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ABSTRACT

Hillslopes cover much of the Earth's surface, and mass movement is one of the main 

ways hillslopes re-adjust their profiles in response to the changing climate. Over the next few 

decades, the impacts of climate changes on mass movements are predicted to be pronounced at 

high latitudes where temperatures are warming rapidly, permafrost is thawing, and precipitation 

is increasing. More frequent mass movements have the potential to threaten critical infrastructure 

in Interior Alaska, particularly in areas of steep slopes and discontinuous permafrost like the 

Alaska Range. With these concerns in mind, I investigated the dynamics of a complex landslide 

that is encroaching on the Parks Highway near Slate Creek along the northern front of the Alaska 

Range. I used dendrochronology to document the extent and timing of this landslide's 

movements over the past century. To quantify general and seasonal rates of movement, I 

analyzed aerial photography and LiDAR imagery and obtained geographical positional 

measurements on a network of datum points established on the landslide's surface. I sought to 

test the hypothesis that climate controls the activity of the Slate Creek Landslide by comparing 

dendrochronology and rate-of-movement data to weather records. Results indicate that different 

parts of the landslide are moving at rates ranging from 0.2 cm/year to 8m/year. 

Dendrochronological data indicate there were periods of enhanced landslide movement occurring 

in 1967, 1973, 1977, 1980, and 2017. It remains unclear what triggered the initiation of this 

landslide and what factors have controlled its recent movement rates. Possibilities include 

disturbance of the landslide's toe, periods of increased precipitation, a past wildfire, permafrost 

thaw, or some combination of these factors.
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1. INTRODUCTION

Hillslopes cover much of Earth's surface, and mass movement is an important way that 

hillslopes adjust their profiles in response to changes in climate, vegetation, and/or human land 

use. Mass movements can have diverse triggers, including the undercutting of slopes during road 

construction, rapid snowmelt, volcanic eruption, earthquake shaking, and heavy rain events 

(Weiczorek, 1996; Jaboyedoff et al., 2016). In order to predict how they will respond as climate 

changes and human development expands, we need to know more about what controls the 

initiation, rates, and extent of mass movements.

Climate change is increasingly recognized as being a widespread trigger of mass movements 

(Huggel et al., 2010; Crozier, 2010; Gariano and Guzzetti, 2016). Climate change is of particular 

concern in Alaska in regard to mass movements because, like many high latitude regions, 

Alaska's climate has rapidly warmed and become wetter over the last several decades (Walsh 

and Brettschneider, 2019; GISTEMP Team, 2022). An important reason why warming climate 

poses a threat to hillslope stability in Alaska is the presence of permafrost. Permafrost is ground 

material that remains at or below 0oC for at least two consecutive years, and it underlies much of 

the circumboreal region (French, 2018). By triggering the thaw of permafrost, warming air 

temperatures and increased precipitation can cause an increase in the frequency of mass 

movements and in their subsequent rates of movement (Capps et al., 2017; Patton et al., 2019;

Thoman and Walsh, 2019). Thaw-triggered mass movements currently pose significant threats to 

human infrastructure at many locations in Alaska and the Yukon (Larsen et al., 2008; McKillop 

et al., 2016).
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The Slate Creek landslide (SCL) is located along the Parks Highway in the northern foothills 

of the central Alaska Range, 15 km north of Healy, Alaska at Mile 258.3 of the George Parks 

Highway (Miandad et al., 2020). The SCL is actively encroaching on this critical, north-south 

highway link between Fairbanks and Anchorage. It previously forced the relocation of the Parks 

Highway between 1968 and 1970 (State of Alaska Department of Highways, 1970). Today, the 

advancing toe of the SCL lies within 2 - 4 meters of the south-bound lane of the highway.

Several years ago, the Alaska Department of Transportation and Public Facilities (ADOT&PF) 

installed a boulder buttress in an attempt to help stabilize the toe, but this has not proved 

effective (Shannon and Wilson, 2020). In addition, an underground fiber optic cable was 

installed across the toe of the SCL in 2020. To assess the risks posed by the SCL, we need to 

know more about what triggered it, how fast it is now moving, and what factors influence its rate 

of movement.

Figure 1: Location of Slate Creek Landslide (SCL) along with other, currently active, and 
stabilized mass movements along the Parks Highway corridor in the northern foothills of 
the Alaska Range. Inset indicates study area location within Alaska. Images taken from 
Google Earth A (2022).
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The ultimate purpose of this research is to help state officials predict when mitigation of the

SCL will be necessary and whether other landslides in the area pose similar risks. Specific goals 

include:

1. Reconstruct the extent and timing of movements of the Slate Creek Landslide over time 

scales of decades, years, and months.

2. Determine how this landslide has responded to climate changes in the past, with the goal 

of predicting its response to future climate changes.

I have addressed these research goals through five different approaches:

1. Dendrochronology is used to reconstruct a century-long time series of landslide activity.

2. LiDAR and Alaska high-elevation aerial photography is used to document landslide 

movement over the past several decades.

3. Repeat GPS surveys of the landslide are used to determine seasonal (summer/winter) 

rates of movement in 2020 and 2021.

4. Climate records are analyzed in order to qualitatively determine whether anomalous 

weather events occur immediately before landslide movement.

5. Multiple hypotheses are developed concerning the factors controlling the dynamics of 

this landslide.
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2. BACKGROUND

2.1. Mass movements and their impacts

Mass movement is defined as the downslope movement of earth-surface materials in 

response to gravity (Cruden and Varnes, 1996). Five general types of mass movements are 

widely recognized: falls, topples, slides, flows, and spreads (Cruden and Varnes, 1996). In 

many cases, mass movements involve two or more of these five types of movement, in which 

case they are termed complex mass movements. Mass movements are some of the most 

dangerous of natural hazards, and they can have a wide range of impacts on human life and 

infrastructure (Froude and Petley, 2018), on local hydrology (Mirus et al., 2017), on wildlife 

habitats (Schuster and Highland, 2007), and on the global carbon cycle (Hilton et al., 2011). 

In addition to diverse impacts, mass movements can have diverse triggers (Hungr et al., 

2014). Possible triggers can include increases in precipitation (Gariano and Guzzetti, 2016), 

changes in vegetation cover (Persichillo et al., 2017), changes in land use (Jakob, 2022), 

permafrost thaw (Patton et al., 2020), and earthquakes (Yin et al., 2009).

2.2. Mass movements and climate change

Due largely to polar amplification of global warming (Smith et al., 2019), the Arctic and 

Subarctic are currently experiencing rates of warming that are greater than most other parts 

of the planet (Meredith et al., 2019, IPCC, 2013). The mean annual surface temperature of 

high latitudes has increased by 1° to 4oC since 1950, and the Subarctic specifically has 

warmed between 1.5°C and 2.5°C since 1960 (Figure 2). Alaska's mean annual temperatures 

are 3° to 4oC higher than they were in the early/mid-20th century (Thoman and Walsh, 2019). 

These temperature increases are predicted to have major impacts on the geomorphic 

processes that shape high latitude landscapes, with mass movements being a notable example 
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(Patton, 2020). Climate-related mechanisms are arguably the most important causes of mass 

movements at high latitudes (Shan et al., 2015; Owczarek et al., 2020).

Precipitation patterns are changing in response to increasing surface and air temperatures, 

with higher latitudes seeing a significant increase in mean precipitation and extreme 

precipitation events (i.e., the number of events per unit time with intensity above a given 

threshold value) (Gariano and Guzzetti, 2016; Myhre et al., 2019; Liu et al., 2021). Not only 

is mean annual precipitation increasing in Alaska, but extreme precipitation events are 

expected to become more frequent as well (Bennett and Walsh, 2015; Thoman and Walsh, 

2019). Greater precipitation may increase ground water availability which in turn can affect 

slope stability (Huggel et al., 2010). An increase in ground water infiltration and the heat it 

transfers into the ground will augment the effects of rising air temperatures, affecting 

permafrost.

Figure 2: Changes in global mean annual air temperatures at different latitudes between 
1950 and 2020. The red line represents the increase in temperature for each latitude 
(Credit: NASA (2021: https://data.giss.nasa.gov//gistemp/).
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2.3. Mass movements and permafrost

The Subarctic encompasses the region between 50oN to 66oN, and much of it is underlain by 

permafrost. Discontinuous permafrost underlies between 50 to 90% of Interior Alaska, the region 

between the Alaska Range and the Brooks Range (Jorgenson et al., 2008). Discontinuous 

permafrost is particularly susceptible to thawing as climate warms because it is relatively warm, 

only several degrees below freezing, and because it often contains taliks, areas of unfrozen 

ground embedded within the permafrost (Van Everdingen, 1998). The presence of taliks 

facilitates the movement of groundwater, and increased groundwater flow can raise ground 

temperatures and trigger the widespread thawing of permafrost (Capps et al., 2017; Patton et al., 

2019).

Multiple types of mass movements can be triggered by thawing permafrost. In Alaska, 

common types of mass movements occurring in permafrost regions include frozen debris lobes 

(Darrow et al., 2016), active layer detachment slides (Balser, 2015), rock falls (Robert et al., 

2021), subsidence of the ground surface caused by thermokarst (Gooseff et al., 2009), and 

retrogressive thaw slumps (Swanson and Nolan, 2018).

The presence of permafrost complicates the study of mass movements by potentially 

introducing additional processes that are absent in non-permafrost terrain. The phase transition 

between ice and liquid water in the ground can cause slope stability to decrease (Davies et al., 

2003). Numerous, recent mass movements in Denali National Park, Alaska are thought to have 

been triggered by thawing permafrost (Patton et al., 2020). These include rock falls, earth 

slumps, debris flows, and complex mass movements (Capps et al., 2017). The challenge when 

studying mass movements in the Subarctic is deciphering the actual role played by permafrost 

thaw in the initiation and subsequent dynamics of the mass movement in question.
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3. STUDY AREA

3.1. Slate Creek Landslide

The Slate Creek Landslide was chosen for this project because of the hazard it poses to the 

Parks Highway and to the fiber-optic cable that was installed across its toe in 2020. In addition, 

the SCL's extensive forest cover provides the opportunity to use dendrochronology to constrain 

its recent dynamics. SCL is a complex landslide that begins as an earth slump upslope and 

transitions downslope into an earth flow. The head scarp of the SCL lies at an elevation of 450 m 

asl, its toe lies at 330 m above seas level (asl), and the landslide covers an area of 26 ha (~0.3 

km2).

The surface of the SCL is heavily vegetated by a forest containing white spruce (Picea 

glauca), and aspen (Populus tremuloides), with less abundant birch (Betula neoalaskana) and

Figure 3: Location of Slate Creek Landslide along the Parks Highway (63.990512°N, 
149.134715°W). Image from Google Earth B (2022).
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cottonwood (Populus balsamifera). Dense thickets of alder (Alnus viridis) occur in areas of the 

landslide where rapid movement has disturbed the soils and forests.

3.2. Geologic background

The northern foothills of the central Alaska Range are underlain by a thick (>1000m) 

sequence of alluvial fan and coalescing braid-plain deposits accumulated in the foreland basin 

located north of the uplifting Alaska Range (Bemis et al., 2012; Sortor et al., 2021). A prominent 

formation within this basin is the Nenana Gravel, which consists of conglomerate and sandstone, 

along with minor units of claystone and lignitic coal (Wahrhaftig and Black, 1958). The basin

fill deposits including the Nenana Gravel have been extensively deformed by range-parallel fold 

structures developed as the Alaska Range uplifted (Bemis et al., 2012). These have resulted in a 

series of synclinal basins that are crosscut by north-flowing streams draining the glaciated 

mountains to the south. The Nenana River is an antecedent stream that flows north through the 

Alaska Range via a gorge and then crosses the northern foothills through a broad, terraced 

valley.

Multiple glacial advances flowed northward down the Nenana Valley during Pleistocene 

times, leaving behind a complex series of moraines, outwash deposits, and fluvial terraces 

(Thorson, 1986). Strath, cut-in-fill, and fill terraces are all present, with older terraces being 

differentially affected by faulting (Ritter, 1982). The deposition of glacial outwash continues 

today allowing for the active transportation of gravel, and the Nenana Gravel has probably 

accumulated intermittently since the late Pliocene (Thorson, 1986; Bemis et al., 2012; Sortor et 

al., 2021), a fact that complicates the interpretation of the chronology of the glacial and terrace

building events in the Nenana Valley (Wahrhaftig and Black, 1958; Ritter, 1982).

The Slate Creek Landslide descends from the east-facing riser of a broad terrace that was 

incised within a sandy facies of the Nenana Gravel. This strath terrace was formed prior to 
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several hundred meters of incision by the Nenana River, and it probably corresponds to either the 

Browne terrace or the Bear Creek terrace defined by Thorson (1986). The exact age of this 

terrace is unknown, but because it lies outside of the terminal moraine of the Lignite Creek 

advance but inside the Bear Creek glacial limit, it probably predates Marine Isotope Stage 6, ca. 

140,000 years ago (Thorson, 1986).

3.3. Impacts to infrastructure

The original Parks Highway was constructed between Healy and Clear, Alaska between

1961-1964, and it was initially built across the toe of the SCL (Figure 4). Sometime between 

1967 and 1971, the Parks Highway was realigned several tens of meters to the east of where it 

crossed the SCL. This was done in response to the bulging of the roadbed and heavy influxes of 

debris after heavy rainfall events, which plugged culverts, filled ditches, and overran the road 

(Vournas 1967). Today, the SCL has once again approached the road, and the toe of the landslide 

now lies within 2-3 meters of the highway (Figure 5). Aufeis forms along the front of the 

landslide in winter and it may pose a hazard to the traveling public should it flow onto the 

asphalt. In addition to encroaching on the Parks Highway, ongoing movement of the SCL may 

damage a fiber optic cable that was laid directly across the active toe of the SCL in 2020.
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Figure 4: Geography of the Slate Creek Landslide in 2020 with the labeled 
Lost World Block in 2020. Background Imagery: Esri (2020).

Figure 5: View north along the Parks Highway showing the advancing toe 
of the SCL. The riprap installed by the Alaska Department of 
Transportation and Public Facilities is visible to the left of the vehicle.
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3.4. Regional climate change
The climate of the region where the SCL is located is Subarctic continental, which is 

characterized by brief, warm summers and long, cold winters. Between 1923 and 2020, Denali 

National Park Headquarters, located 36 km to the south of the SCL and 200 m higher in 

elevation (Temperature: NOAA Regional Climate Centers: http://scacis.rcc-acis.org/ and 

Precipitation: NOAA National Centers for Environmental Information: 

https://www.ncdc.noaa.gov/cdo-web/search), had a mean annual temperature of -2.3oC and a 

mean annual precipitation of 37.7 cm. Between 1930 and 2020, the Fairbanks airport located 110 

km to the northeast of the SCL and 250 m lower in elevation (Temperature: NOAA Regional 

Climate Centers: http://scacis.rcc-acis.org/ and Precipitation: NOAA National Centers for 

Environmental Information: https://www.ncdc.noaa.gov/cdo-web/search) had a mean annual 

temperature of -2.8oC and mean annual precipitation of 11.3 cm.

There have been changes in the climate of Interior Alaska over the last century. Fairbanks 

has experienced a 2.5oC rise in average annual air temperatures since 1930 (Figure 6). In 

Fairbanks average winter temperatures have increased 0.026°C/year and average summer 

temperatures have increased 0.024°C/year, with winter temperatures warming slightly faster than 

summer temperatures at +0.037°C/year. Denali National Park has seen mean annual temperature 

increase by almost 1oC since 1923 (Figure 7). The average annual temperature has increased by 

0.008°C/year, and average summer temperature has increased 0.007°C/year since 1923, with 

winter temperatures warming faster than summer temperatures at +0.20°C/year.

The precipitation regime of the region where the SCL is located has also undergone changes 

over the last century. In Fairbanks, annual precipitation has increased by 0.005 cm/year and 

summer precipitation has increased by 0.0030 cm/year since 1930 (Figure 8), while winter 

precipitation has decreased by 0.003 cm/year. In Denali National Park, annual precipitation, 
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winter precipitation, and summer precipitation have all increased slightly, with summer 

precipitation increasing faster than winter precipitation (Figure 9). Annual precipitation has 

increased by 0.089 cm/year, summer precipitation has increased by 0.071 cm/year, and winter 

precipitation has increased by 0.002 cm/year. Along with the increase in annual precipitation that 

occurred after 2010 in Fairbanks, a notable feature of these precipitation records is their high 

interannual variability (Figures 8 and 9).

Figure 6: Climate is warming in Fairbanks, Alaska. Summer, winter and 
annual average temperatures in Fairbanks, Alaska. (NOAA Regional 
Climate Centers: http://scacis.rcc-acis.org/. Accessed on October 27, 
2021).
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Figure 7: Air temperatures are also warming in the central Alaska Range. Summer, 
winter, and annual average temperatures at Denali National Park Headquarters. (NOAA
Regional Climate Centers: http://scacis.rcc-acis.org/. Accessed on October 27, 2021).

Figure 8: High interannual variability and a slight decline in winter precipitation have 
occurred in Fairbanks since 2021. Note the high interannual variation and the striking 
increase in annual precipitation after 2010. (NOAA National Centers for Environmental 
Info: https://www.ncdc.noaa.gov/cdo-web/search. Accessed on October 27, 2021).
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Figure 9: High interannual variability and a gradual increase in average annual 
precipitation occurring primarily in summer characterize precipitation history at 
Denali National Park Headquarters Station. (NOAA National Centers for 
Environmental Info: https://www.ncdc.noaa.gov/cdo-web/search. Accessed on 
October 27, 2021).

14
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4. METHODS

4.1. Stratigraphy and permafrost

The stratigraphy of the SCL's head scarp was documented using a hand level, a measuring 

tape, and sediment descriptions. A concerted search for permafrost was made along newly 

exposed portions of the head scarp on 22 September 2021, when the summer thaw was 

approaching its maximum depth. To do this, holes were excavated with a shovel horizontally for 

50 cm into recent slumps at two places along the head scarp. A soil auger was used to extend 

these holes horizontally another meter into the scarp. Finally, a 50-cm long bore hole was made 

using a 50-cm ship auger attached to a battery-powered hand drill, making the final depth of the 

bore hole approximately 2 m into the scarp face. A thermistor probe was promptly inserted into 

this hole and its temperature allowed to equilibrate. Also on 22 September 2021, a 1.5-m long 

tile probe was used to locate the base of the active layer at multiple locations on the plateau 

above the head scarp. The temperature was measured at the bottom of three probe holes to verify 

that permafrost had been encountered.

4.2. Dendrochronology

Tree rings have been widely used in chronological, environmental, and climate studies of 

mass movements (Bollschweiler et al., 2007; Stoffell and Bollschweiler, 2009; Corominas and 

Moya, 2010; Malik and Wistuba, 2012; Wistuba et al., 2019; Šilhán, 2020). Recent ground 

motion of the SCL has caused trees to tilt due to ground movement and split due to ground 

cracking. When a tree tilts, it attempts to regain a vertical orientation by producing reaction 

wood, which results in morphologically distinct and asymmetric annual growth rings (Figure 10). 

In conifers, reaction wood forms on the downhill side of the tree and is referred to as 

compression wood (Speer, 2012). In flowering trees, reaction wood forms on the uphill side of 

the tree and is referred to as tension wood (Speer, 2012). By cross-dating and identifying the 
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calendar year of each ring, it is possible to identify the year when tilting began, its direction, and 

the relative magnitude of the tilting. Initiation of reaction wood and reaction wood directional 

change were used to determine times of movement on the SCL (Speer, 2012; Stewart et al., 

2017). Widening of reaction-wood crescents was also used to represent an increase in ground 

instability. The wood crescents narrow again as a tree regains vertical orientation after it is tilted 

by ground motion. If another bout of leaning occurs, the reaction-wood crescents once again 

widen as the tree tries to support itself (Figure 10).

Figure 10: A. Cross section of a leaning white spruce tree growing in the SCL. The 
red arrow indicated the onset of reaction wood deposition. The purple arrow 
indicated a leftward shift in the direction of leaning. The blue arrows indicate a 
widening in the reaction wood in response to an increase in the overall angle of 
leaning. B. Cross section of half of a longitudinally split white spruce tree growing 
on the SCL. Red arrow indicates the initiation of scar-tissue deposition after the tree 
trunk was split apart at this height.
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In addition to leaning, ground motion causes some tree trunks to split longitudinally in 

response to tensional forces that pull their roots in opposing directions. In some cases, trees can 

be split entirely in two, with the two halves of the trunk continuing to grow even as they move 

further apart as the landslide creeps downslope (Figure 11). By dating the year in which such 

splits occurred and the present distance between the two sides of the split trunk, the rate of

Figure 11: A white spruce (sample June 2, 2020, A) that has been split entirely in two by 
ground motion. This tree began splitting in 1974, and its two halves moved apart at an 
average rate of 6.6 cm/year between then and 2020. Photo credit: Daniel Mann.
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ground motion can be derived from the horizontal extent and the calendar year when splitting 

began.

During the summers of 2020 and 2021, I collected 122 cross sections (Figure 12) from 

leaning and split trees (Figures 13 and 14). A chainsaw was used rather than an incremental 

borer because entire cross sections are needed to identify the timing of leaning and splitting 

events and infer directional and re-leaning data periods. Most of the sampled trees were white 

spruce because they are the oldest trees growing on the SCL. The locations of sampled trees 

were recorded within +/- 3 m using a hand-held GPS unit. Split distances were estimated by

Figure 12: Locations of tree cross section samples on the SCL. Background 
Imagery: Esri (2020).
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measuring horizontally between the separate faces of the split trunk and at the level where the 

cross section was obtained. The split rate is calculated over the period beginning with the onset 

of the split to the day the cross section was taken. Non-leaning trees growing on the plateau 

above the head scarp were used as reference trees for cross dating trees growing on the landslide 

with reaction wood in order to identify missing or false rings (Grissino, 2001). Cross sections 

(tree cookies) were incrementally sanded with sandpaper up to 800 grit using disc and orbital 

sanders. Once sanded, the tree cookies were scanned at resolutions between 2000 and 2400 

pixels per inch, and the annual rings counted and measured using the CooRecorder program 

(Speer, 2012). Measurements were then cross dated for accuracy using a skeleton plot as well as 

the computer programs CDendro and COFECHA (Speer, 2012). Time series of reaction wood 

initiation, directional change, reaction-wood widening, and tree splitting occurrence were used to 

reconstruct a time series of landslide movement.

Figure 13: A. Example of a leaning white spruce tree on SCL (sample May 27, 2020, 
L). B. The collected cross section. This tree had a pith date of 1928 and began to lean 
in 1990.
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Figure 14: A. Example of a white spruce tree split in two (red arrow) by ground motion 
on the SCL. B. same tree after the cross section was acquired. This tree (sample May 27, 
2020, N) had a pith date of 1928, began to split in 2017, and records 29.5 cm/year of 
split since that date.

4.3. Repeat GPS surveys
Repeat measurements of temporary datum points established on the SCL surface were used 

to quantify seasonal ground motion during 2020 and 2021. Real-time kinematic (RTK) GPS 

surveys utilize the global navigation satellite system (GNSS) (Shen et al., 2021). A base receiver 

sends correction data to a rover receiver to track the rover's position precisely (Wanninger, 

2008). Ideally, at least eight satellites are needed to resolve uncertainties in the rover's position 

(Javad Positioning Series, 1998). The precision of the rover increases with satellite number and 

with duration of connectivity. During each survey of the SCL, the base receiver was left in 

position for 24 hours to obtain precise positioning data. The data were then georeferenced and 

corrected using a Trimble program (Trimble Business Center) to obtain latitude and longitude 

coordinates which were input into ArcMap and Google Earth.
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In October of 2019, 82 temporary datum points consisting of 20-cm long pieces of rebar were 

driven vertically into the ground and capped with plastic safety caps along transects spanning the 

landslide surface (Figure 15). A base station was positioned during each survey over a permanent 

datum consisting of a mass of concrete poured into a 40-cm deep pit with a piece of rebar 

protruding from its surface. The base station was 0.5 km south of the SCL adjacent to a pullout 

of the Parks Highway (Figure 16). Several of the rebar datum points on the landslide surface 

were lost over the course of the two summers as a result of ground motion, animal activity, and 

disturbances caused by the installation of the fiber optic cable across the landslide toe.

Figure 15: Location of temporary rebar datum points on the SCL. 
Background imagery: Esri (2020).
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Figure 16: RTK-GPS survey base station with Slate Creek Landslide in the background. 
Early May 2020.

RTK-GPS surveys began on 13 May 2020 and were conducted monthly until 3 October 

2020. Surveys were repeated in 2021 on 14 May 2021 and 23 September 2021. Movement 

estimates covered summer movement from 13 May 2020 to 3 October 2020, and 14 May 2021 to 

23 September 2021, and winter movement from 3 October 2020 to 14 May 2021. The surveys 

used were 13 May 2020, 3 October 2020, 14 May 2021, and 23 September 2021. Daily rates 

were calculated by dividing the number of days between surveys by the overall movement 

between surveys. I did not attempt monthly surveys in the summer of 2021 because of problems 

caused by deciduous vegetation blocking the signal between the base station GPS and the rover

GPS.

4.4. Repeat LiDAR surveys

Light detection and ranging (LiDAR) is a remote-sensing method that uses pulsed laser 

beams to measure ranges to surfaces (NOAA LiDAR, 2022). The LiDAR data used in this 
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project comes from two different sources. The 2011 LiDAR dataset comes from the State of

Alaska Alaska Division of Geological & Geophysical Surveys: 

https://elevation.alaska.gov/#63.98923:-149.13708:16 (State of Alaska, 2011). The 2020 LiDAR 

was collected in July 2020 by Dr. Chris Larsen of the University of Alaska Fairbanks. The root 

mean square error (RMSE) for the 2011 LiDAR data is 3.5 cm and the RMSE for the 2020 

LiDAR is 10 cm. The total error on the differencing is 10.6 cm. The results of these two LiDAR 

surveys were compared to each other using the QTmodeler program 

(https://appliedimagery.com) in order to reveal changes that occurred in the surface topography 

of the SCL over the nine-year interval.

4.5. Climate data

Climate data comes from Denali National Park Headquarters and the airport in Fairbanks, 

Alaska. I interpolated these data to fill in instances of missing data in these records. Climate data 

from Healy, Alaska was not extensive or consistent enough for use in this project. For 

precipitation, Global Precipitation Climatology Center (GPCC) data were used for both 

Fairbanks and Denali National Parks (https://psl.noaa.gov/data/gridded/data.gpcc.html). For 

temperature data, the CRU 4.04 land data set was used from 

https://climexp.knmi.nl/select.cgi?id=24750c1ed842a61521eca8610018f4b9&field=cru4_tmp 

(World Meteorological Organization, 2021).

The precipitation data were used to identify the occurrence of precipitation anomalies.

Precipitation seasons were defined as the following: spring = April and May, summer = June and 

July, and fall = August and September. No estimates of precipitation were made for winter 

season because of the difficulty of estimating the timing of snowmelt. Seasonal precipitation 

anomalies were deemed defined as values that exceeded historical mean rainfall for each season 

23

https://elevation.alaska.gov/%252363.98923:-149.13708:16
https://appliedimagery.com/
https://psl.noaa.gov/data/gridded/data.gpcc.html
https://climexp.knmi.nl/select.cgi?id=24750c1ed842a61521eca8610018f4b9&field=cru4_tmp


by >2 cm. Anomalies were calculated by subtracting each year's seasonal total from the average 

precipitation for the entire record.
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5. RESULTS

5.1. Stratigraphy and permafrost

The stratigraphy exposed in the SCL's head scarp recapitulates a portion of the geologic 

history of the Nenana Valley (Figure 17). The lowest unit exposed in the head scarp is a 12-m- 

thick section of the Nenana Gravel (Sortor er al., 2021). At this location, the Nenana Gravel is 

represented by well-sorted, trough- and cross-stratified, medium and coarse sand most likely 

deposited in a proglacial sandur. Bedform orientations indicate waterflow to the north and 

northwest. This sand is weakly cemented with calcium carbonate, and the boundaries of 

sedimentary structures are often displaced by low-angle, micro-faults, which might have 

occurred when the site was overridden by a glacier. There is no evidence of either contemporary 

or ancient permafrost within this lowest, exposed unit in the head scarp.

Overlying the sand unit above an abrupt, erosional contact is an 18-m-thick layer of 

indurated glacial till containing a lithologically diverse assemblage of rounded to subrounded 

cobbles, pebbles, and small boulders embedded in a matrix of silty sand. This is probably a 

lodgment till deposited during the Browne Glaciation, which is thought to be of middle 

Pleistocene age (Thorson, 1986). The lowest 20 to 50 cm of the till unit is mixed with lithified 

fragments of blackened wood in orientations indicative of being dragged by glacial flow towards 

the north. Because of this till unit's cohesiveness, house-sized blocks of it persist far down the 

landslide.

Overlying the till layer is 2-4 m of boulder gravel, which most likely represents outwash 

from the Late Pleistocene Healy Glaciation (Briner and Kaufman, 2008). This outwash layer is 

clast-supported and consists of well-rounded clasts lacking any trace of organic material. Several 

ice-wedge pseudomorphs occur in the uppermost 2 m of this outwash unit, but no contemporary 
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permafrost was found, despite the ongoing and rapid exposure of this unit by the retreat of the 

head scarp.

Overlying the outwash unit is 2 m of planar-bedded, fine to medium sand interbedded with 

silt laminae, pockets of woody organic material, and a thin layer of tephra (Figure 18). We 

interpret this unit as an over-bank deposit of the ancient floodplain of either the Nenana River or 

of the paleo-Slate Creek. A willow branch from this unit returned a non-finite radiocarbon date 

of >40,000 years (Beta - 561258). A thermistor probe inserted into a hole bored 2 m horizontally 

into this unit registered a temperature of -1°C, indicating the presence of warm permafrost in this 

fine-grained unit near the top of the head scarp.

Capping the head scarp exposure is 2-3 m of loess. Occasional sandy laminae and beds 

indicate the sporadic formation of sand sheets. The sporadic presence of permafrost in this 

uppermost unit as well as on the plateau above was confirmed by extensive probing with a tile 

probe (Figure 19). In many of these probes, frozen sediment was found within 1.5 m of the 

surface of the organic mat.

Figure 17: Stratigraphy at the southern end of the SCL head scarp. Photograph 
taken July 2020.
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Figure 18: Stratigraphic column of the SCL head scarp.
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Figure 19: Probing with a 130-cm tile probe revealed the spotty presence of 
permafrost underlying the plateau above the head scarp of the SCL. This finding is 
consistent with the identification of warm permafrost in horizontal boreholes in 
recent exposures of the overbank and loess deposits in the head scarp.

5.2. Vegetation map
The distribution of different tree species reflects the recent dynamics of the SCL (Figure 20).

In the boreal forest, different tree species dominate at different stages of secondary succession

(Mann and Plug, 1999), and their present distributions on the surface of the SCL probably reflect
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Figure 20: Vegetation map created from imagery taken in April in 2020 (Esri 2020). 
Shows active, moderately active, and moderately inactive portions of the landslide.

the relative stabilities of different portions of the landslide. The longer a surface has remained 

stable, the more likely it is to support white spruce rather than the deciduous tree species that 

typically dominate earlier in succession. On the plateau above the head scarp, the presence of a 

peatland supporting black spruce trees (Picea mariana) with an understory of ericaceous shrubs 

and mosses growing on 20 - 50 cm of peat suggests no ground motion has occurred there. As soil 

drainage improves towards the head scarp, white spruce and birch become the dominant tree 

species and the recently down-dropped “Lost World block” is covered by a mature forest of 

white spruce and birch that is now being destroyed as this block tilts and disintegrates (Figure 

20). The poplar-dominated forest covering the landslide's toe suggests that motion in this area is 

also rapid there; however, we suspect that these early successional trees grow on the toe because 

of repeated disturbances caused by road construction. In contrast to areas near the head scarp, the 

middle portion of the SCL supports a mosaic of white spruce, birch, aspen, and alder. The 

presence of century-old white spruce in the middle portion suggests that ground motion has been 
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relatively slow there, although the scattered occurrence of alder thickets indicates localized areas 

of recent and rapid motion. Overall, the vegetation cover of the landslide suggests its motion is 

fastest and/or most recent nearest the head scarp, with the middle portion of the landslide and 

possibly the toe moving more slowly.

5.3. Movement of the Slate Creek Landslide

5.3.1. Movement estimates based on dendrochronology
After cross dating, the tree rings of 96 tree cookies were sampled, and the tree rings 

analyzed. Together, these samples cover the period from 1919 to 2020 (Figure 21). All the tree 

cookies analyzed were white spruce (Picea glauca). The aspen samples collected did not cross-

Figure 21: Number of trees with reaction wood per year.

30



date well and were therefore not used in the analyses. The inter-series correlation is 0.518, the 

average mean sensitivity is 0.246, and the Rbar is 0.71.

The tree ring data indicate that there have been several episodes of movement on the Slate

Creek Landslide over the past 80 years. The re-lean data refers to the widening and direction 

change of the reaction-wood. An initial increase in landslide movement is recorded by the large 

number of lean and split events in the 1960s (Figure 22). Episodes of widespread tree leaning 

occurred in 1967, 1974, 1977, 1980, and 2017 (Figure 22). Widening reaction wood and changes 

in tilt directions record additional episodes of ground motion in 1977 and 1980 (Figure 23). A

peak in split initiation occurred in 1980, which post-dates the first, major peak in tree tilting that

Figure 22: Years of movement determined by lean initiation, directional 
change, and widening reaction wood.
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Figure 23: Years of transverse cracking on the SCL based on split data.

occurred in 1967. After peaking in 1967, the initiations of new leanings declined in frequency, 

particularly after ca. 1985 (Figure 22). Hiatuses in the initiation of leaning occurred after 2000, 

but re-leaning, changes in lean direction, and split initiation suggest that the landslide continued 

to move during this time (Figure 22 and 23).

Data from 23 split tree samples suggest that cracks on the landslide's surface widened at 

rates between 0.06 to 29.5 cm/year during the past 50 years (see Table A1). One tree growing on 

the Lost World block, a spruce block near the head scarp (Figure 24), exhibited the fastest rate of 

split widening (29.5 cm/year since 2017), while a split tree located approximately 200m upslope 

of the SCL's toe revealed the lowest rate of split widening at 0.06 cm/year since 1972. The 

central area of the SCL contains few split trees, which is consistent with our suggestion that the 

vegetation cover indicates relatively slow motion there over the past 40 years. The northern and 

southern margins of the landslide support numerous split trees suggesting that ground cracking 

along the SCL's margins is widespread.
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Figure 24: Rate (cm/year) of crack widening based on split tree data. Background 
imagery: Esri (2020).

5.3.2. Movement estimates based on GPS surveys
RTK-GPS surveys between 13 May 2020 and 23 September 2021 revealed that the SCL 

moved fastest during the period between 13 May 2020 and 3 October 2020, when the majority of 

datum points moved at rates between 0.7 - 3.5 cm/day, for a total of 1 - 5 m of overall 

movement. The movement at a single point located in the southwest portion of the SCL (Figure 

25) showed a divergent trajectory from the rest of the landslide. This aberrant motion was caused 

by a portion of the Lost World block slipping to the south, out of its graben basin. Overall 
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landslide movement between 13 May 2020 and 23 September 2021 reached a high of 4 - 8 m of 

total movement (1.2 - 1.6 cm/day), with the toe of the landslide moving more slowly, between 1 

- 4 m (0.2 - 1.2 cm/day).

Based on repeat RTK-GPS surveys (Figure 25), movement on the SCL occurred during both 

summer and winter. Between 13 May 2020 and 22 September 2021, movement adjacent to the 

head scarp in the Lost World block and in the predominantly deciduous areas of the SCL's mid

section moved two to four times faster than the predominantly spruce areas of the mid-section 

and the landslide's toe.

Winter motion was overall slower than it was in the summer. The SCL slowed between 3 

October 2020 and 13 May 2021, with a daily average of motion between 0.17 - 0.9 cm/day. 

Only nine datum points moved more than 1 m over this 7.5-month interval compared to the 22 

datum points that showed movement in the interval 13 May 2020 to 3 October 2020. While most 

areas showed a decrease in their rates of movement over the winter of 2020/2021, there were a 

few that accelerated (see Table A2). The overall pattern of movement during the winter time 

showed a similar spatial pattern as during the previous summer, with the fastest motion occurring 

near the head scarp in the Lost World block and in the landslide's mid-section (Figure 25).

Movement rates between 14 May 2021 and 22 September 2021 showed a further slowing. 

The Lost World block and the landslide toe had rates of movement between 0.37 - 0.75 cm/day, 

which resulted in 0.5 - 1 m of total movement. The blocky mid-section of the landslide is the 

only area where a majority of the datum points showed an increase in their rates of movement 

during this time period along with a single datum point located near the head scarp.
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Figure 25: RTK-GPS survey data indicating motion between May 2020 - October 2020, 
October 2020 - May 2021, May 2021 - September 2021, and overall movement from May 
2020 - September 2021. Arrows are not to scale. Background imagery: Esri (2020).
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5.3.3. Movement derived from repeat LiDAR surveys
Differencing the two LiDAR data sets provide an image of total amount of motion occurring 

on the SCL between 2011 and 2020 (Figure 26). Note that figure 26 illustrates all differences and 

has not been masked to exclude measurements within the combined RMSE. In Figure 26, the 

dark blue areas represent +5 m increase in height and the red areas represent a -5 m decrease in 

height. Differencing of the LiDAR indicates that the head scarp, and the adjacent Lost World 

block were the most active portion of SCL during the survey interval. This is most clearly seen in 

the down dropping of the Lost World block to form a graben bordered by an older block to the 

east. The upper portion of the blocky mid-section of the SCL experienced the most changes in 

elevation, while the toe area demonstrated on average +/- 1 m elevation change. The head scarp

Figure 26: Height differencing of LiDAR images obtained in 2011 and 2020 reveal 
the recent onset of landslide movement near the head of the SCL. Blue shading 
indicates a 5 m increase in elevation and red shading depicts a 5 m decrease in 
elevation. Figure credit: Dr. Christopher Larsen.
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receded ~50 m between 2011 and 2020 or ~5.5 m/year on average, possibly meaning new 

material is now making its way downslope, a pattern similarly seen in the survey data.

5.4. Precipitation anomalies

Over the last century, multiple positive precipitation anomalies (>2 cm more than the

historical mean) have occurred. Anomalously wet summers and falls in Fairbanks occurred in 

1962, 1967, 1990, and 2013 - 2018 (Figure 27). Anomalously wet summers and falls in Denali

National Park occurred in 1962, 1967, 1974, 1990, and 2019 (Figure 28). There were large 

anomalies that preceded the increased frequency of movement on the SCL such as in the 1940s.

Most of the larger positive precipitation anomalies that coincided with increased movement of 

the SCL occurred in the summer and fall months.

Figure 27: Fairbanks, Alaska precipitation anomalies for spring, summer, and 
fall between 1930 and 2020.
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Figure 28: Denali National Park precipitation anomalies for spring, 
summer, and fall from 1923 - 2020.
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6. DISCUSSION

6.1. Overall movement on the Slate Creek Landslide

Between May 2020 and September 2021, movement in different areas of the SCL ranged 

from 2 to 8 m (Figure 25). Rates of motion determined by tree-splitting reveal that some parts of 

the SCL have been more active than others, with the head scarp seeing the fastest motion (29.5 

cm/year since 2017), and the toe seeing the slowest motion (0.06 - 0.18 cm/year since 1972).

The dendrochronological record of ground motion is sparse prior to 1960 (Figure 22), but it does 

show that between 1960 and the present day, multiple bouts of greater motion occurred, with 

widespread ground motion recorded by trees in 1967, 1973, 1977, 1980, and 2017 (Figure 22). 

RTK-GPS measured rates of movement suggest that the most recent bout of enhanced motion 

beginning in 2017 remains localized near the head scarp of the SCL. This is consistent with our 

inferences about the relative rates of motion based on the present vegetation distribution (Figure 

20) and the repeat LiDAR imagery (Figure 26).

6.2. What factors influence movement of the SCL?

Four different hypotheses may explain what factors caused the initiation of the SCL and 

continue to control its rate of movement. A fifth hypothesis involving earthquakes as a cause of 

movement on the SCL was ruled out using the USGS Earthquakes database and will therefore 

not be included in this list.

6.2.1. The wildland fire/permafrost hypothesis

By removing vegetation and peat that insulate the ground and thus protects the permafrost, 

wildland fires can cause active layers to deepen by several meters in the decades following the 

fire (Liu et al., 2021). It is possible that a fire could have caused discontinuous permafrost on the 

plateau above the SCL's head scarp to thaw, which could have then created taliks through which 

groundwater could penetrate more deeply into the underlying ground causing the hillslope to 
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become destabilized. Tree ages and charred stumps on and above the SCL suggest that a fire has 

occurred recently in this area; however, the exact timing of this fire remains unknown. The 

oldest tree on the SCL dates to 1919, which is >40 years prior to the increase in landslide 

movement occurring in the late 1960s.

6.2.2. The precipitation hypothesis
My initial hypothesis was that anomalously wet periods triggered bouts of increased motion 

on the SCL. Consistent with this idea is the fact that positive precipitation anomalies preceded 

years of greater movement on the SCL (Figure 29). Multiple ponds throughout the landslide 

could have stored the water causing the movement to occur one or more years after the increased 

amount of precipitation occurred. Not all years that saw increased movement, however, were 

preceded by a positive precipitation anomaly (Figure 29).

Rather than positive precipitation anomalies, heavy rainfall events may be a more likely 

cause for increased movement on the SCL. The late 1960s were a time with increased frequency 

of movement, and the heavy rainfall that occurred several times during the summer of 1967 was 

accompanied by the bulging of the original roadbed and influxes of large amounts of sediment 

(Vournas, 1967).

The challenges involved in testing this hypothesis include a lack of precipitation data from 

Healy, Alaska, which makes it impossible to tell whether extreme rainfall events occurred in the 

study area and if they coincided with or closely preceded times of increased landslide movement. 

Without local weather records, the occurrence of localized storms causing anomalous 

precipitation years cannot be ruled out.

Lurking in the background of the search for the factors controlling landslide activity is the 

fact that large, complex landslides like the SCL have a life of their own once they become active. 

Once in motion, such landslides exert strong positive feedbacks on their continued motion (Qin
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et al., 2001). In the case of the SCL, these feedbacks most likely include the retention of surface 

water within sag ponds that formed from previous motion. Water held in these ponds can then 

percolate downward via numerous cracks facilitating the continued movement of the SCL.

Figure 29: Denali National Park precipitation anomalies vs. years of 
movement on SCL.
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6.2.3. The road construction hypothesis
The original Parks Highway was constructed between 1962 and 1964 and it was built across 

the toe of the SCL (Figure 30). It is possible that the removal of material from the landslide's toe 

destabilized the landslide by removing the buttressing support provided by its toe (Terzaghi, 

1950).

A challenge with testing this hypothesis is that there is a landslide directly to the south of the 

SCL that was not touched by the road construction; however, there are signs of recent movement 

on the southern landslide suggesting another factor is contributing to the continued movement of 

the SCL (Figure 31).

Figure 30: 1966 aerial imagery of the Slate Creek Landslide showing the 
original Parks Highway cutting through the landslide's toe. The outlines are 
the 1966 extent of the SCL and its toe.

Figure 31: Landslide to the south of the SCL demonstrating evidence of activity; 
however, the toe was not affected by road construction.
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6.2.4. The combination hypothesis
A combination of road construction and extreme rainfall events may have re-initiated the 

SCL and influenced its subsequent movement. The following is a possible reinitiation scenario:

1. Between 1962 and 1964, the original Parks Highway was constructed across the toe of 

the landslide.

2. This caused the landslide to destabilize and begin to move in the late 1960s.

3. Since then, extreme rainfall events have repeatedly triggered episodes of movement.

4. Cracking and movement on the SCL maintain motion by disrupting groundwater flow 

and storing snowmelt in sag ponds on the landslide surface.

6.3. Hazards posed by the SCL today and over the coming decades
The SCL is relatively slow moving and shows little to no potential for a catastrophic advance 

across the Parks Highway. That said, parts of the landslide toe advanced toward the roadway 1 m 

to 4 m between May 2020 and September 2021 (Figure 25), and its continued advance may 

require mitigation (e.g., relocation of the highway) sometime in the next 10 years. There are 

likely to be growing problems with aufeis accumulating in the highway ditch and possibly on the 

road surface over the coming years. Another maintenance issue may be posed by water flowing 

from the landslide and carrying sand that fills drainage ditches and blocks culverts.

The infrastructure most immediately threatened by the SCL is the newly-laid fiber optic 

cable. If the current rate of landslide movement continues, the SCL may damage this cable 

within the next decade.

Over the next few decades, it is likely that the SCL will become increasingly active in 

response to the projected increase in extreme rainfall events (Bennet and Walsh, 2015; Thoman 

et al., 2019). Rising temperatures will most likely cause further loss of the warm and 
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discontinuous permafrost on the plateau above the headwall, allowing more water to penetrate 

into the subsurface, which will cause further destabilization.
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7. CONCLUSION

The Slate Creek Landslide (SCL) is an active mass movement that involves elements of both 

an earth slump and an earth flow. It is currently encroaching on the Parks Highway and threatens 

a recently-laid fiber optic cable. Despite the SCL's location in the discontinuous zone within the 

northern foothills of the Alaska Range, permafrost thaw is most likely of minor importance in 

this landslide's dynamics. The SCL experienced a quiescent interval of at least several decades 

before beginning a period of increased movement in the mid-1960s. Major episodes of tree 

leaning in response to ground motion occurred in 1967, 1973, 1977, and 2017. Widespread 

splitting of trees peaked around 1980. The landslide has been active during the last several years, 

with portions of it moving as much as 8 m between 2020 and 2021. The upper portion of the 

landslide is now moving faster than its toe and mid-section, which suggests a wave of 

accelerating motion will propagate downslope over the next few decades. What caused the 

reactivation and continued movement of the SCL remains unclear; however, it may be due to a 

combination of road construction and extreme rainfall events. Of immediate concern is damage 

to the newly laid fiber optic cable that was emplaced over the landslide's toe in 2020.

7.1. Suggestions for future work

Additional studies are needed to understand the subsurface hydrology of the SCL and the 

long-term effect of the changing climate on this and other landslides in the area. Future tasks 

include:

1. Permafrost mapping and monitoring to determine the extent of the permafrost in the area 

and its ongoing response to the changing climate.

2. Monitoring of the SCL both on an annual and seasonal basis to understand further 

movement on the SCL in relation to climate and weather. This will provide the 

ADOT&PF with baseline data important for landslide mitigation.
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3. Establishment of a permanent weather station in Healy, Alaska in order to determine how 

climate and weather affect the SCL as well as other landslides in the area.

4. Drilling in the SCL to determine where its shear zone is and to confirm its movement 

rate.

5. Studying other mass movements in the Alaska Range in order to develop a 

comprehensive understanding of how climate is affecting hillslope processes and natural 

hazards within this changing, subarctic landscape.
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9. APPENDIX

Table A1: Rate of split widening (cm/year) measured on the trunks of split trees

Sample Year 
of 
split

Time 
since split

(yrs)

Width of
split (cm)

split widening
(cm/yr)

Latitude/Longitu 

de

May 7 2020 B2 
a&b

1981 38 7 0.18 N 63.99106
W 149.13

May 27 2020, N 2017 2 59 29.5 N 63.9907 
W 149.140214

May 27 2020, Q 1977 42 84 2 N 63.992572 
W 149.138152

May 27 2020, W 1994 25 41 1.64 N 63.990484
W 149.134793

May 27 2020 X 1980 39 39 1 N 63.988732
W 149.133791

May 27 2020 Y 1994 25 19 0.76 N 63.988740 
W 149.134017

June 2 2020 A 1974 45 294.6 6.55 N 63.989132
W 149.135589

June 2 2020 E 2018 1 24 24 N 63.989096 
W 149.136126

June 2 2020 P 1980 39 89.5 2.29 N 63.990377
W 149.132019

June 2 2020 Q 2017 2 3.5 1.75 N 63.990384 
W 149.131454

June 2 2020 R 1992 27 10 0.37 N 63.990352
W 149.131401

June 25 2020 D 1984 35 25 0.71 N 63.992963
W 149.133405

June 25 2020 H 1980 39 100 2.56 N 63.992290
W 149.131693

June 25 2020 I 1982 37 133 3.59 N 63.992412
W 149.131572

July 8 2020 I 2016 3 9 3.0 N 63.989620
W 149.140273

July 8 2020 L1 1983 36 31 0.86 N 63.989826
W 149.138075

July 8 2020 L2 1990 29 9 0.31 N 63.989826
W 149.138075

July 8 2020 P 2000 19 46 2.42 N 63.991972
W 149.137149
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Table A1: Continued - Rate of split widening (cm/yr) measured on the trunks of split trees

July 8 2020 Q 1980 39 47 1.21 N 63.991917
W 149.137149

May 14 2021 N 1978 42 236 5.62 N 63.989497
W 149.132169

May 14 2021 O 2005 15 70 4.67 N 63.989423 
W 149.132288

May 14 2021 R 1972 48 3 0.06 N 63.991106
W 149.132195
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Table A2: RTK-GPS survey movement rates (m/year)

Datum point May 2020 - 
October 2020

October 2020 - 
May 2021

May 2021 - 
September 2021

Overall 
Movement

1 0.13 - - 0.13
2 0.43 0 0 0.98
3 0.29 0.49 0.49 1.27
4 0.64 0.98 0 1.62
5 - - 0.98 4.01
6 1.33 1.47 1.48 4.28
7 - - 1.47 10.92
8 - - 1.84 13.06
9 - - 1.47 5.85

10 1.97 0.98 1.48 4.43
13 - - 0.98 3.51
14 - - 0.49 3.11
15 - - 0.98 3.21
16 1.33 0.98 0.49 2.8
17 1.48 0.49 0.49 2.46
18 1.01 0.49 0.49 1.99
19 1.17 0.98 0.49 2.64
20 1.29 - - 1.84
21 0.99 - - 1.49
22 5.33 - - 5.30
25 1.27 0.49 0.49 2.25
26 - - - 3.755
27 0.46 0.49 1.11 2.06
28 0.68 1.11 0.49 2.27

29b 0.74 0.43 0.49 1.66
29c 0.36 1.17 0 0

31 - - 0 0
32 - - 0.49 5.28
34 1.20 0.98 0.49 2.67
35 1.48 1.04 0.49 3.02
36 - - 0.49 8.43
38 - - 0.49 3.16
39 1.37 1.84 0.49 3.17
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Table A2 Continued - RTK-GPS survey movement rates (m/year)

40 - - 1.22 4.21
41 - - 0.49 3.71
42 - - 1.48 4.69
43 1.71 1.47 1.48 4.66
44 2.11 1.96 0.98 5.05
45 - - 0.98 3.43
46 1.29 1.47 0.49 3.24
47 1.12 1.47 0.49 3.08
48 1.10 0.98 1.48 3.57
49 1.06 0.98 0.49 2.53
50 - - 0.49 2.36
51 0.78 0.98 0.49 2.25
52 0.92 0.98 0.49 2.39
53 0.82 0.98 0.49 2.28
54 - - 0.49 2.19
55 0.72 0.98 0.98 2.68
56 0.71 0.97 0.49 2.18
57 0.79 0.98 0.49 2.26
58 0.65 0.98 0.49 2.12
60 0.60 0.98 0.49 2.06
63 - - - -
64 3.68 1.47 0.49 5.63
65 - - - 3.93
66 - - - 2.80
67 - - 0.98 3.66
68 - - 0.49 3.39
69 1.47 1.48 0.98 3.94
71 1.80 0.98 0.98 3.76
72 0.41 0.98 0.49 1.88
73 0.742 0.48947448 0.489474798 1.720949
74 - - 0.98 2.45
77 0.71 - - -
78 0.48 0.49 0.49 1.46
80 0.87 0.49 0.49 1.85
81 0.94 0.49 0.49 1.92
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