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ABSTRACT 

 
CHARACTERIZATION OF MASS WASTING THROUGH  

THE SPECTRAL ANALYSIS OF LiDAR IMAGERY:  

OWYHEE RIVER, SOUTHEASTERN OREGON 

by 

Christopher Earl Markley 

November 2013 

 

Quantifying landslide character is an important aspect of understanding hillslope-

channel interactions. Spectral analysis of high-resolution, LiDAR derived, DEMs was 

carried out following methods described by Booth et al. (2009) to determine the 

characteristic spectral signature inherent in different styles of landslides in the Owyhee 

River Canyon in southeastern Oregon. The main factor in landslide generation in this 

location is a lithologic contact in which a coherent basaltic caprock overlies relatively 

weak sediments where most of the landslide failure surfaces originated. Changes in 

spectral power distribution through time were quantified by comparing a sequence of 

adjacent rotational landslides of apparent different ages.  2D DFTs were successfully 

used to analyze the topography of landslides in three different comparisons; 1) 

differentiation between two different styles of landslides, 2) an area of similar landslide 

failure, and 3) direct comparison of two similar landslides to test if relative age can be 

determined using these methods. 
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CHAPTER I 

INTRODUCTION 

Landslide inventory maps are used as an important tool that emphasizes potential 

hazardous areas where slope stability is a major concern.  Landslide inventory maps 

created by conventional means, such as visual interpretation of satellite and airborne 

imagery in conjunction with field surveys, are time and resource intensive with a high 

level of subjectivity (Wills & McCrink, 2002; Van Den Eeckhaut et al., 2005; Van Den 

Eeckhaut et al., 2010; Guzzetti et al, 2012).  The increasing availability of high-resolution 

Digital Elevation Models (DEMs) obtained from LiDAR (Light Detection and Ranging) 

elevation data has allowed a higher degree of accuracy in the assessment of regional 

landslide detection, especially in heavily forested areas (Van Den Eeckhaut et al., 2010; 

Guzzetti et al., 2012).  Several studies have made the mapping of landslides more 

objective and efficient through automatic or semi-automated landslide recognition 

computer programs (Mckean & Roering, 2004; Glenn et al., 2006; Sato et al., 2007; 

Booth et al., 2009; Kasai et al., 2009; Passalacqua et al., 2010; Tarolli et al., 2012).  

However, expert knowledge of the field area is still of paramount importance when using 

these programs. 

The concept of this study builds on the methodology of Booth et al. (2009), in 

which the researchers showed that by using a two-dimensional discrete Fourier transform 

(2D DFT) in a moving window algorithm, the topographic signature (i.e. the spectral 

power) of landslides could be objectively quantified at each point in a Digital Elevation 
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Model (DEM) through the spectral analysis of LiDAR imagery.  The current study 

assesses the application of this methodology to quantify the effect of diffusive erosive 

processes on the overall internal topographic roughness of a landslide through time.  

Barring any further sediment input via mass wasting, or reactivation of the internal 

structure of the landslide, erosion should subdue the topography over time, effectively 

reducing the higher-frequency component of the spectral signature.  Relative-age dating 

of a sequence of similar landslides might be possible by normalizing the spectral power 

of the presumed younger landslide by an older landslide.  The internal topography of the 

younger landslide, while still dominated by landforms in the long-wavelength/low-

frequency domain, should have a larger component of short-wavelength/high-frequency 

features than an older landslide.  Older landslides would be dominated by the long-

wavelength/low-frequencies with less short-wavelength/high-frequency features.   

The Artillery landslide complex (ALC), a 5-km stretch of large rotational 

landslides along the Owyhee River in southeastern Oregon, was chosen as the study site 

for this project for two main reasons: 1) All of the ALC landslides have similar styles of 

failure and occur in the same geologic unit with comparable ratios of basalt caprock to 

underlying sediment (Othus, 2008; Safran et al., 2011; Ely et al., 2012); and 2) field 

investigations suggest that these landslides differ in age, making the ALC a prime 

candidate to test whether relative-age dating of landslides might be possible through 

spectral analysis of LiDAR imagery.  The results of this study should shed light on the 
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geomorphic evolution of a landscape via erosion subsequent to large-scale landslide 

events through the spectral analysis of LiDAR imagery. 

 

Study Area 

The Owyhee River begins its course in Nevada and Idaho, flows from south to 

north through southeastern Oregon, and terminates at the Snake River near Nampa, Idaho 

(Fig. 1).  The modern Owyhee River canyon downstream (north) of Rome, Oregon was 

formed by complex interactions between lava flows and mass wasting events and the 

river (Ely et al., 2012). 

 
 

Figure 1.  Map of the Owyhee River drainage area.  The red box marks the location of the study area of the 
Artillery and Saddle Butte Landslides shown in Figure 2.  Other landslide complexes on the Owyhee that 
are referred to in the text include the Hole-in-the-Ground earth flows (green box) and the Heaven’s Gate 
landslide complex (orange arrow).  Modified from Ely et al., 2012. 
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The study area along the Owyhee River lies within the north-south trending, 

synvolcanic Oregon-Idaho Graben (Cummings et al., 2000; Ely et al., 2012).  The 

bedrock in the area includes interbedded lava flows of basalt and rhyolite, and late 

Tertiary and Quaternary age fluvial and lacustrine sediments (Hart and Mertzman, 1983; 

Cummings et al., 2000).   

Mass wasting, originating from lava flows along the river, dominates the 

topography of the Owyhee canyon walls in several locations north of Rome, OR for 

approximately 100 km downstream.  The main factor in landslide generation along the 

Owyhee River is a lithologic contact in which basaltic caprock mantles relatively soft or 

weak volcaniclastic and lacustrine sediments (Othus, 2008; Safran et al., 2011).  The 

thickness of the basalt in the study area ranges from 12 – 80 m (Othus, 2008).  There are 

three main styles of mass wasting along the Owyhee River: Earth flows, rotational 

landslides, and rock falls.  The earth flows are dominated by fine sediment.  Large 

cantilevering or sliding columns of basalt mark the rock falls with little or no evidence of 

the underlying fine sediments.  The rotational landslides are the subject of this study, and 

they are composed of large, coherent, rotated blocks of the basalt cap rock with exposed 

sections of the sediments underlying the basaltic units (Othus, 2008).  The style of 

landslide failure in the region is dictated by 1) the ratio of caprock to underlying 

sediment, 2) the composition of the underlying sediment, 3) the geometry of the canyon 

at the site of mass wasting, and 4) the amount and size of previous mass wasting events in 

the area (Othus, 2008) 
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Locations along the Owyhee River are identified by the river kilometer (Rk) 

downstream (northward) of the starting position at Rome, Oregon (Rk 0) (Fig. 1).  There 

are several main locations of mass wasting downstream of Rome.  The Hole-in-the-

Ground landslide complex (Rk 63-78) exhibits two styles of mass wasting in which large 

rotational landslide blocks near the canyon rim transition into earth flows farther from the 

rim (Othus, 2008).  Along the eastern edge of the Saddle Butte lava flow (Rk 31-37), as 

well as the western margin of the West Crater lava flows (Rk 39.5-42; Rk 43.5-45), the 

lava flows fail in a combination of rotational sliding, translational sliding, and rockfalls in 

which basalt columns peel away from the cliff face adjacent to the river (Fig. 2).  

Rotational landslides are the dominant style of failure in two main regions: Heaven’s 

Gate landslide complex (Rk 24-27) (Fig. 1) and the Artillery landslide complex (Rk 33-

38), which is the focus of this study (Fig. 2). 

 

Chronology of Geological Events Along the ALC 

Over the last 2 million years, at least six lava flows have entered and dammed the 

Owyhee River (Ely et al., 2012).  The two most recent lava flows, the Saddle Butte and 

West Crater lava flows, will be discussed in conjunction with this project as they are in 

the immediate vicinity of the Artillery landslide complex (ALC). 
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Figure 2.  DEM of the study area and surrounding topography.  The large rotational landslides of the 
Artillery Landslide Complex are shown in blue.  The cantilevered rock falls and slide of the Saddle Butte 
and West Crater lava flows are shown in red and green respectively.  The thick black line marks the path of 
the Owyhee River from south to north.  White numbers and circles on the river denote the river kilometer 
(Rk) downstream of Rome, Oregon (Rk 0).  The Hole-in-the-Ground (Rk 63-78) and Heaven’s Gate (Rk 
24-27) landslide complexes are not shown. 
 
 

Saddle Butte Lava Flows 

Roughly 145 ka, lava issuing from a vent ~30 km southwest of the Owyhee River 

entered the canyon through two tributaries.  The first lava flow entered the canyon at 

Granite Creek (Rk 28), and extended upstream 1 km and at least 3 km downstream.  The 

second Saddle Butte lava flow entered the canyon via Ryegrass Creek (Rk 33), flowing 
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downstream at least 6 km as well as 2 km upstream, burying the downstream portion of 

the first Saddle Butte flow (Ely et al., 2012).  Together these two flows laterally shifted 

the river 1 km to the east (Rk 30-47) and produced a dam at least 73 m tall (dam crest at 

1044 m), creating a lake that stretched ~30 km upstream (Ely et al., 2012).  A lack of 

fluvial deposits interbedded within the Saddle Butte lava flows suggests a fairly rapid rate 

of dam construction (Ely et al., 2012).  It is not clear how long the Saddle Butte lava dam 

persisted.  However, the river had reincised to approximately its present level by the time 

of the West Crater lava flow (70 ka) suggesting that the duration of the Saddle Butte lava 

dam was less than 75 ky (Ely et al., 2012).  The Saddle Butte lava flows are only found 

on the western side of the river.  These lava flows have generated landslides occurring 

along the river corridor that failed via the rock fall/slide classification described above 

(Fig. 3).  The Saddle Butte lava flows are not the units that produced the ALC.  However, 

the Saddle Butte Lava flows provide a maximum limiting age for the ALC, because the 

river incised around the eastern margin of the Saddle Butte flow to create the present-day 

canyon that contains the ALC.  The different style of mass movement failures from the 

edge of the Saddle Butte lava flow also provided a good comparison with the ALC to test 

the sensitivity of the spectral analysis of the LiDAR imagery in the Owyhee study area. 
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Figure 3.  Photograph of the Saddle Butte landslides, looking northeast from Rk 30 at the bottom of the 
photo to Rk 35 at the upper left (See Fig. 2) where the view of the river is obstructed by the ALC 
topography.  Most of the area covered by the landslides is devoid of vegetation.  The three landslides of the 
ALC focused on in this study can be seen in the background.  For scale, the distance between the two white 
arrows is about 0.5 km (Photo by Kyle House). 

 

West Crater Lava Flows 

Around 70 ka, lava flows originating from the West Crater vent ~13 km east of 

the Owyhee River canyon entered the canyon via Bogus Creek (Rk 38; Fig. 2) and 

flowed 8 km downstream and 3 km upstream, laterally shifting the river toward the west 

and damming the river (Orem, 2010; Ely et al. 2012).  As with the Saddle Butte lava 

flows, the absence of interbedded fluvial deposits within the flows suggests that dam 

construction was fairly rapid (Brossy, 2007; Orem, 2010; Ely et al, 2012).  The 83-m 
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thick dam (dam crest at 1030 m above sea level) completely spanned the river, causing a 

lake to form immediately upstream of the impediment.  The lake then filled with 

lacustrine sand, silt, and clay and was capped by fluvial gravels (Orem, 2010; Ely et al. 

2012).  Geochemical analysis of two Mount St. Helens set C tephra layers found in the 

sediment sequence immediately upstream of the West Crater dam suggest that the dam 

and its lake persisted until after 46 ka.  The river began to incise through the dam around 

42 ka (Orem, 2010; Ely et al., 2012), and by10 ka the river had incised through the lava 

flow to its predam channel elevation (Ely et al., 2012). 

The timing of events surrounding the damming of the river by the West Crater 

lava flows is relevant to the current study because the lower portions of some of the 

landslides in the ALC are blanketed with Owyhee River gravels that aggraded behind the 

West Crater Dam.  The gravels indicate that some of the landslides occurred prior to or 

contemporaneously with the existence of the West Crater lava dam, while others 

probably occurred after the dam had incised (Othus, 2008; Orem, 2010; Safran et al., 

2011; Ely et al., 2012). 

 

Artillery Landslide Complex 

The ALC, a ~5km stretch of the river (Rk 33-38), contains four main zones of 

landslides along the eastern wall of the canyon.  The canyon walls in this area are 

composed of Tertiary lacustrine and volcaniclastic sediments up to 75 m thick (Othus, 

2008) capped by Pliocene-Pleistocene basalt flows that are 12-80 m thick (Bondre, 2006; 
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Brossy, 2007; Othus, 2008; Ely et al., 2012).  The basalt flows above the canyon are 

covered in Owyhee River gravel up to several meters thick, which probably accumulated 

behind a lava dam originating from the Bogus Rim lava flow (~1.7 Ma) or one of the 

older undifferentiated lower Bogus lava flow units in this area (Bondre, 2006; Brossy, 

2007; Othus, 2008; Ely et al., 2012).  Slope failure in the ALC is dominated by large 

rotational slides that had the potential to dam the river.  The topography within the 

landslides is composed of long wavelength/low frequency undulating hummocks, with 

short-wavelength/high-frequency areas superimposed on or around the coherent blocks 

(Fig. 4). 

 
 

Figure 4.  Photograph of the Artillery 2 landslide, taken from the canyon rim and looking north, shows the 
internal topography of the landslide.  The river is obscured from view by the canyon on the left-hand 
margin of the photograph (Photo by Kyle House, 2009). 
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 For the purposes of this study the different sections will be labeled Artillery 1, 2, 

3, and 4, with Artillery 1 being the farthest downstream (north) and Artillery 4 being the 

farthest upstream (south) (Fig. 5A).  Based on various lines of evidence described later in 

this thesis, these landslides are most likely older downstream and younger upstream 

(Artillery 1 = Oldest; Artillery 4 = Youngest). 

 
 

Figure 5.  A. Overview of the ALC.  The blue arrow in the left-center section of the figure marks the river 
as it flows from south to north.  The West Crater lava flows entered the Owyhee River canyon down Bogus 
Creek, labeled at the top of the figure.  The yellow box labeled 1 encompasses the area of Artillery 1, the 
toe of which is covered by the adjacent West Crater lava flow.  The blue, green, and red lines delineate the 
areas of Artillery 2, 3, and 4, respectively.  The green roman numerals along the river indicate the locations 
of boulders sampled for 3He analysis on outburst flood boulder bars associated with dam failures (Othus, 
2008); I = sample 082507-2, II = samples 082607-01, 02, and 03, and III = samples 042704-08 and 09.  
The small purple boxes found within Artillery 1 and 4 mark the closed depressions where tephra layers 
were found (Othus, 2008; Ely et al. 2012).  B.  Close-up of Artillery 4 and the phases and directions of 
failure as described by Othus, 2008, as well as the Hell’s Gate and the Saddle Butte landslides used in this 
study. 
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The 70-ka West Crater lava flow buried the toe of Artillery 1, leaving one intact 

landslide block exposed, which indicates that the landslide is older than the lava flow 

(Fig. 5A; Brossy, 2007; Othus, 2008; Ely et al. 2012).  Two tephra layers, the Trego Hot 

Springs and Mount Mazama tephra, were found in sediments that accumulated in a closed 

depression behind the landslide block and dated to 23.2 ka and 7.7 ka, respectively (Fig. 

5A; Othus, 2008; Ely et al., 2012).  The remaining landslide block has been heavily 

eroded, and is now mostly overgrown with vegetation (Othus, 2008). 

Artillery landslides 2 and 3, located immediately upstream from Artillery 1, have 

not been buried by the West Crater lava flows (Fig. 5A).  The landslide blocks near the 

head of the landslides have little to no vegetation and are mostly composed of cohesive 

basalt blocks.  The landslide blocks near the toes of Artillery 2 and 3 have a rounded 

morphology due to erosion and the growth of vegetation (Othus, 2008).  Deposits of 

rounded gravel were found on the toes Artillery 2 and 3.  The gravel was either deposited 

directly by the Owyhee River after the landslide was in place, or came from the thick 

gravel that blankets the top of the Pliocene-Pleistocene basalt flows above the canyon 

rim, in which case it would have fallen with the landslide blocks.  The location, elevation, 

thickness, and in some cases the relatively flat surfaces of the deposits suggest that the 

gravels are aggradational terrace deposits formed by fluvial activity (Othus, 2008; Orem 

2010; Ely et al., 2012).  The elevation of the terraces on Artillery 2 and 3 are below the 

elevation of the West Crater dam crest, suggesting that they formed as the lake behind the 
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West Crater lava dam filled with sediment.  This interpretation would make the landslides 

older or contemporaneous with the lava flows (Othus 2008; Orem 2010; Ely et al., 2012).   

The aggradational terrace deposits of gravel found on the toes of Artillery 2 and 3 

are not present on Artillery 4, although it does host scattered gravel at various elevations 

that probably fell from the canyon rim.  Artillery 4 thus potentially represents the most 

recent landslide event on the eastern side of the river in the ALC.  The blocks near the 

head of Artillery 4 are nearly intact with little to no evidence of erosion.  The blocks at 

the toe of the landslide show some evidence of diffusive erosion, yet appear more angular 

than the blocks found on the toes of Artillery 2 and 3 (Othus, 2008).  Mass wasting 

occurred in at least two phases on Artillery 4; Phase 1) blocks moved in a north-

northwest direction potentially blocking the river; Phase 2) blocks moved in a westerly 

direction with the landslide blocks being mostly vertical, suggesting a short travel 

distance (Fig. 4B) (Othus, 2008).
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CHAPTER II 

METHODS 

The basic objectives of this study were to determine and compare the spectral 

signatures of the individual ALC landslides.  Because the ALC landslides are interpreted 

to be of different ages, I used this comparison to assess whether and how the spectral 

signal changes through time, and if these changes could be used to relatively date 

different landslide events. 

 Initial fieldwork was carried out during the summer of 2010.  Points of interest 

(i.e. possible locations of landslide dams, boulder bars, changes in morphology, etc.) 

were logged using a handheld GPS unit for later analysis of the LiDAR imagery.  A laser 

rangefinder was used to corroborate thickness measurements of the basalt caprock and 

underlying volcaniclastic/lacustrine sediments in the ALC as determined by Othus 

(2008). 

Samples for cosmogenic 3He (3Hec) were collected from rounded basalt boulders 

found on boulder bars directly downstream of associated outburst floods caused by 

catastrophic failure of a landslide dam located at Hell’s Gate (Fig. 5A).  A sample was 

also collected from a proposed spillway on river right on the downstream edge of the 

Artillery 4 landslide.  This spillway was most likely active when the Hell’s Gate landslide 

dam blocked the river channel.  The samples were collected by Ely and prepared by 

Fenton in accordance with methods outlined by Gosse and Phillips (2001) and Fenton et 

al. (2002, 2004) at the University of Rochester. 
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The methods for the modeling used in this research were based largely on Booth 

et al. (2009), in which quantification of the topographic signature at each point in a 

Digital Elevation Model (DEM) was carried out by implementing a 2-Dimensional 

Discrete Fourier Transform (2D DFT) in a moving window algorithm, as summarized 

below.  For more detailed information on the specific mechanics of the 2D DFT see 

Booth et al. (2009).  All calculations were done using MATLAB and the algorithms are 

available at http://web.pdx.edu/~boothad/tools.html. 

LiDAR was collected for the Owyhee River canyon during October 2008 at a 

resolution of 1 m.  Vegetation found in and around the Owyhee River Canyon consists 

mainly of low shrubs.  Vegetation filters used for the Owyhee LiDAR data could not 

discern the difference between boulders and vegetation ranging from 1-2 m in size.  

Because the scale of the objects focused on in this study are objects in the 10s of meters, 

subtraction of present vegetation in the LiDAR data was not deemed necessary.  The 

methods outlined in this study should work for any LiDAR imagery of landslides no 

matter how heavily vegetated the area is, as long as the data has been corrected to remove 

vegetation if it is deemed necessary. 

Individual DEMs of Artillery Landslides 2, 3, and 4, as well as composite images 

showing different combinations of the three landslides were generated using Global 

Mapper (ver. 13.2).  A DEM was also created for a section of mass wasting along the 

Saddle Butte lava flow.  The oldest landslide in the ALC, Artillery 1, was omitted from 

the spectral analysis because it is largely buried by the West Crater lava flow, which 
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obscured too much of the landslide topography to effectively generate a characteristic 

spectral signature.  

A DEM of a section of the Saddle Butte failure was analyzed to compare with the 

ALC and test the applicability of the program to effectively differentiate the topography 

of different landslides at this study site.  Because the style of failure of the Saddle Butte 

lava flow is mainly rock falls and not the rotational failure style characteristic of the 

ALC, the spectral power for the Saddle Butte failures was expected to be markedly 

different. 

 

2-Dimensional Discrete Fourier Transform (2D DFT) 

The 2D DFT transforms the data within the DEM from the spatial domain to the 

frequency domain.  The landslide scarps along the canyon rim determined the boundaries 

for the individual landslides in the ALC.  The scarps of Artillery 3 and 4 have the same 

general scalloped shape, so the perimeter of each landslide was set where one arc ended 

and another began (Fig. 6A).  Because the scarp of Artillery 3 does not have the 

distinctive scalloped shape, its boundary contains all of the failed terrain north of 

Artillery 3 (Fig. 6A).  North of the area used for Artillery 2 is unfailed terrain where 

sediments deposited behind the West Crater lava dam can be found (Orem, 2010). 

The next step in the process was to select coordinates for a representative patch of 

failed terrain on the DEM to compare with a representative patch of unfailed terrain.  For 

DEMs containing a single zone of mass wasting in the ALC, selection of the failed terrain 
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was determined by drawing a line starting at the two terminal points of the arc in the 

landslide scarp along the canyon rim as seen in mapview.  The two lines were then 

extended riverward from the canyon rim to the river.  The area bounded by these two 

superficial lines and the canyon rim contained the failed terrain of the mass wasting.  A 

rectangle was then fitted into this area, the coordinates of which signify the area of failed 

terrain to be used in the modeling (Fig. 6A).  Although each area might have experienced 

multiple phases of mass wasting, this was not taken into account due to a high level of 

ambiguity between the boundaries of different phases within a single identified landslide 

zone such as Artillery 2, 3, or 4.  The same procedure was carried out for the Saddle 

Butte rock falls (Fig. 6B). 

It was not deemed necessary to incorporate a stand-alone DEM representing the 

unfailed terrain for use in each trial, due to the uniformity of the topography surrounding 

the ALC.  The representative patch of unfailed terrain was selected for each DEM based 

on the lack of erosive features contained within the boundaries (i.e. rills or dry stream 

beds).  The relatively flat expanses of the Pliocene-Pleistocene basalt flows blanketed by 

the Bogus Rim gravels directly east of the ALC presented a sufficient area of unfailed 

terrain (Fig. 6A).  Separate but virtually identical windows of unfailed terrain measuring 

400 m by 400 m were selected adjacent to each of the ALC landslides 2, 3, and 4 (Fig. 

6A).  The Saddle Butte lava flow directly west of the canyon comprised the unfailed 

terrain for the Saddle Butte landslide, and was chosen for the reasons stated above (Fig. 

6B).  The window of unfailed terrain for Saddle Butte measured 300 m by 300 m. 
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Figure 6.  DEMs of the ALC and Saddle Butte landslides.  A. DEM of the ALC with landslides 2, 3, and 
4 labeled.  The larger boxes contained in the landslides show the area of failed terrain used for each 
landslide.  The arrows point to squares of unfailed terrain used in the spectral analysis at each location.  B. 
DEM of the Saddle Butte landslides.  The orange box and smaller square denote the location of failed and 
unfailed terrain, respectively.  The contorted blue line in both DEMs represents the Owyhee River as it 
flows from south to north. 
 

Throughout this paper, the term wavelength describes the spatial frequency of a 

topographic feature, and the two can be used interchangeably, with the spatial frequency 
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being the inverse of wavelength (1/λ).  In order to determine the characteristic spatial 

frequencies of the landslide topography, a representative portion of the of failed terrain 

was selected, each section (the failed and unfailed terrain) was then normalized to have 

unit variance and the Fourier power spectra was generated.  Next, the 2D DFT was 

computed for the selected failed and unfailed patches at each point in the DEM by a 

roughly 256 m by 256 m moving window that surrounds each node.  The larger window 

size (256 m by 256 m) was used for calculations, because the ALC contains topographic 

features with longer wavelengths that smaller window failed to classify.  The 2D DFT 

sampled 256 evenly spaced frequencies extending from the Nyquist frequency, [(2Δ)-1; 

where Δ represents the sampling rate, in this case 1m], to zero for both the x- and y-

directions.  Using a window this size increases the time needed to process the data, yet 

allows for the accounting of all wavelengths present at the surface, from the long 

wavelength features (i.e. large landslide blocks) to the short wavelength features (i.e. 

large boulders).  The 2D DFT produces a periodogram for the patches of failed and 

unfailed terrain, which estimates the power spectrum of the data set. 

Because the topography of a landslide includes features occurring at a multitude 

of wavelengths, a characteristic range of frequencies must be determined.  The Full 

Width at Half Maximum (FWHM) was used to decide this range of frequencies (Booth et 

al., 2009), and was calculated by dividing the y-axis value of the peak of the normalized 

power spectra of a given region in half.  The area above the FWHM was taken as the 

characteristic band of spatial frequencies for that particular topography.  A filter 



  20 
 

  
 

containing these characteristic frequencies of the landslide determined by the FWHM 

was then applied.  Spectral power was then summed over this characteristic wavelength 

range, which was then shown in mapview for easier analysis.  A point with high spectral 

power denotes a location containing the characteristic signature for that particular region 

of landslides.  Points with low spectral power show where the characteristic signature is 

weak or absent.   

This methodology highlights regions where the characteristic wavelengths occur, 

but it does tend to misclassify sharp edges (i.e. steep cliffs, roads, etc.) as failed terrain 

(Booth et al., 2009).  Therefore, it is imperative that the user has a good understanding of 

the particular field area in order to correctly assess the accuracy of the results. 

For this project, 2D DFTs will be used to analyze the topography in three 

different comparisons.  The first will determine the reliability of using 2D DFTs in 

landscape comparison, and will focus on two areas of landslides with different styles of 

failure; rotational failure vs. rock fall (the Artillery 4 landslide vs. the Saddle Butte rock 

falls).  Next, 2D DFTs are used to analyze a region of similar landslide failure, the ALC, 

to determine how and to what degree the spectral signature changes over landslides of 

similar style of failure, originating from the same geologic bedrock.  Lastly, 2D DFTs are 

used to determine if the spectral signature changes through time by normalizing one 

failed terrain by another (Artillery 2 and 4 normalized by Artillery 3).  This process 

should highlight any frequencies where the failed terrains differ. 
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Relative-Age Dating 

To test the feasibility of using spectral signatures to interpret the relative ages of a 

sequence of landslides, the methods outlined above were used with one key difference.  

Instead of normalizing failed terrain with unfailed terrain, the failed terrains of Artillery 

landslides 2 and 4 were normalized by the failed terrain of Artillery 3.  Because all three 

landslides in this study are very similar in their source and form, frequencies in which the 

two landslides differ were highlighted while commonalities were deemphasized.  The 

older a landslide is, the less small scale features should be present. 

 To determine differences within the suite, Artillery 2 and 4 were characterized as 

the failed terrain, and then normalized by the failed area of Artillery 3.   Using Artillery 3 

as the normalizing terrain in both evaluations also allowed a comparison between 

Artillery 2 and 4, which were assumed to have the least amount of similarity due to the 

hypothesis that they might have the greatest age difference. 
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CHAPTER III 

RESULTS AND DISCUSSION 

Age Constraints on Saddle Butte and Artillery Landslide Dams 

The interaction between the lava flows and the river in the area of the Artillery 

Landslide Complex was required to interpret the data obtained from the 2D DFT model.  

Dates and elevations mentioned in the following section can be found in Table 1. 

As previously stated, Artillery 1 is older than 70 ka as it is buried by the West 

Crater lava flow.  The toes of Artillery 2 and 3 are covered in fluvial gravel terraces that 

were probably deposited into the reservoir formed by the West Crater lava dam, ca. 70-42 

ka.   

The Saddle Butte lava flows dammed the Owyhee River from ~145 ka until prior 

to 70 ka, when the West Crater lava flows dammed the river.  Documentation of incision 

through the West Crater dam is recorded by the cosmogenic 3He dating of rounded West 

Crater boulders situated on a suite of five strath terraces (T1-T5) found at the downstream 

end of the dam at a location known as Dogleg Bend (Rk 45-47).  The uppermost terrace 

(T5) consists of fluvially rounded West Crater boulders at an elevation of 970 m above 

sea level (asl), which is near the height of the unaltered flow top.  The boulders found on 

terrace T5 have a mean age of 42 ka; suggesting incision of the dam began around this 

time (Orem, 2010; Ely et al., 2012).  The bedrock of terrace T4 (962 m asl) is covered 

with up to 5m of Owyhee River gravels and rounded West Crater boulders yielding an 

age of 39 ± 3 ka (Ely et al., 2012).  Terraces T3 (938 m asl) and T2 (934 m asl) are large 
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boulder bars with sand and gravel fill, and were dated to 17 ka and 12 ka respectively.  

Terrace T1 (928 m asl) is situated the closest to the modern river channel.  A high degree 

of variability in the cosmogenic 3He ages (9 ka ± 1; weighted mean age) of the boulders 

found on terrace T1 suggests that some of the boulders were reworked from older 

deposits (Ely et al., 2012).  By about 10 ka the river had incised through the lava flow to 

its approximate pre-dam level, between terrace T2 and T1 (Ely et al., 2012). 

Table 1.  Ages of relevant events along the Owyhee River canyon near the ALC 

 
* — Sample 082607-03 probably contains inherited cosmogenic 3He from previous exposure. 
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As previously stated, at least two phases of mass wasting occurred at Artillery 4.  

The toe of Artillery 4, Phase 1, is overlain by a younger landslide originating from the 

Saddle Butte lava flows on the western side of the river.  The Saddle Butte landslide 

dammed the river channel at an area referred to as Hell’s Gate (Rk ~33.5) (Fig. 5B).  The 

Saddle Butte landslide dam appears to have failed catastrophically, as multiple boulder 

bars composed predominantly of Saddle Butte basalt are located directly downstream of 

the blockage (Othus, 2008).  These flood boulder bars, downstream of Hell’s Gate (II and 

III in Fig. 5A), are located at an elevation of 958 m asl, which is below the maximum 

height of the lake formed by the West Crater lava dam at 1030 m asl, and were therefore 

most likely deposited by a through-flowing river after the lowering of the West Crater 

lake.  Cosmogenic 3He dates acquired from boulders related to the outburst flood from 

the failure of this Saddle Butte landslide yielded an age of ~ 20 ka (Fig. 5A; Ely et al., 

unpublished data), placing the Saddle Butte Hell’s Gate landslide failure between the 

formation of Dogleg terrace T4 (39 ± 3 ka) and T3 (17 ka).  The elevations of the flood 

deposits downstream of Hell’s Gate also corroborate this chronology, as they are located 

below terrace T4 (962 m asl) and above terrace T3 (938 m asl). 

The Saddle Butte landslide is superimposed on Artillery 4.  Blocks of the Saddle 

Butte landslide crossed the river and rest on top of the downstream toe of Artillery 4.  

This superposition constrains the age of Phase 1 of the Artillery 4 landslide to older than 

~20 ka.  Mount Mazama tephra, found in a closed depression within Phase 2, dated to 7.7 

ka provides a minimum age for the Phase 2 stage of failure (Fig. 5A; Othus, 2008). 
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Power Spectra of the Landscape: 

Artillery 4 vs. Saddle Butte 

In order to test the validity of using 2D DFTs to detect and characterize the 

spectral signature of a given landslide in this region, two areas of landslides were chosen 

that had different styles of failure: Artillery 4 in the ALC and the landslides along the 

Saddle Butte lava flows.  The area of landslides used for the Saddle Butte landslides does 

not include the Hell’s Gate blockage.  As previously stated, the topography of the ALC 

landslides is dominated by large, coherent basalt blocks that have rotated during failure 

(Fig. 4 and Fig. 6A).  The Saddle Butte landslides failed via translational sliding, with 

some rotation, resulting in rock falls along the eastern margin of the lava flow (Fig. 3 and 

Fig. 6B).  The failure event resulting in the Hell’s Gate landslide dam (Fig. 5B) only 

comprises a small portion of the failure along the Saddle Butte lava flows, and is the only 

definitive site of river blockage from river left. 

To elucidate the process by which the spectral power is determined and used in 

mapping, a step-by-step process is given using the Artillery 4 landslide as an example.  

First, the coordinates of the failed and unfailed terrain were determined resulting in a 

~600 by 800-m box and a 400 by 400-m square, respectively (Fig. 6A).  Next, the Fourier 

power spectra was generated for both terrains, and to visualize the data more clearly, the 

2D array produced by the 2D DFT was compressed to a 1D power spectrum (Fig. 7A).  

The complete equations of this process are described by Booth et al. (2009).  In Fig. 7 A, 

the frequency increases and the wavelength decreases to the right along the x-axis, and 
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the power spectra for both the failed and unfailed terrain decrease with increasing 

frequency.  Next, the spectra generated by Artillery 4 were normalized by the spectra 

generated by the unfailed terrain.  The solid line in Fig. 7, C and D indicate the upper 

envelope of the normalized data.  Normalizing the failed terrain by the unfailed terrain 

produces clearly defined peaks in the power spectra (Fig. 7, C-D).  This peak represents 

the difference between the failed and unfailed terrain, and hence, the characteristic 

wavelength/frequency of Artillery 4 landslide. 

Because the topography of a landslide includes features occurring at a multitude 

of wavelengths, a characteristic range of frequencies must be determined which can be 

used when comparing different landslides.  The Full Width at Half Maximum (FWHM) 

was used to select this range of frequencies, and was calculated by dividing the 

normalized peak power spectrum of a given region in half and plotting that value on the 

y-axis (Fig. 7C).  For example, the normalized peak power spectrum for Artillery 4 has 

the value of 0.02278 on the x-axis and 7.301 on the y-axis (Fig. 7C; Table 2).  The y-axis 

value, 7.301, is divided in half resulting in 3.65, the value of the FWHM.  The area above 

the FWHM was taken as the characteristic band of spatial frequencies for that particular 

topography.  This range of frequencies was used to map the spectral power, which is 

discussed in the following section.  Mapping the spectral power is not necessary for the 

comparison of Artillery 4 and Saddle Butte landslides because the zones of failure are so 

different that analysis of the spectral power graphs (Fig. 7C and D) was sufficient to 

distinguish them from one another. 
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Figure 7.  A and B. Graphs of the Fourier power spectra for Artillery 4 and Saddle Butte landslides; 
the red data represent the failed terrain of Artillery 4 and Saddle Butte landslides and the blue data 
represent the unfailed terrain.  As frequency increases spectral power decreases in both the failed 
and unfailed terrain.  The peaks of the normalized Fourier spectra (C and D) show the frequencies at 
which the failed and unfailed terrains differ.  Note the different y‐axis scale between C and D.  The 
solid color lines indicate the full width at half maximum (FWHM), and the colored boxes show the 
range in frequencies where the landslides are prone to focus spectral power. 
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Evaluation of the data produced by the 2D DFT emphasized the differences 

between the Artillery 4 and Saddle Butte landslides.  The graph of the Fourier power 

spectra (Fig. 7A) shows that for Artillery 4, as frequency increases spectral power 

decreases in both the failed and unfailed terrain.  The power spectra of Saddle Butte also 

shows the same trend; however unlike Artillery 4, the failed terrain tends to have higher 

spectral power than the unfailed terrain in the middle to high frequencies (Fig. 7B).  For 

the Artillery 4 comparison, the high frequency range for the unfailed terrain is orders of 

magnitude higher than that of the failed terrain (Fig. 7A), which will be discussed in the 

subsequent chapter. 

The normalized peak power spectrum for Artillery 4 is ~44 m with a range in 

frequencies, as determined by the FWHM, from 0.033 to 0.016 m-1 (wavelengths of ~30 

to 63 m, respectively) (Fig. 7C, Table 2).  The normalized peak for the Saddle Butte area 

is ~11 m with a smaller peak at ~5 m.  The range in frequencies for Saddle Butte is 0.093 

to 0.062 m-1 (wavelengths of ~11 to 16 m respectively) (Fig. 7D, Table 2).  The smaller 

wavelength of the peak power spectra for the Saddle Butte landslide indicates that the 

topography is characterized by smaller blocks spaced more closely together than on the 

Artillery 4 landslide. 

Table 2.  Normalized spectral values for Saddle Butte and Artillery 4* 

 
*—Note that spatial frequency is the inverse of wavelength—Values correspond to Figure 7, C and D 
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 While the exact timeframe over which these two landslide areas failed cannot be 

known, field observations of the topography invites speculation.  It appears that failure of 

the Saddle Butte lava flow occurred or occurs at a gradual rate, in which a crack in the 

lava appears and a section of basalt pulls away from the cliff and slowly slides or tumbles 

toward the river.  In contrast, the failure episodes at Artillery 4 probably occurred at a 

much faster rate, in which sections of the cliff fail, rotate, and spread out as they move 

riverward.  Both landslides, Artillery 4 and Saddle Butte, show evidence of multiple 

failure episodes, so the overall nature of the topography reflects a composite of individual 

failure events over a range in time. 

The normalized peak power spectra and range in frequencies for the Artillery 4 

and Saddle Butte landslides are markedly different.  These results confirm field 

observations of long-wavelength/low-frequency features in Artillery 4, while short-

wavelength/high-frequency features dominate the topography of the Saddle Butte 

landslides.  These results show that the use of 2D DFTs are a practical method to identify 

or differentiate areas in which different styles of mass wasting have occurred.  The next 

section will discuss the application of the 2D DFT to illuminate differences in landslides 

of the same failure style. 

 

Spectral Power and Mapping: ALC 

The landslides of the ALC are believed to range in age and activity resulting in 

different degrees of post-failure modification.  Each landslide has incurred a degree of 
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erosion; however, if the landslides differ in age, longer periods of erosion have likely 

subdued the topographic expression of the older landslides, effectively muting the short-

wavelength/high-frequency component. 

 Plotting the Fourier spectra for the ALC (Fig. 9, A-C) shows that for all three 

landslides, the spectral power of both the failed and unfailed terrain decreases with 

increasing spatial frequency.  The difference in the terrains is that the landslides tend to 

generate higher spectral power in the medial frequencies.  As was previously noted, the 

unfailed terrain in all three comparisons produces higher spectral power in the higher 

frequencies (Fig. 9, A-C).  Examination of an example DEM of the unfailed terrain used 

for the Artillery landslide comparisons shows small protrusions spaced at even intervals 

(Fig. 8).  These features on the DEM are most likely the 1-2 m scrub bushes that are 

found throughout the Owyhee River canyon.  Their prevalence on the unfailed terrain 

above the ALC leads to higher spectral power for the unfailed terrain in the high-

frequency/short-wavelength domain. 
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Figure 8.  An example DEM of the unfailed terrain used for the Artillery landslide comparisons.  Note the 
circular features found throughout the topography. 
 

 The normalization process using failed and unfailed terrain produces clear peaks 

in the normalized spectra that elucidate the defining wavelength for each particular 

landslide (Fig. 9 D-F).  The peaks of the spectra indicating the characteristic wavelengths 

for the three areas of the ALC are ~45 m for Artillery 2, ~42 m for Artillery 3, and ~44 m 

for Artillery 4 (Table 3).  The ranges in characteristic wavelengths, as determined by the 

FWHM, are ~ 31 to 57 m for Artillery 2, ~ 35 to 58 m, for Artillery 3, and ~ 30 to 62.5 m 

for Artillery 4 (Fig. 9, D-F; Table 3).  The three spectral power graphs for the ALC are 

very similar making it difficult to ascertain the factors determining the spectral signature 

of the ALC based solely on the graphs of the normalized power spectra (Fig. 9, D-F).  

Mapping of the characteristic wavelength ranges of the individual landslides of the ALC 
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highlights where each landslide tends to focus spectral power (e.g. near the canyon rim, 

near the landslide toe, or throughout the topography). 

 

Table 3.  Normalized spectral values for the ALC * 

 
*— Note that spatial frequency is the inverse of wavelength—Values correspond to Figure 8, D – F 



  33 
 

  
 

 
 

Figure 9.  Graphs of the Fourier power spectra for the ALC (A‐C), where the red data represent the 
failed terrain of the corresponding Artillery landslide and the blue data represents the unfailed 
terrain.  As frequency increases spectral power decreases in both the failed and unfailed terrain.  The 
peaks of the normalized Fourier spectra (D‐F) show at what frequencies the failed and unfailed 
terrains differ.  Note that F has a different y‐axis scale from D and E.  The solid color lines indicate the 
full width at half maximum (FWHM), and the colored boxes show the range in frequencies the where 
the landslides are prone to focus spectral power. 
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Spectral Power Sums of the ALC 

 To illuminate the spatial patterns of the spectral power, I constructed maps of the 

spectral power sums.  Mapping the spectral power sums was carried out by using the 2D 

DFT in a moving window algorithm.  The square window algorithm calculates the DFT 

periodogram centered at each point in the DEM.  The information provided by the 

periodogram was then summed over the characteristic frequency range that was 

previously determined in the spectral power analysis (Fig. 9 D-F).  The spectral power 

sum is presented in a mapview of the input DEM to analyze spatial characteristics (Fig. 

10).  A point with a high spectral power sum (e.g. the red areas in the interior of Artillery 

4 in Fig. 10) signifies a location with a pronounced topographic signature indicative of 

the landslide, whereas a point with a low spectral power sum does not (e.g. the blue 

unfailed terrain in the lower right hand corner of Artillery 2 in Fig. 10).  For ease of 

viewing, all three spectral power sum maps for the ALC were draped on the DEM of the 

complete ALC (Fig. 10). 

Analysis of the spectral power sum maps for the three landslides shows some 

similarities and highlights the differences (Fig. 10).  On all three landslides, 

concentrations of high spectral power sums can be seen near the head of the landslide.  

For Artillery 2 and 3, the spectral power sums become more subdued closer to the river, 

shown by the cooler (blue to green) colors found in the interior of these landslides.  

Artillery 4 differs from the downstream landslides by the occurrence of high spectral 

power sums spread throughout the interior. 
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Figure 10.  Spectral power sums maps.  The figure shows the spectral power sums maps for Artillery 2, 3, 
and 4 draped over the DEM of the ALC.  Individual spectral power sums maps are contained within the 
black boxes and are numbered according to the landslide.  Warm colors (orange to red) show areas with 
high spectral power sums.  The north-south trending black and white lines delineate the maximum 
elevation of the lake behind the West Crater lava dam (~1030 m). 
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The differences in the spatial distribution of the spectral power sums become 

more apparent when the maximum lake level created by the West Crater lava dam is 

taken into consideration.  The lake boundary (black line on Fig. 10) bisects all three 

landslides.  On Artillery 2, the lake boundary passes through a region of low to moderate 

spectral power sums.  On Artillery 3, the line traces the edge of an apparent transition 

zone of spectral power sums.  Concentrations of higher spectral power sums are found 

above the elevation of the maximum lake level (right side of the line) while cooler colors 

pervade below this elevation (left side of the line), with some regions of higher values 

spread throughout.  On Artillery 4, the maximum lake level does not mark any such 

transition zone, as high values can be found across the entire landslide.   

The difference in the spatial concentrations of high spectral sums between 

Artillery 4 and Artillery 2 and 3 could be due to several different factors.  Artillery 2 and 

3 could simply be older than Artillery 4, allowing more time for erosive processes to 

subdue the topography.  Also, the landslide events resulting in the deposition of Artillery 

2 and 3 could have occurred before the emplacement of the West Crater lava dam (~70 

ka).  Subsequent filling of the lake behind the lava dam could have inundated the 

topography of these two landslides, effectively muting the topographic signature of the 

landslides.  The river gravels found on the toes of Artillery 2 and 3 are located at 

elevations below the high lake level suggesting that as the river incised through the West 

Crater dam, lake levels dropped allowing for the deposition of the gravels.  Also, sections 
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of Artillery 4 could have failed more recently allowing for the influx of new sediment 

into the area. 

The difference in spectral signatures might be related to constraints imposed by 

the topography before and after the landslide failure.  The landslide scarps of Artillery 3 

and 4 have similar scallop-shaped geometries, whereas the scarp of Artillery 2 has a more 

linear component.  Scarp geometry could dictate the behavior of the landslide, focusing 

the majority of the landslide to a central area on Artillery 3 and 4, while allowing the 

landslide to spread out on Artillery 2.  At Artillery 3 and 4 the distance from the canyon 

rim to the river is about 1 km, while at Artillery 2, the distance reaches over 1.2 km.  The 

added distance at Artillery 2 allows an increased area for the landslide to occur, possibly 

leading to the dissemination of the concentrations of the characteristic spectral signature 

throughout the landslide.  Canyon geometry, prior to failure, may dictate variation of the 

spectral signature more than time after emplacement. 

 

Potential Relative Age Dating 

Although the three landslides of the ALC are similar, direct comparison of the 

failed terrain of the landslides could accentuate the differences.  To test this, a rectangular 

portion of each of the failed areas of Artillery 2, 3, and 4 was selected (Fig. 11).  Each 

rectangle was chosen to include the greatest area of the failed topography.  The 

orientation of the Artillery 2 scarp made it difficult to fit a box over the entire area, so the 

area with the best representation of the overall terrain was chosen.  To test the hypothesis 
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that Artillery 4 is the youngest of the group, the failed terrain of Artillery 2 and 4 were 

normalized by Artillery 3 in separate computational runs, termed Artillery 2/3 and 4/3, 

respectively.  A direct comparison between Artillery 2 and 4 (Fig. 11 Box C normalized 

by Box A) was not practical because the necessary input DEM would have contained all 

three ALC landslides, which greatly increased the file size and computational time, in 

addition to incorporating several sampling artifacts in the northern portion that would 

have skewed the overall results. 

Table 4 summarizes the results testing the applicability of the 2D DFTs for 

relative age dating.  As with all previous trials, the graphs of the Fourier power spectra 

(Fig. 12, A and B) show that as frequency increases spectral power decreases in both the 

failed and normalizing terrain.  The Fourier power spectra graph, in which Artillery 2 is 

set as the failed terrain (Fig. 12 B), shows that in the intermediate frequencies the 

Artillery 2 landslide (red data) has a greater spread of values between data points, 

meaning that at these frequencies the Artillery 2 and 3 landslides are the most different. 
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Figure 11.  DEM of the ALC.  Boxes A, B, and C show the selected areas of failed terrain for Artillery 2, 
3, and 4 respectively.  For the relative dating, the areas in Boxes A and C were compared against Box B in 
separate computations. 
 
Table 4.  Normalized spectral values for the relative age test * 

 
*—Note spatial frequency is the inverse of wavelength—Values correspond to Figure 11, C and D 
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Figure 12.  Graphs of the Fourier power spectra for the relative age tests (A‐B).  Red data plots in A 
and B represent the failed terrain of Artillery 4 and Artillery 2 landslides, respectively.  Artillery 3 
was used as the normalizing terrain in each trial, and is represented by the blue data plots.  Again, as 
frequency increases spectral power decreases in both the failed and normalizing terrains.  The peaks 
of the normalized Fourier spectra (C and D) show at what frequencies the failed and normalizing 
terrains differ.  Note the different y‐axis scale between C and D.  The solid color lines indicate the full 
width at half maximum (FWHM), and the colored boxes denote the range of frequencies that exceed 
this threshold. 
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The normalization of Artillery 2 and 4 by Artillery 3 does show differences 

between the landslides.  The normalization of Artillery 2/3 (Fig. 12D) shows that 

Artillery 2 contains more features in the short-wavelength/high-frequency range than 

Artillery 3.  The normalization of Artillery 4/3 (Fig. 12C) shows some incongruity 

between the two landslides, but the close coincidence of the peak power spectra to that of 

the FWHM indicate that these two landslides are more similar than dissimilar (Fig. 12A).  

The peak of Artillery 4/3 has an x-value (frequency) of 0.068 m-1 and a y-value of 2.153 

(Table 4).  If the two landslides shared the same power spectra at a given frequency, once 

normalized the y-value would be 1.  The weak signal strength for Artillery 4/3 lends itself 

to a value for the FWHM of 1.0765, close to the value of two completely similar 

landscapes (y-axis value of one).  Having a FWHM close to the y-axis value of 1 results 

in a range in frequency that includes any signals where the two landslides are different, 

but only nominally so due to little separation between the failed terrain (Artillery 4) and 

the normalizing terrain (Artillery 3).  In contrast, the peak power spectra for Artillery 2/3 

has an x-value of 0.1886 m-1, a y-value of 10.04 and a FWHM value of 5.02 (Table 4), 

indicating more of a separation between the failed and normalizing terrain at this 

frequency. 

Comparison of the two normalized power spectra graphs brings up some 

interesting points.  First, the range in wavelengths for Artillery 4/3 (~4 – 24 m), while 

including longer wavelengths, nearly encompasses the entire range of wavelengths for 

Artillery 2/3 (~4 – 10 m) (Table 4).  Again, these ranges show wavelengths where the 
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failed terrain of Artillery 2 and 4 differ from that of Artillery 3.  Because Artillery 2/3 

and 4/3 both show peaks in the same frequency range, a direct comparison can be made.  

Due to a larger value for the normalized peak power spectrum for Artillery 2/3 compared 

to Artillery 4/3 (Fig. 12, C and D; Table 4), Artillery 2 contains the most topographic 

features in the 4-10 m range, while Artillery 3 contains the least with Artillery 4 falling in 

between. 

 Mapping the spectral power sums for the two relative age trials (Fig. 13, Maps A - 

C) yields results consistent with the individual maps for the ALC (Fig. 10).  All three 

maps in Fig. 13 have been adjusted to show only the values of high spectral power, and 

thereby the areas where the range of frequencies, as noted in Table 4, are located. 

The spectral power sums map for Artillery 4/3 (Fig. 13, Map A) shows that high 

spectral power can be found throughout the entire area of Artillery 4, whereas high values 

are only found near the head of the landslide on Artillery 3 with some areas located closer 

to the river.  This same pattern can be seen on the map of Artillery 2/3 (Fig. 13, Map B) 

where short-wavelength/high frequency features are found throughout Artillery 2 and 

only near the head of Artillery 3, again with some locations near the river.  Concerning 

the location of high spectral power sums on Artillery 3, both Maps A and B, are similar 

(overlap shown as green area on Map C) with only small areas where the short-

wavelength/high frequency component of Map B can be found (areas of blue in the green 

region of Map C).  The relatively small region covered by the non-overlap blue areas on 

Fig. 13 Map C indicate that while the spectral power graphs of Artillery 2/3 and 4/3 may 
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differ, the landslides still tend to focus the characteristic spectral signatures in roughly the 

same place, which is expected of landslides of similar geologic origin and failure 

mechanism. 

The overlap in mapping the spectral power sums of Artillery 4/3 and Artillery 2/3 

is consistent with the normalized power spectra of Fig. 12 C - D, in which the range in 

frequencies of Artillery 4/3 encompasses the range of frequencies for Artillery 2/3.  The 

short-wavelength/high-frequency topographic components tend to be located on or 

around the larger coherent blocks on all the ALC landslides.  Whether the short-

wavelength/high-frequency features were created during the initial failure of the landslide 

or through diffusive erosion breaking up the larger landslide blocks over time is not 

known.  The presence of high spectral signatures near the canyon rim on all three 

landslides may be due to smaller, more recent failures or rock falls not associated with 

the main failure event.  The location of high spectral power sums on Artillery 3 seems to 

abut the high-water mark of the lake behind the West Crater lava dam (1030 m)(black 

line on Maps A-C in Fig. 13), as was seen in Fig. 10.  The locations of these high spectral 

power sums could represent topographic features that were created during the original 

landslide failure or through subsequent diffusive erosion breaking up the larger blocks 

over time.  

 



  44 
 

  
 

 
 

Figure 13.  Relative age power maps.  All three maps are adjusted to show only the high spectral power 
sums, which are the areas of greatest difference between the landslides (colored regions).  The light blue 
lines on each map trace the course of the modern day river.  The black lines on each map show the 
maximum extent of the lake created by the West Crater lava dam (1030 m).  A. Spectral power sums map 
of Artillery 4/3.  B. Spectral power sums map of Artillery 2/3.  C.  Close-up of Artillery 3; green = overlap 
of (A) and (B), blue = areas of high spectral power sums from Artillery 2/3 that extend outside the overlap 
zone. 
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 Based on the Artillery 2/3 and 4/3 comparisons, Artillery 3 and 4 appear to be 

more similar than that of Artillery 2 and 3; however, none of the landslides stands out as 

a clear outlier when compared with the other two landslides.   In this setting of basalt-

capped sediments on the Owyhee River, the 2D DFTs were useful for distinguishing the 

physical characteristics among the landslides, but these differences did not necessarily 

correspond to their relative ages.   

Numerous variables potentially affect the perceived modern spectral signatures, 

reducing the reliability of relative age dating with 2D DFTs.  It is possible that the three 

landslides that were compared, Artillery 2, 3, and 4, are too close in age to have 

developed discernable differences in the spectral signatures from post-depositional 

weathering and diffusion.  The dry climate and low vegetation cover in the Owyhee River 

region might allow the original topographic signatures of the landslide features to persist 

for long periods of time without significant degradation.  Additional factors that could 

complicate a simple relative-age interpretation at this site include the amount and location 

of pre- failure fractures in the overlying caprock or the underlying sediments, the 

geometry of the river canyon prior to the failure event, the exact number of landslide 

events in each composite failure zone, and any post-failure events that might have 

introduced new sediment onto the topography, such as modern rock falls or inundation by 

the reservoir behind the downstream West Crater lava dam.   

Determining the relative age of landslides by using 2D DFTs could be feasible in 

a different geologic and climatic setting, however other factors outweighed the influence 
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of age difference in this test on the Owyhee River canyon.  However, direct comparison 

of landslides (normalizing one landslide with another) does provide useful information 

about the different topographies.  Mapping the frequency ranges highlights where 

different landslides concentrate the dominant signals, and could potentially be useful in 

determining the geometry of how the landslides failed. 
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CHAPTER IV 

CONCLUSIONS 

This study focused on spectral analysis of the landslides along the Owyhee River 

canyon through the use of LiDAR imagery and two-dimensional discrete Fourier 

transforms (2D DFT).  The goal was to determine the characteristic spectral signature of 

landslides in the area, which can provide useful information on the effect of diffusive 

erosion on a landscape over time, potentially resulting in the ability to relatively date 

landslides of similar failure style. 

The method of analyzing LiDAR-based DEMs by implementing 2D DFTs in a 

moving window algorithm (Booth et al., 2009) was useful in distinguishing the 

characteristic spectral signature of landslides of different or similar failure mechanisms.  

Mass wasting along the Saddle Butte lava flow is marked where large sections of the 

basalt flow split away from the rock wall and move with a translational component with 

little or no rotation.  The blocks eventually crumble into rock falls along the margin.   

The landslides of the Artillery Landslide Complex (ALC) are identified by large coherent 

blocks of basalt that rotate as they advance riverward, creating a scallop-shaped canyon 

rim.  For both areas of landslides, the Saddle Butte and ALC, failure occurs in weak 

volcaniclastic and lacustrine sediments situated beneath basalt flows.   

To determine the reliability of using 2D DFTs in the of characteristic spectral 

signatures over a designated area, the Saddle Butte landslides were compared to the 

Artillery 4 landslide found in the ALC, because the topographies vary greatly.  The style 
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of failure typical of the Saddle Butte lava flow has a dominant wavelength range from 11 

- 16 m, while the large rotational slides of Artillery 4 has a dominant wavelength range 

from 30 - 63 m.  The different styles of failure of Artillery 4 and Saddle Butte landslides 

produce quantifiably different topographies, resulting in the contrast between these 

spectral signatures. 

Results showed that, objectively, the failed terrain of the rotational landslides 

within the ALC is very similar, even though independent evidence suggested that 

Artillery 4 could be younger than the other two landslides.  The landslides all failed from 

the same geologic source and have comparable geometries resulting in similar spectral 

signatures with characteristic normalized peaks at wavelengths of ~45 m for Artillery 2, 

~42 m for Artillery 3, and ~44 m for Artillery 4.  This component of the analysis alone 

did not show a contrast that could be attributed to a difference in relative ages. 

Mapping of the spectral power sums for the ALC (Fig. 10) showed some 

interesting characteristics when plotted with the high-water mark of the lake behind the 

West Crater dam (1030 m).  All three landslides showed high spectral power sums near 

the canyon wall; however, locations of high spectral power were sparser toward the river 

on Artillery 2 and 3.  The largest concentrations of high spectral power on Artillery 2 and 

3 occurred at elevations above the high water mark of the lake.  Conversely, high spectral 

power sums were found throughout the failed terrain of Artillery 4. 

 The differences in the spatial distribution of high spectral power among the ALC 

landslides could result from one or more different factors.  Artillery 2 and 3 might 
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predate the emplacement of the West Crater lava flow.  With rising lake levels, sediment 

would be deposited on these landslides, muting the topographic expression of the failed 

terrain that was below lake level.  River gravels were found on the toes of Artillery 2 and 

3, but were absent from Artillery 4, which supports this scenario.  Artillery 4 could have 

experienced a major failure event after lake levels dropped through the incision of the 

West Crater dam.  It is possible that portions of the failed terrain at Artillery 4 predate the 

West Crater lava flows and lake and subsequent landslide activity on Artillery 4 after lake 

levels dropped introduced an influx of sediment to the topography, allowing for high 

spectral power values to be distributed over the entire area.  To date, no field evidence 

has been found to suggest renewed activity on the toe of Artillery 4.  Finally, differences 

in the canyon geometry at the locations of the individual Artillery landslides could have 

influenced the spectral wavelength and distribution of the high spectral power values.  

The greater area of Artillery 2 and the greater spread in the zones of high spectral power 

on that landslide than on Artillery 3 and 4 lends some credence to the influence of the 

canyon geometry on the landslide topography. 

This study was unable to definitively support the inferred relative ages of the 

ALC landslides using 2D DFTs and normalizing one failed surface by another.  The 

difference in the ages of the landslides could have been insufficient to differentiate them, 

or one of the independent factors described above might have overwhelmed the signature 

of age-dependent diffusive erosion.  More knowledge of the pre-existing and post-failure 

conditions could increase the reliability of the relative age interpretations.  However, a 
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region with similar characteristics to that of the ALC (e.g. a suite of landslides that 

originate from a similar lithology and have the same style of failure) might yield better 

results at establishing the relative age of landslides using 2D DFTs. 

Further research, specifically in the ALC, could involve determining the 

appearance of the Owyhee River canyon prior to landslide failure.  It would be interesting 

to assess the role of the canyon geometry in dictating how and where the landslides 

blocks distribute during a failure event.  Another aspect of future research could be to 

determine the spectral signature of the landslides in the Hole-in-the-Ground region (Rk 

63 -78), in which large rotational landslides near the canyon rim transition into earthflows 

as they propagate riverward.  These spectral signatures could be compared to the results 

of this study to determine additional differences among landslide styles.  Future work in 

other areas could include the application of the methodology outlined in this study to an 

area with a different geologic makeup that produces landslides similar to the large, 

scallop-shaped rotational landslides of the ALC, allowing for the determination of 

whether the characteristic spectral signatures vary greatly or are relatively similar.  

Equivalent spectral signatures in different areas and bedrock geology would suggest that 

some inherent characteristic of the failure style governs the displacement and spacing of 

the landslide blocks instead of the lithography of the bedrock. 
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