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ABSTRACT 

 

A U.S. Forest Service campground and adjacent hiking trails are subjected to 

rock-fall activity from a nearby bedrock escarpment. The campground is situated in a 

glacial-carved valley of the Ouray, Colorado, Amphitheater in the San Juan Mountains. 

A dendrogeomorphic assessment of the trees and steep slopes surrounding campground 

investigate the past and present stability conditions to answer the question: What are the 

spatial and temporal characteristics of rock fall? More specifically, for this area, where 

spatially is the slope subjected to rockfall activity and what are the magnitude and 

frequency of events? Also, will  reconstructing a rockfall chronology using a 

dendrogeomorphic methodology of Abies concolor (White fir)  help identify potential 

triggering mechanisms? To answer the research questions, the following two objectives 

were established for this study: (i) delineate the spatial patterns of rockfall activity, and 

(ii)  establish a temporal chronology of rockfall activity. The spatial extent of rock-fall 

activity is assessed by mapping areas of talus accumulations and trees exhibiting visual 

evidence of rock-fall activity. Visible rock-fall induced tree disturbances observed in the 

study area include: impact scars, tree decapitation, curved or leaning trees, and 

elimination of neighboring trees or óbroken crownô. The area with the greatest hazard to 

rockfall activity is the area located below the gullies of the overlying cliffs and steep 

slopes, the scree slopes below the base of the cliff,  and for ~70 m into the forest from the 

upper protective forest boundary and ~100 m from the base of the cliff . óCenturionô trees 

are the most likely to record a growth defect as result of rockfall activity. The sampling 
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of selected trees with an increment borer allowed for microscopic analysis of the 

variations of tree-ring width measurements as a trees response to rock-fall induced 

growth defects (GD) (reaction wood, suppression and release, and cellular scaring/callus 

tissue). The initiation, duration, and termination of the growth defects (GD) allowed for 

the reconstruction of a rock-fall chronology. This reconstruction alluded to the 

observation of rockfall activity being dominated by low magnitude, high frequency 

events, and interpreted as being attributed to annual freeze and thaw activity. For the 

time period of investigation (1910-2015), no large mass movement event occurred 

within the study area. Although there were no observations of a large-scale mass 

movement event, several years recorded abnormally high rockfall  rates, as determined 

from the reconstructed rockfall chronology. Years with abnormal rockfall rates are a 

result of some additional external factor ópromotingô and/or ótriggeringô the rockfall 

event.  

 

 



 

iv 

ACKNOWLEDGEMENTS 

 

I would like to thank my committee chair, Dr. John óRickô Giardino, and my 

committee members, Dr. Ryan Ewing and Dr. Kevin Gamache, for their guidance and 

support throughout the course of this research.  

Thanks also go to my friends and colleagues and the department faculty and staff 

for making my time at Texas A&M  University a great experience. I also want to extend 

my gratitude to Dr. Charles Lafon, who provided the dendrochronology lab and to my 

field assistant, Akhil  Amara. 

Finally, thanks to my mother, father and siblings for their encouragement and to 

my fiancée, Chelsea for her assistance in the field and her patience and love. 



 

v 

TABLE OF CONTENTS 

 Page 

 
ABSTRACT ...................................................................................................................... II 

ACKNOWLEDGEMENTS .............................................................................................IV  

TABLE OF CONTENTS .................................................................................................. V 

LIST OF FIGURES ........................................................................................................ VII  

LIST OF TABLES ............................................................................................................ X 

CHAPTER I INTRODUCTION ........................................................................................ 1 

1.1 Background and Problem Statement ........................................................................ 2 

1.2 Objectives ................................................................................................................. 4 

CHAPTER II LITERATURE REVIEW ............................................................................ 5 

2.1 Rockfall Fundamentals ............................................................................................. 5 

2.1.1 Causes of Rockfall ............................................................................................. 5 

2.1.2 Rockfall Movement ........................................................................................... 8 

2.1.3 Rockfall Modeling ........................................................................................... 12 

2.2 Hazard Assessment ................................................................................................ 14 

CHAPTER III STUDY AREA ........................................................................................ 17 

3.1 Study Area .............................................................................................................. 17 

3.2 Geology and Geomorphology ................................................................................ 17 

3.3 Climate ................................................................................................................... 26 

3.4 Vegetation .............................................................................................................. 32 

3.4.1 Lichen .............................................................................................................. 32 

3.5 Temporal Record of Activity  ................................................................................. 32 

CHAPTER IV METHODS .............................................................................................. 34 

4.1 Dendrogeomorphology........................................................................................... 34 

4.1.1 Identifying Tree Types .................................................................................... 35 

4.1.2 Dendrogeomorphic Evidence of Disturbed Trees ........................................... 36 

4.2 Field Methods ......................................................................................................... 40 

4.3 Lab Methods ........................................................................................................... 44 



 

vi 

CHAPTER V ANALYSIS ............................................................................................... 48 

5.1 Tree Rings-Master Chronology .............................................................................. 48 

5.2 Rockfall History ..................................................................................................... 48 

5.3 Visible Defects and Growth Responses to Rockfall Activity  ................................ 48 

5.4 Spatial Distribution of Growth Disturbances ......................................................... 50 

5.5 Rockfall Magnitude and Frequencies ..................................................................... 60 

5.6 Annual Variations in Rockfall Activity  ................................................................. 60 

CHAPTER VI DISCUSSION .......................................................................................... 64 

6.1 Rockfall Chronology .............................................................................................. 64 

6.1.1 Limitations ....................................................................................................... 64 

6.1.2 Evaluating Rockfall Activity ........................................................................... 66 

6.1.3 Notable Rockfall Activity ............................................................................... 67 

6.2 Spatial Extent of Rockfall Activity  ........................................................................ 69 

6.2.1 Rockfall Distribution ....................................................................................... 69 

6.2.2 Broader Impacts .............................................................................................. 72 

CHAPTER VII CONCLUSION ...................................................................................... 73 

7.1 Conclusions and Recommendations....................................................................... 73 

REFERENCES ................................................................................................................. 75 

APPENDIX A .................................................................................................................. 92 

APPENDIX B .................................................................................................................. 99 

APPENDIX C ................................................................................................................ 104 

APPENDIX D ................................................................................................................ 105 

APPENDIX E ................................................................................................................. 112 

 

 



 

vii  

LIST OF FIGURES 

 Page 

Figure 1 Study area is located in the San Juan Mountains of southwestern Colorado,   

east of Ouray (Google) ................................................................................................ 4 

Figure 2 Rockfall modes of motion along a slope in relation to the mean slope    

gradients (modified from Dorren, 2003) ..................................................................... 9 

Figure 3 Schemmatic diagram of the Ouray rockfall slope under investigation  

subdivided into departure, transit and deposition zone with graphical    

representation of the ñFahrbºshung angleò and the ñminimum shadow angleò 

(modified after Buwal et al., 1997; Dorren, 2003; Schneuwly, 2009) ...................... 11 

Figure 4 Study area is located in the San Juan Mountains of southwestern Colorado,   

east of Ouray, as denoted by bold black dashed line ................................................ 18 

Figure 5 Schematic diagram illustrating key slope components ...................................... 19 

Figure 6 (A) Fractured Sandstone and interbedded limestone and shale cliff is the   

source of the rockfalls; (B) Talus buildup into steep slopes; (C) Vegetated slopes 

acting as a protective forest to falling debris (Photos by Author) ............................ 19 

Figure 7 Geologic map of Ouray, Colorado and the study area (modified after Luedke 

and Burbank, 1962) ................................................................................................... 24 

Figure 8 Stratigraphy of the Ouray, Colorado quadrangle (from Reed, 2013) ................ 25 

Figure 9 Daily temperature averages and extremes for weather station (056203) from 

06/01/1893-05/31/2006 (WRCC, 2013). .................................................................. 29 

Figure 10 Daily temperature averages and extremes for weather station (056205) from 

01/02/2000-01/20/2015 (WRCC, 2013). .................................................................. 29 

Figure 11 Daily precipitation averages and extremes for weather station (056203) from 

06/01/1893-05/31/2006 (WRCC, 2013). .................................................................. 31 

Figure 12 Daily precipitation averages and extremes for weather station (056205) from 

01/02/2000-01/20/2015 (WRCC, 2013). .................................................................. 31 

Figure 13 Diagram illustrating the methodology process ................................................ 34 

Figure 14 Dendrogeomorphic evidence to infer rockfalls. Variations of tree-ring width 

measurements (left) and the visual result of disturbed samples (Modified from       

Stoffel et al., 2005) .................................................................................................... 37 



 

viii  

Figure 15 Visualized locations of data samples. .............................................................. 41 

Figure 16 Imagery displaying the location of sampled trees. Yellow circles represent 

sampling locations. .................................................................................................... 42 

Figure 17 Core extracted from an injured tree using an óincrement borerô                        

(Photo by Author) ..................................................................................................... 43 

Figure 18 Cross-section of scarred tree with ideal sampling positions A-D (Modified       

from Stoffel and Bollschweiler, 2008) ...................................................................... 44 

Figure 19 Reconstructed rockfall return intervals. ........................................................... 51 

Figure 20 Location of fresh or recent injuries of ócategory 1ô (filled circles). Open  

circles denote all visible rockfall induced injuries .................................................... 54 

Figure 21 Location of partially recovered tree scars of ócategory 2ô (filled circles).   

Open circles denote all visible rockfall induced injuries .......................................... 55 

Figure 22 Location of old scars and injuries of ócategory 3ô (filled circles). Open    

circles denote all visible rockfall induced injuries .................................................... 56 

Figure 23 Locations of rockfall deposits subdivided into clast sizes (see Table 7 for  

more detail) ............................................................................................................... 58 

Figure 24 (A) Large isolated disc shaped boulder surrounded by vegetation/soil, and   

(B) active scouring of the slope transporting varying clast sizes down slope    

(Photos by Author) .................................................................................................... 59 

Figure 25 The spatial distribution of the lichen categories (see Table 8 for more    

details) ....................................................................................................................... 60 

Figure 26 Reconstructed rockfalls based on analysis of GDs identified in tree cores     

(dashed line represents 7-year moving average) ....................................................... 61 

Figure 27 The light gray represents the available sample depth per year and the dark  

gray represents the exposed diameter for each year under investigation .................. 63 

Figure 28 Rockfall órateô illustrated by the number of events m
-1

yr
-1

 (light-gray line 

represents 7-year moving average) ........................................................................... 63 

Figure 29 Event Timeline for rockfall occurrences and triggering mechanisms ............. 69 

Figure 30 Distribution of return periods for rockfalls with interpolated values. The      

red line indicates the mapped lower edge of talus and rockfall deposits. ................. 70 



 

ix 

Figure 31 Histogram of number of total injuries binned into distances from forest edge.    

This illustrates that the farther into the forest, away from the source, the fewer      

impacts will be recorded as rocks are more likely to come to rest upslope (error   

bars and linear trend annotated) ................................................................................ 71 



 

x 

LIST OF TABLES 

 Page 

 

Table 1 The Colorado Department of Transportation (CDOT) ñRockfall Hazard     

Rating Systemò or ñRHRSò (from Russell, 2005) .................................................... 16 

Table 2 Monthly climate summaries for the two weather stations in Ouray, Colorodo 

from 06/01/1893 to 01/20/2015 (Source: Western Regional Climate 

Center, wrcc@dri.edu) .............................................................................................. 28 

Table 3 Number of trees and injuries sampled ................................................................. 49 

Table 4 Overview of visible defects used to determine rockfall events ........................... 49 

Table 5 Overview of growth disturbances used to determine rockfall events ................. 50 

Table 6 Injured trees categorized by relative recovery state ............................................ 52 

Table 7 Classification of rockfall deposits based on sample diameters. Grain size   

adapted from International grain size scale (ISO 14688-1: 2002) ............................ 57 

Table 8 Classification of lichen colonization into three age categories based on     

relative age and percent coverage ............................................................................. 59 

 

 

file:///C:/Users/jreed/Desktop/Final%20Draft%2011_11_16%20corrections.docx%23_Toc466651918
file:///C:/Users/jreed/Desktop/Final%20Draft%2011_11_16%20corrections.docx%23_Toc466651919
file:///C:/Users/jreed/Desktop/Final%20Draft%2011_11_16%20corrections.docx%23_Toc466651919


 

1 

CHAPTER I 

INTRODUCTION 

 Every summer, thousands of people visit the many national, state and city parks 

of Colorado to experience the beautiful outdoors and natural wonders that are present. 

For those who venture into the mountainous terrain of southwestern Colorado, they 

might experience some of the natural hazards that are present in the area, including steep 

topography and the potential for mass movement events. One of the common types of 

mass movement is rockfall. The steep slopes and cliffs of the San Juan Mountains of are 

prime locations for rockfall activity. Glacial-carved valleys have created steep slopes 

and cliffs that have been exposed to significant weathering, creating potentially isolated 

areas of instability. Hiking trails and campgrounds are often located in these areas 

because of their scenic beauty and access to recreational spots. Unfortunately, this places 

them in areas vulnerable to mass movement hazards, specifically rockfall.  

 State, county and city official have long recognized rockfall as a hazard and, 

thus, they require current research thinking to recognize and monitor new hazardous 

areas: rockfall can cause significant losses to life and property (CDEM, 2013). The 2013 

Colorado natural hazards mitigation plan reported more than $3 million in damages and 

five deaths resulting from landslide and rockfall activity (CDEM, 2013). Identifying 

areas of rockfall activity and understanding the driving forces allows state and city 

officials to not only plan for safety, but also promote public awareness of the hazard of 

rockfall activity and its associated risks. A study of rockfalls can also lead to 

preventative mitigation in necessary areas.   
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 Many methodologies (Luckman and Fiske, 1995; Nesje et al., 1994; Bjerrum and 

Jorstad, 1968; Douglas, 1980; Andrew, 1994) exist to actively study the processes 

associated with rockfall; however, the most accurate method for dating rockfall activity 

when a log or record of activity is absent, is the analysis of impacted or disturbed trees 

and their associated growth response recorded in the tree-ring record (Schneuwly et al., 

2009). This process is known as dendrogeomorphology (Alestalo, 1971). The goal of 

this thesis was to integrate dendrogeomorphic techniques with standard geomorphic 

practices to develop a record of the rockfall activity as well as an understanding of the 

processes responsible for activity on the steep slopes adjacent to the US Forest service 

campground in the Ouray area. The research from this thesis confirms the use of tree-

ring analysis of Abies concolor (White fir)  to be an effective tree species for rockfall 

analysis. 

1.1 Background and Problem Statement 

Ouray, is located in one of the many glacial-carved valleys of the Western San 

Juan Mountains of southwestern Colorado (figure 1). Adjacent to the southeastern side 

of Ouray is a U.S. Forest Service campground, which is situated within a large 

amphitheater.  

The topography within the Amphitheater consists of multiple mass movement 

deposits, which have created 7.62 million m
2
 (~82 million ft

2
) of ólandslide deposits 

(APPENDIX B1). Composed of San Juan tuff mixed with glacial deposits of Pleistocene 

age, the deposits are presently óinactiveô (Reed, 2013). Reed (2013) argues that Zaruba 

and Mencl (1982) are incorrect in classifying such deposits as relict. However, such 
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deposits, like the amphitheater deposits, cannot be relict, as they are either active or 

inactive. A landform can be relict, but not a process. Classification of this óinactive stateô 

for the deposits is supported by widespread vegetation cover on the deposits, as well as 

intermittent lines of drainage that extend across the landslide (Skempton and Weeks, 

1976). 

 Reed (2013) provides a preliminary analysis of the extent and mechanism of the 

large amphitheater landslide; however, the occurrence of curved and leaning trees, 

impact scaring of trees, and steep slopes of alluvium/talus indicating unstable slope 

conditions surrounding the forest service campground and field observations suggest 

evidence for additional slope-instability conditions involving soil creep, avalanche 

debris, debris flows, rockfalls and rock slides all of which suggest further study is 

needed. This leads to the question: could thesis trees hold the key to understanding 

rockfall activity in this area? 

The research of this thesis focused on the rock-fall activity occurring along the 

rock face around the upper circumference of the deposit. Injured and disturbed trees 

occur on the deposit as result of rockfall activity (APPENDIX B2). These scarred trees 

provide the opportunity to employ dendrogeomorphology in conjunction with standard 

geomorphic techniques to create a temporal and spatial assessment of rockfall activity 

and associated hazards.  

The problem can be stated as: What are the spatial and temporal characteristics of 

rockfall? More specifically, for this area, where spatially is the slope subjected to 

rockfall activity and what are the magnitude and frequency of events? Also, will  
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reconstructing a rockfall chronology using a dendrogeomorphic methodology of Abies 

concolor (White fir)  help identify potential triggering mechanisms? 

1.2 Objectives 

The following two objectives have been established for this study: 

(i) delineate the spatial patterns of rockfall activity and 

 

(ii)  establish a temporal chronology of rockfall activity.  

 

 

Figure 1 Study area is located in the San Juan Mountains of southwestern Colorado, east of Ouray 

(Google) 
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CHAPTER II  

LITERATURE REVIEW 

 A literature review provides the necessary background information regarding the 

fundamentals of rockfall. Topics covered with this literature review include the causes of 

rockfall, rockfall movement, rockfall modeling, rockfall hazard assessment, and 

dendrogeomorphology.  

2.1 Rockfall Fundamentals   

2.1.1 Causes of Rockfall 

Rockfall differs from other mass movement processes, in that rocks ñfree fallò as 

a result of gravity. Ritter et al.,(2002) defines rockfall as:  

A single mass that travels as a freely falling body with little or no interaction 

with other solids. Movement is normally through the air, although occasional bouncing 

or rolling may be considered as part of the motion (Ritter et al. 2002 pg 105). 

Rockfall begins with the detachment of a rock or rocks from a bedrock slope or 

cliff.  All  slopes have pre-existing morphological, geological, and geotechnical properties 

and are subjected to various degrees of physical and chemical weathering (Lee et al., 

1997). For each slope, the pre-existing conditions, such as rock strength, degree of 

jointing, or crack presence can lead to the promotion of rockfall (Farran and Thenoz, 

1965; Whalley, 1984; Dorren, 2003; Schneuwly, 2009). Therefore, the detachment of a 

rock from a slope is distinguished by the ñpromoterò, which may lead to favorable 

conditions for movement, and the ñtriggerò, or the mechanism that causes the actual start 

of movement.  



 

6 

There are many triggering mechanism that could lead to rockfall, however, in 

many cases, the rockfall promoter and trigger can be addressed together such as with the 

process of frost-thaw activity (Schumm and Chorley, 1966; Porter and Orombelli, 1981; 

Dorren, 2003; Matsuoka, 2008; Schneuwly, 2009). Alternating cycles of freezing and 

thawing, in conjunction with moisture can promote further weathering and cause the 

detachment of rockfall. When moisture or water, known as cleft water, within the 

intergranular void space (ñprimary porosityò associated ñprimary permeabilityò) begins 

to freeze; joints, cracks, and fissures will  form as the volume increases (Terzaghi, 1962; 

Farran and Thenoz, 1965; Schumm and Chorley, 1966). ñSecondary permeabilityò is the 

space between cracks and fissures. Repeat cycles of temperature increase and subsequent 

ice melting further widen of the cracks. The frequency and size of rockfall is controlled 

by the crack morphology and governed by the rockôs permeability, strength and 

proneness to failure (Farran and Thenoz, 1965; Ishikawa et al. 2004; Schneuwly, 2009). 

The scale at which freeze-thaw action propagates cracks in rocks will  determine the size 

of the material that falls. Also, cracks in rocks and subsequent removal of finer material 

may cause vertical stacking which relies on the frictional component of the rock type 

(Hofmann, 1974). Further instability can be caused by the presence of expansive clays 

within the cracks and joints, that when wet, create a frictionless sliding plane (Barton 

and Choubey, 1977). 

Rockfall caused by alternating freeze-thaw cycles are generally low magnitude, 

high frequency events (Matsuoka and Sakai, 1999) and are controlled by the geological, 

geotechnical, and morphological character of the cliff  and surface temperature 
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fluctuations (Luckman, 1976; Douglas, 1980; Dorren, 2003). The effects of the micro-

scale activity, such as water content or the rate and intensity of freezing will  be greater 

on cliffs composed of rocks with higher porosity and permeability (Whalley, 1984). 

Water in the form of rapid snowmelt can also trigger rockfall when increasing 

temperature begin to melt large amounts of ice and snow, outside of freeze-thaw cycles, 

filling  the cracks and joints and increasing pore pressure (Schneuwly, 2009). In the 

absence of freeze-thaw cycles, rockfall can be triggered by extreme meteorological 

events, such as heavy rainfall, winter storms, and wind storms (Dorren, 2003). While 

there is potential for rockfall to have only one trigger, often rockfall is triggered by a 

combination of two or more factors of frost-thaw action, rapid melting, and heavy 

rainfall (Nyberg, 1991; Schneuwly, 2009).        

Other processes known to trigger rockfall include earthquakes (Bull and 

Brandon, 1998; Bull, 2004), root penetration and wedging (Wieczorek et al., 1995, 

2000), and chemical weathering (Carson and Kirkby 1972). Chemical weathering alters 

the rock strength, promoting rockfall release by exogenic processes: thermal effects of 

granular disintegration, salt crystallization, and chemical weathering of weaker minerals 

(Carson and Kirkby 1972; Whalley, 1984; Matsuoka, 2008). 

When common triggers such as precipitation, seismic activity, and freezing 

conditions are absent, cyclic and cumulative deformation of exfoliation sheets can 

trigger rockfalls from the thermal heating and expansion of rock surfaces (Coutard and 

Francou, 1989; Gunzburger et al., 2005; Collins and Stock, 2016).  
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Finally, human activity can destabilize rock slopes through equipment vibrations, 

undercutting of slopes for roads, or loading from infrastructure (Giardino, in review). In 

addition, humans and animals can detach loose rocks when climbing steep cliffs or 

slopes (Dorren, 2003). 

2.1.2 Rockfall Movement 

Rockfall analysis investigates the objective óhazardô of the rockfall itself, and the 

associated óriskô. Hazard and risk are often used interchangeably, even though they do 

not have the same meaning. The óhazardô is the source of potential danger associated 

with rockfalls, and includes aspects of the slopes geology and geomorphology (Varnes, 

1978; White and Wait, 2008). óRiskô is the chance or probability of rockfalls interacting 

or causing damage to human life or property (Schuster R. L., 1978; Ritter, 2001; White 

and Wait, 2008). 

The initial detachment of a rock fragment is called ñprimary removalò. Resting 

material that begins to move after its original weathering, when heavy rain or snowmelt 

creates a mechanism for material transport is called ñsecondary removalò (Luckman, 

1976; Whalley, 1984). A detached rock descending a slope is distinguished by different 

modes of motion, which mainly depends on the mean slope gradient. The three main 

modes of motion are freefalling, bouncing and rolling on a slope (figure 2).  
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Figure 2 Rockfall modes of motion along a slope in relation to the mean slope gradients (modified from 

Dorren, 2003) 
 

The location and type of movement of a rockfall on a slope is divided into three 

zones of the departure zone, transit zone, and deposition zone (Dorren, 2003; 

Schneuwly, 2009) (figure 3). The point where a rock fragment detaches from the slope is 

called the departure zone. A cliff  slope of 70° is needed for a rock to fall (Dorren, 2003). 

A falling rockôs initial impact with the surface of a slope is defined as a bounce and will  

generally break up into smaller pieces (Bozzolo and Pamini, 1986). The first impact wil l 

lose 75-86% of the initial energy gained from falling and is related to slope rock 
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hardness, slope saturation, and degree of loose material (Evans and Hungr, 1993). When 

the angle of a slope decreases to 45°, a bouncing rock will  accumulate rotational energy 

and begin rolling. A rock will  continue to lose energy as it descends a slope. The transit 

zone is the middle part of the slope where no primary removal occurs below the 

departure zone (Schneuwly, 2009). Rockfall material is ópassing throughô the transit 

zone as the slope angle is too high for permanent storage. Resting material in the transit 

zone can be reactivated as secondary removal and continue down slope. When a rock 

comes to rest, it is deposited in the deposition zone, typically where the slope flattens to 

an angle of 30° (BUWAL et al., 1997). The exact critical angle however, is dependent on 

the rock shape (Azzoni et al., 1995). 

The runout distance depends on the mean slope gradient, rock size, and slope 

cover (soil, talus/scree, and vegetation) (Azzoni et al., 1995). Larger rocks will  tend to 

travel farther because they will  have a higher kinetic energy than smaller rocks, which 

are more likely to be stopped by trees and large boulders (Dorren, 2003). Because of 

this, rockfall slopes will  show evidence of clast sorting with smaller material depositing 

at the base of the cliff  as a talus slope and larger boulders further down slope. On alpine 

slopes, large boulders may also be transported further down slope by avalanches so the 

boulder size and talas slope/ forested interaction should be carefully considered 

(Schneuwly, 2009). 

The stopping of a rock is a process through which energy is lost through 

collisions and by friction. Friction is the result of rock shape and slope surface 

characteristics (BUWAL et al., 1997; Azzoni et al., 1995; Dorren, 2003). The friction 
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component is realized using the dynamic angle of friction (Kirkby and Statham, 1975) 

and the surface roughness (Chang, 1998; Andrew et al., 2012).  

 

 

 

Figure 3 Schemmatic diagram of the Ouray rockfall slope under investigation subdivided into departure, 

transit and deposition zone with graphical representation of the ñFahrbºshung angleò and the ñminimum 

shadow angleò (modified after Buwal et al., 1997; Dorren, 2003; Schneuwly, 2009) 

 

Experimental studies (BUWAL, 1997; Azzoni and Rossi, 1991) and 

reconstructions (Rickli et al., 2004; Dorren et al., 2006) suggest rockfall material could 

have average velocities ~ 11 ms
-1

 (~36 fts
-1

), maximum velocities ~30 ms
-1

 (98 fts
-1

), and 
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large boulders reaching rebound jump distances of  ~30 m (~98 ft) and average heights 

of 1.5 m (5 ft), max. 8 m (26 ft).  

Rockfall movement tends to be most frequent along the gullies of steep slopes 

(Whalley, 1974). Gullies and large cracks originate from óresidualô stresses in the 

mountain as a result from orogenic activity (Hast, 1969). Gullies collect rain and 

snowmelt as a channelized flow and isolating the erosive force of the water to a limited 

area. The collected water also saturates into the surrounding rocks inducing increased 

weathering, specifically suitable for freeze-thaw conditions. Because of this, primary 

removal/rockfall is more likely in gullies. In addition, gullies provide and collect small 

talus material which can be activated or reactivated as secondary removal from the 

rockfall impact of previously weathered rocks (Caine, 1974; Whalley, 1984). Thus, 

rockfall activity in gullies are frequent and provide an abundance of small talus material 

down the steep slope. In contrast, buttresses are much larger and rarer falls due to the 

complex nature of the forces and stresses applied to the rock slope (Hast, 1969; Whalley, 

1984). 

2.1.3 Rockfall Modeling 

 Rockfall modeling of calculating runout zones began as a way to satisfy the 

general principle of hazard mapping procedure: a) determine the location of the hazard 

potential and departure/release zones, and b) estimate maximum run-out distances 

(Berger and Dorren, 2006; Berger et al., 2013). The differing models aim to understand 

how falling rocks move along a slope and estimate run-out distances. The three most 
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common methodologies for rockfall modeling include empirical models, process-based 

models and GIS-based models (Dorren, 2003; Berger et al., 2013) 

 Empirical methods are commonly used for identifying potential release and 

propagation zones based on the relationships between topographical factors and 

maximum rockfall run-out distances (Dorren, 2003; Berger et al., 2013). Probabilistic 

empirical models use analysis of past databases (Berger and Dorren, 2006). Heim (1932) 

introduced the Fahrböshung angle, or the Energy Line Angle (ELA) which states: for 

any rockfall, there is a specific slope angle between a horizontal plane and a straight line 

that connects the top of the rockfall source to the stopping point (figure 3). Evans and 

Hungr (1993) proposed the minimum shadow angle as an alternative method. The 

minimum shadow angle is the angle between a horizontal plane and a straight line 

connecting the point where the base of a cliff  intercepts a talus slope and the longest run-

out boulder (figure 3). Evans and Hungr (1993) suggests a minimum shadow angle of 

27.5° for maximum rockfall run-out distances. 

 In addition to empirical methods, process-based methods model the modes of 

motion along a slope surface (Dorren, 2003). With the advent of modern technologies, 

these empirical and process-based methods can be simulated rockfall motion and its 

interaction with the slope surface in three-dimensional space (GIS-based models). GIS-

based models identify the source area, determines the falltrack, and calculates the run-

out zone (Hegg and Kienholz, 1995).  
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2.2 Hazard Assessment 

The hazard analysis and risk assessment of rockfall has received increased 

interest over the last couple decades. A successful hazard assessment will  investigate: 

the special extent of where rockfall occurs, rock-fall frequency and magnitude, and 

potential triggering mechanisms (Schneuwly, 2009). 

 Many techniques have been applied to gather data assessing rock fall activity. 

Lichenometry is used to compare lichen size to annual growth rates (Luckman and 

Fiske, 1995). Lichenometry assumes the largest lichen growing on a surface is the 

oldest. Thus, if  growth rates are known, the minimum age of when a rock was deposited 

can be estimated from the maximum lichen size (Bull and Brandon, 1998, Bull, 2004, 

Porter and Orombelli, 1981). Mapping and dating of rockfalls by studying lichen 

growing on the surface of boulders and talus has been successfully carried out by (Hale, 

1967; Carrara and Andrews, 1973; Porter and Orombelli, 1981; Luckman and Fiske, 

1995; Bull and Brandon, 1998; Bull, 2004).  

Nesje et al. (1994) used another method in dating rockfall deposits byidentifing 

unique weathering indicators as a response to hammer impact. Others such as Bjerrum 

and Jorstad (1968) and Douglas (1980) measured qualitative and quantitative results of 

rockfalls by collecting fallen material on large tarps or blankets and recording rock type, 

size, and distribution of size over a set period of time and statistically applying a variable 

mean in monthly increments over the course of a year. 
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In recent years, dendrogeomorphic techniques have been applied in rockfall 

reconstructions to establish specific rockfall rates (Stoffel et al., 2005b; Stoffel & 

Bollschweiler, 2008; Stoffel, 2006; Schneuwly et al., 2009). 

As a result of roads being constructed in areas of steep terrain where rockfall is 

common, many local and state governments have developed hazard rating systems to 

assess the local hazardous conditions of roadways and populous areas. The Colorado 

Department of Transportation (CDOT) developed the Colorado ñRockfall Hazard Rating 

Systemò or ñRHRSò (Andrew, 1994; modified by Russell, 2005; Russell et al., 2008). 

This approach ranks the dominating factors (geology, slope morphology, rockfall 

volume or triggering factors) that contribute to rockfall (table 1) and categorizes rock 

slopes to produce an overall hazard rating (Patrick and Manitou-Alvarez). The Colorado 

RHRS was originally designed to assess the rockfall hazards to roads and state 

highways. Authors such as (Guzzetti et al., 2003; Jaboyedoff and Labiouse, 2003; 

Patrick and Manitou-Alvarez) have modified these rating systems to emphasize the 

hazards associated with the slope, climate, and geological characteristics.   
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Table 1 The Colorado Department of Transportation (CDOT) ñRockfall Hazard Rating Systemò or ñRHRSò (from Russell, 2005) 
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CHAPTER III  

STUDY AREA 

 This chapter provides an overview of the investigated study area; the location of 

the study site; how to access the site; and an overview of its geology, geomorphology, 

climate, and vegetation. 

3.1 Study Area 

The study area is located ~2.4 km (~1.5 miles) northeast of the town of Ouray, 

(38Á1ǋ24ǌN,107Á40ǋ20ǌW) Colorado, United States (figure 1). The study area 

encompasses the National Forest Service campground at an elevation of 2,580 m (8,470 

ft).  

Access to the study area from Ouray, CO, is provided by county road 16 off of 

State Highway 550. The investigated forest, as outlined by the thin dashed line in figure 

4 is located between 2,560 and 2,660 m (8,400 and 8,730 ft) elevation northeast of the 

campground and has an area of 43,500 m
2
 (468,230 ft

2
). 

3.2 Geology and Geomorphology 

The steep slopes surrounding the campground is covered by Quaternary talus 

overlying Pleistocene landslide material composed of San Juan tuff mixed with glacial 

deposits. Talus material is derived from the nearby bedrock escarpment composed of 

Pennsylvanian ï Tertiary sediments (figure 5, figure 6). The entire study area noted by 

the bolded dashed line of figure #, which inclides all departure and deposition zones, 

covers ~ 325,500 km
2
 (3,501,527 ft

2
). 
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Figure 4 Study area is located in the San Juan Mountains of southwestern Colorado, east of Ouray, as 

denoted by bold black dashed line 
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Figure 5 Schematic diagram illustrating key slope components  

 

 

Figure 6 (A) Fractured Sandstone and interbedded limestone and shale cliff  is the source of the rockfalls; 

(B) Talus buildup into steep slopes; (C) Vegetated slopes acting as a protective forest to falling debris 

(Photos by Author) 
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Rocks are being detached from a ~430 m (~1,400 ft) thick section of intervening 

cliff s, slopes and ledges of various sedimentary lithologies (figure 5; figure 6; figure 7, 

figure 8) (Cross et al., 1907; Luedke and Burbank, 1962; Franczyk, 1993; Luedke and 

Burbank, 1994). The base of the cliff/talus slope is ~80 m (~260 ft) of cliff  forming 

massive red-pink gritty channelized-sandstone, siltstone and shale of the middle member 

Pennsylvanian Hermosa formation (Ph). Also present are occasional interbedded thin red 

and gray fossiliferous shales and limestone. This unit has higher concentrations of 

feldspathic and conglomeritic sandstones and micaceous shales. The middle Hermosa is 

highly fractured providing evidence for differential weathering and possible frost-

wedging (figure 6 A).  

The upper Hermosa is ~90 m (~ 300 ft) thick and grades from greenish-gray 

ledges and cliffs of thin- to thick-bedded, red arkosic, coarse-grained sandstone and 

conglomerate to partially vegetated, scree slope conformable with the overlying Permian 

Cutler formation (Pc).  

Within the study area, the Cutler is mostly identified as partially vegetated 

talus/scree slopes of the northeast and benches and cliffs to the southwest. The upper 

contact with the overlying Triassic Dolores formation (TRd) is an angular unconformity. 

The nearly 60 m (200 ft) thick section pinches out to zero to the east. Where exposed, 

the Cutler crops out as benches and cliffs of thin to massive bedded pink to reddish-

brown shales, siltstones and sandstones. The Cutler also has conglomerate beds of 

pebbles and cobbles with very little interstitial material. Conglomerate material is 
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predominantly Precambrian metamorphic and igneous rocks as well as, limestone 

derived from the older underlying rocks.  

The overlying Triassic Dolores formation crops out as 12-24 m (40-80 ft) of 

steep rubble covered slopes or cliffs and benches due to its variable lithology. The 

Dolores is composed of sandstone and siltstone with minor mudstones, limestones and 

conglomerates. The thin beds of sandstone are reddish-brown and the thick beds of 

massive sandstone are mottled red and white. The mudstone is reddish-brown, green and 

yellow and the limestones and reddish-brown conglomerates are on average .3 m (1 ft) 

thick.  

The steep to rounded white cliffs above the Dolores is the Jurassic Entrada 

Sandstone formation (Je). The Entrada is a friable, calcareous, fine-grained quartz 

sandstone with thick to massive crossbedding. The sandstone is observed to be 12-24 m 

(40-80 ft) thick within the study area.  

The entrada is overlaid by the Jurassic Wanakah formation (Jw) which crops out 

as a cliff  in lower part and gentle to steep slopes in upper part. Luedke and Burbank 

(1962, 1994) broke this unit into three members: the lower limestone and breccia (Pony 

Express limestone member), a middle sandstone (Bilk  Creek sandstone member), and an 

upper marl-mudstone (Marl member). The lower member is composed of thinly bedded 

dark gray/black limestone and interbedded black bituminous shale. The upper part of the 

Bilk  Creek member contains nodular gypsum surrounded by dark black shale and porous 

breccia. The middle member contains greenish-gray, silty or fine grained, calcareous 

sandstone and greenish shales. The sandstone is very friable except where mineralized 
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and contains a thin resistive bed of greenish-gray medium grained sandstone with jasper 

grains that is common among the fallen talus and alluvium debris in the forest stand. The 

upper marl member is composed of thin-bedded, reddish-brown, calcareous mudstone-

siltstone, interbedded with fine sandstones and nodular crystalline limestones. Much like 

the middle member, the upper Wanakah also contains a greenish bed of silty limestone 

with jasper grains and green chert. The Wanakah is 12-24 m (40-80 ft) within the study 

area.  

The contact between the Wanakah and overlying Jurassic Morrison formation 

(Jm) is marked by a line of trees where the steep cliff  grades into ledges, cliffs, and steep 

slopes partially covered by a soft layer of weathered rock and soil.  The Morrison at this 

location is ~210 m (700 ft) thick and can be broken into two lithologic units, the lower 

Salt Wash sandstone member, and the upper Brushy Basin shale member. The lower Salt 

Wash is a fine to medium-grained sandstone with interbedded mudstones and the 

occasional limestone bed. Lenticular- and cross-bedding is common within the lower 

Salt Wash. Joint surfaces are sometimes covered by carbonates. The sandstones are 

yellowish white, yellowish brown and pink and in situ weathered surfaces are often 

covered in ñbluish-black desert varnishò. The number of mudstone layers and their 

thickness increase in the upper part of the Salt Wash member and grades into the upper 

Brushy Basin shale member. The Brushy Basin member is a calcareous mudstone with 

interbedded fine sandstones and limestones.  

The Pack trail crosses the top of the ridge at ~3,078 m (~10,100 ft) through the 

slightly weathered cliffs of the Cretaceous Dakota Sandstone formation (Kd). The cliffs 
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have thin to massive lenticular, cross-stratification and graded sandstone beds. The 

sandstones are yellowish gray, and yellowish white and locally ~30 m (~100 ft) thick. 

The Dakota at this location is heavily vegetated.  

The Dakota is uncomfortably overlaid by a Porphyritic Granodiorite (gp) 

associated with the Laramide orogeny during late Cretaceous-early Tertiary. It is 

uniform in composition and texture and is 12-30 m (40-100 ft) thick and thickens outside 

of the study area.  

Much of stratigraphy is covered to the east of the study area by Pleistocene 

landslide deposits mixed with alluvium and glacial till.  Several large gullies have formed 

along the steep slopes and cliffs cutting through the multiple lithologies. These gullies 

act to channelize runoff from storms and meltwater and are prime examples of the 

variability of the different rock typeôs resistivity.  
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Figure 7 Geologic map of Ouray, Colorado and the study area (modified after Luedke and Burbank, 1962) 

 


















































































































































































