deline et al., 2014).
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Previous studies in DENA suggest that permafrost thaw will increase the frequency of 

landslides at lower elevations in mountainous, alpine environments (Patton et al., 2019). Alaska's 

Arctic National Parks, with the exception of DENA, have experienced an increase in the 

occurrence of active layer detachments (ALDs) and retrogressive thaw slumps as a result of a state

wide increase in air temperature and precipitation beginning in 2004 (Swanson, 2021). Many of 

the active layer detachments that failed during this bout of wide-spread ALD movement triggered 

in 2004 were reactivations of previous ALDs and were probably triggered by warming climate 

(Swanson, 2021).

2.4. Recent Climate Change in Alaska

2.4.1. Alaska's Paleoclimate

The Arctic, including much of Alaska, is experiencing a higher magnitude of warming than 

lower-latitude regions because of polar amplification of climate change (Manabe and Wetherald, 

1975; IPCC, 2001; Holland and Bitz, 2003; Anderson et al., 2006). Polar amplification results 

from positive feedbacks on warming caused by changes in sea-ice extent, snow cover on land, 

cloud cover, and ocean heat transport (Holland and Bitz, 2003). Changes in sea-ice extent and 

snow cover reduce surface albedo, which leads to higher surface solar absorption and warming 

(Thackeray and Hall, 2019). Changes in cloud cover also affect surface temperatures in the Arctic 

through feedbacks involving water vapor and cloud cover (Graversen and Wang, 2009). The 

presence of water vapor and clouds in the atmosphere reflect incoming shortwave radiation and 

augment the greenhouse effect (Graversen and Wang, 2009). The Arctic, including Alaska, has 

experienced a long history of transitions between cool and warm climate periods that induced 

landscape change.
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Alaska's glacial history provides valuable proxy records of past climate changes 

throughout the Holocene and the subsequent impacts on landscape evolution. Throughout the 

Holocene (the last 11,700 years), Interior Alaska experienced alternating cool and warm periods, 

which have been recorded in the fluctuations of land-based glaciers (Wiles et al., 2004). 

Neoglaciation began ca. 3500 years ago (Barclay et al., 2009), and two episodes of cooling 

accompanied by glacial advances that occurred over the last 2000 years. The older of these 

occurred between ca. 200 and 800 A.D. in Alaska (Wiles et al., 2008). Variable solar irradiance is 

the proposed mechanism of climate change during the Holocene, driving the shifts between the 

Medieval Warm Period (MWP; ca. AD 800 to 1350) (Bradley et al. 2003; Cronin et al., 2003; 

Hunt, 2006; Loso, 2009) and the Little Ice Age (LIA; ca. AD 1350 to 1850) (Wiles et al., 2004; 

Wiles et al., 2008; Barclay et al., 2009).

The most recent previous period of climate warming, which occurred between 800 and 

1350 AD, is known as the Medieval Warm Period (MWP) (Cronin et al., 2003; Hunt, 2006). While 

temperature constraints during the MWP are not well known globally, it has been concluded that 

the warmest parts of the MWP were only 0.1°C warmer than the mid-1970s through 2000 (Loso,

2009).  The MWP in Alaska saw soil formation and forest growth in areas that were previously 

glaciated and had experienced glacial retreat as a result of prolonged warming (Wiles et al, 2008). 

After five centuries of warming and glacial retreat, the climate transitioned into the cooler Little 

Ice Age (LIA).

The Little Ice Age (ca. AD 1350 -1900) is known for its cooler climate and glacial advances 

(Cronin et al., 2003; Hunt, 2006; Loso, 2009). During this time, Northern Hemisphere summer 

temperatures averaged 0.5-1°C cooler than they were during the 20th century (Moberg et al., 

2005). In Alaska, the LIA was accompanied by glacier advances culminating around AD 1300, 
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1450, 1650, and 1850 (Wiles et al., 2004; Solomina et al., 2016). The end of the LIA was marked 

by a decrease in mountain glacier extent and an increase in mean air temperature globally, 

particularly at high latitudes (Deline et al., 2014).

2.4.2. The Pacific Decadal Oscillation

Cycles of climate change occur at various time scales, and in recent decades one of the 

most important and prominent climatic cycles for the Pacific region, including Alaska, is the 

Pacific Decadal Oscillation (PDO). The PDO is a recurring pattern of climate that occurs over the 

North Pacific and adjacent landmasses (Mantua et al., 1997). The PDO changes phases over annual 

to multi-decadal timescales (Newman et al., 2016). Its two quasi-stable modes are arbitrarily 

termed the “negative” and “positive” phases of the PDO, both of which are influenced by the 

Aleutian Low pressure system (Mantua and Hare, 2002; Schneider and Cornuelle, 2005; Rodionov 

et al., 2005). The Aleutian Low is the primary pressure system that affects surface temperature 

change and storm tracks in the Bering Sea and the northern Gulf of Alaska in the winter (Rodionov 

et al., 2005). During a positive phase of the PDO, the Aleutian Low becomes stronger and more 

persistent, particularly in autumn and winter (Newman et al., 2016). At this time, the Aleutian Low 

shifts to the northwest, causing increased cyclonic activity in the western Bering Sea, which causes 

surface air temperature anomalies to be 2° to 4°C warmer there (Rodionov et al., 2005). This means 

that during winters when the PDO is in its positive mode, the western North Pacific is cooler than 

average, waters off southern and Southeast Alaska are warmer, and as a consequence Interior 

Alaska tends to be warmer and have more precipitation. During negative phases of the PDO, when 

the Aleutian Low shifts south and eastward, the opposite trends prevail (Rodionov et al., 2005).

As the PDO phases change over annual to multi-decadal timescales, they bring significant 

changes in temperature and precipitation in Interior Alaska, including in DENA. Based on climate 
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records starting in the 1920s, Alaska experienced a positive phase of the PDO between 1920 and 

1930, a negative phase between 1940 and the mid-1970s, a positive phase between the mid-1970s 

and the 2000s, and another negative phase during the mid-2000s (Bieniek et al, 2014). During a 

positive phase of the PDO, Alaskan stations tend to experience higher temperatures and more 

precipitation (Wendler et al., 2017). During negative PDO phases, temperatures tend to be cooler, 

and there is less total precipitation. In Alaska, PDO shifts can result in more immediate climate 

effects when compared to the underlying changes resulting from global warming (Wendler et al., 

2017).

2.5. The Last 50 Years of Climate Change

The Arctic has been experiencing an increase in average air temperatures, and Alaska is 

warming twice as fast as other parts of the United States (Thoman et al., 2019). Weather stations 

in Denali National Park and Preserve, Wrangell-St. Elias National Park, and Gates of the Arctic 

National Park and Preserve recorded a 1°C increase in mean annual air temperatures between 2014 

and 2019 (Swanson et al., 2021). Over the same period, stations in DENA recorded mean annual 

air temperatures up to 2°C warmer than the previous 30 years (Swanson et al., 2021). Rapid 

warming between 2014 and 2019 occurred mainly during the winter months, although lesser 

warming also occurred in the other seasons (Swanson 2021). This warming amounts to a record 

high warmth during the cold season (October-April) of 2015 through 2016 when average air 

temperatures were 4°C higher than the 1926-2016 average of -11°C (Walsh et al., 2017).

While air temperatures have warmed over the past 30 years, Alaska's precipitation regime 

has also been undergoing a major shift in response to phase changes of the PDO. Alaska has 

experienced an increase in average annual precipitation over the past 67 years (Wendler et al., 

2017). In Interior Alaska, total precipitation has increased by 8.8% between 1969 and 2018, which 
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correlates to a positive phase of the PDO between the 1970s and 2000s (Bieniek et al, 2014). Other 

areas of Alaska, such as the west coast along the Bering Sea, and northeastern Alaska, have 

received as much as 17% more precipitation (Wendler et al., 2017; Thoman et al., 2019). The 

duration and extent of snow cover in Alaska has decreased since the 1980s due to a warming of 

2.5°C in the winter months (Markon et al., 2012). Snow in Alaska has begun to melt four to six 

days earlier in the spring, and initial snowfall in the fall has been occurring two days later per 

decade (Markon et al., 2012). On a broader scale, the Arctic has experienced a 46% reduction in 

June snow cover extent between 1967 and 2008 in response to earlier snowmelt (Brown et al.,

2010) . A shorter snow season potentially has important implications for the state of permafrost 

because snow acts as a buffer between surface and ground temperatures, and less snow cover 

paired with colder air temperatures can contribute to cooler ground temperatures and promote 

permafrost growth.

2.6. Permafrost

Thawing of permafrost caused by warming air temperatures has the potential to trigger 

widespread geomorphic changes in Alaska, including DENA. Permafrost is defined as any 

subsurface material that remains at or below 0°C for at least two consecutive years (Dobinski,

2011) . Roughly 80% of Alaska is underlain by permafrost (Jorgenson et al., 2008). It is predicted 

that 16-24% of that near-surface permafrost will disappear by the end of the 21st century, and that 

warm, discontinuous permafrost located in central Alaska will experience more permafrost 

degradation than the cold, continuous permafrost in northern Alaska (Pastick et al., 2015).

Transitions between cooler and warmer climates can have radical effects on the energy 

balance of the ground and hence on the ground thermal dynamics. Permafrost temperature, 

thickness, and persistence depend on the existence of a cold climate and on the thermal properties 
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of the overlying ecosystem (Osterkamp and Romanovsky, 1999; Dobinski, 2011). For example, 

the rapid increase in air temperatures in Alaska between 2014 and 2019 caused a 0.5°C to 3°C 

increase in mean annual ground temperatures (MAGT) at 50 cm depth and initiated a widespread 

thaw in areas where the MAGT was already warmer than -3°C (Swanson et al., 2021). The effects 

of changing climate on permafrost are buffered by ecosystem protection in the form of vegetation 

cover, moss layers, and organic soil horizons (Osterkamp and Romanovsky, 1999). An organic 

layer at the surface can help to prevent permafrost thaw by maintaining lower ground temperatures 

and insulating the deeper soil layers (Runyan and D'Odorico, 2012). Organic soil layers and peat 

tend to have low bulk density and, consequently, low thermal conductivities, which helps preserve 

permafrost (Runyan and D'Odorico, 2012; Whitley et al., 2018). If the overlying organic layer is 

disturbed or removed, the underlying soil can warm, and permafrost thaw can occur (Yi et al., 

2007; Runyan and D'Odorico, 2012). The presence of such ecosystem protection complicates 

straightforward predictions about how permafrost will respond as above-ground climate warms.

The Arctic's increasing precipitation trends will also affect the stability and preservation 

of permafrost in the near future. Increasing summer precipitation (Wendler et al., 2017) has caused 

increases in active layer thickness, soil water content, and thawing of the transition zone, the layer 

of ground that lies between the base of the active layer and the top of the permafrost. In many 

cases, this transition layer contains significant amounts of excess ice, whose presence increases 

the amount of heat required for thaw, thus buffering the underlying permafrost from warming air 

temperatures (Shur et al., 2005). Higher soil water content in the active layer can facilitate heat 

transfer that has the potential to thaw the transition zone (Douglas et al., 2020). Areas of 

discontinuous permafrost that do not refreeze after thawing occurs comprise taliks, which are 

defined as areas of perennially unfrozen ground within permafrost (Connon et al., 2018). A talik's 
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often water-saturated and unfrozen nature makes it susceptible to soft-sediment deformation, 

which in some cases can trigger mass movement.

2.6.1. Permafrost within Steep Bedrock Slopes

Permafrost is widespread within bedrock slopes in alpine settings, and ice-filled joints can 

occur within these permafrost-rich bedrock slopes (Gruber and Haeberli, 2007). Mountain 

permafrost can stabilize slopes by binding fractured rock and thus reducing the occurrence of 

rockfalls and topples (Etzelmüller and Frauenfelder, 2019). Because of the presence of this 

stabilizing ice, steep mountain slopes can be highly sensitive to climate changes that affect heat 

fluxes occurring at the surface of slopes (Noetzli et al., 2007). Differences in nean annual ground 

surface tenperature between different slope aspects can generate large tenperature gradients, and 

these create heat fluxes within a nountain peak that can accentuate pernafrost thaw at depth 

(Noetzli et al., 2007). Pernafrost thaw within steep slopes is nost often caused by a conbination 

of heat conduction and advection of heat by water that penetrates fractures within the bedrock 

(Gruber and Haeberli, 2007). Once a steep, alpine slope underlain by bedrock that is being held 

together by ice acting as cenent thaws, it becones susceptible to nass novenents triggered by a 

variety of causes ranging fron earthquakes to extrene precipitation events (Huggel et al., 2012). 

Rockfalls and rock avalanches are sone of the nost connon nass novenents occurring when 

perennially frozen, ice-rich bedrock slopes thaw within steep high-nountain terrain (Huggel et al.,

2012).
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3. STUDY AREA

3.1. Denali National Park and Preserve, Alaska

Figure 1: Permafrost distribution in Alaska (left) and DENA (right). Data courtesy of Jorgenson 
et al. (2008). Both maps show continuous (>90%) (blue), discontinuous (50-90%) (green), 
sporadic (10-50%) (orange), and isolated (>10%) (yellow) permafrost distributions. Denali 
National Park and Preserve (DENA) is outlined in black in the central Alaska Range, and the 
Park Road is shown in red.

Located in the central Alaska Range, Denali National Park (DENA) contains a variety of 

alpine, subarctic landscapes (Figs. 1, 2). The Park encompasses some six million acres of diverse 

topography and rock types, a small portion of which is transected by the 148-km Park Road (Figs. 

1, 2) (Capps et al., 2017). This road is a crucial resource for both the DENA staff and for the nearly 

one million visitors who travel it every year. Cathedral Mountain and Savage Ridge were selected 

as study areas because they are representative of DENA's diverse topography and rock types, and 

also because mass movements in these areas could threaten the Park Road in the future.
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Figure 2: Map of study areas along the Park Road. The Park Road is shown in red, study sites are 
marked by yellow circles, and weather stations are marked by blue circles.

3.1.1. DENA's Present-day Climate

Based on 98 years of climate records from the weather station located at Park Headquarters 

(532 m asl), DENA's mean annual air temperature is -2.3°C, with summer air temperature (June-

August) averaging 11.6°C and winters (December-February) averaging -14.5°C (National Park

Service, 2021). Park Headquarters receives an average of 38.3 cm of precipitation per year, with 

over 50% of it falling in the summer (National Park Service, 2021). Because of the varied 

topography, the climate in DENA varies widely by location but can be roughly subdivided into 

two, sub-regional climates (Panda et al., 2014). The northern portion of the Alaska Range, called 

the Interior, has a subarctic continental climate. The southern portion of DENA located south of 

the crest of the Alaska Range is referred to as South Central, and it has a transitional, maritime- 

continental climate (Panda et al., 2014).
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3.2. DENA Permafrost Distribution

The distribution of permafrost in DENA is spatially complex as a result of the mountainous 

topography, variable vegetation, and a dynamic recent geological history. Permafrost distribution 

in DENA's interior region, where the Park Road is located, varies between continuous (> 90% of 

the area is underlain by permafrost) to discontinuous zones (50-90% of the area is underlain by 

permafrost) (Jorgenson et al., 2008) (Fig. 1). Approximately 49% of DENA was estimated to be 

underlain by permafrost in the period from 2001 to 2010 (Panda et al, 2014), and permafrost 

distribution is projected to decline by 6% by 2051-2060 in response to warming air temperatures 

(Panda et al., 2014). Based on modeling results, both the Cathedral Mountain and Savage Ridge 

study areas are expected to experience a 1.0 to 3.0°C increase in MDGT (mean decadal ground 

temperature) between 2010 and 2051 (Panda et al., 2014). The combination of thawing permafrost, 

warming air temperatures, and increased precipitation are expected to cause higher frequency and 

increased magnitude of mass movements in areas of steep topography within DENA (Capps et al., 

2017; Patton et al., 2019).

3.3. Cathedral Mountain

Cathedral Mountain is located in the northeastern, interior region of DENA and borders 

the southeastern side of the Park Road between Miles 33 and 38 (Fig. 2, 3). Cathedral Mountain 

reaches 1500 m at its highest point and covers an area of approximately 16 km2. It is comprised of 

numerous alpine valleys that are vegetated by tundra and contain extensive talus slopes and cliffs. 

According to model results, between 2001 and 2010, Cathedral Mountain's MDGT ranged from - 

1.0 to 0°C, and the active layer thickness (ALT) there ranged between 0.5 and 1.5 meters (Panda 

et al., 2014). These predictions should be regarded as tentative because of the complex topography 

of the area.
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Figure 3: Looking south to Cathedral Mountain from Mile 33 of the Park Road. This summit of 
Cathedral Mountain is 1444 m asl. The Park Road is 950 m asl.

The bedrock of Cathedral Mountain consists of the upper and lower andesite units of the 

Teklanika Formation (Gilbert et al., 1976). The Teklanika Formation is underlain by the Cantwell 

Formation, a sedimentary unit composed of a pebble-cobble-boulder conglomerate, sandstone, and 

siltstone (Gilbert et al., 1976). This study area was chosen because it is a representative example 

of the landscape of the northeastern part of DENA, and one that has experienced numerous 

landslides and rockfalls (Fig. 3).

18



3.3.1. The Mile 35 Landslide

Figure 4: The Mile 35 Landslide (outlined in red), located on Cathedral Mountain, looking 
southeast on September 15, 2019. The Park Road, at the bottom of the image, is 150 m 
downslope of the landslide's toe.

The Mile 35 landslide (informal name) is located on the northwestern slope of Cathedral

Mountain at 1070 m asl near Mile Marker 35 along the Park Road (Fig. 4). In September 2020, 

the toe of this landslide lay approximately 140 m away from and 40 m higher than the adjacent

Park Road. Orthoimagery provided by the DENA National Park Service indicates that the Mile 35 

landslide initiated between 2015 and 2016. The Mile 35 landslide has developed near the 

altitudinal tree line where scattered spruce trees (Picea glauca) grow amidst thickets of willow 

shrubs (Salix spp.) with a dense understory of forbs and mosses. At approximately the altitude of 

the head scarp, the vegetation transitions into alpine tundra dominated by dwarf shrubs and arctic- 
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alpine herbaceous taxa. Corresponding changes in soil characteristics occur across this transition 

zone. Notably, soils tend to be more stable and better developed below treeline, resulting in thicker 

organic horizons in the willow-spruce communities than in the tundra plant communities above. 

These ecosystem features are potentially important for the responses of the underlying permafrost 

to changes in above-ground climate.

3.4. Savage Ridge

Figure 5: Savage Ridge looking east in late May 2020. The Park Road crosses Savage River at 
Mile 15 (lower right of photograph). The rock glacier moraines we dated are in the left-hand 
valley.

The Savage Ridge (informal name) lies north of the first 15 miles of the Park Road (Fig.

5). Savage River is an antecedent, braided river that runs north through a v-shaped valley (Capps 
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et al., 2020). The area is a popular tourist attraction, and there are hiking trails running along

Savage River and ascending to the 1230 m level on Savage Ridge. Model predictions suggest that 

between 2001 and 2010, Savage Ridge had a MDGT ranging from -1.0-0°C and that the ALT was

1.5-10 meters thick (Panda et al., 2014).

Figure 6: Rockfall SR 3 on Savage Ridge. This rockfall dates to 1360 yr B.P. based on 
lichenometry.

Savage Ridge is composed of metamorphic rocks of the Yukon-Tanana Terrane (Capps et 

al., 2020). This metamorphic unit contains quartzose and pelitic schist of Paleozoic to Precambrian 

age (Thornberry-Ehrlich, 2010). The schistose nature of this unit makes it prone to rockfalls and 

slope failures (Fig. 6) (Thornberry-Ehrlich, 2010). Vegetation on Savage Ridge is composed of 

moss, scattered willow shrubs, and arctic-alpine herbaceous species. Lichens were measured on 

rockfalls on ridge areas above 1000 m asl and thus above treeline.
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4. METHODS

4.1. Monitoring Landslide Movement

4.1.1. Renote Sensing

Numerous methods of remote sensing have been used to determine the locations, 

frequencies, and rates of mass movements (Dhakal et al., 1999; Singhroy et al., 2007; Singhroy et 

al., 2010; Zhao and Lu, 2018). Visual recognition of landslides and their features can be 

accomplished using aerial photogrammetry, laser scanning, satellite images, and space-borne 

InSAR (Scaioni et al., 2014). Radar images are the best for reconstructing rates of movement 

through time; for instance, InSAR is highly effective at comparing interference patterns between 

two radar images taken at different times (Scaioni et al., 2014). Comparing interference patterns 

and mapping landslide deformation through other methods of remote sensing can be used to better 

a landslide's rate of movement, which is crucial for mitigation and hazard analysis (Zhao and Lu,

2018) . Microwave remote sensing and SAR is becoming a widely used method of landslide 

recognition and monitoring because SAR data has high spatial resolution and operates in all 

weather conditions (Singhroy et al., 2007; Singhroy et al., 2010; Bozzano et al., 2011; Frattini et 

al., 2018; Zhao and Lu, 2018).

I acquired TerraSAR-X images for the Mile 35 landslide between July through September 

2019. The data was acquired by the Airbus DS Geo GmbH, a commercial radar satellite (ESA,

2019) . The TerraSAR-X sensor is spaceborne and acquires side-looking radar images over Alaska 

every 11 days (ESA, 2019). The images ordered were radiometrically enhanced (RE), enhanced 

ellipsoid corrected (EEC), high-resolution Spotlight (HS), single polarization (HH) products with 

a 1-meter resolution that covered 15.7 km2 of the northern half of Cathedral Mountain. A total of 

six images were obtained between July 24th and September 17th, 2019. I used the freely-available 
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ESA's Sentinel Applications Toolbox (SNAP; https://step.esa.int/main/download/) and QGIS 

software to process and analyze the TerraSAR-X data. Geocoding and RTC correction processes 

were performed in SNAP to calibrate the image, correct for terrain effects, and geocode the data 

to a map projection. The corrected TerraSAR-X rasters were then uploaded to QGIS for time

series analyses. The TerraSAR-X images were used to map the Mile 35 landslide's perimeter 

changes between July 24th and September 17th, 2019.

SfM orthoimages provided by the Denali National Park Service (NPS) were used to create 

a timeline of the Mile 35 landslide's development between 2015 and 2020. The SfM orthoimages 

were acquired during the summers of 2015, 2016, and 2018. Stages of development of the Mile 35 

landslide were characterized using landslide classification schemes created by Varnes (1978) and 

Hungr et al., (2014).

4.1.2. Global Positioning System (GPS) Surveys

I conducted GPS surveys at the Mile 35 landslide between June 2020 and September 2020.

The landslide's perimeter was mapped every other week, depending on weather and Park 

accessibility. Surveys were conducted using two “Emlid Reach+” single-band RTK GNSS 

receivers, one of which was used as a base station and the other as a rover unit (Emlid Systems,

2020).  The base station datum consisted of a 50-kg boulder embedded in a well-drained, gravel 

ridge approximately 150 m southwest of the landslide's head scarp (Fig. 4). The base station was 

set up using the average singe position method, where the position was averaged over a 40-minute 

observation time. This method resulted in an accuracy of ~2.5 m (Emlid Systems, 2020). The 

Emlid Reach+ base station's average location errors over the six monitoring days included a ± 

2.61 m longitudinal error, ±1.56 m latitudinal error, and ± 6.33 m vertical error.
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In addition to mapping the Mile 35 Slide's perimeter, I established a number of datum 

points on top of boulders lying on the surface of the landslide and used the changing positions of 

these precisely marked boulders to document the rate and trajectory of landslide movements over 

the summer of 2020. In total, 23 boulder datum points were tracked between June 2020 and 

September 2020, and ten additional boulder datum points were added during August 2020 in order 

to cover more of the landslide's surface. The square root of the average of the squared error (RMS 

error), which is a quantitative measurement of accuracy that describes how well the points follow 

a normal distribution, of each boulder datum point was also used to determine the accuracy of the 

boulder datum's location. If the RMSE is near zero, then it follows the normal distribution, and 

the location is accurate compared to the other points. The relative position of the rover was precise 

to the centimeter scale, and the actual accuracy followed that of the base station (Emlid Systems, 

2020).

Using the GPS system to obtain repeated perimeter and boulder datum displacement 

presented several challenges. It proved difficult to map the toe of the Mile 35 landslide where it 

entered dense shrub vegetation. Another problem was the occasional loss of radio connection 

between the base station and rover while operating along the eastern flank of the landslide. A third 

problem was that some boulder datum points were lost by burial under later debris flows near the 

head scarp.

4.2. Lichenometry

Lichenometry is a dating method that uses the diameter of a crustose lichen to estimate 

when the rock it is growing upon was deposited (Innes, 1985; Jomelli et al., 2007). The method is 

often used in arctic-alpine environments in situations where the growth rate of a particular lichen 

species has been established. A large number of lichen thalli growing on the geological deposit of
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interest are measured and their ages are then estimated using the previously determined diameter

age relationship (Innes, 1985). Rhizocarpon geographicum L. sensu latu is the lichen taxon most 

commonly used for lichenometry because it can grow under harsh climatic conditions, lives for 

thousands of years, and often grows in a circular shape conducive to measurement (Jomelli et al., 

2007). The most frequently used method for converting lichen diameters into calendar dates is the 

single-largest-lichen (SLL) approach. The SLL approach assumes that the largest lichen diameter 

is the best age indicator for the geologic feature of interest because the largest lichen was the first 

individual to colonize the deposit after its emplacement during a rockfall or other mass movement 

(Sikorski et al, 2009).

The potential time interval over which lichenometric dating is possible depends on the rate 

of lichen growth (Innes, 1985; Solomina et al., 2003). Slow-growing lichens can survive for many 

millennia, whereas faster-growing lichens can only be utilized over the last several centuries 

(Solomina et al., 2003). The fastest-growing Rhizocarpon thalli occur at low altitudes near the 

Gulf of Alaska, where precipitation and temperature are highest. The slowest-growing and longest- 

lived Rhizocarpon lichens in Alaska are found in the Brooks Range under relatively cold and dry 

conditions (Solomina et al., 2003). Lichen growing in central and east-central Alaska Range only 

grow slightly faster than those near the Gulf of Alaska (Young et al., 2009).

Lichenometry has been widely used to date glacial moraines in mountainous environments 

and has proven to be a reliable dating method in Alaska (Gellally, 1982; Winkler et al., 2003; 

Solomina et al., 2003; Solomina et al., 2007; Sikorski et al., 2009; Young et al., 2009; Solomina 

et al., 2010; Pendleton et al., 2017), although Rhizocarpon growth rates vary regionally in Alaska 

according to lithology and climate (Solomina et al., 2003). In a study of glacial history in the 

Alaska Range, Young et al., (2009) found that lichenometric ages of glacial moraines closely 
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agreed with ages obtained by cosmogenic dating methods. Lichenometric ages are generally 

associated with a +20% age accuracy (Calkin and Ellis, 1980; Sikorski et al., 2009).

Figure 7: Measuring a Rhizocarpon geographicum thallus on a boulder within a rockfall on
Cathedral Mountain.

The diameters of Rhizocarpon lichens on rockfalls and rock glaciers were measured on 

Cathedral Mountain and Savage Ridge, as well as on older deposits of the Pretty Rocks rock glacier 

during the summers of 2019 and 2020. Between 50 and 100 individual lichens of the Rhizocarpon 

geographicum group were measured on each rockfall, and no more than three of the largest lichens 

from any single boulder were measured. Only thalli possessing distinct, circular borders were 

measured. Lichen measurements (n=50 or n=100) were made with a digital caliper to tenths of a 
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millimeter along the longest axis of each thallus (Fig. 7). Lichen measurements were taken across 

the entire surface area of each rockfall, starting at the origin of the rockfall and continuing to its 

toe. In total, lichenometry was performed on thirteen rockfalls on Cathedral Mountain, sixteen 

rockfalls and two rock glaciers moraines on Savage Ridge, and three rock glacier debris lobes at 

the base of the Pretty Rocks rock glacier.

To convert Rhizocarpon lichen diameters into estimates of absolute age, a calibrated age 

equation developed by Young et al. (2009) for glacial moraines in the central Alaska Range were 

applied to the DENA rockfalls. The ages of lichens with thallus diameters ≤ 50 mm were calculated 

using the logarithmic equation (1) and linear age equation (2) was applied to lichen thalli with 

diameters > 50 mm.

1) Age = 41.861 x 10 (0.0011679D)

2) Age = -1430 + 32.074D

To control for the possibility that older lichens were “inherited” from rock surfaces that predated 

the rockfall being studied, the largest lichen was rejected if its diameter exceeded that of the next 

smaller one on the same rockfall by more than 20% (Calkin and Ellis, 1980).

4.3. DENA Climate Analysis

To better understand how DENA's climate is changing, climate records were collected 

from NOAA's Northeast Regional Climate Center and from Horel et al. (2002). NOAA Northeast 

Regional Climate Center's weather station is located at Park Headquarters, which is located near 

the Park's Visitor Center, and has collected weather records between 1921 and 2021 (Fig. 2). Horel 

et al. (2002)'s climate records are from a weather station located at the East Fork Toklat ranger 

station, which is near Mile Marker 53 of the Park Road at 369 m asl (Fig. 2).
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In the analysis of extreme precipitation events and mass movement displacement trends 

over the past 6 years, “extreme precipitation events'' are defined as those with an accumulation of 

2+ cm of rainfall over 72 hours, as determined by DENA's climate history. For the multi-decadal 

precipitation trends, yearly precipitation records were used to calculate the average precipitation 

received in DENA over 97 years, which resulted in an average of 7.7 cm of rainfall. This 97-year 

average was then subtracted from each year's total precipitation in order to determine how 

anomalous it was that particular year; specifically, how much that year's total precipitation 

deviated from the 7.7 cm average.

4.4. Ground Temperature Modeling

To quantify changing ground temperature near the Mile 35 landslide, the University of 

Alaska Fairbanks (UAF) Permafrost Laboratory installed an array of recording thermometers in a 

shallow borehole near Mile Marker 35 along the Park Road in the summer of 2020. This 

monitoring station is located approximately 150 meters downslope from the Mile 35 landslide's 

toe (Fig. 4). Temperatures are being recorded at depths of 30 cm, 100 cm, and 150 cm.

To simulate a longer record of ground temperature changes in DENA, the UAF Permafrost 

Laboratory GIPL-2 Model was used to reconstruct ground temperatures between September 1, 

1970 and April 18, 2021. The GIPL-2 Model is a one-dimensional, finite-difference, numerical 

model that depicts conductive heat transfer in a medium with latent heat effects (Marchenko et al., 

2008). In order to model ground temperatures specific to DENA and the Mile 35 landslide, air 

temperature and snow-depth records from the DENA Park Headquarters weather station between 

September 1, 1970 and April 18, 2021 were input into the GIPL-2 model. To depict the thermal 

properties of the ground in the GIPL model, observations of the stratigraphic depths exposed in 
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the southwestern portion of the head scarp were used to represent Cathedral Mountain's underlying 

stratigraphy.
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5. RESULTS

5.1. Rockfall Distribution and Characteristics

Table 1: DENA rockfall characteristics and lichenometric age. Lichen ages were calculated using
a calibrated age equation made by Young et al., (2009)

Lichenometry 
Label

Location Classification Latitude Longitude Aspect Lithology Young SLL
Age (years)

PR 1 Pretty Rocks Rock glacier 63.533705 -149.819756 S Cantwell 
Formation -

Volcanic

1730

PR 2 Pretty Rocks Rock glacier 63.53364 -149.816844 S Cantwell 
Formation -

Volcanic

1680

PR 3 Pretty Rocks Rock glacier 63.535281 -149.817921 S Cantwell 
Formation -

Volcanic

90

CM 1 Cathedral
Mountain

Rockfall 63.569643 -149.627106 NE Cantwell 
Formation -

Volcanic

100

CM 2 Cathedral
Mountain

Rockfall 63.569643 -149.627106 NE Cantwell 
Formation

80

CM 3 Cathedral 
Mountain

Rockfall 63.575724 -149.618011 NE Cantwell 
Formation - 
Sedimentary

420

CM 4 Cathedral 
Mountain

Rockfall 63.575432 -149.617511 NE Cantwell 
Formation - 
Sedimentary

130

SR 1 Savage Ridge Rockfall 63.744211 -149.273486 W Pelitic Schist 160

SR 2 Savage Ridge Rockfall 63.74327 -149.271024 W Pelitic Schist 1360

SR 3 Savage Ridge Rockfall 63.743263 -149.26028 SW Pelitic Schist 5870

SR 4 Savage Ridge Rockfall 63.740208 -149.291301 W Pelitic Schist 1420

SR 5 Savage Ridge Rockfall 63.757295 -149.29064 E Pelitic Schist 120

SR 6 Savage Ridge Rockfall 63.7434 -149.2738 SW Pelitic Schist 130

SR 7 Savage Ridge Rockfall 63.74738 -149.2638 SW Pelitic Schist 330

SR 8 Savage Ridge Rock glacier 63.74975 -149.2631 SW Pelitic Schist 580

SR 9 Savage Ridge Rock glacier 63.74982 -149.2665 SW Pelitic Schist 120

SR 10 Savage Ridge Rockfall 63.74862 -149.2723 SW Pelitic Schist 1150

SR 11 Savage Ridge Rockfall 63.74742 -149.2818 SW Pelitic Schist 200

SR 12 Savage Ridge Rockfall 63.751 -149.2899 SW Pelitic Schist 870

CM 5 Cathedral 
Mountain

Rockfall 63.588323 -149.600528 SW Cantwell
Formation -

Volcanic

730

CM 6 Cathedral 
Mountain

Rockfall 63.588106 -149.600616 W Cantwell
Formation -

Volcanic

280

CM 7 Cathedral 
Mountain

Rockfall 63.587809 -149.600304 S Cantwell
Formation -

Volcanic

450

CM 8 Cathedral 
Mountain

Rockfall 63.577792 -149.601028 NW Cantwell
Formation -

Volcanic

80

SR 13 Savage Ridge Rockfall 63.738194 -149.29119 NW Pelitic Schist 540

SR 14 Savage Ridge Rockfall 63.737677 -149.291164 NW Pelitic Schist 130
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Table 1 continued: DENA rockfall characteristics and lichenometric age. Lichen ages were 
calculated using a calibrated age equation made by Young et al., (2009).

CM 9 Cathedral
Mountain

Rockfall 63.568807 -149.628882 N Cantwell 
Formation -

Volcanic

80

CM 10 Cathedral
Mountain

Rockfall 63.568246 -149.629586 NW Cantwell 
Formation -

Volcanic

110

CM 11 Cathedral
Mountain

Rockfall 63.565457 -149.631831 W Cantwell 
Formation -

Volcanic

140

CM 12 Cathedral
Mountain

Rockfall 63.565224 -149.631806 W Cantwell 
Formation -

Volcanic

110

CM 13 Cathedral
Mountain

Rockfall 63.568562 -149.625226 N Cantwell 
Formation -

Volcanic

100

SR 15 Savage Ridge Rockfall 63.740866 -149.246005 NE Pelitic Schist 360

SR 16 Savage Ridge Rockfall 63.741176 -149.245094 NE Pelitic Schist 920

SR 17 Savage Ridge Rockfall 63.741357 -149.243792 NE Pelitic Schist 190

SR 18 Savage Ridge Rockfall 63.741372 -149.251483 S Pelitic Schist 270

SR 19 Savage Ridge Rockfall 63.741488 -149.253115 SW Pelitic Schist 150

SR 20 Savage Ridge Rockfall 63.741863 -149.253392 W Pelitic Schist 550

Figure 8: Savage Ridge rockfall locations together with their lichenometric age estimates. Base 
map imagery courtesy of Denali National Park Service.
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Figure 9: Cathedral Mountain rockfall locations together with their lichenometric age estimates. 
The Mile 35 Landslide is outlined in red in upper right for reference.

Rockfalls are highly distributed throughout the Cathedral Mountain and Savage Ridge

study areas. The largest lichen diameters measured on rockfall deposits ranged from 227.5 mm to 

27.6 mm, which yielded estimated ages of the oldest and youngest rockfalls of 5800 yr B.P. and 

70 yr B.P., respectively (Table 1). Stabilized rockfalls and rock glaciers at Savage Ridge (n = 20) 

yielded age estimates between 5867 years B.P. and 126 years B.P. (Table 1). A majority of these 

rockfalls were located on south- and southwest-facing slopes (Fig. 8). Rockfall ages on Cathedral

Mountain (n=13) ranged from 734 to 78 years B.P. (Table 1). Most of these rockfalls occurred on 

northeast and southwest aspects in outcrops of the volcanic member of the Cantwell Formation. 

Out of the thirteen Cathedral Mountain rockfalls, seven of them yielded ages between ~70 and 

~700 years B.P., and most of these were located on northwestern aspects (Fig. 9). Lichen diameters 

on the three distinct debris lobes of the Pretty Rocks rock glacier yielded age estimates of 85, 1680, 

32



and 1730 yr B.P. (Table 1). The 85-year old deposit lies the farthest upslope, is heavily vegetated, 

and contains fewer measurable lichens (n=26) (Fig. 10). The rock glacier moraines located on 

Savage Ridge yielded age estimates of 578 and 116 yr B.P. (Fig. 8; Table 1).

Figure 10: Lichenometric age estimates of the three debris lobes associated with the Pretty Rocks 
rock glacier. Base map imagery courtesy of the Denali National Park Service.
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Figure 11: Ages of DENA rockfalls based on lichenometry.

Over half of the measured rockfalls stabilized within the last 300 years, and the other half 

stabilized between AD 3850 and 1650 (Fig. 11). Rockfalls younger than 20 years could not be 

included in this study because it takes several decades for Rhizocarpon lichens to grow to a 

measurable size. Even considering the exclusion of rockfalls dating to the past several decades, 

there is a noticeable peak in rockfall numbers dating to the 1800s and a decline in rockfall numbers 

since then.

5.2. Development of the Mile 35 Landslide

The Mile 35 landslide is a permafrost-related, complex mass movement (Fig. 12) occurring 

on a hillslope that has been episodically unstable since at least 4520 yr B.P (Fig. 13). The Mile 35 

landslide was initiated between 2015 and 2016 when a slump formed on the foot slope of a 

stabilized talus slope (Fig. 12). A head scarp then developed and retrogressed upslope between 

2016 and 2018, transforming the landslide into a retrogressive debris slump (Fig. 12). As more 

debris was lost from the head scarp and added to the growing accumulation of debris at the foot 

slope, massive transverse cracks (~2 m wide) developed and the debris bulge began to rotationally
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Figure 12: The Mile 35 Landslide development between 2015 and 2020 based on observations made in this study and aerial 
imagery provided by the Denali National Park Service.
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deform downslope. Since 2018, the Mile 35 landslide has involved components of a retrogressive 

debris slide, a translational landslide, and an earthflow (Fig. 12). A subsidiary debris slump 

occurred at the southwestern margin of the landslide in 2019, becoming an earth flow in 2020 that

is now confluent with the main landslide (Fig. 12).

5.3. Stratigraphy of the Undisturbed Hillslope

Figure 13: Stratigraphy of the Mile 35 landslide western head scarp. Location noted in Figure 4. 
The stabilized talus slope is composed of coarse, angular andesite cobble and boulder fragments 
of the Teklanika formation. The peat layers are composed of decayed vegetation and organic 
matter, such as the roots that were used for 14C analysis. The diamicton layers are poorly sorted 
angular cobble suspended in a sandy clay matrix. See section 5.2.1 for segregated ice description.

In July of 2019, the margin of the head scarp near the southwestern edge of the landslide 

exposed pre-landslide colluvium composed of multiple layers of frozen talus, peat, and diamicton 

(Fig. 13). The ground surface is covered by two centimeters of living moss, which is underlain by 

three centimeters of fibric material, then five centimeters of hemic material. The diamicton units 

are composed of poorly sorted, subangular to angular cobbles and small boulders within a matrix 
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of sand and clay. This mixture of material probably represents the stabilized deposits of former 

mass movements. The peat layers contain leaves, roots, and woody debris, and represent vegetated 

surfaces buried by older episodes of solifluction, soil creep, and/or debris flows (Fig. 13). Pockets 

of lenticular segregated ice are present throughout the exposure below about 400 cm depth, and 

seepages of meltwater were noted. The segregated ice formed in between a buried peat layer and 

the overlying layer of diamicton in a sandy silt matrix, and was oriented parallel to the layer 

contacts. Overall, these ice bodies comprise < 5% of the exposed surface area. A radiocarbon date 

of 4520 ± 30 14C years BP (Beta-535870) on a twig from the deepest peat layer indicates long

term, overall stability of the hillslope now being affected by the Mile 35 landslide.
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5.4. Quantifying Landslide Development

5.4.1. Perimeter changes

Figure 14: The Mile 35 landslide development between August 24, 2019 and September 15, 
2019 based on TerraSAR-X imagery. Imagery courtesy of the Alaska Satellite Facility and 
Geonorth Information Systems.

Based on the TerraSAR-X time series analysis, the Mile 35 Slide's head scarp continuously 

expanded upslope during the summer of 2019 (Fig. 14). The crest of the head scarp moved a total 

of 21 meters upslope while the rest of the slide perimeter experienced varying amounts of 

expansion over the course of the summer. The first time we measured the perimeter of the landslide 

was on August 4th, 2020 when its total perimeter measured 507 m (Fig. 14). The most drastic 

change in perimeter occurred between August 26th and September 6th when a secondary debris 
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slump occurred at the base of the main landslide's rotational debris slump (Fig. 14). The perimeter 

had increased to 531 m by August 15th (5% increase), 544 m by August 26th (2% increase), 602 m 

by September 6th (11% increase), and 628 m by September 15th (4% increase) (Fig. 15).

Figure 15: The Mile 35 landslide perimeter changes between August 4th and September 15th, 
2019. Note how the landslide grew fastest in late August. Data based on TerraSAR-X imagery 
taken every 11 days during the summer of 2019. The perimeter of the Mile 35 landslide on 
August 4th, 2020, our initial measurement, was 507 m. The perimeter increased to 531 m on 
August 15th (5% increase), 544 m on August 26th (2% increase), 602 m on September 6th (11% 
increase), and 628 m on September 15th (4% increase).

The landslide experienced only minor changes around its perimeter during the summer of

2020 (Fig. 16). The crest of the head scarp did not experience any major retrogression, probably 

because it had already receded to the point where it encountered a resistant bedrock. In contrast, 

the eastern side of the minor scarp lost material steadily throughout the summer and expanded a 

total of 1.0 m towards the southeast (Fig. 16). The secondary debris slump located on the western 

side of the landslide also underwent retrogression over the two-and-a-half-month field season. 

There was no change in the perimeter at the base of this secondary landslide, but its head scarp

41



Figure 16: The Mile 35 landslide development in 2020. a) the Mile 35 landslide perimeter 
change between June 16th and September 3rd, 2020, b) displacements of marked boulders near 
the base of the head scarp, c) boulder displacements in the eastern portion of the debris slump, d) 
boulder displacements in the western portion of the debris slump. The base imagery was taken in 
2016, and is courtesy of the Denali National Park Service. Numbers in B, C, and D represent the 
total boulder displacement, in meters, between June 6th and September 3rd, 2020.

42



Table 2: The Mile 35 Landslide 2020 boulder datum displacements. The average longitudinal 
error is ± 2.61 m, the average latitudinal error is ± 1.56 m, and the average vertical error is ± 6.33 
m. Negative vertical displacement correlates to downslope movement.

Boulder ID Measurement Start Date Location within the Mile
35 Landslide

Number of 
Measurements

Horizontal 
Displacement with 
Root Mean Square 

Error (m)

Vertical 
Displacement with 
Root Mean Square 

Error (m)
130 6/16/20 Base of head scarp 5 6.65 ± 0.07 6.99 ± 0.06
131 6/16/20 Base of head scarp 5 6.32 ± 0.06 4.23 ± 0.09

121 6/16/20 Base of head scarp 5 4.81 ± 0.05 - 3.79 ± 0.01

120 6/16/20 Base of head scarp 5 4.34 ± 0.06 - 3.30 ± 0.01

122 6/16/20 Base of head scarp 5 3.61 ± 0.06 -3.39 ± 0.01
X13 8/5/20 Base of head scarp 3 2.17 ± 0.06 - 3.14 ± 0.05

X14 8/5/20 Base of head scarp 3 2.03 ± 0.04 - 1.51 ± 0.01

X15 8/5/20 Base of head scarp 3 1.57 ± 0.07 -1.11 ± 0.01

X16 8/5/20 Base of head scarp 3 1.57 ± 0.05 - 1.58 ± 0.01
113 6/16/20 Lower left slump 5 3.22 ± 0.05 - 2.47 ± 0.01

110 6/16/20 Lower left slump 5 2.85 ± 0.05 - 2.68 ± 0.01

115 6/16/20 Lower left slump 5 2.8 ± 0.06 - 2.40 ± 0.01

111 6/16/20 Lower left slump 5 2.78 ± 0.05 - 2.41 ± 0.01
116 6/16/20 Lower left slump 5 2.75 ± 0.04 - 2.50 ± 0.01

112 6/16/20 Lower left slump 5 2.73 ± 0.05 - 2.25 ± 0.01

114 6/16/20 Lower left slump 5 2.64 ± 0.05 - 2.67 ± 0.01

X6 8/5/20 Lower left slump 3 1.1 ± 0.04 - 0.90 ± 0.01
X7 8/5/20 Lower left slump 3 1.1 ± 0.03 - 0.94 ± 0.01

X5 8/5/20 Lower left slump 3 1.07 ± 0.04 - 1.00 ± 0.01

X8 8/5/20 Lower left slump 3 0.91 ± 0.04 - 0.88 ± 0.00

X12 8/5/20 Lower left slump 3 0.75 ± 0.07 - 2.53 ± 0.04
106 6/16/20 Lower right slump 5 4.89 ± 0.04 - 3.88 ± 0.01

108 6/16/20 Lower right slump 5 4.62 ± 0.05 - 2.82 ± 0.01

109 6/16/20 Lower right slump 5 4.45 ± 0.05 - 2.90 ± 0.01

104 6/16/20 Lower right slump 5 4.22 ± 0.05 - 1.11 ± 0.01
119 6/16/20 Lower right slump 5 3.8 ± 0.05 - 3.00 ± 0.01

118 6/16/20 Lower right slump 5 3.78 ± 0.05 - 2.57 ± 0.01

100 6/16/20 Lower right slump 5 3.73 ± 0.06 - 2.34 ± 0.01

99 6/16/20 Lower right slump 5 3.57 ± 0.05 - 2.12 ± 0.01
103 6/16/20 Lower right slump 5 3.5 ± 0.04 - 1.50 ± 0.01

96 6/16/20 Lower right slump 5 3.03 ± 0.05 - 2.20 ± 0.01

117 6/16/20 Lower right slump 5 3.02 ± 0.05 - 1.83 ± 0.01

X2 8/5/20 Lower right slump 3 1.97 ± 0.06 - 0.98 ± 0.01

X3 8/5/20 Lower right slump 3 1.51 ± 0.04 - 1.10 ± 0.01

X4 8/5/20 Lower right slump 3 1.25 ± 0.04 - 1.00 ± 0.01

X11 8/5/20 Lower right slump 3 0.71 ± 0.05 - 0.87 ± 0.01

X10 8/5/20 Lower right slump 3 0.53 ± 0.07 - 0.81 ± 0.01

X1 8/5/20 Lower right slump 1 --- ---
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retreated 1.5 m upslope (Fig. 16). The perimeter at the base of the landslide's slump did not 

experience any significant movement downslope between June 6th and September 3rd.

5.4.2. Boulder Displacement in 2020

Figure 17: Average daily boulder point displacement rates within the Mile 35 landslide during 
the summer of 2020. Values on top of bars are the average total displacements during that time 
interval.

I tracked the movements of 38 boulders located on the landslide surface between June 16 

and September 6, 2020 (Fig 16; Table 2). Measurements of 28 of those boulders began on June 

16th. Another 15 boulders were marked and measured on August 5th. Based on all 38 

measurements, the Mile 35 slide experienced an average total displacement of 1.61 + 0.05 (RMSE) 

m between June 16th and July 17th, 0.68 + 0.05 (RMSE) m between June 17th and August 5th, 0.61 

+ 0.05 (RMSE) m between August 5th and August 17th, and 0.94 + 0.05 (RMSE) m between August 

17th and September 6th (Fig. 17). All boulder datum points, with the exception of two at the base 

of the head scarp, experienced downslope vertical displacements ranging from -0.80 + 0.01 

(RMSE) to -4.0 + 0.01 (RMSE) meters (Table 2).
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Ground displacement at the base of the head scarp was estimated based on nine boulder

datum points, and displacement here ranged from 3.61 + 0.06 (RMSE) m to 6.6 + 0.07 (RMSE) m 

(Table 2). The direction of displacement varied depending on boulder location. Boulders closer to 

the head scarp moved 2-4 m to the west before moving downslope, whereas boulders located 

further from the base of the head scarp moved more continuously downslope (Fig. 16).

Boulders located on the eastern and western portions of the debris slump (Fig. 16) 

experienced similar movement patterns and displacement measurements. Boulders on the eastern 

portion of the debris slump that were measured starting on June 16th underwent an average 

displacement of 2.8 + 0.05 (RMSE) m, and all these boulders moved towards the east between 

June 16th and July 17th before moving downslope between June 17th and September 6th (Fig. 16). 

The boulders in this area of the landslide measured between August 5th and September 6th 

experienced an average displacement of 0.9 + 0.05 (RMSE) m and experienced only downslope 

movement (Fig. 16). Boulders in the western side of the debris slump had similar movement 

patterns as those in the lower-left area, but they were displaced over longer distances. Marked 

boulders located in the western portion of the landslide that were first measured on June 16th had 

an average displacement of 3.8 + 0.07 (RMSE) m (Table 2), and also experienced eastward 

movement earlier in the summer before being displaced downslope (Fig. 16).
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5.5. DENA's Changing Climate
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Figure 18: Summer month total daily precipitation and average daily air temperature at the 
Toklat and Headquarters weather stations in 2019 (top) and 2020 (bottom). Data courtesy of 
Horel et al. (2002) and NOAA Northeast Regional Climate Center (http://scacis.rcc-acis.org). 
Note that there is data missing from the Toklat records between July 30th, 2020 through August 
2nd, 2020. The 2019 climate data begins on July 24th due to the TerraSAR-X image acquisitions 
beginning during that time. Note that the Mile 35 landslide experienced its largest perimeter 
change in 2019 and highest rate of movement in 2020 (both highlighted in yellow) during times 
of light rainfall and cooler air temperatures.

http://scacis.rcc-acis.org


During the summer of 2019, multiple extreme precipitation events that resulted in >3 cm 

of rainfall per day occurred in the northeastern, interior portion of DENA, including the Cathedral 

Mountain area. Weather records collected at DENA National Park Service Headquarters (532 m 

asl) and at Toklat (925 m asl), which are located 80.5 km apart (Fig. 2), indicate that three episodes 

of rainfall >3 cm per day occurred at the end of July, in early August, and again in mid-August 

(Fig. 18). The day with the highest precipitation differs between the DENA NPS Headquarters and 

Toklat locations, with the Headquarters highest precipitation receiving 4.4 cm of precipitation on 

August 4th and Toklat receiving 5 cm on August 16th (Fig. 18). Temperature records at the two 

weather station locations tended to follow similar trends, but the Toklat air temperatures were 

generally 1° to 5°C cooler than those at the DENA Park Headquarters probably because the Toklat 

weather station is located at a higher elevation (Fig. 17). There was 10°C drop in air temperature 

at both locations between August 15th and August 20th, 2019 (Fig. 18).

The northeast region of DENA experienced a dry and cool summer climate in 2020. 

Climate records from the Headquarters and Toklat stations show that although rainstorms were 

frequent, no more than 2 cm of rain fell on any single day that summer (Fig. 18). The Toklat station 

received a total of 26.5 cm of precipitation between June 10th and September 3rd (Fig. 18). The one 

exception was an extreme rainfall event occurring at both the Toklat and NPS Headquarters 

stations between June 19th and June 22nd, which resulted in 4.6 cm and 5.8 cm of rainfall, 

respectively (Fig. 18). Summer air temperatures at the Toklat station ranged between 4° and 15°C 

in 2020, with the warmest temperatures (15°C) occurring in July and the coldest temperatures 

(4°C) occurring at the end of August (Fig. 18). NPS Headquarter air temperatures ranged between 

5° and 16°C, with the warmest (16°C) temperatures occurring in late July/early August and the 

coolest (5°C) occurring in mid-June and again in early September (Fig. 18). The Mile 35 landslide 
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is located 5.5 km from the Park Headquarters station and 29 km from the Toklat station, and those 

stations are 538 m and 145 m lower in elevation, respectively.

5.5.1. 2020 Summer Ground Temperatures

Figure 19: Summer ground temperatures in a ground temperature borehole along the Park Road 
near the Mile 35 landslide between June 19th and September 12th, 2020. Ground temperatures 
were recorded at the ground surface, -30 cm, -100 cm, and -150 cm. Ground temperatures 
experience the fastest rate of warming between June 19th and August 3rd, and then remain at their 
maximum temperature well into September. Data courtesy of the UAF Permafrost Laboratory.

Ground temperatures at 30 cm, 100 cm, and 150 cm depths in the roadside borehole near 

the Mile 35 landslide exhibited 7°C, 5.3°C, and 4.6°C warming, respectively, during the summer 

of 2020 (Fig. 19). Surface temperatures fluctuated throughout the summer, with the initial rise in 

temperatures beginning early July (5°C increase) and gradual cooling starting at the end of August 

(5°C decrease) (Fig. 19). According to a five-day average, surface temperatures experienced spikes 

in air temperature on July 9th, August 4th, and August 27th of 12.1°C, 12.72°C, and 9.32°C, 

respectively (Fig. 19). Ground temperatures at the 30-cm depth rose from 0°C to 7°C from June 

20th to August 1st before consistently hovering around 6°C until early September (Fig. 19). The 

sensors at 100 cm and 150 cm depth did not experience a significant increase in temperature until 
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early July when the temperature at both depths gradually rose by 5°C into September (Fig. 19). 

The lag in rising temperatures at both 100 cm and 150 cm is likely due to the presence of soil 

freezing and a lag between surface temperature and ground temperature change throughout the 

summer.

5.6. 97 Years of Climate Change in DENA

5.6.1. Trends in Mean Annual Precipitation

Figure 20: Precipitation anomalies in DENA between 1923 and 2021. Negative anomalies in red, 
and positive anomalies in blue. Based on the 97-year average of 19.8 centimeters of average 
annual rainfall at the Headquarters station. Precipitation anomalies are generally negative 
between 1923 and 1980, and there is a shift to a positive anomaly trend between 1980 and 2021. 
Average annual precipitation (rain and snow) has increased in the northeastern part of DENA 
since the 1950s. The Mile 35 landslide initiated during a time of positively anomalous rainfall. 
Data courtesy of NOAA Northeast Regional Climate Center (http://scacis.rcc-acis.org).

The frequency and magnitude of precipitation anomalies have changed in DENA over the 

past century in that rainfall events have increased and become more frequent. Total annual average 

precipitation in DENA has increased by 12 cm (0.12 cm/year) over the past 97 years, and even 

more so during the past seven years when it increased by 10 cm (Fig. 20). Total snow depth in 

DENA varied between 1923 and 2021, and, more recently, the northeastern region of DENA has 
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experienced a 25 cm increase in snow depth between 2010 and 2021 (Fig. 21). The years between 

1923 and 1965 received less precipitation than the 97-year average of 7.7 cm, and thus were 

negative anomalies (Fig. 20). After 1965, annual positive precipitation anomalies increased in 

frequency (Fig. 20). The past seven years of precipitation records show that DENA has received 

above-average precipitation, with only 2017 receiving less than 7.7 cm of rainfall (Fig. 20). It is 

also important to note that 2019 received the highest total annual precipitation on record, totaling 

42.2 cm of rainfall (Fig. 20).

5.6.2. DENA's winter air temperatures are changing more rapidly than summer air 

temperatures

DENA's winters have experienced more variable and gradually increasing temperatures 

compared to the annual average and average summer month air temperatures. Average annual air 

temperatures have not changed drastically over the past 97 years, as temperatures have remained 

between -5° and 2°C (Fig. 21). The same can be said for the average monthly air temperatures 

during the summer (June-August). Average summer-month air temperatures ranged from 10° to 

15°C, and there have only been +4°C yearly variations, with no increasing or decreasing trends, 

over the period of record (Fig. 21).
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Figure 21: DENA average yearly air temperature trends and total yearly snow depth between 
1923 and 2021. Includes average air temperature (green), average summer air temperature 
(orange), average winter month air temperature (blue), total yearly snow depth (grey bars), and 
5-year average total snow depth trendline (dotted grey line). Note that average yearly air 
temperature and average summer month air temperatures did not significantly change over the 
past 97 years, but average winter month air temperatures have increased. Snow depth was 
gradually increasing between 1923 and 1993, but there was a decline between 1993 and 2010 
before rising again. Initiation of the Mile 35 landslide (highlighted in yellow) occurred during a 
time of warmer winter air temperatures and increased snow depth. Data courtesy of NOAA 
Northeast Regional Climate Center (http://scacis.rcc-acis.org).

Average winter-month air temperatures (December-February) have been more variable 

than summertime temperatures, with variations ranging between +9°C, compared to the +3°C

variations experienced during summer months, over the past 97 years (Fig. 21). Winter air 

temperatures in DENA have increased by 2°C, and there have been progressively fewer average 

winter-month temperatures below -20°C (Fig. 21). There was a notable shift in winter month 

average (-15.4°C average) air temperature anomalies between 1977 and 1978 when the air 

temperatures first began to rise above their 97-year averages by 1°C (as annotated in Fig. 22).
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Figure 22: DENA average winter month air temperature anomalies between 1922 and 2021. The 
98-year average for the average winter air temperatures is -15.4°C. Blue bars indicate positive 
anomalies (warmer than the 98-year average) and the red bars indicate negative anomalies (cooler 
than the 98-year average). Annotations show the shift to a positive PDO regime in 1976 and the 
initiation of the Mile 35 landslide between 2015 and 2016, which occurred during a time of 
anonymously warm average winter month air temperatures. Data courtesy of NOAA Northeast 
Regional Climate Center: (http://scacis.rcc-acis.org).

5.6.3. Cathedral Mountain's Ground Temperatures

Modeling results suggest that ground temperatures in DENA during the summer and winter 

months have experienced striking seasonal warming and cooling trends over the past 51 years 

based on daily average air temperature and records of snow depth. These trends have been most 

pronounced at the 3- and 10-meter depths (Fig. 23). A simulated 51-year reconstruction of ground 

temperatures, modeled using the GIPL-2 model (Marchenko et al., 2008), suggests that 

pronounced episodes of warming in the ground occurred between 1976 and 2001 and again 

between 2013 and 2021 (Fig. 23). Between 1976 and 2001, ground temperature at 10- meters depth 

rose from -1°C to just under 0°C and displayed less seasonal variability than prior to 1976 (Fig. 

23). During the same period, temperatures at 3 m depth experienced an increase in winter month 

minimum ground temperature from -4° to 1°C at its warmest (Fig. 23). DENA's warmest ground 

temperature years are predicted to have occurred between 1987 and 1995, which is when 
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temperatures at 3 m depth warmed above 0°C in 1987, 1993, and 1997, and 10 m depth 

temperatures hovered around 0°C with little to no seasonal variability (Fig. 23).

The next warmest period of ground temperature occurred between 2013 and 2019 (Fig. 

23), when the GIPL model predicts that ground temperatures at the -10 m level ranged from -1° to 

-0.5°C. In 2016 and 2018, temperatures are predicted to have warmed above the freezing point at 

the -3 m depth (Fig. 23). A possible explanation for these modeled fluctuations in ground 

temperature could be variations in total yearly snow depth between 1970 and 2020 (Fig. 23). When 

temperatures at 3 meters depth reached above 0°C during the winter of 1993 (Fig. 23), snow depth 

was unusually high, reaching 125 cm depth (Fig. 21). A thicker overlying snow layer would have 

insulated the subsurface and promoted warmer ground temperatures.
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Figure 23: Simulated ground temperatures in the vicinity of the Mile 35 landslide between September 1, 1970 and April
18, 2021 suggest that ground temperatures remained anomalously warm in response to unusually warm winters

52 between 1976 and 2001 and between 2014 and 2021. The Mile 35 landslide initiated sometime in the winter/spring of 
2015/16. Summer (June-August) and winter (December-February) are shaded in light blue. PDO warm regime shifts, 
based on the findings of Hartmann and Wendler (2005), are outlined in the red boxes. Ground temperature data from a 
depth of 1 m in the borehole located at Mile 35 adjacent to the Park Road (red) serves as a check on the accuracy of the 
GIPL-2 Model (Marchenko et al., 2008). DENA air temperature and snow depth records (courtesy of NOAA Northeast 
Regional Climate Center, http://scacis.rcc-acis.org) was used in the GIPL model.

http://scacis.rcc-acis.org


6. DISCUSSION

6.1. Do Rockfalls Represent the Leading Edge of Geomorphic Response to a Warming

Climate?

Rockfalls are highly sensitive to climate change (Huggel et al., 2012), and our lichenometry 

results suggest that the highest frequency of rockfalls (50%) peaked in DENA between 100 and 

200 years ago when climate warmed at the end of the Little Ice Age (Fig. 11). A similar temporal 

pattern was noted in the Alps during the last 100 years and in southern Alaska from 1984 to 2019 

were rockfalls and rock avalanches initiated as a result of thawing permafrost during periods of 

increased air temperature and maximum radiation (Noetzli et al., 2003; Bessette-Kirton and Coe, 

2020). Rockfalls are sensitive to both short and long-term changes in climate that affect seasonal 

freeze-thaw processes, changes in permafrost, and internal groundwater flow (Haeberli, 1975). In 

the Alps, most rockfalls occur on slopes within the warm (just below 0°C) zone of permafrost, and 

on annual to decadal time scales the highest rockfall frequencies occur during times of highest 

mean annual air temperatures (Huggel et al., 2012). The peak in rockfall activity seen in our results 

is probably the result DENA's landscape re-equilibrating to the warming climate that occurred at 

the end of the LIA.

A surge in rockfall frequency might represent the leading edge of geomorphic readjustment 

to a warming climate. This is because many rockfalls represent shallow failures of bedrock faces 

on which clasts that were previously quarried by freeze-thaw action are frozen in place and hence 

vulnerable to being destabilized when thawing occurs (Davies et al., 2001). Warming air 

temperatures and permafrost thaw contribute to an increase in high-mountain slope failures 

(Huggel et al., 2012; Bessette-Kirton and Coe, 2020). Today, the most tenuously stabilized rock 

debris have likely already fallen. Then, after a delay necessitated by the time required for the 
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ground to warm at depth, deep-seated mass movements, like the Mile 35 landslide, were eventually 

activated. The first stage of geomorphic change to a warming climate occurred at the end of the 

LIA when there was a high occurrence of rockfalls, and the second stage involving the 

activation/reactivation of deep-seated mass movements, such as the Mile 35 landslide, may be 

occurring right now in DENA.

6.2. Are Most of DENA's Landslides Reactivations of Older Mass Movement?

Observations of the Mile 35 landslide and the Pretty Rocks landslide suggest that many of 

the mass movements now underway in DENA are reactivations of older ones. The hillslope 

stratigraphy exposed by the Mile 35 landslide's head scarp suggests that prior episodes of mass 

movement have occurred over the past 4520 years (Fig. 13). The outcrops of friable bedrock 

located above the Mile 35 landslide's head scarp are currently feeding debris into the developing 

landslide, and that debris is very similar to what was found between the buried peat layers within 

the Mile 35 landslide's head scarp. Permafrost within exposed mountain ridges are likely 

experiencing thawing at a faster rate than intervening slopes, and the resulting thaw could lead to 

destabilization through freeze-thaw and water entering the bedrock's fractures and joints (Gruber 

and Haeberli, 2007). In this way, bedrock exposures serve as source areas for rock debris that 

moves onto lower slopes in the form of landslides and/or solifluction lobes. This suggests that past 

warming events, such as the MWP and, more recently, warm phases of the PDO, have episodically 

triggered permafrost thaw within the spurs and exposed ridges of Cathedral Mountain. The 

thawing permafrost would then have caused the bedrock of these ridges to become unstable, 

potentially resulting in mass movements that buried areas downslope, including the site of the Mile 

35 landslide. According to the stratigraphy exposed in the landslide's head scarp, it is suggested 
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that this process occurred at least three times in the last 4500 years according to the three peat

layers that were buried by diamicton found within the Mile 35 landslide's minor scarp (Fig. 13).

Figure 24: An interpretation of the sequence of mass movement initiations in the Alaska Range 
in response to post-Little Ice Age warming. Rockfalls are triggered first, while initiation of deep- 
seated mass movements (like the Mile 35 landslide) lag until warming increases further and 
penetrates more deeply into the ground. The Fairbanks summer temperature reconstruction 
(grey) is based on tree-ring analyses (Barber et al., 2004). The HadCRUT5 curve (black) shows 
estimated near-surface air temperature anomalies for the region of 60-90 degrees north (Morice 
et al., 2021).

Perhaps the clearest example of a long history of episodic reactivation comes from the 

Pretty Rocks landslide. Three prominent, relict debris lobes lie downslope of the now-active Pretty 

Rocks landslide (Fig. 10). The western debris lobe is overlain by the eastern lobe, and both of these 

are overlain upslope by a third lobe (Fig. 10). Lichenometric age estimates suggest that the 

minimum-limiting ages on the deposition of these lobes at 1730 yr B.P., 1680 yr B.P., and 90 yr 

B.P. (Table 1). The youngest advance of the Pretty Rocks landslide seems to have occurred around 

the end of the Little Ice Age (LIA), perhaps in response to warming air temperatures (Fig. 24) after 
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some 500 years of stability possibly abetted by cooler air temperatures. The multiple ages of the 

Pretty Rocks landslide's debris lobes suggest that this landslide has experienced repeated periods 

of stability and instability in the past. From this perspective, the slope instability occurring now is 

not unusual for the site.

6.3. Climatic Effects on Mass Movements in DENA

DENA contains dynamic landscapes strongly affected by changes in climate. Hillslope 

processes, including mass movements, are important in shaping these landscapes. It is suggested 

that the Mile 35 landslide is more heavily influenced by changing ground temperatures than it is 

by extreme precipitation events or rising air temperatures. The results show that the landslide's 

movement speeds up over the course of the summer as warming penetrates deeper into the 

ground (Fig. 17, 19), and not when there is a high frequency of extreme precipitation events 

between June and early August (Fig. 18). Ground temperature modeling also suggests that 

ground temperatures increasing above 0°C in 2016 (Fig. 23) may have played a role in the Mile 

35 landslide's initial slope deformation (Fig. 12).

While there were numerous extreme precipitation events during the summer of 2019 and 

2020 in DENA, they did not appear to have a large effect on landslide development. In 2019, the 

Mile 35 Slide experienced a change in its total perimeter between August 26th and September 6th, 

possibly in response to the accumulation of 1.83 cm of rain between August 23rd and August 27th 

(Fig. 15, 18). During that interval, the landslide's perimeter expanded 59 meters after a secondary 

failure occurred on the southeastern portion of the landslide (Fig. 15). In contrast, extreme rainfall 

events that occurred between August 1st and August 8th (total of 16.54 cm) and between August 

13th and August 17th (total of 11.28 cm) were not associated with any significant change in the 

landslide's extent or its rate of movement (Fig. 18). During the summer of 2020, the Mile 35
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landslide experienced its highest daily rate of movement between August 17th and September 3rd 

at a rate of 0.06 + 0.07 (RMSE) m/day (Fig. 17) during a period when DENA received a total of 

4.47 cm of precipitation (Fig. 18). This suggests that extreme precipitation events are sometimes 

associated with rapid mass movements, but at other times not. The roles played by summer 

precipitation in influencing the movements of the Mile 35 landslide appear to be subtler and more 

indirect than a straightforward triggering of movement caused by short-term increases in pore 

pressures in the ground because there are no extreme rainfall events that correlate with high rates 

of movement within the landslide.

These results from the Mile 35 landslide are broadly consistent with the conclusions of 

previous studies of how precipitation events influence mass movement. On a global basis, frequent 

rainfall events have been found to be the most relevant and globally consistent trigger of both 

shallow and deep-seated mass movements (Van Asch et al., 1999; Zezere et al., 2005; Crosta and 

Frattini, 2008). Mass movements in high-latitude regions are known to be strongly influenced by 

precipitation events and freeze-thaw processes, while permafrost thaw, increased perched 

groundwater, and a week failure plane between active layers and ground ice only played minor 

roles in landslide initiation (Patton et al., 2019). In DENA, it has been suggested that mass 

movement occurrence is most heavily influenced by interactions between lithology, summer 

precipitation, winter precipitation, freeze-thaw processes, and elevation (Capps et al., 2017). These 

results are broadly consistent with my observation that extreme precipitation events play a minor 

role in influencing movements of the Mile 35 landslide, specifically during its initiation (though 

not during its subsequent movements), but that summer ground temperature change may be the 

most important driver of a landslide's movement after initial initiation in DENA.
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6.3.1. Influence of ground temperatures on movement

While extreme precipitation events may sporadically stimulate movement of the Mile 35 

landslide, ground temperatures correlate more closely to rates of displacement, probably because 

movement speeds up over the course of the summer as warming penetrates deeper into the ground 

(Fig. 17, 19). Monitoring of ground temperature near the Mile 35 landslide, which has a failure 

plane around a depth of 4 m, showed that in 2020 the ground at depths 100 cm and 150 cm did not 

reach a maximum temperature (5°C) until August 31st and September 7th, respectively (Fig. 19). 

At both these depths, the rates of warming began to even out around 5°C near August 12th, which 

is also when the Mile 35 landslide began moving at its highest rate of 0.06 meters + 0.07 (RMSE) 

meters/day (Fig. 17, 19). The next highest daily rate of movement (0.05 cm/day) occurred when 

the 30 cm, 100 cm, and 150 cm depths experienced the fastest rates of warming, which all occurred 

between June 19th and July 17th (Fig. 19).

Changes in ground temperature over longer time scales than seasonal ones may have played 

an important role in triggering the initiation of the Mile 35 landslide and other recent landslides in 

DENA were initiated. Results of the GIPL-2 model in conjunction with the available weather 

records suggest that significant warming of both summer and winter ground temperatures occurred 

between March 2014 and December 2019, with temperatures at 3 m depth reaching +1°C in 

September 2016 (Fig. 23). Based on SfM orthoimagery provided by the National Park Service, the 

Mile 35 landslide was initiated between the summers of 2015 and 2016, which is when modeling 

suggests that Cathedral Mountain experienced unusual warming at the -3 m depth (Fig 23). 

DENA's climate records also suggest that there was anomalously high precipitation and average 

winter month air temperatures in 2015 and 2016 (Fig. 20, 22). Melting of the excess ice observed 

in the landslide's southwestern head scarp (Fig. 13), which may have been caused by increased 
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precipitation and ground temperatures at 3 m depth reaching +1°C, which could have raised pore 

pressures, reduced shear strength, and caused landslide initiation.

Based on correlations between rates of displacement and ground temperatures, the data 

suggests that warming ground temperatures are the most important driver of the Mile 35 

landslide's movements; however, it is speculated that extreme precipitation events sometimes play 

a key role in augmenting the effects of warmer ground temperatures and deeper thaw of the 

underlying permafrost. High anomalous precipitation in 2015 and 2016 and ground temperatures 

at 3 m depth reaching +1°C are probably the main cause of the initiation of the Mile 35 landslide. 

While precipitation combined with changing ground temperature may trigger of mass movement 

initiation in DENA, changes in ground temperatures over the course of the summer are suggested 

to be the most important driver of landslide movement.

6.4. Influences of the Pacific Decadal Oscillation (PDO) in DENA's Climate

Shifts in the PDO regime are evident in DENA's climate records, and the accompanying 

changes in climate may be driving mass movement initiation within DENA. Alaska's climate 

underwent significant changes in climate in 1976, including increases in cloudiness, snowfall, and 

winter air temperatures, which are associated with positive phase shifts of the PDO (Hartmann and 

Wendler, 2005). Similar effects of the PDO are recorded in DENA's precipitation and average 

winter month temperatures in the form of changes in the frequencies and signs of precipitation and 

air temperature anomalies after the mid-1970s (Figs. 20, 22), which are consistent with the 

observations that the PDO has its most pronounced effects on Interior Alaska's climate during the 

winter months (Hartmann and Wendler, 2005). The PDO-associated shift is not evident in the 

average summer month and yearly average air temperatures in DENA (Fig. 21). Instead, changes 

in the frequencies of winter month minimum air temperature anomalies show the most pronounced 
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changes associated with shifts in the PDO, although this change in wintertime temperatures is not 

manifested in the DENA weather records until after 1983 (Fig. 22). DENA's shift in precipitation 

anomalies in 1980 is probably a response to the 1976 PDO shift (Hartmann and Wendler, 2005). 

The gradual increase (+30 cm) in total yearly snowfall occurring in DENA between 2010 and 2021 

(Fig. 21) does conform to the increase in snowfall associated with the positive phase PDO shift 

between 2014 and 2019 (Hartmann and Wendler, 2005; NOAA Physical Sciences Laboratory, 

n.d.). The gradual increase in DENA's total snow depth between 2010 and 2021 likely contributed 

to the Mile 35 landslide's initiation in 2015 because of a thicker overlying snow layer, 70 cm in 

2015 compared to 50 cm in 2010 (Fig. 21), would have better insulated the subsurface and 

influenced an increase in ground temperatures (Stieglitz et al., 2003).

PDO shifts can also be observed in Cathedral Mountain's model-simulated ground 

temperatures between 1970 and 2021, and it is suggested that the positive PDO shift in 2014 may 

have been the main trigger of the Mile 35 landslide's initiation. According to the model, the PDO's 

positive phase between 1977 and 2001 was accompanied by warming winter and summer ground 

temperatures at -1 to -10 m depths (Fig. 23). The GIPL 2 model's results are also consistent with 

the 2014-2019 positive PDO (warm) phase (Fig. 23), which is when the Mile 35 landslide has been 

most active after initiating in 2015 (Fig. 12). Modeled ground round temperatures at 3, 5, and 10 

m depths depict gradual warming and suggest that temperatures at 3 m depth rose above 0°C (Fig. 

23). According to the model, warming above 0°C at -10 m in the ground occurred in 1989, 1993, 

1997, 2003, 2016, and 2018 (Fig. 23). Warming above 0°C at 10 m depth would have caused the 

formation of a talik between the base of the active layer and the upper surface of the permafrost. 

Such taliks can accumulate water, and slippage within this saturated layer may have initiated the 

Mile 35 landslide during the winter of 2015-2016. Our data suggests that the combination of 
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increased precipitation, deeper snow cover, and warming ground temperatures associated with the 

shift to a positive phase of the PDO triggered the initiation of the Mile 35 landslide.

61



7. CONCLUSIONS

The hillslopes comprising the subarctic, alpine landscapes of northeastern Denali National 

Park and Preserve are currently re-equilibrating to a new climatic regime characterized by warmer 

air temperatures, deeper thaw of the ground, and increasing snow depth. These changes are 

destabilizing hillslopes underlain by permafrost and triggering widespread mass movements of 

diverse types. The main results of my study are as these:

1. There has been a complex history of rockfalls in DENA, with the oldest rockfall dating to 

5870 yr B.P., and the youngest dating to 80 yr B.P. (Table 1). The highest frequency of 

rockfalls (n=12) occurred between 200 and 100 years ago around the end of the LIA (Fig. 

11). We speculate that rockfalls may be the type of mass movement in DENA that most 

susceptible to a warming climate, and so are precursors to deep-seated landslides that 

require deep thawing of the ground in order to initiate (Fig. 24).

2. The Mile 35 landslide is a permafrost-influenced, complex mass movement that probably 

began in the winter or spring of 2015/2016. The Mile 35 landslide developed on a vegetated 

hillslope underlain by four to six meters of stabilized talus deposits and buried soils. The 

stratigraphy of this parent deposit indicates the occurrence of episodic bouts of mass 

movements over the last 4500 years (Fig. 13). Remote sensing and GPS surveys suggest 

that the Mile 35 landslide experienced widely varying rates of movement (3.0 to 5.0 

cm/day) during the summer months (June through early September) of 2019 and 2020, 

with the fastest rates of movement occurring in August and September when the ground 

was most deeply thawed (Fig. 15, 17, 19).

3. Variations in the Mile 35 landslide's movements appear to be controlled by a combination 

of soil moisture derived from extreme summer precipitation events and deep thawing of 
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permafrost, with warming ground temperatures at depths >3 m probably being the most 

important factor due to the depth of the Mile 35 landslide's failure plane being located at 

4 meters depth and segregated ice occurring at 3 meters depth (Fig. 13). This suggests that 

permafrost thaw caused by warming ground temperatures plays an important role in mass 

movement progression.

4. DENA is currently undergoing changes in its seasonal and long-term climate (Figs. 18, 20, 

21, 22), and these changes may be responsible for the recent surge in the initiation of deep- 

seated landslides and the enhanced rates of movement of existing ones like the Mile 35 

landslide and the Pretty Rocks rock glacier (Fig. 24). Over the past century, DENA has 

experienced shifts between positive and negative precipitation anomalies in response to the 

PDO's phase changes (Fig. 19). In addition to more precipitation, winter air temperatures 

have increased by ~2°C (Fig. 20) and there have been variable changes in end-of-winter 

snow depth (Fig. 21), with a recent increase in 30 cm over the last 11 years that follows the 

climatic shifts associated with the PDO's positive phase shifts. We suggest that these 

climate changes may be inducing mass movements on historically unstable hillslopes in 

DENA. Further mass movements of diverse types should be expected over coming decades 

as hillslopes formerly in equilibrium with Little Ice Age climate re-equilibrate to present- 

day conditions.

7.1. Suggestions for Future Work

This study provides an analysis of rockfall occurrences at Cathedral Mountain, Savage 

Ridge, and Pretty Rocks, and of mass movement development during summer months in DENA. 

Additional studies are needed to better understand the long-term effects of climate change on 

mass movements in DENA. These include:
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1. Further mapping and lichenometric analyses of rockfalls throughout DENA is needed in 

order to compile a high-resolution timeline of rockfall initiation throughout the Park. 

Lichenometric dating on stabilized rockfalls in additional areas will allow us to better 

understand the history of hillslope instability in DENA and test the idea that a surge of 

rockfall activity was triggered by rapid warming at the end of the LIA.

2. Continued monitoring of the Mile 35 landslide during summer and winter months is 

needed to understand the effects of precipitation and temperature on this landslide's 

dynamics. Year-round monitoring is needed to determine if the landslide experiences 

movement during winter months. In the winter, snow cover has the potential to insulate 

subsurface ground temperatures and lead to further thawing of permafrost, which could 

cause continued deformation of the Mile 35 Landslide. It is important to understand 

during which season the Mile 35 landslide experiences the highest rate of displacement in 

order to predict during what seasons the mass poses the greatest threat to the Park Road.
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