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ABSTRACT 

  The debris-flow initiation variable of clay mineralogy is examined for Holocene 

age debris-flow deposits across the Colorado Plateau.  A Kolmogorov-Smirnov two-

sample test between 25 debris-flow producing shale units and 23 shale units rated as not 

producing debris-flows found a highly significant difference between shale unit kaolinite-

illite and montmorillonite clay content.  Debris-flow producers tend to have abundant 

kaolinite and illite (61.5% of clays) and small amounts of montmorillonite (10.4%).   

Clay sample soluble cation (Na, Ca, K, and Mg) content could not be used to accurately 

divide the data set into debris-flow producers and debris-flow non-producers by either 

cluster analysis or a Kolmogorov-Smirnov two-sample test. 

AVIRIS hyperspectral data reveal that debris-flow deposits, colluvium, and some 

shale units in Cataract Canyon, Utah display the double-absorption feature characteristic 

of kaolinite at 2.2 µm.  Lab-based reflection spectra and semi-quantitative x-ray 

diffraction results show that Cataract Canyon debris-flow matrix clays are dominated by 

kaolinite and illite and lacking in montmorillonite.  A surface material map showing the 

spectral stratigraphy of the study area was created from AVIRIS data classified using an 

artificial neural network and compares favorably to existing geologic data for Cataract 

Canyon.  A debris-flow initiation potential map created from a GIS-based analysis of 

surface materials, slope steepness, slope aspect, and fault maps  shows the greatest 

debris-flow initiation potential in the study area to coincide with outcrops of the 

Moenkopi Formation on steep (>20%), southwest-facing slopes.  Small areas of extreme 

debris-flow initiation potential are located where kaolinite and illite clay-rich colluvial 
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wedges are located on southwest-facing walls of Colorado River tributary canyons. The 

surface materials map shows formations clearly when they remain relatively consistent in 

composition and exposure throughout the study area, such as the White Rim Sandstone 

and most clay-rich members of the Moenkopi Formation.  The debris-flow producing 

Organ Rock Shale and Halgaito Formation were shown inconsistently on the surface 

materials map, likely as a result of compositional variations in the study area.  The results 

of this study provides evidence that hyperspectral imagery classified using an ANN can 

be successfully used to map the spectral stratigraphy of a sparsely vegetated area such as 

Cataract Canyon. 
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CHAPTER 1 
 
 

INTRODUCTION TO DEBRIS-FLOW INITIATION 
AND CLAY MINERALOGY 

 

 

 

 

 

 

 

 

" I am well known among the hills,  
among the ditches, rivers and streams, plants. 
I have touched them in various ways and they 
have touched me the same.  There is no place but here." 
 
       Asdzaa Yazhi Bedoni, Navajo 

 

 

 

 



INTRODUCTION 

 The purpose of this study is to examine how debris-flow initiation is related to 

clay mineralogy on the Colorado Plateau.  Debris flows are responsible for the loss of 

hundreds of lives and millions of dollars of property damage each year worldwide (Costa, 

1984).  As a result of this extensive property damage and loss of life there is a pressing 

need to go beyond just describing the nature and extent of debris flows as they occur and 

look closely at the factors involved in debris-flow initiation. The relationship between 

clay mineralogy and debris-flow initiation will be examined for the whole Colorado 

Plateau physiographic province in Chapter 2.  Chapter 3 examines debris-flow initiation 

in one area on the Colorado Plateau:  Cataract Canyon, Utah.  AVIRIS hyperspectral 

imagery is used to map clay mineralogy in the area surrounding a Cataract Canyon 

tributary, Clearwater Canyon.  The surface materials map made using AVIRIS data is 

then incorporated into a GIS-based analysis of debris-flow initiation potential of a section 

of Cataract Canyon.  A planetary perspective to debris-flow initiation is examined in 

Chapter 4 by looking at how the results of this study apply to landslide research in 

general.  Applications of this research to the study of stratigraphy and debris-flow 

initiation on Mars will also be examined. 

When a debris flow occurs, clay, silt and sand matrix particles occupy interstitial 

spaces in the debris-flow slurry, increasing matrix density and the buoyant forces that 

contribute to the suspension of larger particles (Beverage and Culbertson, 1964; 

Hampton, 1975; Rodine and Johnson, 1976).  This matrix-clast relation is shown in a 

Cataract Canyon debris-flow deposit in Figure 1-1.   

                                                16



A combination of high pore pressure and vibrational kinetic energy resulting from 

interactions between clasts within a debris flow largely determine debris-flow dynamics 

(Iverson, 1997).  The mobility and transport competence of debris flows depends on a 

source of fine-grained material, particularly the silt and clay that serves as a debris-flow 

matrix.  In Grand Canyon, this material is provided by the Hermit Shale (Griffiths et al., 

2004), terrestrial shale of Permian age containing mostly (95%) illite and kaolinite 

(Griffiths et al., 1996).  The clay constituents of Grand Canyon debris flow deposits, 

which provide 2-5% of the total particles, are 60-80% illite and kaolinite by weight, 

reflecting the source of materials of terrestrial shales and colluvial wedges (Griffiths et 

al., 1996). 

 Debris flows are responsible for creating virtually all of the rapids in both Grand 

Canyon (Webb et al., 1988) and Cataract Canyon (Webb et al., 2004a).  Debris flows that 

travel significant distances in Grand Canyon occur most often when the Hermit Shale, or 

its associated colluvial wedges, outcrop at a height of 100 m or more above the river 

(Griffiths et al., 2004).  This association between the Hermit Shale and debris flows in 

Grand Canyon indicates the importance of lithology, and specifically clay mineralogy, in 

identifying debris-flow source areas.   

 

DEBRIS-FLOW INITIATION FACTORS 

Moisture-Related Factors 

 By definition debris-flows must contain enough water to be considered a slurry 

(Johnson, 1984) and exhibit flow characteristics.  Rainfall and snowmelt are the dominant 
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sources of water for debris flow initiation and movement.  Of these two sources, the 

effect of rainfall in the creation of debris-flows has been most thoroughly studied.  

Rainstorms are often referred to as a triggering mechanism for debris flows (Shelmon and 

others, 1987; Neary and Swift, 1987; Cannon and others, 1998).  Although the moisture 

input associated with rainstorms is among the most important factors involved in debris-

flow initiation , interactions between other important factors must be met in order for a 

debris flow to occur. 

  The influence of rainfall events on debris flow initiation has been studied in detail 

in areas that experience large numbers of debris flows on a regular basis, such as 

Southern California.  Rainfall conditions preceding debris flows were examined by 

Cannon and Ellen (1985) with the goal of establishing a quantitative list of criteria that 

could be used to predict the onset of debris flows (which they called debris avalanches) 

during a rainstorm.  After reviewing a number of debris-flow initiation studies in  the San 

Francisco Bay region Cannon and Ellen (1985) came to the conclusion that a minimum of  

10 inches of antecedent rainfall in a season was necessary to create conditions in which 

debris flows would occur.  Rainfall timing is also important in that long dry periods (the 

example given by Cannon and Ellen is 40 days) preceding a large rainfall event will 

greatly reduce the occurrence of debris flows even if more than 10 inches of rainfall had 

already fallen during the year.   

 Snowmelt and groundwater have also been recognized as factors that contribute to 

the saturation of soil regolith and a subsequent increase in debris-flow potential.  Melting 

snow and glacial ice is a major factor in debris-flow initiation in mountains, especially 
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volcanoes (Scott et al., 2001).   Snowmelt caused by volcanic eruptions can quickly 

saturate loose material on the surface, causing it to move downslope as a debris flow.  

Lahars formed in this fashion during the 1982 eruption of Mount Saint Helens, flowed up 

to 81 km from their origin  (Pierson and Scott, 1985).  Debris flows produced in 

sedimentary rocks along the Utah's Wasatch Front in 1983 resulted from both a period of 

extremely large annual rainfall and a heavy snowpack (Keaton and Lowe, 1998).  Of 

these two factors it was found that the existence of an unusually large snowpack was 

more important than rainfall in debris-flow initiation.  Snowpack in this area on June 1, 

1983 was 115 % of the average yearly maximum.  Melting of this snowpack kept usually 

dry creek beds running into the summer, saturating stream channel sediments, and 

increasing the pore-water pressure in colluvial deposits and soils (Keaton and Lowe, 

1998).  Extreme snowpack conditions such as this one create a situation in which the 

soil's antecedent moisture supply is so large that even small increases in water supply due 

to rainfall can trigger a debris flow. 

 Groundwater is another source of liquid for debris-flow initiation.  The flow paths 

taken by groundwater can influence where and when debris flows occur.  High 

groundwater levels can destabilize slopes, making them prone to debris flows (Iverson 

and Major, 1986).  Snowmelt and rainfall are factors that cause changes in groundwater 

pore pressure and flow characteristics.  In 1983 debris flows along the Wasatch Front 

were not only aided by the existence of extreme groundwater conditions, but even after 

the occurrence of debris-flows excess water continued to flow in channels that were 
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usually dry.  This indicates that debris flow activity had caused a bedrock aquifer to be 

disturbed and drained through stream flow (Mathewson and others, 1990). 

 

Topography 

 The occurrence of concave-out depressions, called hollows, is an important factor 

in the initiation of debris flows in a variety of settings (Reneau and Deitrich, 1987; 

Wieczorek et al., 1997).  Hollows tend to concentrate colluvial deposits and runoff, 

increasing the likelihood that debris flows will occur during periods of excess rainfall 

(Reneau and Deitrich, 1987).  In research done in Marin County, California hollows have 

been found to be the source areas for two-thirds of the debris flows studied (Reneau and 

Deitrich, 1987).   

 The occurrence of more than 1,000 debris flows during a single storm on June 27, 

1995 in Madison county, Virginia (Weiczorek, 1997) shows that this hazard is not limited 

to the Mediterranean-type climate of coastal California.  An analysis of the topographic 

factors involved in the creation of these debris flows revealed that the factors of hillslope 

curvature, distance of the slope-failure site to the ridge, and drainage area were the most 

useful for predicting the occurrence of debris-flows.  In this area planar slopes were 

found to be more likely to fail than were concave slopes, indicating that the positive 

relationship between hollows and debris flows may be limited to certain climate or 

soil/lithologic conditions.  Debris-flow likelihood during this storm event was found to 

increase with an increase in drainage area size and decrease with increasing distance from 

a ridge.  The relation between debris flows and drainage area and ridge distance was 
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found to be complex and related to a variety of hydrologic and geologic factors 

(Wieczorek et al., 1997). 

 The importance of hollows in debris-flow initiation may depend on climate or it 

may be influenced by a combination of factors that have yet to be recognized.  Kochel 

(1987) also studied Holocene debris flow frequency in Virginia.  His results were similar 

to Reneau and Deitrich's California research in that Kochel found the existence of 

colluvial hollows to be a significant factor in decreasing slope stability.  The fact that two 

studies of debris flow occurrence in the Appalachian Mountains of Virginia produced 

opposite findings for the importance of hollows as a debris-flow initiation factor indicates 

both that there are other important factors involved in debris-flow formation to account 

for in these areas and the need for further study. 

 

Slope Steepness 

 Slope steepness is widely recognized as one (along with rapid input of water in 

large amounts) of the most important factors in the initiation of most debris flows (Costa, 

1984).  Because each debris flow event results from the interaction of a unique 

combination of various factors, it is difficult to establish a slope steepness threshold for 

all debris flows.  Once again this issue must be addressed for individual sites in which the 

"package" of factors that are involved in debris-flow formation are relatively uniform. 

   Studies in California's San Francisco Bay area revealed that most debris flows 

occur when saturated colluvial soils exist on slopes greater than about 20 degrees (22%) 

(Shlemon and Wright, 1987; Cannon et al., 1998).  In southern California Campbell 
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(1975) found evidence of debris-flows originating on slopes steeper than approximately 

20%.  Recent research into debris-flow initiation in mountainous areas in southwest and 

central China (Liu et al., 2002; He et al., 2003) suggest that debris-flow initiation is more 

likely when slope values exceed 20 to 25 degrees.  Lorenzini and Mazza's (2004) work 

on debris-flow modeling suggest that debris flow initiation takes place on slopes at or 

exceeding 20% (11.3 degrees).  Iverson et al. (1997) observed that debris flows are most 

likely to initiate on slope angles of 30 to 40 degrees. In a summary of the physical 

properties of debris flows, Costa (1984) identifies slope angle threshold of between 15 

degrees and 20 degrees for debris-flow initiation.   The range of possible slopes on which 

debris flows have started indicates that it is difficult to establish a single criterion for 

slope steepness as a debris-flow initiation factor.   

 Three generalizations that can be made about debris-flow occurrence and slope 

steepness are: 1) that small, steep drainage basins are responsible for an unusual amount 

of debris-flow activity (Costa, 1984), 2) steeper slopes produce debris flows that move 

with higher velocities, and 3) that slope steepness is at least somewhat of a factor in the 

length and volume of debris flow deposition (Liu, 1996).  When debris flows occur on 

shallow slopes there are probably other factors such as the recent removal of  vegetation, 

low-strength surface materials, high pore pressure, or extremely low flow viscosity that 

are responsible for the initiation of the debris flows. 
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Vegetation     

 Vegetation plays an important role in the stabilization of hillslopes and the 

prevention of mass movement and slope erosion.  Areas that have lost their natural 

vegetation as a result of fire are more prone to debris-flow occurrence than are vegetated 

slopes (Wells, 1987; Slosson et al., 1989; Cannon et al., 1998).  Vegetation not only 

stabilizes slopes, it also helps prevent the gradual buildup of colluvial material in hollows 

or at the base of small order drainage basins where the colluvium provides raw material 

that can be incorporated into the next debris flow. 

 Natural wildfires are virtually a seasonal event in southern California.  These fires 

remove all or most of the native vegetation from hillslopes, greatly increasing the 

likelihood of debris flows in the burned areas.  Wells (1987) established a link between 

the occurrence of fire and the development of a rill network by mini debris flows on 

small-order drainage basins.  Small debris-flows established rill systems during the first 

rainfall event after the fire.  The main mechanism causing these debris flows was the 

development of a water-repellent layer in the burned area's soil only a few millimeters 

under the surface.  Increased surface runoff due to the drastic decrease in infiltration 

caused liquefaction of the surface material and resulting rill development from the mini 

debris flows (Wells, 1987).  Post-fire debris-flows have also been observed in the western 

states of Arizona (Whol and Pearthree, 1990), New Mexico (Cannon and Reneau, 2000), 

Colorado (Gartner et al., 2004), and Utah (Gartner et al., 2004).  Increased runoff and 

erosion rates following a fire create a source of saturated debris that may initiate a debris 

flow. 
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 Geology and Regional Lithology 

 Analysis of debris flow sediments indicates that the majority of debris flows 

contain at least a small (3%) amount of clay (Costa, 1984).  This debris-flow clay content 

(which can constitute as much as 76% of the debris flow) is important in providing 

strength to the mixture.  Small increases in clay content can produce large increases in the 

yield strength of a mixture (Hampton, 1975).  Debris flows may start when the yield 

strength of a water-clay mixture is first able to suspend and transport gravel-sized 

particles (Pierson and Scott, 1985).  Continued debris-flow motion depends in large part 

on the maintenance of shear strength within the flow sufficient to suspend gravel-sized 

particles.  When shear strength drops below this level transition from debris flow to 

hyperconcentrated flow will take place (Pierson and Scott, 1985). 

 The occurrence of shale units and their associated clay minerals were found by 

Griffiths et al. (2004) to be strongly correlated with debris-flow activity in Grand 

Canyon.  Most debris-flow activity in Grand Canyon was observed to take place in 

association with terrestrial shales, which contain between 60% and 80% kaolinite and 

illite by weight, such as the Hermit Shale and members of the Supai Group (Griffiths et 

al., 1996).  It also appears that the specific clay minerals included in colluvial material is 

a factor in debris flow occurrence.  

 Another geologic factor that influences debris-flow occurrence is the permeability 

and erodability of drainage-basin bedrock (Slosson and others, 1989).  Easily eroded 

rocks, such as shale, will contribute a large amount of sediment to the drainage basin.  

This sediment may then be moved through the channel by debris-flow activity.   Low 
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permeability bedrock may cause moisture to build up in the soil, increasing pore 

pressures and the likelihood of debris-flow formation.   

 Geologic structures such as faults and folds also influence debris flow occurrence.  

Local topography and geologic structure could either assist debris-flow occurrence by 

providing a surface on which material could collect and flow or discourage the 

development of debris flows by working against the initiation of motion (Wieczorek, 

1987).  Faults are also potential debris sources since they are often preferentially eroded, 

creating channels and depressions where debris collects.  Movement along faults could 

also trigger debris flows as well as other landslides. 

 

Climate 

 Climate and weather are closely related and both are believed to influence debris-

flow activity.  The influence of rainfall has already been discussed and tends to be of 

immediate concern on the short-term time scale over which debris-flows occur.  Because 

climate describes average weather over a long period of time it is not always considered 

as a factor in the analysis of debris flow occurrence.  Climatic factors that are likely to 

influence debris-flow initiation are: seasonality of precipitation, storm types, and 

dominant storm tracks (Wilson, 1997).  Other climatic factors that should also be 

considered are: water budget, record rainfall for any recorded storm, maximum observed 

precipitation intensity, and average wind direction. 

 The influence of climate on lithology is also an important consideration.  In 

sedimentary terrains in the arid and semi-arid western United States the shale tends to be 
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easily eroded, producing clay minerals that may enable debris flow initiation and 

movement.  In this area sandstone and limestone are resistant to weathering and often 

make up the largest boulders found in debris flows. 

 

Slope Aspect 

 Canyon aspect was found to be an important factor in the occurrence of debris 

flows in Grand Canyon (Griffiths et al., 2004).  South-southwest trending parts of the 

Colorado River canyon were found to experience a significantly greater number of debris 

flows than were other canyon aspects.  This is believed to result from the fact that the 

dominant track for summer storms in the Grand Canyon area is generally from the south 

while winter storms tend to approach from the west and southwest (Webb et al., 2004b).  

Southwest oriented canyons maximize the effect of these storms by increasing the time 

over which rainfall is in the canyon, collecting in tributaries and possibly dislodging 

colluvial wedges from canyon walls (Webb et al., 2000). 

 Slope aspect influences both quantity and type of precipitation an area is likely to 

receive.  The dominant southwest storm tracks on the Colorado Plateau indicate that 

southwest-facing slopes, especially those on the windward side of mountain ranges, will 

be most likely to experience orographic precipitation.  Not all southwest-facing slopes are 

likely to experience higher precipitation due to orographic effects.  Areas on the lee side 

of a mountain range experience a rainshadow effect regardless of slope aspect.  The 

localized decrease in precipitation that occurs in these areas would lower the likelihood 

of debris-flow initiation compared to the surroundings.  
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Channel-Bed Failure 

 Channel-bed failure is an important debris-flow initiation factor in the European 

Alps (Tognacca and Bezzola, 1997).  Channel-bed failure occurs when surface runoff 

creates an unstable condition in the stream bed.  Hyperconcentrated flow and ultimately 

debris flow results.  Of sixteen important parameters identified for channel-bed failure by 

Tognacca and Bezzola (1997) debris flows, permeability, slope, and surface and ground-

water discharge were found to be the most important.  Debris-flow initiation by channel-

bed failure is in itself a result of channel flow and groundwater hydraulics. 

 

Mass Movements 

 Landslides have been found to create debris-flows in a variety of settings (Iverson 

and others, 1997, Keaton and Lowe, 1998).  A 1983 debris flow that damaged 35 homes 

at the mouth of Rudd Canyon in Utah's Wasatch Front was initiated by a landslide at the 

head of the canyon (Keaton and Lowe, 1998).  The Roan Creek Landslide, a slump-

earthflow complex landslide that resulted from the 1985 failure of mudstones, shales and 

sandstones in Roan Creek, Colorado, was immediately followed by a series of debris-

flows originating near the slide's head scarp (Umstot, 1989).  Debris-flows postdating the 

Roan Creek Slide are believed to have started as a result of surrounding terrain having 

been undercut by the slump.  Iverson et al (1997) found that landslides initiate debris 

flows by: 1) Coulomb failure in slope material, 2) liquefaction caused by high pore 

pressure and 3) energy transfer from landslide kinetic energy into internal vibrational 

energy.  While these studies treat landslides as a separate initiation mechanism, the 



conditions that create the landslides themselves could also be examined as debris-flow 

initiation factors. 

 

Ground Vibrations 

 Perhaps the most obvious type of ground vibration associated with debris-flow 

and landslide initiation is an earthquake.  Earthquakes have been linked directly to the 

occurrence of landslides (Keefer and Wilson, 1989; Jibson and Harp, 1996) which may or 

may not then cause debris flows, depending on factors such as antecedent soil moisture 

conditions, slope steepness, and clay content.  Proof that earth vibrations are an important 

debris-flow initiation process is the fact that earthquake-induced loess flows in China 

were responsible for as many as 240,000 deaths in 1920 (Keefer and Wilson, 1989). 

 Vibrational energy from thunder and the noise of nearby debris avalanches was 

mentioned by Pomeroy (1980) as a possible debris-flow initiation factor.  Ground 

vibrations produced by landslides could also initiate debris flows if other conditions 

necessary for debris-flow activity to occur already exist.   

 

Debris Supply 

 By definition, debris flows must transport significant quantities of debris.  In areas 

of abundant rainfall, debris supply can be a limiting initiation factor.  Debris-flow events 

in high precipitation areas, such as British Columbia and Iceland, are sediment-limited 

(Millard, 1999; Glade, 2005).  Studies in Iceland found that the second of two nearly 

identical, consecutive precipitation events in a drainage basin failed to create a debris 
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flow because the debris flow produced by the first precipitation event removed nearly all 

of the available debris throughout its course.   

 The weathering rates that debris production depends on result from the complex 

interaction of many of debris-flow initiation factors.  In sediment-limited, high-

precipitation climates, debris flow recurrence intervals may depend largely upon the rate 

at which weathering processes produce debris. 

 

CLAY MINERALOGY 

 Clay minerals are composed of several combinations of two types of polyhedral 

layers.  Tetrahedral layers consist of a central silicon cation surrounded by four oxygen 

anions.  In octahedral layers centrally located cations of either magnesium, aluminum, or 

ferrous iron are surrounded by oxygen anions.  The octahedra consist of six oxygen 

atoms surrounding a total charge of +6 in the cation position.  This charge of +6 can be 

satisfied three ways.  If the charge consists of  3 Mg +2 ions, or 3 Fe +2 ions the layer is 

designated trioctahedral.  If the +6 charge is made up of 2 Al +3 ions the layer has a 

dioctahedral structure (Weaver, 1989). 

 These layers combine in three basic ways to produce the fundamental structure of 

clay minerals.  The most stable layering system involves a combination of a single 

tetrahedral layer with a single octahedral layer to produce what is called a 1:1 or single-

layer clay mineral.  This type of combination has a thickness of 7 angstroms so it is also 

often called a 7 Å layer.  The stability of this arrangement is partly attributed to the fact 

that adjacent octahedral and tetrahedral layers share a common oxygen layer (Weaver, 
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1989).  Kaolinite is a common example of a single-layer clay mineral.  Kaolinite is stable 

as a result of individual 7 Å layers bonding together.  

 Multi-layer clays can take two forms.  A 2:1 structure is formed when a single 

octahedral layer is sandwiched between two tetrahedral layers.  The basic unit of this 2:1 

structure has a thickness of 10 Å.  Illite is a good example of a 2:1 multi-layer clay.  Illite 

has a high charge imbalance between individual 10 Å units.  This high charge imbalance 

makes illite hydrophobic.  An example of a multi-layer clay with a small charge 

imbalance between layers is smectite.  This low charge imbalance allows water to occupy 

interlayer sites, causing smectites to absorb large amounts of water and be classified as 

swelling clays.   

A second multi-layer clay is formed when a hydroxyoctahedral layer is added to 

the 2:1 structure to create what is called a 2:1:1 structure.  The system combining four 

layers is 14 Å thick.  Chlorite is an example of a 2:1:1 clay (Weaver, 1989).   The 

thicknesses of these three basic layering systems (7 Å, 10 Å, and 14 Å) are the 

fundamental distances used in clay mineral identification. 

 The structure of multi-layer clays allows for ionic substitutions both between 

adjacent tetrahedral layers and within the basic 10 Å unit itself. These substitutions can 

introduce a variety of different cations and water into the space between adjacent 2:1 

sandwiches in multi-layer clays with a low charge imbalance between layers (Moore and 

Reynolds, 1989).  When such a substitution takes place the entire clay structure may 

expand. As a result of this expansion, low charge imbalance multi-layer clays are also 

called expanding clays.   
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Expansive Properties 

 Some multi-layer clays are more likely to experience expansion than others.   The 

extent to which expansion occurs when interlayer substitution takes place depends on the 

overall charge imbalance between the 10 Å layers.  A large charge imbalance between 

layers results in the interlayer ion (most often potassium) being strongly bound to the 

adjacent clay layers (Weaver, 1989).  This creates groups of many 10 Å layers that are 

tightly bound together.  A small charge imbalance between layers creates a situation in 

which polar ions such as water molecules or hydrated ions can occupy the interlayer sites.  

Clays with a small charge imbalance, such as montmorillonite and bentonite, are the best 

examples of expanding clays, experiencing a drastic increase in volume as a result of 

hydration. 

 Cation exchange capacity (CEC) describes a clay particles’ ability to both absorb 

and adsorb ions and associated water molecules.  High CEC values indicate that a clay is 

capable of holding a large number of charged particles on its surface and can absorb a 

great deal of water (Moore and Reynolds, 1989).  Multi-layer clays with small charge 

imbalances between layers (montmorillonite and vermiculite) have large CEC values and 

are capable of absorbing a great deal of water. The generic class of clays called smectites 

includes all expanding clays.   Montmorillonite and beidellite are Al-rich smectites while 

Fe3+ -rich swelling clays are called nontronites (Weaver, 1989).  

Kaolinite has a low CEC value and a fairly limited ability to absorb water.  As a 

result of Illite’s 2:1 structure with a high charge imbalance between layers it is able to 
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absorb some water but is not absorbent enough to be classified as a smectite (Weaver and 

Pollard, 1973). 

 Cation chemistry also influences the extent to which clay minerals absorb water.  

The most absorbent smectites contain potassium (K+) and sodium (Na+) ions as 

interlayer cations.  An example of such a highly absorbent smectite being bentonite 

(sodium-montmorillonite).  When the interlayer cations are magnesium (Mg 2+) and 

Calcium (Ca 2+) ions, however, a clay’s water absorption capacity is reduced (Costa and 

Baker, 1981). 

 

Clay Particles in Slurries 

Clay minerals in general tend to be attracted to water molecules.  This attraction 

results in one or more layers of water molecules bonding to the surface of clay particles 

in aqueous solutions (Velde, 1995).  These clay-water particles alter the solutions’ 

viscosity and rheology.  A clay-water slurry will have a much greater viscosity and 

internal strength than does pure water.  This increase in strength results from high pore 

pressures in clay-water slurries (Hampton, 1975; Major and Pierson, 1992). 

 The cation chemistry of clay minerals affects the behavior of clay-water slurries.  

1:1 clays such as kaolinite tend to have relatively strong attractions between 7 Å layers 

and therefore do not generally contain interlayer cations.  Although illite is a multi-layer 

clay it has a high charge imbalance between 10 Å  layers and can form particles that 

consist of a number of 10 Å  layers when an interlayer ion creates a strong bond between 

the adjacent 10 Å layers (Velde, 1995).  Both kaolinite and illites form particles with high 
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charge density in solution and tend to flocculate in saline solutions (Hiller, 1995).  

Hampton (1975) has proposed that the existence of flocculated clay particles in a clay-

water slurry is an important factor in determining the matrix strength of the slurry. 

 Smectites have low charge densities and do not tend to flocculate in saline 

solutions (Hiller, 1995).  This behavior makes a major distinction between smectites, 

illite and kaolinite and indicates that they will behave differently in slurries.  Since 

flocculation produces small particles that tend to lend strength to clay mixtures 

(Hampton, 1975), it would seem that smectites would not tend to provide the strength to 

saline slurries that kaolinite and illite do.  This example is based on laboratory 

experiments on the behavior of clay in saline solutions.  Flocculation would not be as 

important a process in fresh water which has a lower ionic strength compared to salt 

water, indicating that this effect could be significant in submarine flows such as turbidity 

currents but is likely to have a minimal influence on terrestrial debris-flows.  

 

Clay Minerals and Debris-Flow Initiation 

 Smectites such as sodium montmorillonite will greatly expand when wetted, 

sealing off the deposit and preventing the further absorption of water.  When wetted 

smectite also displays more strength for the same weight percent water than kaolinite 

(Hampton, 1975).  Both of these factors combine to keep deposits containing smectite in 

place when they are wetted.  Kaolinite and illite, on the other hand, will have less 

strength when wet.  As a result, a deposit containing kaolinite is more likely to fail when 

wetted, possibly resulting in debris-flow initiation. 
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  In situ expansion of smectite clays results from low charge imbalance between 

layers allowing interlayer ions to occupy the space between the 10 Å layers.  The 

presence of water in these interlayer sites would have the effect of lowering the shear 

strength of smectite clays. This low shear strength between 10 Å layers would cause 

smectites to disperse instead of flocculate when a material containing smectite moves.  In 

the case of debris flow initiation a large amount of smectite present in colluvium would 

allow the mass to move in a slide but would not tend to support the large particles 

necessary for a debris flow whereas illite and kaolinite will provide the internal support 

inside the colluvial mass to allow debris-flow formation. 

 In addition to significant shear strength differences between smectites and 

kaolinite-illite when they are wetted, the reaction of these clay species to wetting events 

could play an important role in Colorado Plateau debris-flow initiation.  By swelling 

when first wetted smectites effectively seal off the surface of a colluvial wedge or shale 

slope, preventing the infiltration of water into deep layers of the deposit.  Since they do 

not swell when wetted, however, kaolinite and illite clays provide water access to any 

planes of weakness within a colluvial deposit or outcrop.  The existence of unusually 

large cracks, or macropores (Becher, 1985; McDonnell, 1990), within a smectite-

dominated clay deposit could change the effectiveness of this mechanism.  Macropores of 

sufficient size that they did not seal off with wetting could provide water with a pathway 

to shear planes within a smectite deposit, possibly causing slope failure and landslides. 

Landslides on the Colorado Plateau in smectite-rich formations such as the 

Petrified Forest Member of the Chinle formation commonly occur as slumps instead of 
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flows (Figure 1-2) (Bezy and Trevena, 2000; Sprinkle et al., 2000).  This form of mass 

wasting in smectitic material could be explained by the existence of macropores in the 

clay.  Macropores could allow for localized infiltration of water in a clay outcrop or 

colluvial deposit, creating planes of weakness along which slumping could occur.  This 

type of debris-flow origin has been observed in New Zealand (McDonnell, 1990) in hilly 

terrain underlain by Pleistocene conglomerate on the west coast of New Zealand's South 

Island where annual rainfall exceeds 2.6 m annually.  Significant differences in climate, 

topography and lithology between New Zealand and Colorado Plateau study sites makes 

a direct comparison of debris-flow initiation between these two areas difficult   

 

Clays and Climate 

 Smectite clays are characteristic of humid, hot climates with relatively flat, poorly 

drained topography.  Currently smectite clays are being produced in the Amazon Basin 

and being deposited in the subtropical Atlantic Ocean.  Smectites also result from the 

weathering of mafic volcanic rocks and, as such, are also being produced in tropical 

volcanic areas such as the Hawaiian Islands (Robert and Kennett, 1994).  Kaolinite is also 

produced in the tropics, but in upland areas having well-drained topography.  Highlands 

in the upper Amazon Basin and equatorial Africa are areas where kaolinite is currently 

being produced. 

 Illite and chlorite clays are produced where weathering rates are relatively slow.  

Their formation takes place in cold climates and deserts, during the erosion of 
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unweathered outcrops.  Current sites where illite and chlorite are produced include the 

Australian and Saharan deserts as well as northern Europe (Robert and Kennett, 1994).   

 Illite is also formed with time through diagenesis.  Over long periods of geologic 

time smectite is gradually being transformed to illite (Weaver, 1967).  Illitization is not a 

consistent process, but varies through time with burial depth and tectonic activity.  The 

result of this process is that older formations (especially Paleozoic and older) tend to be 

dominated by illite (Figure 1-3).  Kaolinite is relatively stable through time, however, 

causing the proportion of kaolinite in shales to vary only a small amount with rock age 

(Figure 1-3). 

 

CONCLUSIONS 

 A wide variety of factors are identified as being associated with debris-flow 

initiation.  The most obvious factors, such as slope steepness and fast, heavy rainfall 

events have been studied in depth in many settings.  Although these factors are widely 

recognized as important in debris-flow initiation, their importance in any specific area 

depends on the exact combination of conditions in that setting before a debris-flow 

occurs. 

   The main conclusion of this review of debris-flow initiation factors is that any 

single debris flow event is the result of the interaction of a unique combination of factors.  

An important factor in one area may not be as important in another area due to the 

influence of a different set of variables in the second area.  Johnson and Rodine (1984) 

identify the main mechanism for debris-flow initiation to be mass-movement.  The 



factors responsible for starting landslides that may initiate debris-flows vary, making the 

process of predicting debris-flow initiation difficult (Johnson and Rodine, 1984). 

   Since a debris flow must be a slurry of poorly sorted material, the initiation factor 

of moisture could easily be considered of primary importance in nearly all situations.  

Topographic form and slope steepness are also among the most important all-around 

debris-flow initiation factors.  In many locations vegetation (or lack of vegetation) is a 

key initiation factor as is lithology.   

 Much of the literature on debris-flows centers on the description of debris-flow 

rheology and depositional processes.  Debris flow initiation factors are well understood 

only for a few specific situations, usually places where debris-flow occurrence constitutes 

a significant geologic hazard (such as central and southern California).  Since the factors 

that are responsible for debris-flow occurrence vary in importance from area to area, a 

great deal of further study into the causes of debris flows is needed.  New studies will 

need to be site-specific but they will prove to be most useful if their findings can be 

generalized to other sites. 

 Understanding the nature of clay minerals is important to studying the mechanism 

by which debris-flows on the Colorado Plateau start.  Illite and kaolinite clays tend to 

saturate when wetted, allowing water to penetrate bedrock outcrops or colluvial deposits 

dominated by kaolinite and illite and causing slope failure and possibly debris-flow 

initiation.  Smectites on the other hand will swell when wetted, which may seal off these 

deposits and prevent saturation and downslope movement.  The decrease in smectite 

content in older rocks, especially those of Paleozoic age and older, may result in younger, 
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more smectite-rich formations being less likely to be debris-flow producers on the 

Colorado Plateau. 

 Landslides in smectite-rich formations on the Colorado Plateau, such as the 

Petrified Forest Member of the Chinle Formation may result from clay macropores giving 

water access to shear planes within shale outcrops, creating zones of weakness along 

which sliding could occur.  Macropores could also be responsible for random debris 

flows originating in deposits containing significant smectite.  Potential macropore 

influence on debris-flow activity on the Colorado Plateau should be investigated. 
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Figure 1-1.  Debris-flow deposit in Cataract Canyon, Utah.  Note relationship between 
poorly-sorted clasts and clay matrix.  Rock hammer for scale. 
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Figure 1-2.  Slumping in the Petrified Forest Member of the Chinle Formation, Petrified 
Forest National Park.  Note flat-topped terraces (from Bezy and Trevena, 2000). 
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Figure 1-3.  Changes in illite, smectite (expanded clays), kaolinite, and chlorite content 
with age in shales (from Weaver, 1967). 
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CHAPTER 2 
 
 

THE ROLE OF CLAY MINERALOGY IN DEBRIS-FLOW OCCURRENCE 
ON THE COLORADO PLATEAU 

 
 
 

 

 

 

 

 

 

 

 

"The region … is, of course, altogether valueless.  It can be approached only from the 
south, and, after entering it there is nothing to do but leave.  Ours has been the first, and 
will doubtless be the last, party of whites to visit this profitless locality." 
        Lt. Joseph C. Ives 

 

 

 

 



INTRODUCTION 

 Landslides are significant agents of erosion on the Colorado Plateau (Schumm 

and Chorley, 1966; Schroder, 1971; Radbrunch-Hall et al., 1976, Stock and Dietrich, 

2003).  While mass movements of all types occur on the Colorado Plateau, debris flows 

have influenced the recent geomorphic evolution of the Colorado Plateau by their 

influence on the base level of the Colorado River during the Holocene (Webb et al., 

1989; Webb, 1996).  Colorado Plateau debris flows are also important geologic hazards.  

Because clay is widely considered to be an essential debris-flow ingredient (Hampton, 

1975; Costa, 1984) debris-flow activity is most likely in areas having sufficient clay 

content to support flows.  Studies in the sedimentary terranes of Grand Canyon (Webb et 

al., 1997; Griffiths et al., 1996) indicate that shales dominated by kaolinite and illite clays 

are significantly more likely to be recent producers of debris-flows than are shales 

dominated by smectite.   

 Through the examination of data gathered on Colorado Plateau shale unit clay 

mineralogy, this chapter closely examines the simple assumption that clay is necessary 

for debris-flow initiation and seeks to make associations between specific types of clays 

and debris-flow initiation.  Colorado Plateau shales are evaluated as to their involvement 

in recent debris-flow production.  The clay mineralogies of shales that are recent debris-

flow producers are compared to the clay mineralogies of shale units that have not been 

involved in Holocene debris-flow activity, allowing the role of clay minerals in Colorado 

Plateau debris-flow activity to be identified.  A model of debris-flow initiation is 

developed in an attempt to explain the role of smectite, kaolinite, and illite clays in 
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debris-flow activity on the Colorado Plateau.   Factors that influence the types of clay 

minerals found within any specific shale unit, such a depositional environment, climate, 

and source region, are examined as part of the development of a predictive model for 

debris-flow activity.   

 The importance of precipitation in debris-flow initiation indicates a strong link 

between climate and debris-flow activity.  Climate on the  Colorado Plateau is believed to 

have become warmer and dryer over a relatively short period of time several thousand 

years after the most recent glacial maximum (18 ka) (Peterson, 1994).  For the purposes 

of this study recent debris flows are those that originated in the climate regime of the mid 

to late Holocene.  While significant variations in climate have occurred over the Colorado 

Plateau during the mid to late Holocene (Elias, 1997), this time period limits the climate 

for Colorado Plateau debris-flow activity for this study to climates similar to those of the 

present. 

 The term shale is used in this report to describe argillaceous sedimentary rock 

formations, including mudstone and claystone.  A geologic unit is considered to contain 

significant amounts of shale if the description of the unit on a geologic map indicates that 

shale constitutes a substantial amount of the unit, therefore units containing trace 

amounts or intermittent lenses of shale are not included.  Shales and mudstones (massive, 

unstructured clay deposits) are considered to be clay source regions.  Although debris-

flows can also originate from failure of colluvial deposits (Melis et al, 1994), this study 

considers the source of debris-flow matrix clay to be shale or mudstone bedrock. 

 

                                                44



COLORADO PLATEAU GEOLOGY 

General Description of the Colorado Plateau 

 The Colorado Plateau (Figure 2-1) is distinguished from other physiographic 

provinces by its unique geologic structure, stratigraphy, elevation and wealth of 

spectacular canyons (Fenneman, 1931; Hunt, 1956).  The Colorado Plateau is bounded on 

the western edge by the Wasatch Line a series of normal faults (the Sevier Fault, 

Hurricane Fault and Grand Wash Fault) extending south from the Wasatch Fault in 

northern Utah (Baars, 2000).  To the south the Mogollon Rim separates the Colorado 

Plateau from the Basin and Range province, while in the southeast the Colorado Plateau 

is bounded by the Rio Grande Rift.  To the east, northeast, and north mountain ranges 

form the edge of the Colorado Plateau.  Within these boundaries the geologic strata are 

generally flat-lying.  Several structural flextures interrupt these horizontal layers: the 

Piceance, San Juan, Uinta and Navajo Basins and the Kaibab, Defiance, Zuni, 

Uncompagre, San Rafael Swell, and Circle Cliffs Upwarps (Hunt, 1956).  Volcanic 

structures dot the Colorado Plateau, creating both intrusive volcanic features such as 

laccolithic mountain ranges (the San Juan Mountains and Henry Mountains) and 

extrusive volcanic structures like the San Francisco Peaks Volcanic Field and Hopi 

Buttes. 

Stratigraphically, the Colorado Plateau is dominated by late Paleozoic, Mesozoic, 

and Cenozoic sedimentary rocks.  The notable exception to this rule is the exposure of 

Middle Paleozoic and older strata in Grand Canyon.   Late Paleozoic rocks in the 

Colorado Plateau area are predominately marine in origin.  With the advent of the 
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Mesozoic Era, deposition became dominated by coastal and continental processes, a trend 

that continued into the Cenozoic Era (Hunt, 1956).  Transitions between different 

depositional environments and source materials resulted in formation of interbedded 

layers of sandstones and shales that weather into the slopes (shale) and cliffs (sandstone) 

that are characteristic features comprising the various plateaus found in this province.  

Shale outcrops interbedded with more resistant sandstones also sets the stage for frequent 

landslide activity (Radbruch-Hall et al., 1976; Yuhas et al., 2003) and provides both the 

clay material and the large clasts of resistant material needed to create debris-flows. 

Steep-walled canyons on the Colorado Plateau created by erosion of the Colorado 

River and its tributaries expose the flat-lying strata to weathering, producing raw material 

for mass movement.  The extreme relief inside many canyons on the Colorado Plateau 

also provides sufficient potential energy for weathered rock material stored at cliff bases 

in colluvial wedges to travel great distances when mobilized by running water.  Drainage 

off of the relatively high-elevation Colorado Plateau into low-lying sections of the 

adjacent Basin and Range provides the opportunity for streams in this province to erode 

deeply and produce exceptionally deep, steep walled canyons. 

 The climate of the Colorado Plateau region is semi-arid.  Several of the highest 

elevations in this region have mountainous, wet climates, but overall rainfall on the 

Colorado Plateau is in short supply.  There is a distinct seasonality to precipitation with 

summer precipitation often arriving as severe thundershowers while longer duration 

winter rains, which are Colorado Plateau’s dominant precipitation source, tend to be the 

result of cyclonic storms which originate in the Pacific Ocean being moved over the area 
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by westerly winds (Hereford et al., 2002).  This precipitation effect is most apparent in 

the southern half of the Plateau due to the impact of monsoonal flow in the summer.  

Evaporation on the Colorado Plateau is high (Hunt, 1974), effectively increasing the 

runoff and infiltration potential of the precipitation that does fall.  Changes to create the 

current climate regime have occurred within the Holocene.  The Pleistocene climate on 

the Colorado Plateau was both wetter and cooler (Elias, 1997; Anderson et al., 2000), 

creating a weathering regime more similar to current subglacial or periglacial areas.    

 The highest elevation areas of the Colorado Plateau support the growth of spruce, 

fir, and pine forests.  While medium elevation sections of the plateaus support pinon-

juniper woodlands, large sections of the Colorado Plateau are covered with shrubland 

interspersed with smaller areas of grassland (Hunt, 1956).  As a result of its influence on 

slope stability and infiltration rates, variations in vegetation type and density have an 

impact on weathering process and the occurrence of mass wasting. On the semiarid 

Colorado Plateau, vegetation is heavily influenced by slope aspect and elevation 

(Grahame and Sisk, 2002). 

Clay minerals are formed through continental weathering and transported 

relatively unchanged to their place of deposition (Blatt et al., 1971; Reincek and Singh, 

1980).  The clay mineral content of Colorado Plateau shales and mudstones therefore 

directly reflects the weathering environment in ancient drainage basins.  Developing a 

predictive model for debris-flow initiation requires an understanding of the relationship 

between clay mineral content and depositional environment.  Establishing the effect of 

source-region depositional environment and clay mineralogy on debris-flow initiation 
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necessitates an in-depth review of shale depositional environments across the Colorado 

Plateau. 

 

Depositional Environments of Colorado Plateau Shales 

Proterozoic Formations 
 

On the Colorado Plateau Proterozoic formations containing significant shale units 

are exposed in Grand Canyon.  The Middle Proterozoic age Dox Formation of the Unkar 

Group appears in Grand Canyon in outcrops having a moderate spatial extent.  The Dox 

Formation is comprised of four members, all of which are dominated by red shale, 

mudstone and siltstone with occasional massive sandstone and thin layers of limestone 

and conglomerate (Ford and Breed, 1974; Hendricks and Stevenson, 1990).  The 

sediment composing the members of the Dox Formation was initially deposited in coastal 

floodplains, but a rapid marine transgression resulted in the bulk of Dox Formation 

sediments being deposited in tidal flat and shallow marine environments close to sea 

level (Hendricks and Stevenson, 1990).  The Dox Formation conformably overlies the 

Shinumo Quartzite and is conformably overlain by the uppermost member of the Grand 

Canyon Supergroup, the Cardenas Basalt (Hintze, 1988). 

The four members of the Galeros Formation are comprised dominantly of shales 

that are interbedded with thin siltstones and sandstones and occasional massive 

limestones and dolomites (Ford and Breed, 1974).   The approximately 1000 m section of 

the Galeros Formation exposed in Grand Canyon is of shallow marine origin (Ford and 
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Breed, 1974; Nations and Stump, 1996).  The Galeros Formation is overlain conformably 

by the Kwagunt Formation and overlays the Nankoweap formation disconformably.  

The Kwagunt Formation of the Chuar Group is part of the Grand Canyon 

Supergroup.  The Kwagunt Formation is comprised of three members.  The lower 

member contains a significant sandstone outcrop topped with approximately 50 meters of 

purple and red mudstones while the two upper members are composed dominantly of 

multicolored shales and mudstones with occasional thin beds of dolomite and limestone 

(Ford and Breed, 1974).  The widespread presence of ripplemarks, mud-cracks, and 

stromatolites indicates that the Kwagunt Formation rocks were deposited in a shallow 

marine environment (Ford and Breed, 1974; Nations and Stump, 1996).  The Kwagunt 

Formation is overlain unconformably by the fluvial Sixtymile Formation and itself 

overlays the Galeros Formation.   

 

Cambrian Formations 

During the Middle Cambrian Period, when the Bright Angel Formation was 

deposited, the climate of western North America was arid, with the Colorado Plateau 

occupying a sub-tropical position just south of the equator (Scottese, 2003).  The source 

region of the sediments that make up the Bright Angel Shale are unknown, with one 

possible source being the Defiance uplift which occupied the southeastern and east-

central portions of the Colorado Plateau area during the Cambrian. 

Extensive slope-forming outcrops of the Bright Angel Formation are found on the 

western edge of the Colorado Plateau in Grand Canyon.  This formation is dominated by 
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greenish shales and mudstones but also contains sandstones and siltstones (McKee, 

1974), all of which were deposited in a shallow marine environment (Middleton and 

Elliot, 1990).  The Bright Angel Shale is conformably underlain by the Cambrian Tapeats 

Sandstone and conformably overlain by the Cambrian Muav Limestone throughout the 

Grand Canyon (Hintze, 1988).  

  

Pennsylvanian Formations 

Uplift and erosion of the Uncompahgre Uplift in eastern Utah and western Colorado 

during the Pennsylvanian is believed to be the source of sediments for the Late 

Pennsylvanian Honaker Trail Formation (Stokes, 1988).  The climate during the period of 

deposition of Honaker trail sediments was that of a tropical rainforest, with the Colorado 

Plateau area in an equatorial position (Scottese, 2003).  

The Honaker Trail Formation is found over a large area of southeast Utah.  The 

type section of this formation is located along the Honaker Trail in the bedrock canyon of 

the San Juan River (Baars, 1973).  Outcrops of the Honaker Trail Formation also occur in 

the steep walls of Cataract Canyon, where approximately 300 m of interbedded shallow-

marine limestones, shales, sandstones, and cherts belonging to this formation are exposed 

(Belknap, 1996; Baars, 1987).  The Honaker Trail Formation conformably overlays the 

Paradox Formation throughout the Paradox Basin on the eastern side of the Colorado 

Plateau (Stevenson and Baars, 1987) and unconformably contacts the overlying Elephant 

Canyon and Halgaito Formations in southeastern Utah (Hintze, 1988).   
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Permian Formations 

 At the beginning of Permian time the Colorado Plateau area was located in an 

equatorial position (Scottese, 2003).  The climate in this area changed through the 

Permian, starting out warm and dry early in the period and eventually becoming more 

humid in the Late Permian (Anderson et al., 2000; Scottese, 2003).  The paleogeography 

of the Colorado Plateau during this period is dominated by the Uncompahgre highlands 

in the east and marine waters to the west (Stokes, 1988).   

The Lower Permian Park City Formation outcrops on the northern edge of the 

Colorado Plateau in the vicinity of the Uinta Basin.  This formation consists of up to 130 

m of multicolored, interbedded fossiliferous shale, claystone, siltstone, dolomite, and 

limestone (Rowley et al., 1985).  Both fossil evidence and the presence of phosphate rock 

in the Park City Formation indicate that this formation was deposited in a shallow marine 

environment (Gregson and Chure, 2000; Hintze, 1988).  The weathering regime that 

created Park City sediment is believed to have been warm and dry.  Clays deposited in 

this formation originated to the southeast in the Uncompahgre highlands (Stokes, 1988).  

In the area of Dinosaur National Monument the Park City Formation is unconformably 

overlain by the Moenkopi Formation and unconformably overlies the Weber Sandstone 

(Hintze, 1988).   

The Esplanade Formation consist of a 61 to 107 m. thick cliff-forming sandstone 

unit and a basal slope unit which comprised of between 15 and 30 m of alternating beds 

of mudstone, siltstone, limestone and sandstone (McKee, 1982).  The Esplanade 

Formation is fluvial in origin and is conformably overlain by the Hermit Formation 
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(Nations and Stump, 1996; McKee, 1982).  The contact between the Esplanade 

Formation and the underlying Wescogame Formation (both members of the Supai Group) 

takes the form of a disconformity which represents the Permian-Pennsylvanian boundary 

on the western Colorado Plateau (Blakey, 2003). 

The Hermit Formation consists of dark red shale, mudstone, siltstone and sandstone 

(Haynes and Hackman, 1978; Blakey, 2003).  The rocks of the Hermit formation were 

deposited in low-energy river systems flowing across a low, flat coastal plain (Blakey, 

2003).  The Hermit Formation correlates directly with the Organ Rock Formation found 

to the north and east of Grand Canyon (Blakey, 1979).  Throughout northern Arizona the 

Coconino Sandstone conformably overlies the Hermit Formation, while the Hermit 

Formation itself conformably overlies the Esplanade Sandstone of the Supai Group 

(Nations and Stump, 1996). 

The Elephant Canyon Formation in its type section in Canyonlands National Park 

consists of interbedded shallow marine shales, sandstones and limestones approximately 

330 m in thickness (Baars, 1987).  Throughout much of Cataract Canyon on the Colorado 

River the Elephant Canyon Formation occurs in the upper section of the cliffs along the 

side of the canyon.  In its exposures in Cataract Canyon the Elephant Canyon Formation 

unconformably overlays the Pennsylvanian Honaker Trail Formation and conformably 

underlies the Permian Cedar Mesa Sandstone (Hintze, 1988). 

The Halgaito Formation consists of reddish-brown, thin-bedded shales, siltstones 

and sandstones outcropping in the area of the Monument Upwarp (Blakey, 1979).  The 

depositional environment of the Halgaito Formation has been interpreted to be that of a 
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coastal floodplain subject to periodic invasion by marine waters (Baars, 1963; Baars, 

2000).  This situation explains the intertonguing relationship between fluvial Halgaito 

Formation shales and the shallow marine Elephant Canyon Formation in the Canyonlands 

area.  Near the confluence of the Green and Colorado Rivers the Halgaito Formation rests 

unconformably on the Honaker Trail formation and is overlain conformably by the 

Permian Cedar Mesa sandstone (Hintze, 1988).   

Redbeds of the Organ Rock Formation, and the equivalent Hermit Formation, 

overly the Cedar Mesa Sandstone and constitute the most extensive sequence of 

Pennsylvanian-Permian deposits on the Colorado Plateau (Blakey, 1979).  The rocks in 

this formation are red to reddish-brown shales, siltstones and sandstones (Baars, 1962).  

The Organ Rock formation is believed to have been deposited on low, coastal floodplains 

bordering a sea to the west (Blakey, 1979).  Sediments deposited in this marginal 

terrestrial environment originated in the Uncompahgre uplift to the east (Baars, 2000b).  

The uppermost member of the Cutler Group, the White Rim Sandstone, overlies the 

Organ Rock Formation (Hintze, 1988). 

On the eastern edge of the Colorado Plateau formations within the Cutler Group 

cannot be distinguished, resulting in the use of the term Cutler Formation to describe 

these undifferentiated Late Permian deposits.  In southwestern Colorado the Cutler 

Formation is widespread, occurs in outcrops up to 762 m thick, and consists of 

interbedded mudstones, siltstones and arkosic sands and gravels (Baars, 1962).  The 

Cutler Formation is fluvial in origin and the coarse grain size of many Cutler deposits 

indicate that the formation was deposited relatively near to its source region (Baars, 
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2000).  The Cutler Formation conformably overlies the Honaker Trail Formation (Baars, 

2000a) and unconformably underlies the Hoskinnini Sandstone of Triassic age (Hintze, 

1988) throughout the Moab area in east-central Utah.  

 

Triassic Formations 

 Both geologic and climatic changes typify the Triassic Period on the Colorado 

Plateau.  The Ancestral Rocky Mountains to the east of the Colorado Plateau area 

provided a substantial amount of Triassic sediment.  Another potential sediment source, 

the Mesocordilleran High developed on the western edge of the Colorado Plateau in the 

Middle Triassic (Stokes, 1988).  An arid climate dominated the Colorado Plateau during 

the Triassic.  Towards the end of the period the Colorado Plateau occupied an equatorial 

location, resulting in the area experiencing a wet, tropical climate (Scottese, 2003). 

Outcrops of the Moenkopi Formation, which vary in thickness between 1 meter 

and 600 meters (Schultz, 1963), occur throughout northern Arizona and Central Utah.  

The Moenkopi Formation is divided into a variety of members geographically, none of 

which extend throughout the spatial extent of this formation on the Colorado Plateau 

(Stewart et al., 1972).  The lithologies present in the Moenkopi Formation are generally 

dominated by mudstones (Morales, 1990) but may also contain layers of gypsum, 

limestone and multicolored sandstones and siltstones (McKee, 1954).   The environments 

in which Moenkopi rocks were deposited during the early Triassic varied from near-shore 

continental in the east to shallow marine in the west (Stewart et al., 1972).  Throughout 

much of the central part of the Colorado Plateau the depositional environments for this 
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formation are transitional, typically near-shore mud flats, deltaic floodplains and shallow 

marine waters (Stewart et al., 1972).  For the purposes of this study these near-shore 

environments are all labeled as shallow marine.  The Moenkopi Formation 

unconformably overlies the Permian Kaibab Formation and is itself overlain 

unconformably by the Chinle Formation throughout much of the Colorado Plateau 

(Hintze, 1988). 

The many members of the Upper Triassic Chinle Formation are all continental in 

origin (Stewart et al., 1972).   The members of the Chinle Formation, listed from oldest to 

youngest, are: Shinarup Conglomerate Member, Sandstone and Mudstone Member, 

Monitor Butte Member, Moss Back Member, Temple Mountain Member, Petrified Forest 

Member, Owl Rock Member and Church Rock Member.  The first six members in this 

formation occur throughout the Colorado Plateau in thickness of up to 450 m and are 

composed predominately of clay-rich mudstones, sandstones and siltstones as well as thin 

layers of conglomerate and sandstone (Stewart et al., 1972).  The lower members of the 

Chinle Formation are believed to have been formed from sediments deposited in streams 

and on their adjacent floodplains, as well as in lakes (Blakey, 1989).  Extensive volcanic 

debris and bentonitic clays are also included in the bottom members of the Chinle 

Formation (Stewart et al., 1972).  Both of the Chinle formation samples being used in this 

study are from the lower section of this formation.  The Petrified Forest member was 

sampled as well as the Sandstone and Mudstone Unit of Phoenix (1963) which is 

believed to be equivalent to the Monitor Butte Member found in northeastern Arizona 

(Phoenix, 1962, Hintze, 1988). 
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 The upper members of the Chinle Formation are dominantly lacustrine in origin, 

consisting of siltstones, sandstones, limestones and limestone-pebble conglomerates 

(Stewart et al., 1972).  Unlike the lower members, the upper members are largely 

noncalcareous and nonbentonitic (Blakey, 1989).  The Chinle Formation unconformably 

overlies the Moenkopi Formation throughout much of the Colorado Plateau.  However, 

while the upper contact of the Chinle Formation with the Wingate Formation is 

predominately conformable the contact is in places unconformable (Stewart et al., 1972).  

  

 Jurassic Formations 

 During the Jurassic Period the climate on the Colorado Plateau was arid.  

Southwestern North America occupied a subtropical location, approximately thirty 

degrees north of the equator (Scottese, 2003).  Sediments deposited on the Colorado 

Plateau throughout this period originated from the Mesocordilleran High to the west.  

Three general sedimentary environments dominated during the period.  A sand sea 

dominated the early Jurassic followed by a series of invasions of shallow marine waters 

and ending with a terrestrial environment dominated by river systems flowing from west 

to east across The Plateau (Stokes, 1988). 

The early Jurassic Stump Formation is present on the Northern Colorado Plateau 

near Dinosaur National Monument.  The Stump Formation has a limited spatial extent on 

the Colorado Plateau (Rowley et al., 1985) occurring in cliffs north of Vernal, Utah.  The 

Stump Formation is of marine origin (Pipiringos and Imlay, 1979).  The Stump 

Formation is believed to have been deposited in a shallow marine environment typical of 
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Jurassic marine invasions (Stokes, 1944).  On the Colorado Plateau the Stump Formation 

is underlain conformably by the Entrada Sandstone and is overlain by the Morrison 

Formation (Hintze, 1988). 

Part of the Glen Canyon Group, the Moenave Formation is composed of dark red, 

brown and reddish-orange sandstones, mudstones and siltstones (Haynes and Hackman, 

1978) and is believed to be early Jurassic in age (Baars, 2000).  While the basal Dinosaur 

Canyon Member contains some fluvial siltstones and claystones, lacustrine claystones 

and siltstones dominate the Whitmore Point Member of Moenave Formation (Wilson, 

1967).  In northern Arizona the Moenave Formation is underlain conformably by the 

Chinle Formation and is itself conformably overlain by the Kayenta Formation (Wilson, 

1967). The Moenave Formation is found extensively in northwestern Arizona and 

southwestern Utah, with outcrops occurring along the Vermillion and Echo Cliffs in the 

Marble canyon area.  

The Kayenta Formation of the Glen Canyon Group is named for exposures near 

Kayenta, Arizona (Nations and Stump, 1996) and found extensively throughout northern 

Arizona and southern, eastern and central Utah.  Dark colored mudstones, sandstones and 

some limestones are the dominant lithologies in the Kayenta Formation (Nations and 

Stump, 1996).  While the Kayenta Formation is dominated by fluvial deposits it also 

contains minor lacustrine and eolian layers (Doelling and Davis, 1989).  Immediately 

above the Kayenta Formation, in a conformable contact, is the uppermost unit of the Glen 

Canyon Group, the Navajo Sandstone.  Below the Kayenta Formation is a conformable 
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contact with the lowermost unit of the Glen Canyon Group, the Wingate Sandstone 

(Hintze, 1988).   

The Arapian Formation is exposed over a relatively small area along the far-

western edge of the Colorado Plateau in the Sanpete and Sevier Valleys (Williams and 

Hackman, 1971).  In this area the Arapian Formation consists of great thicknesses (up to 

3,960 m) of gray and red shale, mudstone, shaly siltstone, limestone and evaporates 

(Witkind, 1994).  The sediments of the Arapian Formation were deposit in hypersaline 

conditions in shallow marine waters of an embayment in a Middle Jurassic sea (Witkind, 

1994).  As a result of movement of the Arapian salt beds, the Arapian Formation 

underlies a wide variety of formations (Witkind, 1994).  The most common upper contact 

of the Arapian Formation is with the Upper Jurassic Twist Gulch Formation, while the 

base of the Arapian Formation conformably contacts the Twin Creek Limestone.   

 The lowest member of the San Rafael Group is the Middle Jurassic age Carmel 

Formation.  The Carmel Formation outcrops over a large portion of central Utah in the 

vicinity of the San Rafael Swell.  This formation consists of dark-colored mudstones, 

fine-grained sandstones, limestones and gypsum of up to about 275 m in thickness 

(Williams and Hackman, 1971).  While dominated by shallow marine mud flats, the 

environment of deposition of the Carmel Formation was not static, but is also believed to 

have included fluvial and coastal floodplain environments (Morales, 2003; Baars, 2000; 

Haynes and Hackman, 1978).  The Carmel formation is conformably bounded on top by 

the Entrada Formation and conformally overlies the Page Sandstone on the West Flank of 

the San Rafael Swell (Hintze, 1988).   
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 Occurring over a moderate spatial extent on the western limb of the San Rafael 

Swell in east-central Utah, the Curtis formation consists of up to 60 m thick series of 

sandstones interbedded with dark shales and mudstones (Witkind, 1995).  The geologic 

time period recorded by the Curtis Formation experienced a change in depositional 

environment as a result of an initial marine transgression followed by a marine regression 

through most of the period over which Curtis rocks were deposited.  Rocks of the early 

and middle part of the Curtis Formation are indicative of a nearshore, subtidal shelf while 

the uppermost member of the Curtis Formation contains ripple marked sandstone and 

siltstone beds believed to be intertidal in origin (Caputo and Pryor, 1991).  The Curtis 

Formation has a conformable contact with the Summerville Formation above and an 

unconformable contact with the Entrada Formation below (Caputo and Pryor, 1991; 

Hintze, 1988). 

 In the eastern part of the Colorado Plateau outcrops of the Wanakah Formation 

occur with a limited spatial extent in the San Juan Basin.  In contrast to the bottom two 

members of the Formation (which are comprised of limestone, gypsum and sandstone) 

the upper member of the formation contains significant amounts of mudstone, as well as 

siltstone, sandstone and limestone (Ridgely, 1989).  Based on fossil evidence the 

mudstones of the upper member of the Wahakah Formation are currently believed to be 

lacustrine in origin, representing a transition between a near-shore, shallow marine 

depositional environment of the early members of the Wanakah Formation and the fluvial 

environment which existed immediately following the Wanakah in which the Morrison 

Formation was deposited (Ridgely, 1989).  The contact between the upper member of the 
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Wanakah and the basal member of the Morrison Formation takes the form of an 

unconformity in eastern Utah (Hintze, 1988) but is conformable in the Chama Basin of 

northern New Mexico (Ridgely, 1989).  The Wanakah Formation rests conformably on 

the middle Jurassic Entrada Sandstone (Hintze, 1988; Ridgley, 1989).   

 The most extensive outcrops of the Summerville Formation on the Colorado 

Plateau occur around the San Rafael Swell in Central Utah.   The Summerville Formation 

is made up of dark-colored, fine-grained beds of shale, mudstone, siltstone and sandstone 

reaching a maximum thickness of approximately 43 m (Doelling and Davis, 1989). 

Environments of deposition varied while the Summerville Formation sediments were 

deposited.  Most of the formation is believed to be terrestrial in origin (Williams, 1964; 

Morales, 1990) while some deposits are thought to be near-shore in origin (Haynes and 

Hackman, 1978).  The Summerville Formation unconformably overlies the Entrada 

Sandstone and is overlain unconformably by the Morrison Formation.   

On the Colorado Plateau, the Morrison Formation consists of the following shale-

containing members, listed from oldest to youngest: the Salt Wash Member, the 

Recapture Member, the Westwater Canyon Member and the Brushy-Basin Member.  The 

Morrison Formation outcrops extensively in the northern, eastern and central parts of the 

Colorado Plateau (Hintze, 1988).  Research into both the dinosaur fossils and uranium 

contained in the Morrison Formation has resulted in detailed reconstruction of this 

formations’ environment of deposition.  The Morrison Formation is continental in origin, 

consisting predominately of lenticular sandstones interbedded with greenish-gray to dark 

brown mudstones and shales (Haynes and Hackman, 1978) deposited by rivers flowing 
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from source regions located in an arc running from the southeast to the northwest of the 

Colorado River (Cadigan, 1967).  Throughout much of the Colorado Plateau the 

Morrison Formation is overlain conformably by either the Cretaceous Cedar Mountain 

Formation or Burro Canyon Formation and underlain by the middle Jurassic Curtis and 

Summerville Formations (Cadigan, 1967).   

 

Cretaceous Formations 

 The arid climate typical of the Colorado Plateau during the Jurassic Period 

maintained its dominance over the area in the early Cretaceous.  Change toward a cooler, 

but still warmer than today, and wetter temperate climate occurred in the late Cretaceous 

(Scottese, 2003).  Most of the Cretaceous rocks on the Colorado Plateau were deposited 

during the later half of the Period and are composed of sediments derived from the 

Mesocordillerian highlands located to the west (Stokes, 1988). 

The Wahweap Formation occurs in thicknesses of 273 to 455 m in southern Utah 

(Hackman et al., 1973).  Dominated by deposits of fluvial origin (Morales, 2003), the 

sediments constituting the Wahweap Formation are believed to have originated from a 

high-elevation western source in the late Cretaceous (Doelling and Davis, 1989).  While 

the Wahweap Formation conformably overlies the Straight Cliffs Formation, the nature 

of its upper boundary with the Kaiparowits Formation is uncertain (Doelling and Davis, 

1989).   

Forming the most recent Cretaceous-age rocks in southern Utah is the 

Kaiparowits Formation.  From 121 m to 909 m in thickness in Kane County, Utah the 
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Wahweap Formation is believed to be alluvial in origin (Doelling and Davis, 1989; 

Hintze, 1989).  The Kaiparowits Formation conformably overlies the Wahweap 

Formation throughout much of south-central Utah, in some places the two formations 

intertongue, creating an indefinite boundary (Hintze, 1989).  Both the Cretaceous-

Tertiary Canaan Peak Formation and the Tertiary Claron Formation unconformably 

overlay the Kaiparowits formation in south-central Utah (Doelling and Davis, 1989).   

Thicknesses of up to 1848 m of Mancos Formation are present on the Colorado 

Plateau (Witkind, 1995).  While the Mancos Formation contains thin layers of sandstone, 

it is dominated by dark-colored shales of deep marine origin (Baars, 2000).  The source 

of Mancos sediments in the Late Cretaceous is believed to have been the Sevier Orogenic 

Belt located to the north and west of the area that is now the Colorado Plateau (Hintze, 

1989).  Bentonite deposits within the Mancos Formation resulted from deposition of 

volcanic ash over an area covering thousands of square kilometers (Stokes, 1989).  The 

Mancos Formation conformably overlies the Dakota Sandstone and is conformably 

overlain by various formations of the Mesa Verde Group throughout the Colorado 

Plateau.   

The Mesa Verde Group’s sandstone, shale and coal deposits represent the retreat 

of the sea that deposited the Mancos Formation and a return to near-shore and terrestrial 

depositional environments.  The Tuscher Formation of the Mesa Verde Group consists of 

interbedded sandstones and shales of between 40 and 182 m in thickness (Cashion, 

1973).  Tuscher Formation sediments were deposited in a braided river system which 

drained a mountainous area of Mesozoic source-rocks to the south of the current location 
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of Tuscher Formation outcrops in the central part of the Colorado Plateau (Franczyk et 

al., 1990).  In the Green River area of the Book Cliffs, the Tuscher Formation 

conformably overlies the Farrer Formation.  In much of the area around the Green River 

these two formations are difficult to separate and are mapped together as Farrer and 

Tuscher Formations, undifferentiated (Franczyk et al., 1990).  The Wasatch Formation 

unconformably overlies the Tuscher Formation in this area. 

A Late Cretaceous, post Mesa Verde marine intrusion deposited the Lewis Shale 

in what is now northwestern New Mexico and southwestern Colorado.  Deposited in 

deep-water marine conditions nearly identical to those which created the Mancos Shale, 

the Lewis Shale reaches thickness of up to 242 m in the San Juan basin (Baars, 2000).  

The Lewis Shale is divided into upper and lower units based on the location of the 

Huerfanito Bentonite Bed, a layer of altered volcanic ash dating to 76 Ma (Fassett et al., 

1997).  Marine sandstones of the Pictured Cliffs Formation conformably overlie the 

Lewis Shale which itself conformably overlies the Cliff House Sandstone of the Mesa 

Verde Group (Weimer, 1959). 

The Fruitland formation of northwest New Mexico and southernmost Colorado 

represents a return to continental environments of deposition after the marine episode of 

the Lewis and Mancos Formations (Baars, 2000).  The coal-bearing Fruitland Formation  

represents non-marine, near-shore lagoon, swamp and coastal plain depositional 

environments correlating to those found in the Mesa Verde Group further north on the 

Colorado Plateau (Weimer, 1959).  The source of material for the clastic sediments and 

volcanic ash (Fassett et al., 1997) of the Fruitland Formation is believed to be the San 
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Juan Dome located to the north of current Fruitland deposits (Baars, 2000).  The 

Fruitland Formation conformably overlies the marine Pictured Cliffs Sandstone and 

conformably underlies the continental Kirtland Formation (Manly et al., 1987).   

The uppermost formation containing significant shale layers from Cretaceous time 

is the Kirtland Formation.  The Kirtland Formation is exposed over a large section of 

northwestern New Mexico and is composed of light and dark gray bentonitic shales of 

continental origin (Hackman and Olson, 1977).  The shales of the Kirtland Formation are 

believed to have originated from volcanic and erosional sediment sources to the north of 

the current San Juan Basin (Baars, 2003).  The Kirtland Shale conformably overlies the 

Fruitland Formation and unconformably contacts the overlying Tertiary Chuska 

Sandstone (Hackman and Olson, 1977).   

 

Tertiary Formations 

 In the process of its continual westward progress, the North American continent 

moved into its present position on the globe in the Early Tertiary (Scotese, 2003).  A 

warm temperate climate dominated the area of the Colorado Plateau during the Paleocene 

and Eocene epochs with overall temperatures in the area believed to be higher than those 

of today.  During the Oligocene and Miocene epochs the climate of southwestern North 

America became more arid (Scotese, 2003).  The interior seaway withdrew from North 

America in the Late Cretaceous largely as a result of the beginnings of the Laramide 

Orogeny (Stokes, 1988), resulting in exclusively continental Tertiary sediments on the 

Colorado Plateau.  Many were deposited in a succession of extensive lakes that occupied 
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the north-central and western parts of the Colorado Plateau during the early Tertiary 

(Stokes, 1988).  Miocene shales in this area are limited to rocks formed from lacustrine 

sediments in the Bidahochi Formation of eastern Arizona. 

 A transition from the Upper Cretaceous to the Lower Tertiary occurs in the North 

Horn Formation.  Dinosaur fossils in the lower part of the North Horn are of Cretaceous 

Age, while mammal remains found in the upper part of the formation are Paleocene in 

age (Williams and Hackman, 1971; Hunt, 1956).  The North Horn Formation is 

composed of between 152 and 758 m of fluvial and lacustrine deposits (Hunt, 1956).  

Sediments in the North Horn Formation are believed to have originated from nearby 

sources on the Colorado Plateau, the Monument uplift, San Rafael Swell, and Circle 

Cliffs (Hintze, 1988).  The weathering regime associated with the creation of the clastic 

sediments that would be deposited as North Horn shales, mudstones, sandstones and 

conglomerates was likely warm and humid (Hunt, 1956).  The North Horn conformably 

overlies the Cretaceous Price River Formation and has a conformable upper contact with 

the Flagstaff Formation (Hintze, 1988).   

 Conformably overlying the North Horn Formation in central Utah is the lacustrine 

Flagstaff Formation (Hunt, 1956).  The Flagstaff Formation, also known as the Flagstaff 

Limestone, consists of interbedded fresh-water limestones and shales of between 61 and 

455 m in thickness (Hunt, 1956).  Sediments deposited in Lake Flagstaff are believed to 

have originated in nearby highlands to both the east, from the Circle Cliffs Uplift and San 

Rafael Swell, and the west, from uplands created during the Sevier Orogeny (Stokes, 
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1988).  Throughout much of Central Utah and the Uinta Basin the Flagstaff Formation is 

conformably overlain by the Colton Formation (Hintze, 1988).   

 The Colton Formation consists of fluvial sediments, up to 606 m of shale, 

siltstone, and sandstone (Hunt, 1956), deposited in a deltaic wedge advancing into Lake 

Flagstaff from the southeast.  The Monument uplift, Circle Cliffs uplift, San Rafael uplift 

and Douglas Creek arch, all located to the south and east of Lake Flagstaff, are believed 

to be the sites where the clastic sediments contained in the Colton Formation originated 

(Morris et al., 1991).  Throughout much of its extent, the Colton Formation conformably 

overlies the Flagstaff Formation and is overlain conformably by the Green River 

Formation (Hunt, 1956).   

 In eastern Utah and western Colorado, the Wasatch Formation is comprised of a 

maximum thickness in the Grand Mesa area of about 152 m of variegated shales, fluvial 

sandstones and some lacustrine limestones (Williams, 1964).  Wasatch Formation 

deposits are equivalent to Colton Formation sediments found to the west of Desolation 

Canyon (Witkind, 1995) and are also fluvial in origin.  In the Piceance Creek Basin of 

western Colorado sediments forming the Wasatch Formation are believed to have 

originated from Laramide highlands to the east (Hunt, 1956).  Along the Utah-Colorado 

border and extending west to the Green River the Wasatch Formation is unconformably 

overlain by the Green River Formation (Hintze, 1988; Franczyk et al., 1991) 

 The Lacustrine Green River Formation of middle Eocene age is divided into five 

members. The Lower Member is composed of up to 258 m of lacustrine shale and 

alluvial sandstone and mudstone.  Ranging in thickness from 61 to 676 m the Middle 
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Member is made up of lacustrine shale, siltstone, sandstone, and limestone.  The Upper 

Member of the Green River Formation is renowned for its oil shale resources.  In addition 

to oil shale the Upper Member contains lacustrine mudstone, siltstone, shale, marlstone, 

and limestone.  Above the Upper Member is the Saline Facies consisting of thicknesses 

of 0 to 379 m of lacustrine shale, marlstone, chert and sandstone.  The uppermost 

Sandstone and Limestone Facies is composed of 182 to 242m of lacustrine sandstone, 

siltstone, shale, and limestone (Witkind, 1995).  

 One sediment source for the Green River Formation was the Uinta Mountains 

north of the Green River Lake.  Evidence from Eocene flora indicates that the climate of 

the Colorado Plateau during deposition of the Green River Formation was warm and 

humid, with local highlands contributing water and sediment to the Green River Lake 

(Hunt, 1956).  The uppermost member of the Green River Formation interfingers with 

and conformably contacts the overlying Uinta formation.  At its base the Green River 

Formation conformably contacts the Wasatch Formation in the eastern parts of the 

Colorado Plateau and the Colton Formation in east-central Utah.   

 Fluvial deposits of shale, siltstone and sandstone up to 1515 m in thickness in the 

Uinta Basin make up the Uinta Formation (Hintze, 1988).  Recession of the shoreline of 

the Green River Lake allowed fluvial sedimentation by slow-flowing rivers to dominate 

the Uinta Basin during the late Eocene (Stokes, 1988).  The sediments of the Uinta 

Formation are believed to have originated from areas to the north and east of the basin 

(Stokes, 1988).  The Uinta Formation conformably overlies the Green River Formation.  

In the Uinta Basin the Uinta Formation is conformably overlain by the Duschene River 
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Formation while volcanic deposits unconformably overlay the Uinta Formation to the 

east and west of the Uinta Basin.   

 In the late Eocene sediments eroded from the Uinta Mountains were deposited in 

river channels and floodplains to the south, filling the Uinta basin and creating the 

Duchesne River Formation (Stokes, 1988).  The Duschene River Formation occupies a 

transition zone between the upper Eocene and the lower Oligocene.  No Oligocene 

sediments are present in the Uinta Basin, but Duchesne River fauna are classified as 

transitional between the two epochs (Hunt, 1956).  Both the climate and depositional 

setting on the Colorado Plateau started changing with the advent of the Oligocene.  

Sedimentation in the Uinta basin ceased, perhaps as the result of region-wide uplift or a 

change to a semi-arid climate by the middle of the epoch (Hunt, 1956).  

The Duchesne River Formation is subdivided into four members: the Brennan 

Basin, Dry Gulch Creek, Lapoint, and Starr Flat.  These members are composed of fluvial 

sandstone, mudstone, shale, and conglomerate to a maximum combined thickness of 

about 1300 m (Bryant, 1992).  While the Duschene River Formation conformably 

overlies the Uinta Formation in the Uinta Basin (Hintze, 1988), it forms the bedrock over 

a large part of the northern Uinta Basin and is overlain only by unconsolidated 

Quaternary sediments (Stokes, 1988).  

In northwest New Mexico, the Animas Formation of the San Juan Basin straddles 

the border between the Upper Cretaceous and the Lower Tertiary in much the same way 

that the North Horn Formation occupies this transition zone in central Utah.  The Animas 

Formation is composed of river-laid shale, sandstone, and conglomerate that reach a 
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maximum thickness of about 818 m on the northern edge of the San Juan Basin (Hunt, 

1956).  The source region of the Animas Formation is believed to be the San Juan 

Mountains in southwestern Colorado.  The climate across the whole Colorado Plateau 

was warm and humid during this time; with the surface of much of this area at sea level 

(Hunt, 1956).  Moving eastward across the San Juan Basin the Animas Formation is seen 

to unconformably overly first the McDermott Formation, then, in order, the Kirtland and 

Fruitland Formations.  The Animas Formation is unconformably overlain by the 

Nacimiento and San Juan Formations (Hunt, 1956).   

 The Nacimiento Formation attains a maximum thickness of approximately 580 

meters on the western side of the San Juan Basin.  This formation is composed of dark 

shales interbedded with sandstone (Manley et al., 1987) and is considered have resulted 

from deposition of sediments on floodplains (Hunt, 1956).  The lack of gravels 

attributable to the San Juan Mountains in the Nacimiento Formation indicates that the 

source region for this formation was not to the north, but instead may have been to the 

west, on the Defiance Upwarp.  During the Paleocene deposition of the Nacimiento 

Formation the climate is believed to have been sub-tropical, similar to the current climate 

in the southeastern corner of North America (Hunt, 1956).  The Nacimiento Formation is 

conformably overlain by the San Juan Formation and conformably overlies the Ojo 

Alamo Sandstone.   

Formerly called the Wasatch Formation, the San Juan Formation of Simpson 

(1948) is dominated by shale and sandstone units which achieve a maximum thickness of 

600 m (Manley et al., 1987).  In the southern and western sections of the San Juan Basin 

                                                69



shales and sandstones of the San Juan Formation are underlain by a massive 

conglomerate which varies in thickness between 45 and 90 m (Hunt, 1956).  Based on 

fossil evidence, the San Juan Formation is divided into four units:  the Tapicitos Member, 

the Llaves Member, the Regina Member, and the Cuba Mesa Member. 

The San Juan Formation is believed to have been deposited in the early Eocene by 

streams flowing south from the San Juan Mountains (Simpson, 1948; Hunt, 1956).  The 

climate present at this time was largely humid and warm (Hunt, 1956) but may have been 

punctuated by drier periods in which red clays were deposited (Simpson, 1948).  A period 

of erosion separates the underlying Nacimiento Formation from the San Juan Formation.  

Uplift of the San Juan Basin and recent erosion has resulted in the removal of any more 

recent rocks deposited above the San Juan Formation in this area (Simpson, 1948).   

The uppermost Colorado Plateau Tertiary formation containing significant 

amounts of shale is the Miocene-Pliocene Bidahochi Formation of eastern Arizona.  The 

Bidahochi Formation, which attains a maximum thickness of 240 m, is divided into three 

members based on environment of deposition.  The Lower Member is lacustrine in 

origin, containing sandstone, mudstone and volcanic ash deposits, while the middle, 

Volcanic Member resulted from basaltic lava flows as well as tephra and ash fall 

originating in the Hopi Buttes Volcanic Field.  The Upper Member of the Bidahochi 

Formation is composed of fluvial sandstone created from material carried by rivers 

flowing west into the area covered by the Bidahochi Formation from the nearby Zuni and 

Defiance uplifts (Love, 1989).   
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Deposition of the Bidahochi Formation in a warm, moist climate is indicated by 

fossil flora and fauna (Hunt, 1956).  The Bidahochi Formation unconformably overlies 

the Mesa Verde Group (Morales, 2003) and itself forms the current erosional surface in 

the southeastern section of the Black Mesa Basin. 

 

DEBRIS-FLOW PRODUCERS AND NON-PRODUCERS 

Debris-Flow Deposit Age 

 Debris-flow deposits are characteristically poorly-sorted and lack organized 

bedding, with clast sizes varying widely, from gravel and sand sized particles to 

individual blocks the size of a small house (Costa and Williams, 1984; Hereford et al., 

1996).  Clasts in debris-flow deposits are held together by a clay matrix.  During the final 

stages of many debris flows, material is removed from the channel by stream flow (Webb 

et al., 2003), leaving behind characteristic levees of boulders and gravel held together by 

clay matrix (Costa, 1984) (Figure 2-2).  Debris-flow deposits can be extensive, with some 

debris-flow runouts exceeding 100 km in length (Costa, 1984). 

 The timeframe for debris-flow activity in this study is limited to Holocene debris 

flows.  Given this constraint, an important aspect of this study was establishing the 

approximate ages of debris flows.  The age range for historical debris flows is taken from 

Harty (1991) as from 1847 to the present.  Field evidence for recency of debris-flow 

activity included examination of debris-flow deposits, repeat photography of Colorado 

River tributaries, and rare occasions in which debris-flow activity was witnessed first-

hand (Webb, 1996; Webb et al., 2003).  In the field debris flows were considered to be 
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recent if they showed limited evidence of gullying or surface erosion of the levees or 

snout of the debris-flow deposits, had essentially unchanged, unweathered matrix 

between clasts, were not covered with well developed vegetation, and showed evidence 

of recent emplacement.   

 

Database Development 

 In order to assess debris-flow occurrence on the Colorado Plateau a combination 

of sources of information on debris-flow activity was compiled.  Contributions to this 

database came from field observations by the author, field observations of debris flows 

from other researchers, literature review, and examination of both geologic and landslide 

occurrence maps.  In most cases, a variety of sources were consulted before a specific 

formation was placed in the producer or nonproducer categories.  

 Maps showing landslide occurrence in the southwestern states as well as the 

United States as a whole were used to establish debris-flow occurrence on the Colorado 

Plateau.  Of the four states on the Colorado Plateau, Utah has the most complete coverage 

of debris-flow activity.  Studies of Utah landslides provided useful information for 

identification of debris flows (Schroder, 1971; Fuller et al., 1981; Doelling and Davis, 

1989; Brabb et al.; 1989, and Harty, 1991).  After Utah, New Mexico had the second best 

map coverage of debris-flow occurrence.  Useful landslide maps of New Mexico can be 

found in Hunt (1978), Guzzetti and Brabb (1987), and Cardinali et al. (1990).  

Preliminary maps of landslides in both Arizona and Colorado are available (Realmuto, 

1985 for Arizona; and Colton et al., 1976 for Colorado) as well as detailed maps of 
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debris-flow deposits in the Colorado River corridor in the vicinity of Lee's Ferry 

(Hereford et al., 2000a, Hereford et al., 2000b).  Radbrunch-Hall et al. (1982) compiled 

an inventory of Colorado Plateau landslides as part of an analysis of landslide activity in 

the conterminous United States.  

 An inventory of Holocene debris flows in the conterminous United States was 

published by Brabb et al. in 1999.  Although this map clearly shows debris-flow 

occurrence in the Four Corners states, it does not constrain the age of each debris flow 

shown with sufficient precision for the purposes of this study.  Also, some debris-flows in 

the inventory may be older than Holocene in age.  When establishing debris-flow age the 

flows located on the Brabb et al. (1999) map were cross-checked with other resources to 

ensure the accuracy of Table 2-1. 

 For the purposes of this study, geologic units (formations and members of 

formations) are considered to be debris-flow producers when a recent debris-flow is 

known to have originated in that formation.  When no evidence was found that a shale 

unit had been the source area for recent debris-flow activity that unit was classified in the 

non-producer category.  It is believed that the current level of understanding of debris-

flow activity on the Colorado Plateau allows the classification of Colorado Plateau shale 

units into Holocene debris-flow producers and non-producers with a high degree of 

certainty for both categories. 

 Decisions regarding the location of Colorado Plateau formations containing 

significant amounts of shale were made based on U.S. Geological Survey 1:250,000 scale 

geologic maps.  While it was possible to use larger scale geologic maps in some parts of 
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the study area (especially the areas in and around national parks), the nearly complete 

geologic coverage of the Colorado Plateau at a scale of 1:250,000 made this series the 

most widely used geologic maps in this study.  Figure 2-3 shows the location, source, and 

scale for the geologic maps used in this study. 

 Sixty Colorado Plateau formations containing significant amounts of shale were 

identified and sampled by six researchers over a nine-year period from 1993 to 2002.  

Although ten of these formations have individual shale-containing members, samples 

were only taken from multiple formation members when the members were judged to 

differ significantly in terms of environment of deposition or clay content.  Twelve of 

these sixty samples were eliminated as a result of poor sample quality or sample 

redundancy.  The remaining 48 samples constitute the data set used for statistical analysis 

shown in Table 2-1.   

 Shale sample clay mineralogy was established through semi-quantitative X-ray 

diffraction analysis performed by Steve Sutley at the United States Geological Survey’s 

x-ray diffraction lab in Denver, Colorado. For the purposes of this study the clay fraction 

of each shale unit was divided into three groups: kaolinite-illite, montmorillonite, and 

other (quartz, carbonate, and other clays).  The montmorillonite fraction in each sample is 

also referred to as smectite.  The soluble cation (Na, K, Mg, and Ca) content of each 

shale samples’ clay fraction was determined by inductively coupled atomic emission 

spectrometry at the Soil Water and Plant Analysis Laboratory at the University of 

Arizona.  
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Statistical Analysis 

The data set of 48 shale samples (Table 2-1) was compared to a normal 

distribution through a Kolmogorov-Smirnov one sample test (Table 2-2).  All materials 

studied greatly exceed the critical value of D at the 0.01 significance level, demonstrating 

the non-normality of the data set. 

A two-sample Kolmogorov-Smirnov (K-S) test was performed to establish the 

significance of the relationship between debris-flow occurrence and sample clay 

mineralogy and soluble cations.  K-S tests were performed both between groups (two- 

sample K-S tests between debris-flow producer and non-producer groups for each clay 

mineral and cation studied) and within groups (paired K-S tests between kaolinite-illite 

and montmorillonite for both debris-flow producers and non-producers).  Results of the 

K-S tests are listed in Table 2-3.  

 Further investigation of the nature of the groupings in the data was performed 

using cluster analysis.  Two approaches were taken to cluster analysis; one test compared 

the soluble cation and clay mineralogy variables while a second test attempted to group 

the shale formations into debris-flow producers and non-producers.  The cluster tree for 

the clay and cation variables was calculated using Euclidean distances, which is 

appropriate for use with the raw, percentage data in this study (Statsoft, 2003), and using 

a single linkage method (nearest neighbor) to determine the linking relation between 

clusters.  The hierarchical cluster tree for the clay and cation variables is shown in Figure 

2-4. 

                                                75



The second hierarchical cluster tree analysis (Figure 2-5) divided the shale 

samples into groups based on each sample’s clay mineralogy and soluble cation content.  

This cluster tree analysis used the same Euclidian distance method for a distance metric 

but used the complete linkage (farthest neighbor) method of assessing the distances 

between clusters, the best method for establishing clusters when the data is expected to 

naturally form compact bundles of objects (shales in this case) most of which will likely 

be similar enough to have a minimum distance between clusters (Statsoft, 2003).  Three 

trials involving all the shale units were run: first, all of the variables were combined in 

the model (Figure 2-5); second, only kaolinite-illite and montmorillonite content were 

used (Figure 2-6) and third, (Figure 2-7) only soluble cations were included.  Two basic 

clusters were produced in the first run of all variables.   

 

Results 

 Shale units on the Colorado Plateau associated with debris-flow production tend 

to contain low amounts of montmorillonite (mean = 10.4%) while Colorado Plateau 

shales that don’t tend to produce debris flows contain moderate (mean = 44.6%) amounts 

of montmorillonite.  While the averages are higher and the change is in the opposite 

direction, the difference between the kaolinite-illite content of shale units not associated 

with debris-flow production (mean = 25.9%) and the kaolinite-illite content of shale units 

associated with debris-flow production (mean = 61.5%) is about the same (~ 35%) when 

compared to the difference between montmorillonite content for these two groups.  
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 Within group S-R tests show that debris-flow producing shales are strongly 

characterized by differences in their montmorillonite and kaolinite-illite content (p value 

= 0.000) with a difference of over fifty percentage points between debris-flow producers 

montmorillonite and kaolinite-illite content (Table 2-1).  Non-producing formations 

sampled contain more montmorillonite than kaolinite-illite.   The difference between the 

amounts of these clays in non-producer samples is statistically significant at the 5% level 

(p = 0.05), while the difference between the same clay minerals for debris-flow producers 

is statistically significant at the 1% level (p = 0.000) (Table 2-3). 

 The cluster analysis results for clay and cation variables (Figure 2-4) reinforce the 

difference between the kaolinite-illite and montmorillonite contents of the shale samples.  

Kaolinite-illite content is in one of the two major groups, while montmorillonite is in the 

other; both clay minerals were added to their respective groups in the last step.  The 

relation among Ca, Mg, and K and the rest of the variables is upheld; these variables were 

joined early and cluster together.  Sodium, however, is clustered in the group with 

montmorillonite, indicating that a strong relation exists between the two variables.  This 

pairing suggests that sodium values tend to be high when montmorillonite values tend to 

be high.   

 Two basic clusters were produced in the first run of all variables.  The top cluster 

contains 27 formations of which 78% are debris-flow producers and 22% are debris-flow 

non-producers while the bottom cluster contains 21 formations, 19% debris-flow 

producers and 81% debris-flow non-producers.  As expected, some non-producers in the 

top cluster tend to be significantly different than the rest of the non-producers.  These 
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differences are high kaolinite-illite and low montmorillonite content (Moenave and Cutler 

Formations), similar kaolinite-illite and montmorillonite content (Lewis and Curtis 

Formations, Chinle Formation – Petrified Forest Member), and the Mancos Formation 

sample, which has a high kaolinite-illite content for a non-producer and also has a 

relatively large gap between its montmorillonite and kaolinite-illite content.   

 The hierarchical cluster tree based on only clay mineralogy (Figure 2-6) produced 

similar groups to the cluster tree produced using all variables.  The top group in Figure 2-

6 includes 25 formations, 84% debris-flow producers and 16% non-producers.  The 

bottom group in Figure 2-6 includes 23 formations, 22% debris-flow producers and 78% 

debris-flow non-producers.  The number of formations in each group corresponds exactly 

to the number of formations which have been identified as debris-flow producers (25) 

and debris-flow non-producers (23) (Table1).  In this case all of the non-producers 

grouped with the producers have relatively high kaolinite-illite contents and relatively 

low montmorillonite content.  All of the debris-flow producers placed in the bottom 

group (San Jose, Nacimiento, Tusher, Duchesne, and Fruitland Formations) tend to 

contain higher than average amounts of montmorillonite for debris-flow producers.  Since 

both models created groups of debris-flow producers and non-producers with similar 

accuracy, it appears that consideration of clay mineralogy alone is sufficient to assess the 

debris-flow potential of shales on the Colorado Plateau.   

The third cluster analysis graph (Figure 2-7) reinforces this conclusion.  Figure 2-

7 shows a cluster tree produced by consideration of only the soluble cation content of the 

shale samples.  Groupings produced by this cluster tree do not do an accurate job of 
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distinguishing between debris-flow producers and non-producers.  The top group in 

Figure 2-7 contains only 14 formations of which 64% are debris-flow producers and 36% 

non-producers while the bottom group contains 34 formations, divided evenly between 

50% producers and 50% non-producers.  In this last cluster analysis one major group 

contains more than twice the number of formations than does the other group and the 

number of formations in each group differs noticeably from the number of debris-flow 

producers and non-producers shown in Table 2-1.  The results derived from this cluster 

analysis classification scheme are ambiguous and noticeably less able to distinguish 

between debris-flow producers and non-producers when compared to the groups 

produced using clay mineralogy. 

Statistical tests used to establish the nature of the relation among debris-flow 

occurrence on the Colorado Plateau and the clay mineralogy and soluble cation content of 

shales show several distinct trends.  First, there is a highly significant difference between 

the clay-mineral content of debris-flow producers and non-producers.  Debris-flow 

producers tend to have small to non-existent montmorillonite content while debris-flow 

non-producers characteristically have at least moderate contents of montmorillonite.  A 

comparison of minerals within the groups shows that debris-flow producers have a highly 

significant difference between montmorillonite and kaolinite-illite content.  The 

difference between the kaolinite-illite fraction and the montmorillonite fraction for 

debris-flow non-producers did not prove to be statistically significant.  The lack of a 

statistically significant difference  between the clays minerals in debris-flow non-

producers reinforces the observation that classification of debris-flow non-producers is 
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not as definitive as the classification of debris-flow producers.  Lack of evidence for 

debris-flow production depends largely on the extent to which each formation has been 

studied and the thoroughness of debris-flow mapping on the Colorado Plateau, both 

variables which can change appreciably through time.   

Whereas clay mineralogy has been shown to be an important factor in 

distinguishing between debris-flow producers and debris-flow non-producers, soluble 

cation content appears to be a relatively insignificant factor in debris-flow initiation on 

the Colorado Plateau.  Two-sample K-S tests revealed no significant difference at the 

0.01 level between debris-flow producers and non-producers in their content of soluble 

cations (Na, Ca, Mg, and K).  The single most important debris-flow initiation factor 

studied is montmorillonite clay content, a finding that suggests that the behavior of 

montmorillonite both when it is initially wetted to start a debris and how it performs as a 

factor to maintain and extend debris-flow runout should be studied further. 

 

DISCUSSION AND ANALYSIS 

 The difference in molecular structure between the kaolinite group of minerals 

(illite and kaolinite) and the smectitic clays (montmorillonite and bentonite) provides one 

possible explanation for the association between kaolinite and illite clays and debris-flow 

activity.  The kaolinite group is composed of alternating tetrahedral and octahedral layers 

while smectite clays are composed of groups of three layers, one octahedral layer held 

between two tetrahedral layers (Blatt et al., 1972).  It is possible that this structural 

difference on the molecular level influences debris-flow rheology.  Smectite has greater 
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yield strength at lower sediment concentrations than does kaolinite, and smectitic clays 

tend to increase in volume when wet.  Smectite-rich colluvium deposits will therefore be 

more likely to swell and restrict motion when they are first wetted by precipitation, 

creating a situation in which the permeability of the deposit is significantly decreased, 

preventing water from infiltrating to the base of the deposit (Webb et al., 2003). 

 With the isolation of montmorillonite content as the single variable most closely 

associated with recent debris-flow activity on the Colorado Plateau, the question of why 

shale units in this physiographic province contain different amounts of montmorillonite 

becomes important.  An accurate profile of debris-flow producing shales can be produced 

by accounting for the sources of montmorillonite in Colorado Plateau shales.  The 

following factors are believed to be important influences on the clay mineralogy of the 

shales sampled for this study: age, depositional environment, source region and 

weathering regime.  

 Table 2-4 shows that formation age clearly has a strong influence on the 

montmorillonite content of sampled shales.  The data show a pattern of gradually 

increasing montmorillonite content from oldest to youngest shales.  On the average, 

Paleozoic and Proterozoic shales contain only 9% montmorillonite whereas Tertiary age 

shales contain an average of 45% montmorillonite.  This pattern closely follows the 

relative abundances of clay minerals in shales proposed by Weaver (1967).  Weaver 

based his assessment of clay mineral abundances in shales (Figure 1-3) on samples of 

thousands of North American shales.  Montmorillonite content of the most ancient shales 

tends to be significantly lower than that of recent shales.  The shale data in Table 2-4 
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corresponds closely to the graph shown in Figure 1-3.  The average values for 

montmorillonite in the Tertiary and Paleozoic/Proterozoic compare especially well with 

values from the graph for these time periods.  Digenetic changes in buried sediments are 

believed to be the cause of the conversion of montmorillonite to illite through time (Blatt 

et al., 1972; Potter et al., 1980). 

 The decrease in montmorillonite content in older formations produces a 

corresponding increase in debris-flow activity.  Of the 16 Paleozoic and older formations 

listed in Table 2-4, 12 (75%) are debris-flow producers.  These 12 debris-flow producers 

also constitute 48% of all debris-flow producing formations studied.  

  The environments in which the shales sampled for this study were deposited are 

listed in Table 2-5.  Each shale unit was placed in one of four essential environments of 

deposition: fluvial, lacustrine, shallow marine, and deep marine.  Fluvial and lacustrine 

environments are considered to be terrestrial.  Formations deposited in transitional, near-

shore environments were classified as marine when contact with salt-water dominated 

(lagoonal and littoral environments) and fluvial when fluvial processes and contact with 

fresh-water was believed to have dominated (fluvial dominated delta/floodplain deposits).    

 Seventy-eight percent of the formations involved in debris-flow production were 

deposited in terrestrial environments (Table 2-5).  Of the seventeen debris-flow producers 

deposited in terrestrial environments, 76% are fluvial deposits.  For debris-flow non-

producers, 65% were deposited in terrestrial environments while 35% were deposited in 

marine environments.  Fluvial deposits account for only 39% of the total number of non-

producing shale units.  Environments of deposition also vary according to age.  None of 
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the Tertiary shales sampled were deposited in marine environments, while all of the other 

geologic periods represented contain marine shales. 

 The role of depositional environment in producing montmorillonite-rich shales is 

not clear.  According to colloidal theory, illites flocculate in relatively low salinity waters 

and should be the first clays to be deposited in a near-shore environment (Weaver, 1989).  

Kaolinite will flocculate and form deposits with increasing salinity of offshore waters, 

followed by montmorillonite in still deeper, more saline waters.  Deep-marine shales 

(Table 2-5) sampled on the Colorado Plateau, however,  contain only small amounts of 

montmorillonite (28%), but the fact that only three of the shales sampled were deposited 

in deep marine environments reduces the significance of this finding.  Illite is most 

abundant in shales of shallow marine origin, however, and not in terrestrial environments 

as predicted by colloidal theory.  Kaolinite content is fairly consistent between fluvial and 

marine deposits sampled with about 18% to 19% of samples from these depositional 

environments being kaolinite.  The existence of saline lakes in the Tertiary may explain 

the comparatively large percentage of montmorillonite found in Colorado Plateau lake 

sediments. 

 The nature of a sediment’s source region and the weathering process involved in 

its formation are more important than depositional environment in determining the 

chemical nature of the sediment (Potter et al., 1980).  Source regions are known only in a 

general sense for all of the shales sampled.  Several basic rules can be applied to any 

attempt to categorize shales according to source region.  Important to Colorado Plateau 

shales is the connection between volcanic ash and the development of montmorillonite 
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clay.  Montmorillonite content is relatively high in two shales (the Bidahochi Formation 

and the Petrified Forest Member of the Chinle Formation) that resulted from the 

deposition of volcanic ash in Tertiary lakes.  Clays currently being deposited along the 

Atlantic coast of North America tend to be rich in illite (Weaver, 1967).  This is believed 

to largely be the result of the presence of abundant illite in source regions adjacent to the 

Atlantic Ocean (Weaver, 1989) rather than a characteristic of the depositional 

environment.  Elevated amounts of illite in some fluvial shales of Tertiary age, such as 

the Wasatch, Colton and North Horn Formations (Figure 2-4) may have resulted from 

such a process. 

 Weathering in arid environments tends to produce more montmorillonite than 

kaolinite.  The converse is true in humid, tropical conditions in which kaolinite is 

produced preferentially (Schultz, 1963; Potter et al., 1980).  The influence of weathering 

regime on the  montmorillonite content of ancient shale deposits is minor, since clay 

mineralogy changes due to diagenesis during long periods of burial.  This study’s results 

demonstrate the dominance of illite and a general lack of montmorillonite in Paleozoic 

and Proterozoic shales (Table 2-4).   

 Weathering environment's role in determining the montmorillonite content of 

shales is difficult to establish based on the Colorado Plateau shales clay mineralogy data.  

The production of montmorillonite in shales has proven to be the result of several 

interacting variables.  Depositional environment, while not considered a strong influence 

on determining the clay mineralogy of rocks, is highly correlated with debris-flow 

occurrence.  Terrestrial shales on the Colorado Plateau tend to produce debris-flow while 
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marine shales do not.  Depositional environment appears to be the least helpful while 

sediment age is more robust as a predictor of montmorillonite content. 

   

CONCLUSIONS 

 Debris flows are significant geomorphic agents on the Colorado Plateau.  They 

directly affect the longitudinal profile of the Colorado River through much of its course 

of this physiographic province and are geologic hazards to both recreational users of the 

Colorado River and inhabitants of the Colorado Plateau.  Of the major factors involved in 

debris-flow initiation, such as rainfall, slope angle and existing debris-flow deposits, this 

study has examined the role of surface materials, specifically clay mineralogy, in the 

initiation of debris flows.   

 Debris-flow occurrence on the Colorado Plateau has been shown to be 

fundamentally related to the montmorillonite content of shale units.  Debris-flow 

producers contain low amounts of montmorillonite and high amounts of kaolinite and 

illite.  Within the debris-flow non-producer group, montmorillonite content does not 

differ significantly from kaolinite/illite content.  The definition of debris-flow producer 

and non-producer used in this study is believed to be partially responsible for this fact.  

Debris-flow producers were recognized by positive identification of debris-flow origin in 

a geologic unit.  Debris-flow non-producers were identified by a lack of evidence in the 

literature or field investigation that any debris-flows had occurred in the non-producer 

formations.  Reasons other than basic clay mineralogy, such as relief and clay mineral 
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abundance, may act to prevent some kaolinite and illite bearing formations from being 

debris-flow producers.   

 Discriminant analysis of the clay mineralogy and soluble cation variables isolates 

montmorillonite content as the single most important variable studied in determining 

debris-flow occurrence on the Colorado Plateau.  The factors of depositional 

environment, formation age, source material, and weathering regime were examined to 

identify possible origins for the montmorillonite clays in Colorado Plateau shales.  

Formation age was found to be the most important of these variables in determining 

montmorillonite content.  Conversion of illite to montmorillonite through diagenesis has 

resulted in the Paleozoic and Proterozoic shales on the Colorado Plateau containing 

predominantly montmorillonite clays.  The most recently formed shales on the Colorado 

Plateau are terrestrial in origin.  The relatively high amount of montmorillonite in these 

shales probably results from a combination of factors which include; weathering, source 

region and, to a lesser extent, depositional environment. 

 Clay mineralogy has been shown to play an important role in debris-flow 

initiation on the Colorado Plateau.  Further research into the age and extent of existing 

debris-flow deposits on the Colorado Plateau is recommended to help define this clay 

mineral-debris flow relationship more clearly.  The mechanism by which montmorillonite 

clays inhibit debris-flow initiation on the Colorado Plateau is  another important research 

question whose answer will have implications for further research into debris-flow 

occurrence on the Colorado Plateau. 
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    Figure 2-1.  Colorado Plateau physiographic province (Hunt, 1956).  Map shows the location of shale     

samples as well as major topographic and drainage features. 
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Figure 2-2.  Recent debris-flow deposit upstream from Imperial Canyon in Cataract Canyon, Utah.  People 
are standing on the levee; debris-flow channel is in the foreground. 
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Table 2-1.  Characteristics of sampled Colorado Plateau shales. 
 
Debris-flow producing Illite  Kao. K+I Mont. Ca Na Mg K Depositional 
formations % % % % %µeq %µeq %µeq %µeq Environment 
Bright Angel  68 22 90 0 56.92 6.43 25.93 10.71 marineshallow
Chinle, SS/MS m. 32 44 76 7 2 85.19 7.24 5.57 fluvial 
Colton  35 37 72 7 29.82 29.04 38.75 2.39 fluvial 
Dox  65 14 79 0 39.17 31.06 20.06 9.72 marineshallow
Duchesne River 12 10 22 18 7.3 74.13 17.91 0.66 fluvial 
Elephant Canyon  25 36 61 0 4.95 85.47 7.38 2.2 marineshallow
Esplanade 50 40 90 2 43.81 34.6 19.03 2.55 fluvial 
Flagstaff  21 30 51 4 29.14 41.99 26.5 2.37 lacustrine 
Fruitland 0 5 5 15 56.4 15.29 28.24 0.07 fluvial 
Galeros  35 42 77 0 3.06 44.4 52.34 0.19 marineshallow
Halgaito  82 10 92 0 67.65 6.29 12.21 13.85 fluvial 
Hermit 54 41 95 0 47.11 9.69 24.74 18.46 fluvial 
Kwagunt 56 0 56 0 29.59 28.78 37.18 4.46 marineshallow
Moenkopi, lower m. 66 22 88 0 26.52 18.44 35.64 19.4 marineshallow
Moenkopi, upper m. 40 42 82 3 35.67 35.41 23.18 5.73 marineshallow
Morrison, Brushy Basin m. 55 4 59 0 24.76 25.82 45.07 4.34 lacustrine 
Morrison, Salt Wash SS m. 60 11 71 0 18.94 53.22 26.85 0.99 fluvial 
Nacimiento 0 10 10 90 1.31 97.91 0.47 0.31 lacustrine 
North Horn 28 37 65 0 2.28 94.14 2.55 1.02 fluvial 
Organ Rock  38 52 90 0 20.75 31.61 21.89 25.75 fluvial 
San Jose 6 10 16 74 7.48 87.97 3.99 0.56 fluvial 
Tuscher  25 26 51 39 0.48 95.27 0.27 3.98 marineshallow
Wahweap 5 30 35 2 22.11 60.63 10.66 6.59 fluvial 
Wanaka  31 20 51 0 75.88 0.69 19.81 3.62 lacustrine 
Wasatch  50 4 54 0 12.23 64.3 20.5 2.97 fluvial 
Average 37.6 24.0 61.5 10.4 26.6 46.3 21.1 5.9   
Standard Deviation 22.8 15.5 26.8 23.3 21.9 31.3 13.8 6.8   
          
Debris-flow non-producer Ill.  Kao. K+I Mont. Ca Na Mg K Depositional 
formations % % % % %µeq %µeq %µeq %µeq Environment 
Animas 1 4 5 91 40.02 52.02 7.56 0.4 fluvial 
Arapien  51 10 61 2 90.18 2.41 5.39 2.02 marineshallow
Bidahochi 22 6 28 65 5.24 89.31 2.82 2.63 lacustrine 
Carmel  10 3 13 47 25.62 33.99 40.22 0.16 fluvial 
Cedar Mountain 0 0 0 75 7.06 87.86 4.21 0.87 lacustrine 
Chinle, Petrified Forest m. 41 11 52 42 1.56 97.98 0.13 0.32 lacustrine 
Curtis 6 0 6 9 26.21 47.91 19 6.88 marineshallow
Cutler, undifferentiated 55 18 73 0 18.44 66.23 13.78 1.55 fluvial 
Green River, middle m. 20 11 31 27 43.28 32.65 23.12 0.94 lacustrine 
Green River, SS/LS m. 4 1 5 87 21.9 70.07 7.42 0.6 lacustrine 
Green River, upper m. 4 1 5 53 62.07 30.18 7 0.76 lacustrine 
Honaker Trail  4 5 9 37 45.9 23.94 25.58 4.58 marineshallow
Kaiparowits 6 15 21 54 15.44 78.77 5.4 0.39 fluvial 
Kayenta  45 7 52 31 48.8 26.93 23.51 0.75 fluvial 
Kirtland 0 2 2 92 19.43 76.63 3.6 0.34 fluvial 
Lewis 10 15 25 20 0.1 49.63 49.85 0.42 marinedeep
Mancos  20 34 54 7 11.62 86.92 1.22 0.24 marinedeep
Moenave  62 24 86 0 44.31 19.61 32.43 3.65 fluvial 
Park City 2 1 3 69 13.18 37.84 41.38 7.6 marineshallow
Stump 13 0 13 52 28.74 39.17 27.02 5.07 marineshallow
Summerville  5 0 5 38 34.01 57.78 7.56 0.64 fluvial 
Tropic  16 19 35 57 15.02 82.2 2.36 0.42 marinedeep
Uinta 7 5 12 70 26.64 60.42 10.53 2.41 fluvial 
Average 17.6 8.3 25.9 44.6 28.0 54.4 15.7 1.9   
Standard Deviation 19.3 9.0 25.3 29.3 21.2 26.3 14.5 2.2   
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Colorado Plateau Geologic Maps Used in this Study
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Table rov-Smirnov one-sample tests comparing 48 cases to a normal distribution.  
Dcritical  the 0.01 significance level is 0.2353.  A probability value of 0.000 indicates that the probability is 
less th .  H0 states that the sample distribution is normal.   

calculated 0

2-2.  Results of Kolmogo
at
an 0.0005

 

Material D Probability H
Illite 0.875 0.000 reject 
Kaolinite 0.811 0.000 reject 
Kaolinite and Illite 0.957 0.000 reject 
Montmorillonite 0.644 0.000 reject 
Ca 0.894 0.000 reject 
Na 0.971 0.000 reject 
Mg 0.908 0.000 reject 
K 0.543 0.000 reject 
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Table 2-3.  Results of Kolmogorov-Smirnov two-sample tests comparing debris-flow producers and debris-
ow non-producers for 48 samples.  Dcritical at the 0.05 significance level is 0.393 and Dcriticall at the 0.001 
gnificance level is 0.471.  A probability value of 0.000 indicates that the probability is less than 0.0005. 

fl
si
 
 
Kolmogorov-Smirnov two-sample test Dcalculated Probability Significant? 
Paired tests     (p<0.01) 
Kaolinite-illite and montmorillonite       
     for debris-flow producers 0.760 0.000 Yes 
Kaolinite-illite and montmorillonite       
     for debris-flow non-producers 0.391 0.050 No 
Two-sample tests      
Illite grouped by debris-flow occurrence 0.543 0.001 Yes 
Kaolinite grouped by debris-flow occurrence 0.513 0.003 Yes 
Kaolinite-illite grouped by debris-flow occurrence 0.539 0.002 Yes 
Montmorillonite grouped by debris-flow occurrence 0.663 0.000 Yes 
Sodium grouped by debris-flow occurrence 0.223 0.573 No 
Calcium grouped by debris-flow occurrence 0.153 0.925 No 
Potassium grouped by debris-flow occurrence 0.416 0.031 No 
Magnesium grouped by debris-flow occurrence 0.325 0.155 No 
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Figure 2-4. Cluster tree grouped by the clay and soluble cation content of all samples.  Distance scale is 
divided into relative units designed to show the similarity between variables.  Like variables are joined 
close to the starting point while unlike variables are joined at greater distances from the starting point.  KI 
refers to kaolinite and illite clays combined, MONT refers to montmorillonite clay.  CA, MG, K, and NA 
refer to the soluble cations calcium, magnesium, potassium, and sodium respectively. 
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Figure 2-5.  Cluster tree grouped by the clay mineralogy and soluble cation content of each formation.  
Distance scale is divided into relative units designed to show the similarity between variables.  Like 
variables are joined close to the starting point while unlike variables are joined at greater distances from the 
starting point. 
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Figure 2-6.  Cluster tree of shales grouped using kaolinite-illite and montmorillonite content.  Distance 
scale is divided into relative units designed to show the similarity between variables.  Like variables are 
joined close to the starting point while unlike variables are joined at greater distances from the starting 
point. 
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Figure 2-7.  Cluster tree of shales grouped using the soluble cations Na, K, Mg, and Ca.  Distance scale is 
divided into relative units designed to show the similarity between variables.  Like variables are joined 
close to the starting point while unlike variables are joined at greater distances from the starting point. 
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Table 2-4.  Sampled Colorado Plateau shales listed by age. 
 

Formation Name  K+I Mont. Ca Na Mg K Depositional Age 
Holocene 

debris- 
  % % %µeq %µeq %µeq %µeq Environment   flows 
Bidahochi 28 65 5.24 89.3 2.82 2.6 lacustrine Tertiary No 
San Jose 16 74 7.48 88 3.99 0.6 fluvial Tertiary Yes 
Nacimiento 10 90 1.31 97.9 0.47 0.3 fluvial Tertiary Yes 
Animas 5 91 40 52 7.56 0.4 fluvial Tertiary No 
Duschene River 22 18 7.3 74.1 17.9 0.7 fluvial Tertiary Yes 
Uinta 12 70 26.6 60.4 10.5 2.4 fluvial Tertiary No 
Green River, SS/LS 5 87 21.9 70.1 7.42 0.6 lacustrine Tertiary No 
Green River, upper 5 53 62.1 30.2 7 0.8 lacustrine Tertiary No 
Green River, middle  31 27 43.3 32.7 23.1 0.9 lacustrine Tertiary No 
Wasatch  54 0 12.2 64.3 20.5 3 fluvial Tertiary Yes 
Colton  72 7 29.8 29 38.8 2.4 fluvial Tertiary Yes 
Flagstaff  51 4 29.1 42 26.5 2.4 lacustrine Tertiary Yes 
North Horn 65 0 2.28 94.1 2.55 1 fluvial Tertiary Yes 
Tertiary Average 28.9 45.1 22.2 63.4 13.0 1.4       
          
Kirtland 2 92 19.4 76.6 3.6 0.3 fluvial Cretaceous No 
Fruitland 5 15 56.4 15.3 28.2 0.1 fluvial Cretaceous Yes 
Lewis 25 20 0.1 49.6 49.9 0.4 marine-d Cretaceous No 
Tusher  51 39 0.48 95.3 0.27 4 marine-s Cretaceous Yes 
Mancos  54 7 11.6 86.9 1.22 0.2 marine-d Cretaceous No 
Kaiparowits 21 54 15.4 78.8 5.4 0.4 fluvial Cretaceous No 
Wahweap 35 2 22.1 60.6 10.7 6.6 fluvial Cretaceous Yes 
Tropic  35 57 15 82.2 2.36 0.4 marine-d Cretaceous No 
Cedar Mountain 0 75 7.06 87.9 4.21 0.9 fluvial Cretaceous No 
Cretaceous Average 31.1 34.2 16.8 69.4 12.3 1.5       
          
Morrison, Brushy Basin 59 0 24.8 25.8 45.1 4.3 lacustrine Jurassic Yes 
Morrison, Salt Wash SS 71 0 18.9 53.2 26.9 1 fluvial Jurassic Yes 
Summerville  5 38 34 57.8 7.56 0.6 fluvial Jurassic No 
Wanaka  51 0 75.9 0.69 19.8 3.6 lacustrine Jurassic Yes 
Curtis 6 9 26.2 47.9 19 6.9 marine-s Jurassic No 
Arapien  61 2 90.2 2.41 5.39 2 marine-s Jurassic No 
Kayenta  52 31 48.8 26.9 23.5 0.8 fluvial Jurassic No 
Moenave  86 0 44.3 19.6 32.4 3.7 lacustrine Jurassic No 
Carmel  13 47 25.6 34 40.2 0.2 marine-s Jurassic No 
Stump 13 52 28.7 39.2 27 5.1 marine-s Jurassic No 
Jurassic Average 37.3 24.0 36.8 38.7 21.9 2.5       
          
Chinle, Petrified Forest 52 42 1.56 98 0.13 0.3 lacustrine Triassic No 
Chinle, SS/MS 76 7 2 85.2 7.24 5.6 fluvial Triassic Yes 
Moenkopi, upper 82 3 35.7 35.4 23.2 5.7 marine-s Triassic Yes 
Moenkopi, lower 88 0 26.5 18.4 35.6 19 marine-s Triassic Yes 
Triassic Average 51.4 18.1 36.9 37.2 21.3 4.6       
          
Cutler, undifferentiated 73 0 18.4 66.2 13.8 1.6 fluvial Permian No 
Organ Rock  90 0 20.8 31.6 21.9 26 fluvial Permian Yes 
Halgaito  92 0 67.7 6.29 12.2 14 fluvial Permian Yes 
Elephant Canyon  61 0 4.95 85.5 7.38 2.2 marine-s Permian Yes 
Hermit 95 0 47.1 9.69 24.7 18 fluvial Permian Yes 
Esplanade 90 2 43.8 34.6 19 2.6 fluvial Permian Yes 
Park City 3 69 13.2 37.8 41.4 7.6 marine-s Permian No 
Honaker Trail  9 37 45.9 23.9 25.6 4.6 marine-s Pennsylvanian No 
Bright Angel  90 0 56.9 6.43 25.9 11 marine-s Cambrian Yes 
Kwagunt 56 0 29.6 28.8 37.2 4.5 marine-s Proterozoic Yes 
Galeros  77 0 3.06 44.4 52.3 0.2 marine-s Proterozoic Yes 
Dox  79 0 39.2 31.1 20.1 9.7 marine-s Proterozoic Yes 
Paleozoic/Proterozoic 
Avg. 67.9 9.0 32.5 33.9 25.1 8.5       
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Table 2-5.  Sampled Colorado Plateau shales listed by depositional environment. 
 

                  Holocene 
Formation Name  K+I Mont. Ca Na Mg K Depositional  Age Debris 
  % % %µeq %µeq %µeq %µeq Environment   Flows 
San Jose 16 74 7.5 88.0 4.0 0.6 fluvial Tertiary Yes 
Nacimiento 10 90 1.3 97.9 0.5 0.3 fluvial Tertiary Yes 
Animas 5 91 40.0 52.0 7.6 0.4 fluvial Tertiary No 
Duschene River 22 18 7.3 74.1 17.9 0.7 fluvial Tertiary Yes 
Uinta 12 70 26.6 60.4 10.5 2.4 fluvial Tertiary No 
Wasatch  54 0 12.2 64.3 20.5 3.0 fluvial Tertiary Yes 
Colton  72 7 29.8 29.0 38.8 2.4 fluvial Tertiary Yes 
North Horn 65 0 2.3 94.1 2.6 1.0 fluvial Tertiary Yes 
Kirtland 2 92 19.4 76.6 3.6 0.3 fluvial Cretaceous No 
Fruitland 5 15 56.4 15.3 28.2 0.1 fluvial Cretaceous Yes 
Kaiparowits 21 54 15.4 78.8 5.4 0.4 fluvial Cretaceous No 
Wahweap 35 2 22.1 60.6 10.7 6.6 fluvial Cretaceous Yes 
Cedar Mountain 0 75 7.1 87.9 4.2 0.9 fluvial Cretaceous No 
Morrison, Salt Wash SS m. 71 0 18.9 53.2 26.9 1.0 fluvial Jurassic Yes 
Summerville  5 38 34.0 57.8 7.6 0.6 fluvial Jurassic No 
Kayenta  52 31 48.8 26.9 23.5 0.8 fluvial Jurassic No 
Chinle, SS/MS m. 76 7 2.0 85.2 7.2 5.6 fluvial Triassic Yes 
Cutler, undifferentiated 73 0 18.4 66.2 13.8 1.6 fluvial Permian No 
Organ Rock  90 0 20.8 31.6 21.9 25.8 fluvial Permian Yes 
Halgaito  92 0 67.7 6.3 12.2 13.9 fluvial Permian Yes 
Hermit 95 0 47.1 9.7 24.7 18.5 fluvial Permian Yes 
Esplanade 90 2 43.8 34.6 19.0 2.6 fluvial Permian Yes 
Average 44 30 25.0 56.8 14.1 4.0       
          
Bidahochi 28 65 5.2 89.3 2.8 2.6 lacustrine Tertiary No 
Green River, SS/LS m. 5 87 21.9 70.1 7.4 0.6 lacustrine Tertiary No 
Green River, upper m. 5 53 62.1 30.2 7.0 0.8 lacustrine Tertiary No 
Green River, middle m. 31 27 43.3 32.7 23.1 0.9 lacustrine Tertiary No 
Flagstaff  51 4 29.1 42.0 26.5 2.4 lacustrine Tertiary Yes 
Morrison, Brushy Basin m. 59 0 24.8 25.8 45.1 4.3 lacustrine Jurassic Yes 
Wanaka  51 0 75.9 0.7 19.8 3.6 lacustrine Jurassic Yes 
Moenave  86 0 44.3 19.6 32.4 3.7 lacustrine Jurassic No 
Chinle, Petrified Forest m. 52 42 1.6 98.0 0.1 0.3 lacustrine Triassic No 
Average 41 31 34.2 45.4 18.3 2.1       
          
Tuscher  51 39 0.5 95.3 0.3 4.0 Marine-s Cretaceous Yes 
Curtis 6 9 26.2 47.9 19.0 6.9 Marine-s Jurassic No 
Arapien  61 2 90.2 2.4 5.4 2.0 Marine-s Jurassic No 
Carmel  13 47 25.6 34.0 40.2 0.2 Marine-s Jurassic No 
Stump 13 52 28.7 39.2 27.0 5.1 Marine-s Jurassic No 
Moenkopi, upper m. 82 3 35.7 35.4 23.2 5.7 Marine-s Triassic No 
Moenkopi, lower m. 88 0 26.5 18.4 35.6 19.4 Marine-s Triassic No 
Elephant Canyon  61 0 5.0 85.5 7.4 2.2 Marine-s Permian Yes 
Park City 3 69 13.2 37.8 41.4 7.6 Marine-s Permian No 
Honaker Trail  9 37 45.9 23.9 25.6 4.6 Marine-s Pennsylvanian No 
Bright Angel  90 0 56.9 6.4 25.9 10.7 Marine-s Cambrian Yes 
Kwagunt 56 0 29.6 28.8 37.2 4.5 Marine-s Proterozoic Yes 
Galeros  77 0 3.1 44.4 52.3 0.2 Marine-s Proterozoic Yes 
Dox  79 0 39.2 31.1 20.1 9.7 Marine-s Proterozoic Yes 
Average 49   18 30.4 37.9 25.8 5.9       
          
Lewis 25 20 0.1 49.6 49.9 0.4 Marine-d Cretaceous No 
Mancos  54 7 11.6 86.9 1.2 0.2 Marine-d Cretaceous No 
Tropic  35 57 15.0 82.2 2.4 0.4 Marine-d Cretaceous No 
Average 38 28 8.9 72.9 17.8 0.4       
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CHAPTER 3 
 
 

ASSESSING DEBRIS-FLOW INITIATION POTENTIAL BY USING AVIRIS 
IMAGERY TO MAP SURFACE MATERIALS AND STRATIGRAPHY IN 

CATARACT CANYON, UTAH 
 
 
 
 
 
 
 
 
 
 

"Pinnacles and buttes of spectacular proportions dominate the landscape. 
And canyons large and small, are ubiquitous." 
       Donald L. Baars 
 
 
"Beauty all around us.  With it I wander." 
       Navajo Poem 

 
 

 



INTRODUCTION 

 Most of the research into debris-flow initiation has centered on rainfall, slope 

angle, and existing debris-flow deposits (Costa and Wieczorek, 1987).  The factor of 

source lithology has been recently addressed by studies in the sedimentary terranes of 

Grand Canyon (Webb et al., 1996; Griffiths et al., 2004) and on the Colorado Plateau as a 

whole in the previous chapter.  Establishing the location of shales and colluvial deposits 

containing kaolinite and illite clays in sedimentary terranes on the Colorado Plateau is 

essential to predicting where debris flows are likely to occur.  AVIRIS imagery has been 

used to distinguish between types of clay minerals (Chabrillat et al., 2001; Clark et al., 

1992), providing the basis for surface-materials maps.  In the process of producing a 

model that can be used to estimate the debris-flow hazard in Cataract Canyon, Utah, 

maps of the stratigraphy, surficial materials, and debris-flow initiation potential of a 

section of Cataract Canyon was made from an AVIRIS image taken of this area in 2001.  

This chapter will describe the development of these maps, which shows the spectral 

stratigraphy of the part of Cataract Canyon in and around the area from the mouth of 

Clearwater Canyon in the south to Gunsight Butte and The Big Ridge in the northwest. 

  The relationship between the presence of terrestrial shales and an increased 

probability of debris-flow occurrence that was established in Grand Canyon has been 

observed in several other canyons on the Colorado Plateau, notably Cataract Canyon and 

Desolation Canyon in Utah.  Debris flows in Cataract Canyon reach the river in one of 

two ways.  First is the occurrence of short-runout debris flows that develop in steep 

chutes cut into the Honaker Trail Formation and overlying Halgaito Shale and Elephant 
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Canyon Formation.  Although these debris-flow chutes are relatively short and generally 

within the immediate confines of the canyon, they are nonetheless clearly caused by 

debris-flow activity and are an important source of the debris which is responsible for the 

formation of rapids in Cataract Canyon (Figure 3-1).  The role of debris flows in the 

creation of rapids in Cataract Canyon has been questioned (Baars, 1987).  Direct 

observation of source regions for the material responsible for the creation of rapids in 

Cataract Canyon reveals that many of the rapids in Cataract Canyon result from the 

transportation of debris relatively short distances from canyon walls to the Colorado 

River.   

Long runout debris-flows also occur in Cataract Canyon and are responsible for 

the formation of large debris fans and rapids at the mouths of major tributaries, such as 

Teapot Canyon (Figure 3-1), Range Canyon and Imperial Canyon.  Runoff from the 

Permian and Jurassic sedimentary rocks above the Cedar Mesa Sandstone in the geologic 

section is responsible for the creation of the long runout debris flows that enter Cataract 

Canyon from side canyons.  These debris-flows deliver clay minerals and sandstone 

boulders from the upper reaches of the geologic section to the Colorado River.  

Considerable quantities of debris are stored in debris-flow deposits and colluvial wedges 

in the upper reaches of tributaries to the Colorado River along Cataract Canyon (Figure 

3-2), providing the raw material which debris flows mobilize, transport, and eventually 

deposit in debris fans along the Colorado River.  The nature of the clay minerals 

contained in surface materials covering the middle and upper reaches of Cataract Canyon 
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tributaries is believed to be the main factor controlling the initiation of these long-runout 

debris flows.   

  

SITE DESCRIPTION 

Ending more than two hundred miles north of the start of Grand Canyon, Cataract 

Canyon’s rapids rival those of Grand Canyon in steepness and intensity (Belknap et al., 

1996).  Forming the sides of Cataract Canyon are late Paleozoic sedimentary rocks 

(Figure 3-1).  The oldest outcrops found in Cataract Canyon are evaporates of the 

Pennsylvanian Paradox formation.  Gypsum outcrops of this formation appear initially at 

Spanish Bottom and become increasingly more visible along the Colorado River between 

Cross Canyon and Gypsum Canyon.  Paradox Formation outcrops occur four river miles 

upstream of Clearwater Canyon in the vicinity of Gypsum Canyon.  As much as 120 m of 

Paradox Formation gypsum is exposed in parts of Cataract Canyon (Baars, 1987).  

Cliffs of interbedded limestone, shale, sandstone, and chert of the Pennsylvanian 

Honaker Trail Formation are found at river level at the mouth of Clearwater Canyon in 

the study area and throughout Cataract Canyon (Belknap et al.; 1996; Baars, 1987).  The 

Honaker Trail Formation (IPh) is shown in Figure 3-1 at the mouth of Teapot Canyon.  

These cliffs are often covered with aprons of colluvium, composed of debris from rocks 

closer to the canyon rim.  Colluvial wedges at the base of the Honaker Trail Formation 

provide source material for the short-runout debris-flows responsible for creating rapids 

throughout Cataract Canyon.  These colluvial wedges are clearly shown near the mouth 
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of Teapot Canyon (approximately ten river miles upstream of the study area) in Figure 3-

1. 

 The Permian system in Cataract Canyon starts with the complicated, 

interfingering Elephant Canyon Formation and Halgaito Shale (Phe).  These formations 

unconformably overlay the Honaker Trail Formation in Canyonlands and are composed 

of near-shore marine limestones, dolomite, shale and sandstone (Baars, 1987).  At 

Clearwater Canyon these formations are found in cliffs which create Cataract Canyon's 

inner walls.  These cliffs consist of steep limestone walls interspersed with shale slopes 

(shown near the mouth of Teapot Canyon in Figure 3-1).  Shale units in both formations 

contain a high percentage of kaolinite and illite clays (Table 3-1) and are positioned high 

enough above the Colorado River to give debris-flows originating at this point sufficient 

gravitational potential energy to deliver large boulders to the river. 

 The Cedar Mesa Sandstone (Pc) of Permian age forms the capstone on the walls 

of Cataract Canyon.  Cedar Mesa Sandstone is a generally light-colored, fine to very-fine 

grained quartz-rich sandstone believed to have been deposited in  near-shore marine and 

Aeolian beach environments (Baars, 2000). Outcrops of Cedar Mesa sandstone extend for 

five or more kilometers northwest and southeast of the Colorado River in the study area, 

creating an uneven bench of relatively uniform lithology (Figure 3-3).  To the southeast 

of Cataract Canyon the Cedar Mesa Sandstone is fractured by northeast–southwest 

trending normal faults, creating the Grabens Fault Zone.  The proximity of Cataract 

Canyon to a zone of fractured and slumping rocks such as the Grabens Fault Zone is 

believed to be instrumental in providing much of the rapid-forming debris (Baars, 1987) 
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that has been transported to the river by debris flows.  Images of the Cedar Mesa 

Sandstone (Figure 3-3) clearly show the tendency of this formation to form cliffs and 

uneven tablelands between the Colorado River and the Orange Cliffs.  Depressions on the 

surface of Cedar Mesa Sandstone benches collect water and become potholes that 

eventually fill with fine windblown slit and clay.  Cryptobiotic soil develops in these 

potholes, stabilizing the windblown sediments.  A Pinon–Juniper forest, which is 

commonly interspersed with large exposures of bare Cedar Mesa Sandstone, has 

developed on the Cedar Mesa Sandstone benches in Cataract Canyon (Figure 3-4). 

Outside of the inner canyon, the rocks surrounding Cataract Canyon tend to 

alternate between slope-forming shales and mudstones of terrestrial and near-shore origin 

and cliff-forming, dominantly eolian sandstones.  Immediately above the Cedar Mesa 

Sandstone is the Organ Rock Shale (Po).  This shale is dominated by kaolinite and illite 

clays (Table 3-1) and forms a series of slopes in the sixty meters or so of vertical distance 

between the White Rim sandstone above and the Cedar Mesa Sandstone below.  Organ 

Rock Shale was deposited on low, coastal floodplains (Blakey, 1979) and, in the Cataract 

Canyon area, tends to be magenta to tan in color, forming unvegetated slopes that trend 

from northeast to southwest. 

The Permian White Rim Sandstone (Pw) is up to 76 m thick in the Cataract 

Canyon area, dominating the geologic section immediately above the Organ Rock Shale 

as a cliff-forming, nearly white eolian sandstone (Baars and Molenaar, 1971).  On its dip 

slope the White Rim Sandstone is pox-marked with sediment-filled potholes, areas of 
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cryptobiotic soil, and patches of vegetation and is often similar in appearance to the dip 

slope of the Cedar Mesa Sandstone.  

The Triassic Moenkopi Formation (Trm) lies unconformably above the White 

Rim Sandstone in Cataract Canyon.  The Moenkopi Formation was formed in a variety of 

near-shore environments which created up to 150 m of interbedded mudstones, siltstones 

and sandstones (Baars, 2000).  These rocks are strongly interbedded, tending to create a 

ledgy, uneven surface consisting of both thin layers of sandstones in slopes of reddish-

brown mudstone and siltstone and occasional massive sandstone cliffs (Figure 3-3) 

(Huntoon et al., 1982).  Vegetation on the Moenkopi slopes varies between dense and 

sparse, contributing to the non-uniform surface appearance of this formation.  

The many members of the Upper Triassic Chinle Formation (Trc) are all 

continental in origin (Stewart et al., 1972).  Surface expression of the Chinle Formation 

in and around Cataract Canyon is highly varied.  The lowermost member of this 

formation in Canyonlands is the cliff-forming, fluvial sandstone of the Moss Back 

Member (Figure 3-3).  Above the Moss Back cliffs the Chinle formation is dominated by 

slopes of mudstone, shale and siltstone leading up to the base of the massive cliff-

forming Wingate Sandstone (Figure 3-5) (Baars, 2000). Notable among the members of 

the Chinle formation is the Petrified Forest Formation which contains significant amount 

of montmorillonite clay (Table 3-1).  The total thickness of the Chinle Formation in the 

study area is approximately 150 m (Baars, 2000).  

The Wingate Sandstone (Jw) forms the highly visible Orange Cliffs on the 

western edge of the study area.  The Wingate is the lowermost Jurassic formation in 
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Canyonlands and is composed of dominantly eolian sandstone deposited by northwest 

winds (Baars and Molenaar, 1971).  Massive cliffs of Wingate Sandstone approximately 

100 m high define the edges of the mesas and buttes on the study area's western edge 

(Figure 3-3).  This formation not only creates cliffs; but large blocks of Wingate 

Sandstone that have fallen from the cliffs are important surface features on the Chinle 

Formation slope. 

Overlying the Wingate Sandstone are the cliffs and shale slopes of the fluvial 

Kayenta Formation (Jk).  The Kayenta Formation is approximately 70 m thick in the 

study area and forms the topmost cliff-forming unit (Hintze, 1988).  Mesa and butte tops 

on the northern and western edge of the study area are exposures of Kayenta Formation 

(Figure 3-5).  Field observation revealed three different surface expressions for the 

Kayenta Formation near Cataract Canyon:  a shale slope immediately above the Wingate 

Sandstone, a ledgy sandstone cliff, and tablelands forming the mesa and butte tops. 

The uppermost formation in the Cataract Canyon geologic section is the Jurassic 

Navajo Sandstone.  In the vicinity of Cataract Canyon the Navajo Sandstone is found 

well away from the Colorado River on the tops of the mesa and buttes on the western 

edge of the canyon.  Navajo Sandstone is composed of buff to light orange fine to 

medium grained wind deposited sands that are almost always swept into large-scale, 

highly visible crossbeds (Baars, 2000).  The Formation tends to be exposed in rounded, 

partially vegetated  hills that are difficult to distinguish on imagery from the surrounding 

Kayenta Formation.  
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SPECTRA OF SURFACE MATERIALS 

 The AVIRIS (Airborne Visible/Infrared Imaging Spectrometer) instrument is a 

"whisk broom" type scanner which utilizes 224 detectors, each having a bandwidth of 10 

nm, to gather continuous data from short-wavelength visible light (380 nm) to the 

shortwave infrared (2500 nm) (AVIRIS, 2004).  Reflection of incident sunlight from 

Earth surface materials is captured by the AVIRIS sensors and can be displayed as a 

surface material's "spectral signature" when AVIRIS data are graphed.  The 224 

contiguous sensors in the AVIRIS instrument produce a smooth, continuous graph that 

can be directly compared to lab spectra for material identification (Figure 3-6). 

AVIRIS data of Cataract Canyon was collected on November 9, 2001 (Figure 3-

7) by an ER-2 aircraft flying at an elevation of approximately 20 km.  These data consist 

of two approximately northeast-southwest trending flight lines composed of nine 

individual images.  Each image is comprised of approximately 15 m square pixels 

arranged in 624 columns and 512 rows.  

Samples of the major clay-containing surface materials in Cataract Canyon were 

obtained in May 2001, November 2003 and May 2004.  These samples were analyzed at 

Brown University’s RELAB.  Figure 3-6 shows the lab spectra plotted with spectra of 

montmorillonite, kaolinite, and illite from the U.S. Geological Survey’s Spectral Library.  

An obvious feature on the RELAB spectra of the shale, colluvium and debris-flow matrix 

materials found in Cataract Canyon is the 1.9 µm water absorption band, which matches 

well in placement and depth with the water absorption band in the illite USGS Spectral 

Library sample.  The characteristic double-absorption feature at 2.2 µm clearly visible on 
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the Spectral Library sample of kaolinite is readily apparent on the debris-flow RELAB 

spectrum, a minor feature on the Colluvium RELAB spectrum and not well shown on the 

Honaker Trail, Elephant Canyon, and Halgaito Shale RELAB spectra (Figure 3-6).  

 The materials sampled in Cataract Canyon were dry and friable.  It was not 

possible to obtain these samples in one piece in order to maintain a surface that would 

accurately match the ground surface exposed during the AVIRIS flights.   All shale, 

colluvium and debris-flow matrix samples obtained in Cataract Canyon and sent to 

RELAB were composed of clay, silt, fine sand, and a wide variety of sizes of clay 

aggregates.  Handling and transporting these samples changed the nature of their surfaces 

considerably, which may also have had an effect on the usefulness of the lab spectra 

obtained from the samples.  

The clay mineralogy of the surface materials samples taken in Cataract Canyon 

was determined by semi-quantitative x-ray diffraction at the U.S. Geological Survey in 

Denver, Colorado.  The x-ray diffraction data (Table 3-1) shows that the samples’ clay 

mineralogy is dominated by kaolinite and illite.  Only the Honaker Trail Formation and 

Petrified Forest member of the Chinle Formation samples contain significant amounts of 

montmorillonite.  Figure 3-7 shows that the sample spectra have some similarities with 

the spectra of illite and kaolinite at 1.9 and 2.2 µm.  There is also a significant dip in the 

sample spectra between 2.3 and 2.4 µm, a possible indicator of chlorite.  The dip in the 

2.3 to 2.4 µm region is also shown in the kaolinite and illite spectra. 

Debris-flow deposits and colluvium in Cataract Canyon display the double-

absorption feature characteristic of kaolinite at 2.2 µm in the AVIRIS spectra, which is 
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consistent with the measurements shown in Table 3-1.  With regards to clay content, the 

debris-flow and colluvium spectra are similar, a fact that supports the cause and effect 

link between these two types of surface materials.  The failure of colluvial wedges in 

Cataract Canyon provides the raw material, including clay minerals, necessary for debris-

flow initiation. 

 Spectral features relating to surface material composition are apparent in the class 

mean curves (shown in red on Figure 3-8).  Many surface materials shown in Figure 3-9 

are also shown in Figure 3-7, in Table 3-1, and in Appendix A.  AVIRIS spectra, RELAB 

spectra, and x-ray diffraction data compare favorably for the Honaker Trail Formation 

and colluvium samples.  All three sources of data show the colluvium sampled from 

Cataract Canyon to have significant kaolinite and illite content.  Figures 3-7 and 3-8 both 

show colluvium to have a moderately well-developed kaolinite doublet at 2.2 µm and a 

small illite absorption band at 2.35 µm.  The deep 1.9 µm water band characteristic of 

smectite clay lab spectra is poorly developed in the RELAB data for colluvium.  While 

all three sources show the Honaker Trail Formation to contain small amounts of kaolinite 

and illite, the RELAB and x-ray diffraction data reveal that this formation also contains 

significant montmorillonite.  Unfortunately the 1.9 µm water band shown in the RELAB 

data for the Honaker Trail Formation is obscured by the 1.9 µm atmospheric water vapor 

window in the AVIRIS data.  

 AVIRIS spectra of the Moenkopi Formation (Figure 3-8 and Appendix A) clearly 

show significant amounts of kaolinite in all but the lower member.  This is consistent 

with the x-ray diffraction data shown in Table 3-1 and existing research on the petrology 
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of the Moenkopi Formation (Cadigan, 1971).  All members of the Moenkopi formation 

also appear to contain illite, although the AVIRIS class-mean spectra do not give a clear 

indication as to the relative amounts of illite in this formation.  In fact, the AVIRIS class-

mean spectra show illite to be widely present in the study area, which may be of wind-

blown origin, especially when found in potholes on sandstone units.  Clay deposits found 

in small depressions on relatively horizontal surfaces may be deposited by wind.  The 

AVIRIS image reveals such clay deposits to be widespread in the study area and to 

contain a combination of illite and some kaolinite. 

 A total of fifty field spectra were taken of surface materials in the study area.  

Spectra were obtained using an Analytical Spectral Devices FieldSpec® Pro FR 

spectroradiometer.  The time of day during which field spectra were gathered was 

constrained to coincide with sun angles matching those that existed when the AVIRIS 

imagery was gathered on November 9, 2001.  An additional constraint on gathering field 

spectra was the mobility of the equipment.  The size and weight of the white pad used for 

field spectrometer calibration, in addition to the time needed for setting up the field 

spectrometer itself restricted spectral readings to sites that were near existing roads.  

Given the highly portable design of the ASD FieldSpec® Pro FR, acquisition of a 

smaller, lighter white pad that could be carried in a backpack to remote field sites would 

allow collection of field spectra from a wider range of surface materials.  Eight sample 

field spectra are shown in Appendix B.  These field spectra are representative of the 

range of surface materials sampled and provide additional insight into the nature of the 

surface materials in Cataract Canyon.   
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 Two graphs showing field spectra of Organ Rock Shale are included in Appendix 

B.  These graphs clearly show that the Organ Rock Shale can be divided into two distinct 

units in the study area.  The lower of these proposed units is dark magenta in color and is 

the thicker of the two units.  Field spectrum 040502-1-1 shows the clay mineralogy of 

this unit to be dominated by illite, with little or no kaolinite or smectite.  This agrees with 

the class mean graph of Organ Rock Shale, which is also dominated by illite.  The depth 

and generally smooth side of the 2.2 µm absorption band in field spectrum 040501-3-5 

shows that the upper, tan colored unit of the Organ Rock Shale (Figure 3-9) contains 

significant amounts of smectite.  This was also verified by field observation of a 

"popcorn" surface, which is typical of swelling clays, on the surface of the upper unit.  

The slight flexure in the left side of the 2.2 µm absorption band may indicate the presence 

of some kaolinite.   The tan unit is discontinuous in the field area, reaching a greatest 

thickness of three to four meters in the central section of the study area.  The tan unit is 

not present in the Organ Rock Shale outcrop shown in Figure 3-3, to the east of the study 

area, and is shown as a thin layer in the range of one to two meters thick immediately 

underlying the White Rim sandstone on the far western edge of the field area in Figure 3-

9.    

 The Organ Rock Shale's class mean graph reflects the variability of this formation 

in the study area.  The class mean graph shows the Organ Rock Shale to contain mostly 

illite combined with a small amount of kaolinite and smectite.  This graph reflects the 

compositional variability of the Organ Rock Shale in the field area.   The two field sites 

where spectra were taken may not be characteristic of the outcrops of this formation 
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throughout the whole study site.  The x-ray diffraction data in Table 3-1 shows yet a third 

view of the Organ Rock Shale's composition in Cataract Canyon, one which has the 

formation dominated by kaolinite and completely lacking in smectite.  It is likely that any 

given sample will not correctly display the character of any formation throughout its 

whole spatial extent.  Since the AVIRIS-based class mean spectrum shows an average of 

the formation's composition on outcrops scattered throughout the study area it may be the 

best single spectrum to use to determine the formation's surface composition. 

 Field spectra also show two distinct, but continuous and well-recognized, 

members of the Chinle Formation.  Field Spectrum 040502-2-1 shows the Petrified 

Forest Member of the Chinle Formation to contain little or no kaolinite and significant 

amounts of illite.  The depth of the 1.9 µm water-absorption band indicates that smectite 

is a significant part of the sample's clay mineralogy although there is a distinct lack of 

depth in the 2.2 µm absorption band for this sample.  Illite is also a major constituent of 

the field spectrum taken on one of the upper members of the Chinle Formation.  Field 

Spectrum 040502-2-6 shows that this sample also contains significant amounts of 

kaolinite and little smectite.  The class mean graphs for these two members of the Chinle 

Formation also reveal a composition rich in illite by the depth of the 2.35µm absorption 

band.  The class mean graph does not show that the upper members of the Chinle 

Formation contain significant kaolinite, a clay species that is absent from the class mean 

graph of the Petrified Forest Member.  Smectite is difficult to clearly distinguish on the 

class mean graph for the Petrified Forest Formation, but this graph does show a 

precipitous drop into the 2.2 µm absorption band, which is indicative of smectite, when 
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compared to the class mean of the Chinle Formation's upper members.  The x-ray 

diffraction data in Table 3-1 also shows illite to be a major constituent of both of these 

members of the Chinle Formation (the Sandstone-Mudstone Member is equivalent to the 

upper members of this formation).  The proportions of kaolinite, smectite and illite found 

in the x-ray diffraction samples in proportions similar to those revealed on both the class 

mean and field spectra.  Upper members of the Chinle Formation are known to be source 

areas for debris flows (Webb et al., 2004a).  Figure 3-10 shows a debris-flow levee in the 

upper members of the Chinle Formation in the headwaters of Teapot Canyon. 

 Both the field spectrum and the class mean graph of the Moenkopi Formation 

contains the doublet at 2.2 µm typical of kaolinite.  These graphs also show significant 

illite and little or no smectite.  This agrees strongly with the x-ray diffraction data for this 

formation shown in Table 3-1.  The two sandstone field spectra included in Appendix B 

show shallow absorption bands at 2.2 µm and 2.35 µm, indicating low clay content.   The 

class mean graphs of the White Rim Sandstone and Cedar Mesa Sandstone show some 

clay content, which could result from patches of windblown clay on the surface of the 

sandstone, a situation common on the dip-slope of these formations in the study area 

(Figure 3-4).   

 Field spectra of stream gravel and Quaternary alluvium were also included in 

Appendix B.  The field spectrum of Quaternary alluvium shows that these deposits are 

not rich in clay (some illite and smectite may be present) but tend to be sandy, a 

composition backed up by the field descriptions made of several Quaternary alluvium 

deposits in the field area.  The stream gravel field spectrum was taken a short distance 
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downstream from two large debris-flow levees deposited on top of the Moenkopi 

Formation.  It is not surprising that the stream gravel field spectrum shows the kaolinite 

doublet at 2.2 µm and the presence of illite, since both the debris-flow levees and any 

nearby Moenkopi Formation outcrops could be the source of either clay mineral.  

Otherwise, both the stream gravel field spectrum and the class mean graph for stream 

gravels are generally quite similar to spectra of a sandstone outcrop.   

   

CLASS MAP DEVELOPMENT 

Classification of the AVIRIS image first involved establishing training sites for 

each of the important surface materials on which this study is focused.  Training site 

selection was based on field reconnaissance of the area.  Training sites were chosen both 

from locations where field spectra were acquired and from notes taken during field trips 

to the area in 2001, 2003 and 2004.   

Selected training sites were analyzed using unsupervised clustering with an 

advance variant of Self-Organizing Map (SOM) (Kohonen, 1997; DeSieno, 1988).  The 

converged, correctly learned SOM reflects the data structure with fine discrimination 

among material clusters.  Cluster boundaries were extracted with SOM tools in the 

HyperEye environment (www.ece.rice.edu/HYPEREYE) and the resulting clusters were 

scrutinized for their correspondence to field notes and the existing 1:62,500 scale 

geologic map of the area (Huntoon et al., 1982) to obtain a labeling.   

With the established labeling, supervised classification was done for the entire 

AVIRIS image using a hybrid Artificial Neural Network (ANN). The existing SOM 
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formed the middle, hidden layer of the ANN, connected to an output layer that performed 

supervised learning. The already formed clusters in the SOM middle layer support 

accurate and sensitive classification.  Since this SOM-hybrid architecture handles high-

dimensional data vectors without difficulty, prior dimensionality reduction is not needed, 

allowing finer discrimination of classes with great accuracy. More details on this ANN 

are given in Merényi et al. (1997).  

The final class map produced through this technique isolates 28 classes of surface 

materials on the AVIRIS image of the study area.  Eighteen of these classes represent 

geologic units present in the image (Figure 3-11).  Of the remaining ten classes, five 

show surface materials; gravel (one class), surface clay (one class) and colluvium (three 

classes).  The five remaining surface materials show the Colorado River (one class) and 

shadows (four classes).  The large number of classes on the class map clearly shows both 

the diversity of surface materials in the study site and the ability of the AVIRIS 

instrument to detect fine differences among surface materials.  

Outcrops of geologic units and deposits of Quaternary alluvium are shown on the 

1:62,500 scale geologic map of the study area (Huntoon et al., 1982).  A comparison of 

this map to the class map (Figure 3-12) reveals a correspondence between the spatial 

extent of the rock types shown on the geologic map and the equivalent units on the class 

map.  The location of surficial deposits such as Quaternary alluvium also compares well 

between the two maps.  Two nearly parallel normal faults trend nearly east-west across 

the northwest section of the image.  Movement along these faults has created an offset in 
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the Chinle, Moenkopi, and White Rim Sandstone Formations, which is clearly shown on 

the class map. 

A comparison of training sample means to class means was performed to assess 

classification accuracy.  This statistical comparison is shown for fifteen representative 

study area surface materials in Figure 3-8.  On each graph the training sample means (in 

blue) and the class means (in red) are seen to overlap closely throughout virtually the 

whole spectral curve for each type of surface material.  This establishes that the class map 

is accurately representing the materials that it was trained to show.  One standard 

deviation above and below the training sample mean curve is shown by vertical bars (in 

blue).  All of the class mean curves stay well within the range of one training sample 

mean standard deviation for all of the surface materials shown which also verifies the 

good fit between the training sample set and the final class map. 

 

DEBRIS-FLOW INITIATION POTENTIAL MAP DEVELOPMENT 

 A GIS-based analysis was undertaken to assess the debris-flow initiation potential 

of the area encompassed by Cataract Canyon and its tributaries.  The resulting maps 

(Figure 3-13 and Figure 3-14) rank the debris-flow initiation potential of the following 

areas: 1) a small section of Colorado River channel, 2) portions of the Colorado River 

tributary drainages of Clearwater Canyon, Easter Pasture Canyon, and Waterhole Canyon 

and 3) the headwaters of North Hatch Canyon, South Hatch Canyon, and the South Fork 

of Happy Canyon; all tributaries of the Dirty Devil River.  These maps are designed to 

describe the potential for a debris-flow to occur at any point in all of the drainage basins 
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listed.  No evaluation is made of the magnitude or length of runout for any debris flow 

that could start in the study area. 

 The debris-flow initiation potential maps were created by combining data layers 

describing surface materials, slope, aspect and faults (Appendix C).  Each layer addresses 

a geologic or topographic factor that research has found to be important in debris-flow 

initiation.  The most unique aspect of these maps is the use of a surface material layer 

created from hyperspectral imagery of Cataract Canyon.   

 Surface materials have been found to be an important factor in debris-flow 

initiation in the sense that surface material strength influences slope stability (Nilsen et 

al., 1979).  Surface materials may also influence debris-flow initiation through their 

influence on infiltration rates (Cannon, 1997).  Surface materials, and the extent to which 

they experienced weathering, were included in a debris-flow hazard model for Southern 

China developed by Liu et al. in 2002.  For the area surrounding Cataract Canyon, 

specific clay minerals present in surface materials have a direct impact on debris-flow 

initiation (Webb et al., 2004a).  

 Individual spectra can be derived for each pixel in an AVIRIS image.  These 

spectra describe each pixel's surface materials.  When kaolinite clay is a significant part 

of the materials on the surface of each pixel the spectra will contain a doublet at a 

wavelength of 2.2 µm.  The depth of the 2.2 µm band and development of the doublet is 

an indication of how pervasive kaolinite clay is in any given pixel.  The main spectral 

signature of illite is a distinct absorption band at a wavelength of 2.35 µm.   Using these 

criteria, seven of the surface materials identified on the class map (Figure 3-11) were 
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found to contain significant amounts of kaolinite and illite.  These seven materials were 

ranked according to the depth and development of their kaolinite and illite spectra.  Three 

of the surface materials: colluvium in drainages, the lower Moenkopi Formation and the 

upper Moenkopi Formation/Chinle Formation transition area, were rated as having a high 

kaolinite and illite contents based on their spectra.  The upper member of the Moenkopi 

formation was divided into two separate sections on the AVIRIS image.  The uppermost 

of these, which was designated the Moenkopi/Chinle transition zone, is essentially the 

same material as the upper Moenkopi, but covered by significant amounts of debris from 

the overlying sandstone cliffs of the Moss Back Member of the Chinle Formation. 

 Two surface materials were ranked as containing medium amounts of kaolinite 

and illite; the upper member of the Moenkopi Formation and one of the middle members 

of the Moenkopi Formation.  Two surface materials were found to contain low amounts 

of kaolinite and illite, the second middle member of the Moenkopi Formation and the 

Organ Rock Shale.  Conspicuous in its absence from this list is the Halgaito Shale which 

is found at the top of Cataract Canyon's inner cliffs in this section of the canyon.  The 

Halgaito Shale typically contains significant amounts of kaolinite and illite (Table 3-1).  

Part of the Halgaito Shale outcrop in this area clearly coincides with one of the classes.  

This match resulted in the use of bright orange to show Halgaito Shale on the 

stratigraphic section of the area (Figure 3-11).  This class can also be found as windblown 

deposits on relatively horizontal surfaces of Cedar Mesa and White Rim sandstone, so it 

is not exclusive to Halgaito Shale.  Possible reasons for the poor classification of 

Halgaito Shale include:  spatial variation in composition, most exposures of this 
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formation in this image are along narrow, poorly exposed inner canyon walls and in 

tributary canyons of the Colorado River, and outcrops of Halgaito Shale frequently 

occurring in shadows (Figure 3-1).  Classification of all AVIRIS images in both 

flightlines will greatly increase the number of Halgaito Shale training sites and should 

result in the display of this formation being significantly improved on the complete class 

map of Cataract Canyon.  

 Another kaolinite and illite bearing formation, the Organ Rock Shale is shown 

intermittently on the class map.  This formation is shown clearly in the south-central part 

of the image.  Although slopes of Organ Rock shale extend from the northeast to the 

southwest across nearly the whole image, large gaps appear in the class containing Organ 

Rock Shale in the north-central section of the image.  This is problem also needs further 

study.  Many of the pixels that should be Organ Rock Shale on the image are shown in 

the unclassified, background color indicating that some characteristics of these slopes 

have significant spatial variation. 

 Slope was the second debris-flow initiation factor mapped.  Steep slopes are 

significantly more likely to experience debris flows than are shallow slopes (Wohl and 

Peartree, 1990; Kniveton et al., 2000; Griffiths et al., 2004).  The exact slope threshold 

that must be exceeded to result in debris-flow initiation most likely varies with climate, 

vegetation, and other non- topographic and geologic factors.  Research-based suggestions 

for a slope angle necessary for debris-flow initiation range from 20 % (11.3 degrees) 

(Lorenzini and Mazza, 2004) to 40 degrees (Iverson et al., 1997).  The threshold value of 

20% was used to create the debris-flow initiation potential map slope layer.  This value 
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was chosen so as to create a conservative model that is most likely to include all possible 

debris-flow source areas. 

 Aspect is used as a proxy for precipitation on the debris-flow initiation potential 

map.  Rainfall is considered to be one of the main factors in most types of slope failures 

(Nilsen et al., 1979) and is believed to be especially important in debris-flow formation 

(Scott et al., 2001; Liu et al., 2002; Pasuto et al., 2004).  Griffiths et al. (1996) found that 

south-southwest trending reaches of the Colorado River tended to have a high probability 

of debris-flow occurrence because summer storms in Grand Canyon tend to move from 

south to north across the area.  The dominant storm tracks in the Cataract Canyon area 

vary seasonally.  Summer storms tend to move into the study area from the south, while 

winter storms are more likely to approach from the west (Woolley, 1946).  As a result of 

this variability a southwest aspect was chosen to represent the direction that a slope must 

face to be most likely to receive rain at any time of year.  Because storm tracks can be 

unpredictable, aspect is not considered as definitive a variable as slope and clay content 

in the development of the debris-flow initiation potential model.   

 Geologic structure is the fourth variable considered in this debris-flow initiation 

potential model.  Normal faults extend from The Grabens to the northeast into the study 

area.  Faults in The Grabens are active and only move a small amount on a yearly basis 

(Crider and Owen, 2005).  An active fault zone exists in the Happy Canyon-Orange Cliffs 

area immediately to the north of the study area (Wong et al., 1987), indicating that the 

study area faults may have been recently active.  Debris-flow activity is more likely in 

areas having active faults (Scott et al., 2001; He et al., 2003; Liu et al., 2003).  Not only 
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does earthquake activity along faults provide a source of energy to initiate landslides of 

all types, but faulting fractures rocks, providing a source of debris.  Debris supply may 

limit debris-flow activity, especially in a wet climate where debris-flow occurrence is 

likely (Glade, 2005). Although the area surrounding Cataract Canyon is precipitation 

limited, and not generally sediment limited, using the presence or absence of faults in the 

study area as part of the model allows the factor of geologic structure and its impact on 

potential debris-flow activity to be addressed. 

 Figure 3-13 was made by combining the four layers described above.  Each layer 

on the maps showing slope, aspect and faults describes the presence or absence of the 

criteria being mapped.  In the case of surface materials an ordinal map was created 

showing three possible levels of kaolinite and illite content; high, medium and low.  In 

order to be able to produce a final map that allowed a distinction to be made between the 

four sources of data for each final category, the input values on each map were given a 

value based on a unique power of two, with the most influential factors given the larger 

exponents.  High amounts of kaolinite and illite were given the value of 25, medium 

levels of kaolinite and illite were assigned the value of 24, low levels of kaolinite and 

illite were given the value of 23, the presence of a slope greater than 20% was given a 

value of 22, aspects facing southwest were given a value of 21, and the presence of a fault 

was received the value of 20.  This numbering system creates a unique value for each of 

the thirty-two possible combinations of values from the four maps (Table 3-2).   

   Each of the four criteria mapped were ranked as to their importance in the 

making of the debris-flow initiation potential map.  Clay content is considered to be the 
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single most important factor for current debris-flow initiation in the study area.  Slope is 

the second most important factor.  While debris will not flow unless a steepness threshold 

is achieved, it would be possible for slopes that are close to this threshold value to be 

steepened sufficiently over a short period of time to become inclined enough for a debris-

flow to be initiated.  Aspect is considered to be the third most important debris-flow 

initiation factor.  While the majority of storm tracks enter this area from the southwest, 

other storm tracks are possible and their occurrence is not unusual.  Faulting is 

considered the least important of these four factors in the study area.  Tectonic activity is 

low in this area and faulting is one of several sources of debris in Cataract Canyon.   

When the .vat file of the map comparing all four initiation factors was examined, 

(Appendix D contains the AML used to make the map), it was decided to break the 

thirty-two categories into six levels describing the potential for debris-flow initiation at 

any point in the study area (Table 3-2).  Areas were given a rating of extreme for having 

the highest level of kaolinite and illite and meeting all of the other categories.  An area 

could also be rated as extreme if it met the criteria just listed and also had no faults.  A 

high rating for possible debris-flow initiation was achieved by having a medium level of 

kaolinite and illite present while either meeting all of the other criteria or missing only 

faults.  In order to be rated as having a medium level of debris-flow initiation potential an 

area had to have some combination of steep slopes and kaolinite and illite content.  In this 

classification scheme the medium level still makes a strong statement that the area in 

question could experience a debris-flow.  In order to be classified as having a low 

possibility for debris-flow initiation an area could not have a slope equal to or steeper 
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than 20%, but had to meet at least two of the other criteria.  None of the areas listed in the 

very low category contain significant amounts of kaolinite and illite.  Areas in the very 

low category could meet one, two, or three of the other criteria and had to have 

insignificant kaolinite an illite content. 

Individual maps showing debris-flow initiation potential were made using each of 

the four debris-flow initiation criteria (Appendix 3).  A comparison of these maps shows 

the effect of removing each criterion on the final assessment of debris-flow initiation 

potential.  Removal of the faults has a very limited effect on the map.  Removal of the 

aspect criteria has a significant impact on the overall look of the map by removing some 

of the portions of the study area that are rated in Figure 3-13 as having a very-low debris-

flow initiation potential.  The areas that ware removed in the making of Figure 3-14 

contain neither clay minerals nor steep slopes and can be considered to be only 

marginally involved in debris-flow initiation in this area.   

Some areas ranked as having medium debris-flow initiation potential on Figure 3-

13 are reclassified as having either high or severe debris-flow potential on Figure 3-14.  

In Figure 3-13 an area had to meet at least three criteria to be ranked as having either a 

severe or high debris flow initiation potential.  In Figure 3-14 only two criteria had to be 

met to be ranked as high or severe, so more areas fall into the highest categories.  To be 

raked as having medium debris-flow initiation potential in Figure 3-14 an area had to 

contain some kaolinite and illite clay and have steep slopes.  A low ranking resulted from 

any amount of clay with shallow slopes and areas having only steep slopes with no 

kaolinite or illite clays present were given a very low ranking. 
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Figure 3-14 sums up the essential criteria for debris-flow initiation potential in 

Cataract Canyon.  Removing faults and aspect narrows the focus of the debris-flow 

initiation potential map and reveals that these criteria are limited in the extent to which 

they influence debris-flow initiation in this area.  For these reasons the map based on 

surface clay content and slope steepness (Figure 3-14) appears to provide the best 

assessment of debris-flow initiation in this part of Cataract Canyon. 

The final debris-flow initiation potential maps (Figure 3-13 and Figure 3-14) 

show the importance of the Moenkopi Formation and topography to debris-flow 

production in the study area.  The largest sections of yellow and red on the maps occur in 

areas underlain by the Moenkopi Formation in the highest parts of the study area, well 

away from the river.  Large areas of medium ranking also occur in the Moenkopi while 

the areas ranked as having a low debris-flow initiation potential are mostly found in both 

the Moenkopi Formation and Organ Rock Shale.  Very low debris-flow initiation 

potential areas have small on nonexistent amounts of kaolinite and illite and are 

widespread in the study area.  Areas that met none of the criteria being studied were 

classified as having insignificant debris-flow initiation potential.  Colluvial wedges often 

show up as individual pixels having extreme, high or medium debris-flow initiation 

potential scattered throughout the southeast-trending tributary channels in the study area.  

These colluvial wedges store debris that may be moved toward the Colorado River either 

as a direct result of precipitation or by the firehose effect (Griffiths, 1996), when water 

cascading off of nearby cliffs strikes the colluvial wedge, saturating the colluvium and 

initiating a debris flow.    

                                                124



DISCUSSION AND ANALYSIS 

Mapping debris-flow initiation potential in Cataract Canyon has revealed several 

strengths and limitations of using AVIRIS imagery for mapping surface materials.  

AVIRIS imagery is shown to have the ability to make fine distinctions between similar 

surface materials such as colluvial wedges containing differing amounts of specific clay 

minerals, stream gravels and the individual members of a formation even when they 

differ only slightly in their clay content as is the case in the Moenkopi Formation.  

AVIRIS imagery provides a dynamic view of geomorphic surfaces, one that can detect 

spatial variations in clay content and document the results of tectonic and geomorphic 

changes that take place in a landscape.  It is this ability to map landscape changes on a 

relatively rapid time scale that gives AVIRIS imagery an advantage in application to 

hazard assessment, such as this study of debris-flow initiation.  Not only does the 

classified AVIRIS imagery used in this study allow for the distinction between surface 

clay minerals, it also clearly shows the complete stratigraphic column of the study area.   

Field observations, field spectra, AVIRIS-based class-mean spectra and x-ray 

diffraction data all indicate that the clay content of the Organ Rock Shale varies 

considerably within the study area.  The AVIRIS-based class map does not depict the full 

spatial extent of this formation, most likely as a result of this clay-content variability.  

Two other formations known to have significant kaolinite and illite clay content are 

combined on the classified AVIRIS image.  The Owl Rock and Church Rock members of 

the Chinle Formation are shown as a single class on Figure 3-11.  The Owl Rock member 

is known to contain significant amounts of illite and kaolinite clay (Schultz, 1963) and to 
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be a site of debris-flow initiation (Webb et al., 2004a).  Debris-flow deposits in the 

Chinle Formation above the Petrified Forest Member were observed in the headwaters of 

Teapot Canyon, immediately northeast of the study area (Figure 3-3).  Since both of these 

units are classified as the same on Figure 3-11, they are often referred to as the upper 

members of the Chinle Formation.  The class mean spectrum for this class shows the 

presence of illite but poor to nonexistent kaolinite.  One possible reason for this portrayal 

of the Owl Rock and Church Rock members could be the nearly ubiquitous presence of 

rockfalls from the overlying Wingate Sandstone on the Owl Rock and Church rock slopes 

throughout the study area.  These sandstone boulders and smaller debris from the 

overlying cliffs influence the AVIRIS spectra of pixels containing the upper members of 

the Chinle Formation, making the class containing these members to appear to contain 

more sandstone and less clay than they actually do.   

The artificial neural network (ANN) used to make the class map is designed to 

classify unknown pixels by interpolating between training sample spectra.  The ANN 

does not extrapolate beyond established training-site based guidelines when it classifies a 

pixel.  Spatial variation in a formation's composition is one reason why the ANN would 

incorrectly classify a surface material in the background category.  To correct this 

problem additional training sites need to be established that more completely encompass 

the possible range of compositions of a formation.  Variation in the Organ Rock Shale's 

composition has caused Organ Rock outcrops to be incorrectly classified in the northwest 

section of the image.  To correct this problem more Organ Rock Shale training sites need 
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to be established and used as training sites for the ANN.  Establishing additional Halgaito 

Shale training sites may also result in an improved classification for the Halgaito Shale. 

An outcrop of Organ Rock Shale is clearly shown surrounded by lower members 

of the Moenkopi Formation in the north-central part of the class map in Figure 3-11.  

This most likely resulted from misclassification of the Moenkopi as Organ Rock due to 

the variability in the Organ Rock Shale's composition, similarities in the compositions of 

these two formations, and variations in surface expression and composition in the 

Moenkopi Formation.  Development of new training sites for the Organ Rock Shale 

would be the first step to take to correct both this problem and the previously mentioned 

issue with incomplete classification of this formation.       

The debris-flow initiation potential map portrays the Moenkopi Formation as the 

dominant source of kaolinite and illite clays in the study area.  These clay minerals are 

involved in the initiation of debris flows in the upper portions of the study area and then 

through either single large debris flows or in a series of smaller debris flows are 

transported with debris from sandstone outcrops to the Colorado River.  Debris-flows 

originating in the Moenkopi Formation will be more likely to reach the Colorado River 

where there is a minimum of horizontal distance between Moenkopi outcrops and the 

river.  Outcrops of the Moenkopi Formation and Organ Rock Shale are significantly 

closer to the Colorado River than most other locations in Cataract Canyon just northeast 

of the study area in the drainage basins of Teapot Canyon and Range Canyon (Huntoon et 

al., 1984).  Debris flows in these two canyons have created the most intense sections of 

rapids in Cataract Canyon, Mile-Long Rapid at the mouth of Range Canyon and the Big 
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Drops at the mouth of Teapot Canyon (Webb et al., 2004).  One possible explanation for 

the increase in rapid density at these locations may involve the closeness of the kaolinite 

and illite rich Moenkopi Formation to the Colorado River in these drainages, allowing 

debris-flows to reach the river more frequently. 

  

CONCLUSIONS 

 With the goal of mapping clay mineralogy and debris-flow initiation 

potential in Cataract Canyon, an AVIRIS image of this area has been classified using an 

artificial neural network.  A comparison of the class map to a geologic map of the study 

area (Figure 3-12) reveals that uniform rock outcrops with steeply sloping surfaces are 

shown most clearly on the classified AVIRIS image.  An excellent example of this is the 

White Rim Sandstone.  The distinctive White Rim Sandstone cliff (symbol Pw in Figure 

3-9) is shown clearly on the classified image in dark green, cutting across the image a 

little northwest of image center.  The offset of geologic units caused by faulting in the 

study area is also shown clearly by the class map. The AVIRIS map is similar to the 

geologic map of the area (Figure 3-12) but as a result of showing a wider range of surface 

materials, such as colluvial wedges, that are important to debris-flow initiation it provides 

a more complete view of the role of surface materials in debris-flow initiation. 

 It is important to point out, however, that the class map is not intended to be a 

geologic map.  It shows surface geology clearly when bare rock surfaces of a single 

formation dominate in any given pixel.  While a geologic map may show a large area 

being covered by a single formation (such as the Cedar Mesa Sandstone) such a 

                                                128



formation shows up as the surface material on the class map most commonly when it’s 

surface is not dominated by a cover of other, more recent, materials and vegetation.  

The diverse nature of materials on horizontal surfaces is clearly shown on the 

classified AVIRIS image.  Roughly horizontal rock surfaces in the study area are 

generally heterogeneous, with a mixture of rock, soil, vegetation, and intermittent patches 

of wind-blown clay in potholes.  Wind-blown clay appears throughout the image.  The 

smectite-poor Halgaito Shale Formation shares the same class color as much of the wind-

blown clay throughout the image indicating the dominance of kaolinite and illite 

throughout this area.  Kaolinite and illite clays are clearly shown in the image; in 

outcrops such as the Moenkopi Formation, in potholes and soil on the dip slopes of 

sandstone units, and in colluvial wedges.  Smectites appear in the Honaker Trail 

Formation and in the Petrified Forest Member of the Chinle Formation.  Since kaolinite 

and illite clays are widespread it is necessary to look at all of the factors involved in 

debris-flow formation to locate the areas most likely to produce debris flows.  

Class-mean spectra derived from the AVIRIS image agree closely with RELAB 

lab spectra and x-ray diffraction data for colluvium and the shales in the Honaker Trail 

Formation, clearly showing the dominance of kaolinite and illite in colluvium and 

montmorillonite in the Honaker Trail samples.  The AVIRIS based class-mean spectra 

show the widespread presence of illite in the study area.   Kaolinite is clearly seen in both 

surficial deposits such as colluvium and in rock formations believed to be important in 

debris-flow initiation such as the Moenkopi Formation and the Organ Rock Shale.  

Kaolinite also appears in the RELAB spectra of debris-flow matrix, which further 
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substantiates the link between Kaolinite in colluvial wedges and shale slopes and debris-

flow activity.  Field spectra provide additional verification of the accuracy of the 

classification scheme.  Field spectra taken of the Moenkopi Formation and Chinle 

Formation clearly show the presence of the same characteristic clays seen in the AVIRIS 

spectra.  Field spectra of the Organ Rock Shale reveal that the clay mineralogy of this 

formation is variable in the study area and may not be a significant source of kaolinite 

and illite clays in this section of Cataract Canyon. 

The class map clearly shows the spectral stratigraphy of Cataract Canyon.  This 

map was used as the surface materials layer, along with maps describing slope, aspect 

and faults, in a GIS-based analysis of the study area.  While the AVIRIS-based surface 

materials layer clearly identifies the Moenkopi Formation and colluvial wedges as the 

dominant sources of kaolinite and illite in the study area, the Organ Rock shale, upper 

members of the Chinle Formation, and Halgaito shale were not included as important 

sources of debris-flow producing clays.  The omission of these formations may have 

resulted from the spatial variability of clay content within the formation (Organ Rock 

Shale) or debris from overlying sandstone cliffs covering shale slopes and creating a 

more heterogeneous and difficult to classify surface (Halgaito Shale and upper members 

of the Chinle Formation).  The class map clearly describes the stratigraphy of Cataract 

Canyon and, in spite of several omissions, can be successfully used to identify areas 

where the potential for debris-flow initiation is great. 

     Further research will need to address improving the ability to classify 

formations that vary spatially in their clay content on an AVIRIS image.  Spectral 
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stratigraphy has potential for use in geologic mapping in difficult to reach areas on Earth 

and could be extended to the development as one of the tools to use in the geologic 

mapping of other planets.  While this study addresses the specific question of debris-flow 

initiation potential, further research needs to be done into the nature of debris-flow 

frequency and magnitude in Cataract Canyon.  The importance of the Moenkopi 

Formation to debris-flow initiation in Cataract Canyon shown by this study suggests that 

further research into the role of the Moenkopi Formation's proximity to the Colorado 

River and its effect on river rapid density could be productive.  
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Figure 3-1.  View from the east across the Colorado River toward the mouth of Teapot Canyon with 
Rapid 22 (Upper Big Drop) in the foreground.  The Honaker Trail Formation (IPh) is exposed at river 
level while the middle three quarters of the inner canyon consists of intertonguing Halgaito Shale and 
Elephant Canyon Formation (Phe).  The Halgaito Shale outcrops as the shale slope immediately above 
the label Phe on right (north) side of Teapot Canyon.  Caprock is Cedar Mesa Sandstone (Pc). Note 
debris fan in Teapot Canyon and colluvial wedges at base of cliff downstream from rapid.  (Photo 
Courtesy of Robert Webb). 
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Figure 3-2.  View northwest toward The Block from the headwaters of Clearwater Canyon.  Channel is cut 
into the Cedar Mesa sandstone (Pc).  Boulders in the foreground (GPS unit for scale) constitute a debris-
flow levee.  Dark-colored slopes of the Organ Rock Shale (Po) are visible through the gap in the vegetation 
in the left middle ground.  Immediately above the Organ Rock Shale is the White Rim Sandstone (Pw).   
The Moenkopi Formation is not visible on the dip-slope above the White Rim Sandstone.  Shale slopes of 
the Chinle Formation (Trc) lead up to Wingate Sandstone cliffs (Jw).  The Slope-forming (vegetated) and 
cliff-forming units of the Kayenta Formation (Jk) are clearly visible at the top of the section.   
 
 

                                                133



Table 3-1.  Semi-quantitative mineralogy by weight percent of clays included in the clay-sized fraction of 
Cataract Canyon surface material. 

  
Material Sampled               %Illite  %Kaolinite  %Smectite  %Quartz   %Calcite   %Other  
 
Honaker Trail Fm                  14            15            55    2              3             11 
Elephant Canyon  Fm 51      10              0   20            12              7  
Halgaito Shale      35      50              0                 7              2               6 
Organ Rock Fm                     38      52              0    2      0               8 
Moenkopi Fm 
     Lower Member     66      22              0    1      0               1     
     Upper Member                  40   42              3     9             2                4 
Chinle Formation 
     Petrified Forest Mbr          41      11            42     3             0                3 
     Sandstone-Mudstone Mbr 32           44                  7                  7             0              10  
Colluvium                               24      48              0     6             1              21 
Debris-flow matrix                 21           30                  5                  9           16              19  
________________________________________________________________________ 
Minerals identified by semi-quantitative x-ray diffraction analysis (Starkey, et al., 1984).  Margin of error 
+/- 20%. 
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Figure 3-3.  View northeast toward the La Sal Mountains from the headwaters of Teapot Canyon.  Cedar 
Mesa Sandstone (Pc) dominates the foreground and middle ground of the right half of the image.  Above 
the Cedar Mesa Sandstone is the Organ Rock Shale (Po) and White Rim Sandstone.  Up section from the 
White Rim are interbedded sandstones, shales and siltstones of the Moenkopi Formation (Trm). The cap 
rock of this section is the Moss Back Member of the Chinle Formation (Trc). 
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Figure 3-4.  Collecting field spectrum 040501-1-6 on the Cedar Mesa Sandstone dip slope.  Slightly 
undulating surface of the sandstone is shown clearly.  The slight depressions (potholes) may fill with 
windblown sediment which is then stabilized by vegetation.  AVIRIS spectra of these surfaces will often 
reveal the presence of the windblown clay in addition to the sandstone. 
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Figure 3-5.  View north to the Orange Cliffs from the area around Sunset Pass.  Foreground is dominated 
by shale slopes of the Chinle Formation (Trc).  The point to the right in the distance is the cliff-forming, 
basal Moss Back Member of the Chinle Formation.  Multi-colored Chinle shale slopes ramp up to the base 
of the massive Wingate sandstone (Jw), forming the Orange Cliffs.  The cap rock of the Orange Cliffs is the 
Kayenta Formation (Jk), which, at this location, consists of a lower, slope-forming unit topped by a cliff-
forming sandstone.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                137



 

0

0.2

0.4

0.6

0.8

1

1.2

0.5 1 1.5 2 2.5 3

N
or

m
al

iz
ed

 R
ef

le
ct

an
ce

W avelength (µm)

Debris Flow

Colluvium

Halgaito 
Shale
Honaker Trail

Elephant 
Canyon

Montmorillonite

Illite

Kaolinite

 
Figure 3-6.  Comparison of Cataract Canyon surface material sample spectra as measured by RELAB, and 
clay mineral spectra from the USGS spectral library.  Spectra offset for clarity. 
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Figure 3-7. Color composite of the study area flight lines 
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Figure 3-8.  Comparison of training sample means (blue lines) and class means (red lines) for fifteen 
surface materials in the study area.  The blue bars indicate the size of one training sample mean standard 
deviation.  The closeness of fit between class mean and training sample mean curves indicates that the 
classification is accurate.  
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Figure 3-9.  Organ Rock Shale (Po) outcrop on the far western edge of the study area.  Horizontal line 
shows the contact between the Organ Rock Shale and the overlying White Rim Sandstone (Pw).  The arrow 
immediately under the horizontal line points at an upper, tan unit of the Organ Rock Shale that is 
discontinuous throughout the study area and contains significant amounts of smectite. 
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Figure 3-10.  Debris-flow levee located at the transition between the upper members and Petrified Forest 
Member of the Chinle Formation in the headwaters of Teapot Canyon, immediately northeast of the study 
area.  The truck parked downstream of the levee is on the Petrified Forest Member.  In the distance beyond 
the truck is the pinon-juniper forest covered dip slope of the Moss Back Member.  The dominant source of 
origin for the boulders in this debris-flow deposit appears to be the Wingate Formation.  GPS unit for scale. 
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Figure 3-11.  Class map compared to a stratigraphic section of the study area.  Thicknesses of the units 
shown in the stratigraphic section are in proportion to each unit's relative thickness in the area surrounding 
Cataract Canyon.  Some formations are shown by more than one color.  Surface materials and their 
corresponding colors that are not listed in the stratigraphic section are shown below the class map.  The 
background color shows pixels that did not fit within any of the 28 classes shown on the image. 
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Figure 3-12.  Comparison between the class map and the 1:62500 scale geologic map of the study area 
(Huntoon et al, 1982).  The study area is outlined by a black rectangle on the geologic map. 
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Figure 3-13.  Map of debris-flow initiation potential in the study area.  Rankings were created by 
comparing the four debris-flow initiation factors of surface material, slope, aspect, and faulting. 
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Figure 3-14.  Map of debris-flow initiation potential in the study area.  Rankings were created by 
comparing the debris-flow initiation factors of surface material and slope. 
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Table 3-2.  Table used to establish debris-flow initiation potential categories and category colors.  This 
table is based on the .vat table for grid 24gismpr4. 
 

Value Count gislsm1 gislsl1 gislas6 gislft1 
Total 
value Category RGB Color 

14 1159 32 4 2 0 38 S 255, 0, 0 
20 24 32 4 2 1 39 S 255, 0, 0 
16 803 16 4 2 0 22 H 255, 255, 0 
27 8 16 4 2 1 23 H 255, 255, 0 
11 3120 8 4 0 0 12 M 255, 170, 0 
12 199 8 4 2 0 14 M 255, 170, 0 
13 2113 16 4 0 0 20 M 255, 170, 0 
15 2155 32 4 0 0 36 M 255, 170, 0 
23 14 16 4 0 1 21 M 255, 170, 0 
25 13 8 4 0 1 13 M 255, 170, 0 
26 4 32 4 0 1 37 M 255, 170, 0 
31 2 8 4 2 1 15 M 255, 170, 0 
2 5446 16 0 0 0 16 L 0, 112, 255 
4 490 8 0 2 0 10 L 0, 112, 255 
6 2214 16 0 2 0 18 L 0, 112, 255 
7 1383 32 0 0 0 32 L 0, 112, 255 
8 753 32 0 2 0 34 L 0, 112, 255 

21 9 32 0 2 1 35 L 0, 112, 255 
22 35 16 0 0 1 17 L 0, 112, 255 
28 3 8 0 2 1 11 L 0, 112, 255 
29 12 8 0 0 1 9 L 0, 112, 255 
30 5 16 0 2 1 19 L 0, 112, 255 
32 12 32 0 0 1 33 L 0, 112, 255 
3 2479 8 0 0 0 8 L 180, 215, 158 
5 24842 0 0 2 0 2 VL 180, 215, 158 
9 9103 0 4 2 0 6 VL 180, 215, 158 

10 30086 0 4 0 0 4 VL 180, 215, 158 
17 90 0 0 2 1 3 VL 180, 215, 158 
18 223 0 0 0 1 1 VL 180, 215, 158 
19 83 0 4 0 1 5 VL 180, 215, 158 
24 27 0 4 2 1 7 VL 180, 215, 158 
1 68861 0 0 0 0 0 I 178, 178, 178 

 
 
Value = original value (1 to 32) from the .vat table. 
Count = number of pixels corresponding to each value. 
gislsm1 = surface material layer: 32 = high, 16 = medium, 8 = low. 
gislsl1 = slope layer: 4 = slope angle ≥ 20%, 0 = slope angle < 20%. 
gislas6 = aspect layer: 2 = southwest slope aspect, 0 = all other slope aspects. 
gislft1 = fault layer: 1 = fault, 0 = no faults.  
Total value = sum of the values for each layer. 
Category = debris-flow initiation potential ranked from very low to severe. 
RGB color = the unique combination of red, green, and blue for each category.  
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CHAPTER 4 

A PLANETARY PERSPECTIVE ON 

DEBRIS-FLOW INITIATION 

 

 

 

 

 

"We shall not cease from exploration 
And the end of all our exploring  
Will be to arrive where we started 
And know the place for the first time."     

T.S. Eliot 
 

 

"…[A]nd we are but[t] pigmies, running up and  
down the sands or lost among the boulders."  

John Wesley Powell 
 

 

 



INTRODUCTION 

 Debris flows are perhaps the most common type of mass wasting (Lorenzini and 

Mazza, 2004), causing extensive damage and loss of life world-wide each year (Crozier 

and Glade, 2005).  Not only do debris flows constitute a significant geologic hazard, they 

are also fundamental to the processes of erosion (Stock and Dietrich, 2003) and 

deposition (Webb et al., 2000) in landscape evolution.  While debris-flow occurrence 

depends on the interaction of many factors, this study has closely examined the role of 

surface material composition in Colorado Plateau debris-flow initiation. 

 Given the range of environments and geologic settings in which debris-flows have 

been found to occur (Crozier and Glade, 2005) it is appropriate to examine the extent to 

which the findings of this study can be extrapolated to other regions.  Is the role of clay 

mineralogy in debris-flow initiation similar in other environments?  How is surface 

material smectite clay content involved in debris-flow initiation in other settings?  Where 

can the results of this study be used?  The established impact of debris flows occurrence 

on human activities emphasizes the importance of addressing these questions. 

 Taking a planetary view of debris-flow initiation also extends to the main tool 

used in this study, hyperspectral imagery.  Mapping surface material composition is 

essential to locating areas where debris flows are likely to occur only if surface materials 

play a universally significant role in debris-flow initiation.  Understanding the limitations 

of using remote sensing techniques to both study and predict debris-flow occurrence is 

important.  Not all areas are equally suited to study using a remote-sensing platform such 

as AVIRIS.   
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 The goal of this chapter is to address these questions about the generalizability of 

this study’s results.  Commonalities between the various settings in which debris-flows 

take place on both Earth and Mars are examined to see if the results of this study are 

unique.  Remote sensing tools used in the study of debris-flow occurrence are reviewed 

with the objective of answering the question:  Where and when can hyperspectral 

imagery be used to study debris flows and what advantages does its use bring to gaining a 

better understanding of debris-flow initiation? 

 

DEBRIS-FLOW INITIATION ON EARTH 

Colorado Plateau Debris-Flow Initiation 

 The spatial distribution of debris-flow activity on the Colorado Plateau is, 

therefore, determined not only by where debris-flow promoting clays are found, but also 

by the topographic and precipitation characteristics of an area (Griffiths et al., 2004).  

Given basic data describing these factors, it is possible to assess the debris-flow initiation 

potential for specific areas on the Colorado Plateau such as Cataract Canyon (Figure 3-

11).  This type of GIS analysis provides a foundation for the assessment of debris-flow 

hazard. 

 The results of this study indicate that hyperspectral imagery can be used to assess 

debris-flow initiation on the Colorado Plateau.  Arid, western North America has been 

the setting for several studies designed to test the ability of hyperspectral remote sensing 

platforms, such as AVIRIS, to map surface materials (Clark et al., 1992 ; Clark et al., 

2003).  A general lack of vegetation that could obscure surface materials combined with 

                                                150



relatively low amounts of atmospheric water vapor are obvious reason for using AVIRIS 

imagery to study sites in the Basin and Range and Colorado Plateau provinces.   

 

World-Wide Debris Flow Occurrence 

 The Colorado Plateau is one of several regions world-wide in which a number of 

debris-flow initiation studies have taken place.  A significant body of literature exists 

describing debris flow occurrence in the west coast of North America (Wilson, 1979; 

Church and Miles, 1987; Millard, 1999), China (Cheng et al., 1997; Liu et al., 2002), and 

the Alps (Berti and Genevois, 1997; Kniveton et al., 2000; Pasuto and Soldati, 2004).  

Other important areas for debris-flow research are northern Europe (Glade, 2005), the 

Appalachian Mountains (Neary and Swift, 1987), Central America (Molina and Hallam, 

1999), and Japan (Suwa and Yanakoshi, 1997).   Research describes significant variations 

in the relative importance of different debris-flow initiation factors in these areas.   

On the west coast of North America antecedent moisture coupled with storms 

producing a minimum, or threshold, amount of precipitation is often listed as the single 

most important factor in debris-flow initiation (Campbell, 1975; Wilson, 1986; Johnson 

and Sitar, 1990).  Debris-flow warning systems designed for use in the greater Los 

Angeles and San Francisco areas incorporate measurements of both antecedent soil 

moisture and current precipitation to determine debris-flow potential (Campbell, 1975; 

NSSL, 2005; Wilson, 2005).  

 Removal of vegetation resulting from wildfires is another important debris-flow 

initiation mechanism in coastal California (Wells, 1987).  Fire not only removes slope-
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stabilizing vegetation, high temperatures associated with wildfires also alter surface 

materials, drastically decreasing soil permeability (Cannon, 1997).  The nature of surface 

materials in debris-flow prone areas has been included in debris-flow initiation and 

mitigation studies in coastal California (Helley et al., 1979; Nilsen et al., 1979).  

Borchard (1977) found that the clay content of areas experiencing debris-flows is just as 

likely to be dominated by smectite as kaolinite and illite.  The slow buildup of moisture 

as dried out soil is re-hydrated during early winter rains may keep swelling clays in 

coastal California from sealing off soil and colluvium, allowing continued input of water 

and gradual change from negative to positive pore pressure within the regolith.       

 The nature of debris-flow initiation differs significantly between the Colorado 

Plateau and coastal California.  In California soil moisture buildup from early winter 

storms eventually creates positive pore pressure.  Additional input of water to already 

saturated slopes is then likely to initiate debris flows (Wilson, 2005).  Significant climatic 

differences between coastal California and the Colorado Plateau likely result in 

antecedent moisture buildup being less common on Colorado Plateau slopes.  Without 

thorough saturation of the regolith from antecedent moisture, infiltration exclusively from 

rainfall events may allow smectite clays to quickly swell and seal off slopes and colluvial 

wedges. 

 Debris-flow initiation in the Alps has also been found to be heavily dependent 

upon individual precipitation events (Kniveton et al., 2000).  The nature of surface 

materials is rarely mentioned in the European debris-flow studies reviewed.  In northern 

Europe availability of debris has been found to be critical to debris-flow initiation (Glade, 
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2005), with no mention made of clay content in the debris.  Clay content should be 

critical to debris-flow activity in northern or mountainous, physical-weathering 

dominated climates.  Clay for debris-flow initiation and transport would be slow to form 

in situ in cold climates, creating the need for a clay-rich rock to provide the fine materials 

that promote debris-flow activity.  

 Topographic expression is an important factor in debris-flow initiation worldwide.  

Kochel (1987) and Reneau and Deitrich (1987) found the presence of topographic 

hollows to be a significant factor in debris-flow initiation in areas widely varying in 

climate and geology.  Recent analysis of debris-flow activity in southwestern China (Liu 

et al., 2002) found the single most important factor in debris-flow initiation to be the 

concentration of existing debris-flow deposits.  Liu et al. (2002) found other important 

debris-flow initiation variables to be slopes greater than 25 degrees, precipitation, flood 

frequency, rock weathering, and density of active faults.  In the Xiaojiang Basin of 

central China He et al. (2003) identified the three most important topographic variables 

for debris-flow occurrence to be basin relief, basin area, and slope gradient.  Not 

surprisingly, both studies identify slope gradient as a common factor in debris-flow 

initiation. 

 The importance of clay mineralogy to debris-flow initiation has been emphasized 

in this study of the Colorado Plateau and in the study of factors involved in the initiation 

of debris flows that reach the Colorado River in Grand Canyon (Griffiths et al., 2004).  

While clay content is often mentioned as an important factor in the initiation of many 
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debris flows (Hampton, 1975; Costa, 1984) it is rarely included as an important factor in 

studies of debris-flow initiation around the world.   

The impact of clay minerals has often been included in studies of debris-flow and 

landslide initiation on the California coast (Borchardt, 1977; Nilsen et al., 1979).  

Borchardt (1977) found high kaolinite clay content to be a characteristic of stable slopes 

in the San Francisco Bay area while slopes that experienced debris-flows tended to have 

high smectite content.  This reversal of the situation found on the Colorado Plateau is 

likely the result of climatic differences.  The winter rainfall events in coastal California 

that are responsible for most debris-flow activity in this region are slow, steady rains that 

gradually build up soil moisture, saturating soil and overburden until a moisture threshold 

is reached (Cannon and Ellen, 1985).  Additional input of water from any source or type 

of precipitation above the threshold is likely to result in debris-flow initiation.  In this 

situation soil clay is constantly surrounded by water in the saturated regolith so swelling 

of smectite clays does not remove the water source, which may infiltrate the soil from 

many different directions.   

 Rainfall on the Colorado Plateau is often sporadic, especially during the summer 

season when convective thunderstorms dominate (Webb et al., 2004b).  Infrequent 

wetting prevents the buildup of saturating antecedent moisture.  Unsaturated smectite 

clays may then react to intense thunderstorm rainfall by swelling and preventing moisture 

from saturating colluvial deposits and shale slopes.  Winter rains on the Colorado Plateau 

are generally low intensity, cyclonic storms that originate as low pressure cells in the 

Pacific Ocean (Hereford et al., 2002).  These storms may last for several days but the 

                                                154



 155

generally low humidity on the Colorado Plateau allows wetted areas to at least partially 

dry out between storms.  This process discourages the buildup of antecedent moisture and 

keeps water from infiltrating surface materials dominated by smectite clays.   

 This example clearly shows how, when considered in a world-wide perspective, 

debris-flow initiation cannot be attributed to a single variable.  Debris-flow occurrence 

depends on the interaction of many variables.  The importance of each variable listed in 

Chapter 1 to debris flows initiation is situational, depending on how the variables interact 

and characteristics that are often unique to a given area.  Given the fact that there are 

many factors (such as moisture input and high slope angle) common to most debris-flow 

initiation on Earth, it should be possible to generalize the finding that smectite clay 

content inhibits debris-flow initiation to other places having similar combinations of 

climate, lithology, and topography.  Regional variations in these factors, however, limit 

the extent to which the results of this study can be generalized to any location world-

wide. 

 

Clay Mineralogy and Slope Steepness 

 This study has emphasized the role of clay mineralogy in debris-flow initiation.  

While many researchers have identified clay content as a factor that promotes debris-flow 

occurrence (Borchardt, 1977; Costa, 1984; Griffiths et al., 2004), the extent to which clay 

minerals are essential for debris-flow initiation has been questioned (Iverson, 1997).  A 

review of debris-flow initiation studies reveals that the interaction between slope angle 



and clay content may explain how the presence of clay minerals is important for debris-

flow initiation in some settings but not in others. 

 A clay-water mixture has a higher viscosity than plain water.  High viscosity 

results in a clay-water slurry exerting a buoyant force on debris-flow clasts greater than 

that supplied by water alone (Hampton, 1979).  This high buoyancy force allows debris 

flows containing clays to transport large boulders across surprisingly low angle (11 

degree) slopes (Costa, 1984).  The support force provided by clay slurries increases 

debris-flow mobility (Hampton, 1979) and likely debris-flow runout as well by keeping 

clasts suspended in spite of an increase in the component of force due to clast weight 

perpendicular to the slope when slope decreases.      

 When surface materials are fine textured, debris-flow initiation may take place on 

relatively gentle slopes (Hollingsworth and Kovacs, 1981).  In situations where slopes are 

steep, debris flows may start even when clay minerals are absent (Iverson, 1997).  For 

any given clast in a debris flow the component of force due to weight acting 

perpendicular to the slope surface will decrease as slope angle increases.  When the slope 

angle is great enough, debris-flow clasts may be supported simply by the buoyant force 

of water in combination with forces created by particle interactions such as dispersive 

pressure and structural support (Costa, 1984).  As long as the particles’ downslope 

velocity and resulting kinetic energy are great enough, debris flow activity will be 

maintained.  When the slope becomes increasingly shallow a debris flow that lacks clay 

particles will tend to transition to hyperconcentrated flow or stream flow as either the 

sediment concentration in the debris-flow decreases (Pierson and Scott, 1985) or the 
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component of clast weight perpendicular to the slope surface becomes too great to be 

supported by the buoyancy force provided by water and particle interactions.  As a result 

clay-free debris flows are not likely to have long runout distances. 

 It appears debris-flows can initiate with or without clay particles present.  The 

controlling factor in this situation is slope angle.  Very steep slopes, which are considered 

to be slopes of between 30 degrees and 40 degrees or at approximately the angle of 

repose for granular material (Iverson et al., 1997), allow the initiation of clay-free debris 

flows while clay-containing debris flows will initiate and continue to move on relatively 

low angle slopes.  These facts suggest that there is a threshold slope angle below which 

clay-free debris flows will not start.  Research into debris-flow initiation in mountainous 

areas (Liu et al., 2002; He et al., 2003) tend to emphasize that debris flows initiate on 

steep (>25 degree) slopes and do not mention clay content as an important debris-flow 

initiation factor.  Debris-flow initiation studies in areas having surface materials that 

contain significant clay minerals describe debris-flow initiation and travel on shallow 

slopes as shallow as 11 degrees (Costa, 1984).  Establishing a threshold slope value for 

initiation of clay-free debris flows is a suggested area for further research. 

 Clay content appears to influence debris-flow initiation in two ways. The results 

of this study show that specific clay minerals are involved in debris-flow initiation on the 

Colorado Plateau.  On the planetary scale, however, clay minerals of any type allow 

debris-flows in many areas to initiate and travel across shallow slopes.  A lack of clay 

minerals in surface materials does not prevent debris-flow initiation, it just limits debris-

flow occurrence to steep slopes and constrains runout distance. 
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Remote Sensing and Debris-Flow Initiation 

 Developing methods for using AVIRIS imagery to analyze Cataract Canyon 

debris flows has been a major emphasis of this study.  While using hyperspectral imagery 

in debris-flow analysis is innovative, other remote sensing techniques have been used to 

assess debris-flow occurrence.  Many of these methods are ground based, designed to 

detect debris-flow movement as part of a system designed to give advanced warning of 

approaching debris flows.  Airborne remote sensing platforms that meet the definition of 

remote sensing as obtaining data about Earth’s surface using electromagnetic radiation 

(Vincent, 1997) have been used extensively to record sequential landslide occurrence.  

Satellite systems have the same potential for tracking debris flow and general landslide 

occurrence.   

 Gathering ground-based, remotely-sensed data of debris-flow movement has 

relied primarily on sensors placed either in channels likely to experience debris-flows or 

on debris-flow prone slopes.  Examples of the most typical types of these devices are trip-

wire sensors designed so as to be triggered by an approaching debris flow (Hungr et al., 

1987) and automated rain gauges designed to relay rainfall data as part of  landslide 

warning systems in the San Francisco Bay region (Wilson, 1997), Oregon, and Hong 

Kong (Wilson, 2005).  Sensors have also been designed to detect sounds created by the 

passage of a debris flow in both the audible (Itakura et al., 1997) and ultrasonic (Attano 

et al., 1997) ranges.  These sensors are incorporated into systems designed to either warn 

communities of advancing debris flows or gather data for debris-flow study. 
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 Airborne remote sensing is commonly used to map landslide deposits.  Synthetic 

aperture radar and multispectral imagery have both been used successfully to map 

landslide deposits and assess landslide damage, some of which was caused by debris 

flows (Hervas et al., 1996; Singhroy, 2004).  Using satellite imagery to both assess 

damage resulting from lahars and coordinate response efforts when lahars occur has been 

studied by Kerle and Oppenheimer (2002) who came to the conclusion that disaster 

response may or may not benefit from available satellite imagery.  Anticipated sensors, 

such as high resolution radar, that will be placed in new satellites have the potential to 

greatly improve response to lahar disasters (Kerle and Oppenheimer, 2002). 

 Literature review indicates that the use of hyperspectral imagery to study debris-

flow initiation is unique.  Multispectral imagery has been used by Lang and Paylor 

(1994) to study sedimentary basins using a technique they named "spectral stratigraphy". 

Spectral stratigraphy involves the use of photogeologic mapping, topographic data, and 

the derivation of unique spectral signatures from multispectral imagery of strata to 

remotely map stratigraphy (Lang and Paylor, 1994).  The classification of AVIRIS 

imagery to create a study-area spectral class map (Figure 3-11) is spectral stratigraphy 

based on hyperspectral instead of multispectral data. 

 Hyperspectral data use for spectral stratigraphy improves both imagery spectral 

and spatial resolution.  AVIRIS imagery contains 224 contiguous bands of 10nm width 

and 15 m pixel size (Figure 4-1) (AVIRIS, 2004) while Landsat Thematic Mapper (TM) 

imagery used by Lang et al. (1987),  Lang and Paylor (1994), and Jansma and Lang 

(1996) contains 7 mostly non-contiguous bands having a minimum width of 60 nm and 
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minimum 30 m pixel size (Figure 4-2).  While Landsat TM images cover large areas (190 

km2) at low spatial resolution, AVIRIS imagery of Cataract Canyon covered significantly 

smaller areas (72 km2 in Cataract Canyon ) with a four-time increase in spatial resolution.  

Although both hyperspectral and multispectral imagery are able to resolve geologic 

structures and formations, the ANN-based processing of AVIRIS imagery used in this 

study achieves finer discrimination among classes as a result of its ability to fully utilize 

high dimensional AVIRIS data (Merenyi, 2000). 

 AVIRIS data is gathered from two platforms, a Twin Otter which flies low-

altitude missions and the platform used to obtain the AVIRIS data used in this study, a 

modified U-2 aircraft called an ENR-2 (Figure 4-3) which flies high-altitude missions. A 

wide variety of other hyperspectral instruments, such as AAHS, AMS, HYDICE, and 

HyMap (CARSTAD, 2005) have been developed for airborne platforms which could 

provide data for spectral stratigraphy and landslide-hazard analysis.  Mapping techniques 

developed for this study could be used with data from space-based hyperspectral sensors 

as well, such as the Hyperion sensor on the EO-1 satellite. 

 The development of surface material maps based on ANN interpretation of 

hyperspectral imagery has direct application not only to the identification of debris-flow 

initiation sites, but also to the science of spectral stratigraphy.  The image processing and 

interpretation techniques used in this study constitute a significant improvement in the 

study of spectral stratigraphy.  Future application of these techniques to all of Cataract 

Canyon and other sites on the Colorado Plateau is planned. 
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DEBRIS-FLOW INITIATION ON MARS 

 The view of Mars assembled from both recent exploration and past study 

indicates that mass movement is an important process in the recent and past shaping of 

the Martian surface.  Mass movements have occurred in a variety of locations on the 

martian surface and appear to have included both dry landslide process (McEwen, 1989) 

and high-viscosity flows (Tanaka, 1997; Tanaka, 1999).  While much of the debris-flow 

activity on Mars'  surface seems to be closely associated with a time in martian history 

when fluvial surface processes were more active (Mangold et al., 2003; Miyamoto et al., 

2004) Mars is also believed to have experienced recent debris-flow activity (Figure 4-4).   

 Geologic activity on Mars is believed to have been more Earth-like early in 

martian history (Golombek, 1999).  During the period of intense bombardment by 

meteors (Noachian Period) Mars is thought to have had a hotter, denser atmosphere 

(Christiansen and Hamblin, 1995).  At this time liquid water could have existed on the 

Martian surface, resulting in fluvial erosion and the possibility for debris-flow activity.  

Ancient channel networks in the southern highlands may be remnants of activity by 

surface water during this time (around 4 billion years ago) (Christiansen and Hamblin, 

1995) but no direct evidence exists of Noachian mass movements.  Examination of the 

northern plains by Tanaka (1997) led him to the conclusion that atmospheric and surficial 

geology conditions in the early to Middle Noachian Period would have been ideal for the 

initiation of debris flows. 

 Tanaka (1997) credits Late Noachian mass movements in the northern lowlands 

with the production of knobby plains and knobby crater rims.  The martian atmosphere is 
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believed to have become less dense and cooler during this period so it is uncertain as to 

whether or not the mass movements during the Late Noachian would have been the result 

of groundwater sapping or surface flow.  By the Early Hesperian Period (starting about 3 

billion years ago) it is unlikely that liquid surface water would have existed on the 

martian surface (Christiansen and Hamblin, 1995).  Catastrophic drainage and mass 

movement during this and subsequent periods may have been the result of geothermal 

warming of subsurface ice which melted and failed catastrophically creating both 

outburst-style floods and, when the appropriate mixture of unconsolidated debris was 

available, debris-flows.  

 In the Late Hesperian and Early Amazonian Periods volcanic activity in the 

Tharsis region may have caused outburst floods (Dohm et al., 2001), creating chaotic 

terrain and at least partially filling sections of the northern lowlands with water 

(Christiansen and Hamblin, 1995).  Fluvial activity at this time could have easily 

produced debris flows like those proposed by Tanaka (1999) at the Pathfinder landing 

site.   

 Cooling of the martian interior may have resulted in a gradual reduction of 

volcanic activity throughout Middle and Late Amazonian time (Christiansen and 

Hamblin, 1995).  Planetary cooling may have also caused outburst flooding to gradually 

cease.  During this time the Martian atmosphere became increasingly dry and cool, 

eventually reaching current conditions in which eolian activity has become the dominant 

martian surface processes.   
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 Dry landslide process was suggested for landslides identified by McEwan (1989) 

in Valles Marineris.  Dry processes may also be involved in the formation of dark slope 

streaks in the martian equatorial region (Ferris et al., 2002).  Debate exists as to the role 

of water in the origin of gullies on Mars.  Treiman (2003) attributes the formation of 

young gullies exclusively to dry processes, crediting wind and dust avalanches with gully 

creation.  Gullies on sand dunes in Russell impact crater are believed to be created by 

debris flow-like processes involving water which may have originated from melting 

subsurface ice (Reiss and Jaumann, 2003; Miymoto, 2004).  Analogous Earth process for 

debris-flow initiation on the low angle (10 degrees) slopes where these recent martian 

debris-flows mobilized requires a clay-water slurry for debris-flow initiation and flow.  

Perhaps the sand dunes on which these debris flows are found contain enough clay, 

perhaps eolian in origin, for debris-flow initiation to occur.  Processes similar to 

hyperconcentrated flow may also be responsible for these features, but hyperconcentrated 

flow requires more water than does debris flow, making recent hyperconcentrated flow 

less likely given the current cold climate on Mars.  

 The northern lowlands of Mars are dominated by slope steepness of less than one 

degree, a lack of relief strikingly similar to abyssal plains on Earth (Aharonson, 1998).  

Steep slopes occur at the northern plains-southern highlands boundary, creating a global 

escarpment at the junction of the two major types of topography on Mars.  Most outflow 

channels (Christiansen and Hamblin, 1996) and evidence for debris-flow activity in 

Simud Vallis and Tiu Vallis (Tanaka, 1999) are found along this escarpment.  
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 The Simud/Tiu area extends northward from chaotic terrain in the south to the 

Chryse Planitia in the north.  The Pathfinder landing site in Ares Vallis is at the northern 

end of the Simud/Tiu area.  A debris flow deposit in this area suggested by Tanaka 

extends more than 2000 km in length and reaches a maximum width of more than 

1000km.  Debris flow deposits of this size are not found on Earth.  The existence of this 

flow on Mars suggests that a surface flow process found either infrequently or not at all 

on Earth is present on Mars.  Perhaps either the low surface gravity on Mars or a process 

similar to acoustic fluidization (Melosh, 1987) is able to greatly reduce friction, allowing 

extremely long runout flows to occur on Mars.  Another possible mechanism for this 

extreme-runout debris flow involves the addition of CO2 to water to reduce friction 

(Tanaka et al., 2001; Mashiyama and Kutira, 2003).  A variety of features associated with 

fluvial flooding found in this area (Golombek et al., 1999) indicates that outwash 

flooding may have followed debris-flow deposition. 

 The fact that most debris-flows on Earth contain a clay component (Costa, 1984) 

implies the presence of clay minerals on the surface of Mars.  Clay-free martian debris 

flows could, however, occur on sufficiently steep slopes.  In the absence of geomorphic 

processes that do not occur on Earth, the long runout and shallow-slope debris flows that 

have been observed on Mars would require a clay source.  In order for clay to be present 

on Mars there must have been a substantial period of chemical weathering.  Clay-forming 

chemical weathering processes require liquid water and temperatures considerably 

warmer than those currently found on Mars (Blatt et al., 1972).  Any clay associated with 

martian debris flows must have been created early in the planet's history when these 
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warmer, wetter conditions existed.  Perhaps these clay minerals were weathered from 

martian basalt or were created from volcanic ash.   

 Debris-flows appear to be a global phenomenon on Mars, with most debris-flows 

(85%) occurring at mid-latitudes in the southern hemisphere (Jaumann and Reiss, 2003).  

Changes in the obliquity of Mars’ orbit may be responsible for allowing sufficient 

quantities of sub-surface ice to melt for debris-flow initiation to occur (Costard et al., 

2002).  In the chemical-weathering limited environment currently found on Mars, the 

frequency of debris-flow initiation would be constrained by the rate at which debris is 

created, not unlike the situation that exists for debris flows which currently take place in 

northern latitudes on Earth (Costard et al., 2001; Glade, 2005). Tanaka (1997) proposed 

that debris-flow producing areas on Mars occur where the martian crust is highly 

fractured from meteorite impact and covered by a blanket of ejecta, providing a 

significant source of debris.  When saturated with water the ejecta material is highly 

suited to the formation of debris-flows and landslides, which closely resemble landslide 

deposits on Earth in morphology (Barnouin-Jha et al., 2005).  The areas in which martian 

debris flows occur are unique on that planet in that they often have moderately steep 

slopes, unconsolidated material, and, at the time of flow, a source of water.    

 

CONCLUSIONS  

 This chapter has examined the importance of this study's findings to debris-flow 

initiation both on Earth and Mars.  The role of Colorado Plateau surface clay mineralogy 

in debris-flow initiation differs from that in other locations on Earth.  The unique 
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combination of climate and surface materials results in Colorado Plateau debris flows 

occurring where kaolinite and illite clays are abundant.  In other areas where debris-flow 

initiation research has taken place, clay content of any sort appears to assist in 

maintaining debris-flow activity, especially on shallow slopes.  In locations such as 

coastal California, debris-flow activity is hampered by the presence of kaolinite clays. 

 A review of both literature describing slope angle in debris-flow initiation and 

literature describing the role of clay mineralogy in debris-flow initiation indicates that 

clay-free debris flows may take place on steep slopes.  As slope decreases, however, clay 

minerals in a debris flow provide an additional buoyancy force that counteracts an 

increase in the component of clast weight perpendicular to the slope surface.  This 

implies that there is a threshold slope angle below which clay-free debris flows will not 

initiate or flow.  Establishing the value of this slope threshold could be important to 

debris-flow hazard assessment and is recommended as a topic for further study. 

 Perhaps the most significant outcome of this study is the successful application of 

hyperspectral remote sensing data to the assessment of debris-flow initiation potential in 

a portion of Cataract Canyon, Utah.  Hyperspectral data provides a precise view of 

surface materials not available from multispectral imagery or existing geologic maps.  By 

providing a complete, direct assessment of an area's surface materials hyperspectral 

imagery has the potential to both expedite the process of making hazard maps and 

promote sequential studies to assess temporal changes in landslide hazards.  Further 

research involving both mapping the spectral stratigraphy of Cataract Canyon and 

extension of this hyperspectral mapping model to Mars is planned.  Application of the 
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mapping techniques used in this study to other terrestrial environments would help 

validate the results of this study as world-wide in scope. 

 The review of debris-flow initiation on Mars indicates that debris flows or debris 

flow-like processes are common.  While the extreme runout of some martian debris flows 

over nearly flat surfaces likely involved processes that do not currently occur on Earth, 

many landslide deposits on Mars are similar to those found on Earth.  Recent wet debris 

flows occurring on relatively gentle martian slopes indicate that these debris flows must 

contain at least some clay.  The presence of clay on Mars implies that intense chemical 

weathering once took place on the planet.  Chemical weathering to produce clays would 

involve much warmer, wetter conditions than those found on Mars today, implying that 

the planet has experienced considerable climate change.  The model of hyperspectral 

remote sensing developed in this study could be used on Mars to both identify clay 

minerals for debris-flow initiation research and study the planet's spectral stratigraphy. 

 This study has advanced the body of mass-movement knowledge by: 1) 

establishing a direct link between debris-flow occurrence on the Colorado Plateau and the 

absence of smectite clays, and 2) successfully using AVIRIS hyperspectral data to create 

a surface materials map which was used to assess the debris-flow initiation potential of 

slopes in Cataract Canyon, Utah.  An important outgrowth of this study is the proof that 

hyperspectral imagery classified using an ANN can be successfully used to map the 

spectral stratigraphy of a sparsely vegetated area such as Cataract Canyon.  It is essential 

that the processes involved in debris-flow initiation be better understood.  This study 

moves the study of debris-flow initiation research forward both by improving our 
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understanding of the conditions necessary for debris flows to start and developing new 

remote-sensing based techniques for debris-flow initiation analysis.    
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Reflectance Spectrum of a Three Mineral Mixture  
AVIRIS Spectral Sampling 

 

 
 
Figure 4-1.  Sample AVIRIS reflectance spectrum (AVIRIS, 2004). 
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Reflectance Spectrum of a Three Mineral Mixture 

Landsat Thematic Mapper 
 

  
 
Figure 4-2.  Sample Landsat Thematic Mapper spectrum of the same material sampled 
by AVIRIS in Figure 4-1 (AVIRIS, 2004). 
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Figure 4-3.  The AVIRIS instrument and NASA ER-2 platform (AVIRIS, 2004). 
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                  A. 
 

                  B. 
 

Figure 4-4.  Putative recent martian debris-flow channels.  Image A is from MOC image 
M03-02290 and Image B is from MOC image M19-01170 (NASA/JPL/MSSS) (Malin et 
al., 1999).  Gullies in image A are almost 1 kilometer long (Costard et al., 2002) and the 
gullies in image B are between 1 and 2 kilometers in length (Mangold et al., 2003). 
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SAMPLE FIELD SPECTRA GRAPHS 
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GIS ANALYSIS MAP LAYERS 
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APPENDIX D 
 

AML USED TO CREATED THE  
DEBRIS-FLOW INITIATION POTENTIAL MAP, 

FIGURE 3-13 
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/***************************************************************** 
/*AML used to produce the map: Debris-Flow Initiation Potential, Figure 3-13 
/***************************************************************** 
 
/***************************************************************** 
/*Input images are as follows: 
/*   
/*cc2_sc04-v9-tr12.tif  
/* 
/*is the input class map. 
/* 
/*Bowdie_Canyon_W.DEM,Clearwater_Canyon.DEM, and Teapot_Rock.DEM were 
/*used to make a mosaic in ERDAS Imagine 8.2.  This mosaic,  
/* 
/*cc2_sc04_dem  
/* 
/*is the input DEM for the study area. 
/* 
/*The 1983 geologic map of Canyonlands National Park and vicinity was scanned to 
/*provide the data used in the fault layer of the final map.  This input image was labeled:  
/* 
/*cc2_sc04_geologic_map_imagej.jpg 
/* 
/*An input text file containing the locations (as lines between 
/*consecutive x,y points) of all mapped faults in the study area. 
/*This input text file is: 
/* 
/*fault.txt 
/* 
/*The first step created a polygon coverage that would be  
/*used to clip all other coverages to the size of the study area. 
/****************************************************************** 
 
generate 2-4_plygn 
 
/****************************************************************** 
/* This polygon coverage was created interactively by entering 
/*the UTM coordinates of the four corners of image cc2_sc04. 
/*The next step created topology by cleaning the new coverage 
/*and creating 24_plygnc. 
/****************************************************************** 
 
clean 2-4_plygn 24_plygnc 
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/****************************************************************** 
/*Project the clip coverage interactively into UTM, NAD 83. 
/****************************************************************** 
 
projectdefine cover 24_plygnc 
 
/****************************************************************** 
/*Clip the dem grid to the size of the study area, creating grid 24_dem84c. 
/****************************************************************** 
 
gridclip cc2_sc4_dem84 24_dem84c cover 24_plygnc 
 
/****************************************************************** 
/*Check the clipped grid for sinks by first creating a flowdirection grid, 24dem24cf. 
/****************************************************************** 
 
24dem84cf = flowdirection (24_dem84c) 
 
/****************************************************************** 
/*Identify sinks using the sink command to create grid 24dem84cs from 24dem84cf. 
/****************************************************************** 
 
24dem84cs = sink (24_dem84cf) 
 
/****************************************************************** 
/*No sinks were identified in grid 24_dem84cf. 
/* 
/*Create the grid 24_slope which contains slopes from the DEM expressed in percent. 
/****************************************************************** 
 
24_slope = slope (24_dem84c,percentrise) 
 
/****************************************************************** 
/*Create a grid (24slgislr) in which all slopes greater than or equal to 20% have a value of 
/*one and all other slopes have a value of zero. 
/****************************************************************** 
 
24slgislr = con(24_slope >= 20, 1, 0) 
 
/****************************************************************** 
/*Create a grid (24_aspect) in which all aspects on the dem are given in degrees from 0 to 
/*360. 
/****************************************************************** 
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24_aspect = aspect (24_dem84c) 
 
/****************************************************************** 
/*Create grid 24gislas5 which has aspects between 180 and 270 degrees having a value of 
/*1 and all other aspects having a value of 0. 
/****************************************************************** 
 
24gislas5 = con(24_aspect >= 180, con(24_aspect <= 270, 1, 0), 0) 
 
/****************************************************************** 
/*Create the coverage 24_fltb2 interactively using generate and  the text file fault.txt. 
/****************************************************************** 
 
generate 24_fltb2 
 
/****************************************************************** 
/*build topology for coverage 24_fltb2 
/****************************************************************** 
 
build 24_fltb2 line 
 
/****************************************************************** 
/*Create the grid 24fltb2g4 from the coverage 24_fltb2 
/****************************************************************** 
 
24fltb2g4 = linegrid (24_fltb2, #, #, #, 10, zero) 
 
/****************************************************************** 
/*Clip the fault grid 24fltb2g4 to the size of the study area using the clip coverage 
/*24_plygnc.  This will also transfer the projection of 24_plygnc to the output grid, 
/*24fltrg2c. 
/****************************************************************** 
 
gridclip 24fltb2g4 24fltrg2c cover 24_plygnc 
 
/****************************************************************** 
/*View the grid 24fltrg2c in Arc/Map to determine the fault values in the grid.  Change  
/*all fault values to 1, all other values to 0 to create grid 24gislft. 
/****************************************************************** 
 
24gislft = con (24fltrg2c eq 3, 1, 24fltrg2c eq 4, 1, 24fltrg2c eq 6, 1, 24fltrg2c eq 8,  
1, 24fltrg2c eq 9, 1, 24fltrg2c eq 10, 1, 24fltrg2c eq 11, 1, 0) 
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/****************************************************************** 
/*The spatial extent of grid 24gislft does not extend beyond the faults themselves, so  
/*there is no data from the other parts of the grid in this coverage.  In order to change all 
/*other parts of the study area to have zero value in the fault grid, the grid 24plygcgz was 
/*created in which all pixels in the study area have a value of zero.  This grid was merged 
/*with 24gislft to create the grid 24fltlst1. 
/****************************************************************** 
 
24plygcg = linegrid (24_plygnc, #, #, #, 10, zero)  
 
24plygcgz = con (24plygcg eq 0 & 1, 0) 
 
24fltlst1 = merge (24faultgc, 24plygcgz) 
 
/****************************************************************** 
/*Create fault grid in which all faults have a value of 1 and all other values in the grid 
/*stay zero.  The faults on the input grid all have values equal to or greater than one. 
/****************************************************************** 
 
24gislft1 = con (24fltlst1 ge 1, 1, 0) 
 
/****************************************************************** 
/*Create a grid from the georeferenced class map of the study area. 
/****************************************************************** 
 
imagegrid rectifycc2_sc04-v9-tr12b 24_fcmgrb 
 
/****************************************************************** 
/*Project the class map grid interactively into UTM NAD 83. 
/****************************************************************** 
 
projectdefine grid 24_fcmgrb 
 
/****************************************************************** 
/*Display 24_fcmgrb.vat and compare the values listed in the table to the class map  
/*pixel values using ARC/Map.  Established that grid 24_fcmgrb is using the same value  
/*numbers as those on the class map.  Extract the seven surface materials containing  
/*significant amounts of kaolinite and illite (k+i) clay from 24_fcmgrb by assigning the  
/*three surface materials having a high k+i clay content a value of 32, the two surface  
/*materials having a medium k+i clay content a value of 16, and the two surface materials  
/*having a low k+i clay content a value of 8.  This creates the surface material layer  
/*that will be used in the final map, 24gislsm1. 
/****************************************************************** 
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24gislsm1 = con(24fcmgrb eq 4, 16, 24fcmgrb eq 9, 8, 24fcmgrb eq 10, 32, 24fcmgrb eq 
21, 8, 24fcmgrb eq 18, 32, 24fcmgrb eq 26, 16, 24fcmgrb eq 27, 32, 0) 
 
/****************************************************************** 
/*Create the slope layer 24gislsl1 that will be used in the final map by assigning slope 
/*values greater than or equal to 20% a value of 4 and all other slopes a value of 0. 
/****************************************************************** 
 
24gislsl1 = con(24_slope >= 20, 4, 0) 
 
/****************************************************************** 
/*Create the aspect layer 24gislas6 for the final map by assigning all southwest aspects  
/*a value of 2 and all other aspects a value of 0. 
/****************************************************************** 
 
/****************************************************************** 
24gislas6 = con(24_aspect >= 180, con(24_aspect <= 270, 2, 0)) 
 
/****************************************************************** 
/*Create the debris-flow initiation potential map, 24gismpr4,  by combining all four  
/*layers.  The values in the faults layer did not need to be reclassified. 
/****************************************************************** 
 
24gismpr4 = combine (24gislsm1, 24gislsl1, 24gislas6, 24gislft1) 
 
/****************************************************************** 
/*Display the final map in ARC/MAP.  Apply the color scheme listed in Table 2 to 
/*24gismpr4 by updating the .vat table in ARC/MAP.  The final debris-flow initiation 
/*potential map was created in ARC/MAP as were the maps of the four individual layers  
/*shown in Appendix C. 
/****************************************************************** 
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