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ABSTRACT 

The Rio Chama area experienced a natural rockfall in spring 2004. The focus of 

this study is to quantify and characterize the event, to investigate the possible trigger(s) 

and failure mechanisms, to identify possible similar events nearby, and to produce a 

rockfall Source Zone Identification Map of the surrounding area. An approach that 

included field mapping, Geographic Information System (GIS) based analysis, and a 

variety of remote sensing methods was used to investigate the Rio Chama Rockfall. Field 

mapping provided firsthand information about the extent and character of the event. GIS 

based analysis assisted in narrowing the time period of occurrence by providing a 

platform for viewing and manipulating remote sensing data.  GIS was also used to 

organize, process, and compile data in order to produce a Source Zone Identification Map 

of the surrounding area to identify source areas where similar rockfalls could occur.  

Optical remote sensing assisted in narrowing the time window of occurrence as well as in 

delineating the boundary of the slide based on damaged and undamaged vegetation.  The 

volume of the slide was estimated from mapped boundaries and estimated thicknesses. 

The Rio Chama Rockfall was divided into 4 zones, the Source Zone, the Rubble Zone, 

the Slope Zone, and the Toe. The zones are based on type of material, size of material, 

amount of material, type of movement, and gradient of the slope.  The Rubble Zone was 

further divided into individual lobes based on the lobe’s relative elevation.  The trigger of 

the Rio Chama Rockfall appears to be runoff from snowmelt and precipitation.  No 

similar style failures were observed in the immediate area.  A map of the area was 

produced identifying source areas susceptible similar types of failures.  
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CHAPTER 1: INTRODUCTION 

Mass wasting events are a major natural hazard in Colorado and pose a risk to 

human life and cause a significant amount of damage annually.  In 2010 the estimated 

direct monetary cost of mass wasting events in Colorado was approximately 

$9,149,335.00 (2010 U.S. dollars).  Approximately two-thirds of this cost was due 

specifically to rockslides/rockfalls (Highland, 2012). 

The Rio Chama area in southern Colorado experienced a natural mass wasting 

event in spring 2004, when a large failure with long runout occurred in the cliffs above 

the west fork of the Rio Chama.   The focus of this study is to quantify and characterize 

the event, to investigate the possible trigger(s) and failure mechanisms, to identify 

possible similar events nearby, and to produce a mass wasting Source Zone Identification 

Map of the surrounding area.  The work included field mapping, GIS based analysis, and 

a variety of remote sensing based analyses.  Field mapping provided firsthand 

information about the extent of the event.  Optical remote sensing assisted in delineating 

the boundary of the event.  The data collected by the field visit and remote sensing 

methods was used to produce a mass wasting Source Zone Identification Map of the 

surrounding area to identify where similar style mass wasting events could occur. 

Existing mass wasting events can be studied to help us better understand their behaviors 

and causes, which can aid in the avoidance and mitigation of future failures.  Mass 

wasting Source Zone Identification Maps can be produced based on knowledge gained 

from the study of existing mass wasting events.  Mass wasting Source Zone Identification 

Maps are essential to many state and local departments in charge of transportation, urban 

planning, and land use zoning.   Basing land use zoning on natural hazard susceptibility 
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has been proven successful in Colorado (Jochim et al., 1988) and in Switzerland and is 

one of the methods for reducing risk recommended by the United Nations (United 

Nations, 2004). 

The Rio Chama Rockfall is an ideal event to study for several reasons.  The event 

has remained in essentially the same condition as it was immediately after the time of 

failure due to the remote location and lack of mitigation.  This provides an opportunity to 

observe the event in its original state without man-made modifications, which allows for 

a better understanding of the processes involved.  This specific site is also ideal because it 

occurred in a setting that is common to other parts of Colorado, characterized by highly 

exposed, highly fractured, weak rock, susceptible to differential weathering, and over-

steepened valleys.  The information learned from this event can be used to better 

understand similar events and to assist in the avoidance and risk reduction of similar 

events in the future. 

Based on field observations and on definitions of types of mass wasting events by 

Cruden and Varnes (1996), the Rio Chama Mass Wasting Event was classified as a 

Complex Rock Fall-Debris Slide. Cruden and Varnes (1996)!describe!rock!fall:!“A!fall!

starts!with!the!detachment!of!soil!or!rock!from!a!steep!slope!along!which!little!or!no!

shear!displacement!takes!place.!The!material!then!descends!mainly!through!the!air!

by!falling,!bouncing,!or!rolling.!Movement!is!very!rapid!to!extremely!rapid.”!!They!

define!a!slide!as!!“a!downslope!movement!of!a!soil!or!rock!mass!occurring!

dominantly!on!surfaces!of!rupture!or!on!relatively!thin!zones!of!intense!shear!strain.!

The!displaced!mass!may!slide!beyond!the!toe!of!the!surface!of!rupture!covering!the!

original!ground!surface!of!the!slope,!which!then!becomes!a!surface!of!separation.”!
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According!to!Cruden!and!Varnes!(1996), “the terms used should describe the displaced 

material in the landslide before it was displaced. If the landslide is complex and the type 

of movement changes as it progresses, the material should be described at the beginning 

of each successive movement”. While this event is accurately described as a complex 

rock fall-debris slide, for simplicity it will be referred to as the Rio Chama Rockfall for 

the remainder of this thesis. 

1.1 Background 

The Rio Chama Rockfall is located approximately at 37° 6’ 36’’ N 106° 35’ 24’’ 

W, within the Rio Grande National Forest 40 km (25 mi) east southeast of Pagosa 

Springs, Colorado (Figure 1.1). 

!
Figure 1.1 Location of the Rio Chama Rockfall 

East Cliffs

Sources: Esri, HERE, DeLorme, TomTom, Intermap, increment P Corp., GEBCO, USGS, FAO, NPS,

NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, Esri China (Hong Kong),

swisstopo, MapmyIndia, © OpenStreetMap contributors, and the GIS User Community
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The Rio Chama Rockfall occurred in the spring of 2004.  The United States 

Forest Service (USFS) estimated that it covered 16 km2 (40 acres) and is 400 m (0.25 mi) 

wide.  They also reported that Rainbow and Cutthroat Trout in the west fork of the Rio 

Chama were killed after the event (USFS, 2004).  The runout from the event is 

approximately 800 m (0.5 mi) long and includes boulders up to 18.3 m (60 ft) in 

diameter.  The geologic setting of the Rio Chama Rockfall is Paleoproterozoic granitic 

plutons and quartzite overlain with Tertiary volcanics and pyroclastic flow breccias 

(USDA NRCS, 2009).  The rockfall occurred near the Rio Chama in the headwaters of 

the Rio Chama Watershed.  The Rio Chama is the largest tributary to the Rio Grande.  

The portion of the Rio Chama Watershed that is in Archuleta County, Colorado 

experiences some of the largest precipitation of the entire watershed.  The highest 

elevations of the Rio Chama Watershed are also located in Archuleta County.  This 

portion is mainly owned by the USFS, with smaller sections owned privately.  The land 

cover is mostly evergreen forest (USDA NRCS, 2009). 

1.2 Geologic Setting  

The Tcv and Tcc units, i.e. the Tertiary flow breccias and volcanoclastic units, on 

the Reconnaissance Geologic Map of the Chama Peak Quadrangle, Conejos and 

Archuleta Counties, Colorado (Lipman and Hail, 1975) were identified as the material 

making up the Rio Chama Rockfall.    A small area in the north and the east of the study 

area was not covered by the Reconnaissance Geologic Map of the Chama Peak 

Quadrangle, Conejos and Archuleta Counties, Colorado (Lipman and Hail, 1975), so the 

Geologic Map of the Durango Quadrangle, Southwestern Colorado (Steven et al., 1974) 

was used to fill in the gaps around the edges.  The Tcv Unit from the Lipman and Hail 
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(1975) map corresponds to the Ten Unit form the Steven et al. (1974) map.  The Tcc Unit 

from the Lipman and Hail (1975) map corresponds to the Tev Unit form the Steven et al. 

(1974) map. These rock types were identified as the source material of the Rio Chama 

Rockfall on the Reconnaissance Geologic Map of the Chama Peak Quadrangle, Conejos 

and Archuleta Counties, Colorado (Lipman and Hail, 1975) and confirmed during the 

field investigation.  The valley floor below the Rio Chama Rockfall is mainly made up of 

Quaternary landslide and alluvial deposits according to the Lipman and Hail (1975) map. 

1.3 Purpose and Scope 

The purpose of this research is to evaluate the size, style, trigger(s), geology, and 

regional setting of a rockfall that occurred between September 2003 and June 2004 in the 

upper Rio Chama headwaters.  Because of its isolated location, the event does not pose 

an imminent hazard, however, part of the study evaluates the potential for similar 

rockfalls within an approximately 16 km (10 mi) radius.  During the research, the 

following questions were answered:  

1. What is the extent and character of the event?   

2. Is there any evidence of other similar events in the local region?   

3. What are the possible triggering and travel mechanisms?   

4. What is the potential for future similar rockfalls nearby?   
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CHAPTER: 2 METHODS 

2.1 Data Collection and Building Geodatabase 

GIS data were gathered and organized in a geodatabase, including bedrock 

geology, surficial geology, land use and ownership, mineral rights, mining activity (past 

and current), and the locations of oil wells in the area.  Some of this information was used 

in planning the field investigation and as background information on the site.  Land use 

and ownership was particularly important when planning a route to access the site in 

order to avoid trespassing.  Bedrock and surficial geology information was useful in 

forming preliminary assessments of the event.  Table 2.1 summaries various data 

collected, data sources, and gives brief descriptions of the data. 

!

Table!2.1.!GIS!Data 
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2.2 Field Investigation Preparation and Field Investigation 

Prior to the field investigation, a field task list was compiled including: 

• Map the boundary of the entire event 

• Identify tension cracks, rotated blocks, depressions, scarps, and signs of recent 

movement 

• Identify different zones of different types of material, movement, etc. 

• Map the boundary of individual lobes 

• Describe individual lobes 

o Material type and source 

o Grain size distribution, i.e. % Boulder, % Cobble, % Gravel, % Fines 

o Relative elevation 

• Estimate the average thicknesses of different zones 

• Measure the orientations of large boulders 

• Estimate the orientations of fractures in the cliff face above 

• Describe the vegetation type and damage to vegetation present in each zone. 

A week-long field investigation consisting of field mapping and data collection 

was conducted in June of 2015.   

2.3 Remote Sensing Analyses 

Google Earth imagery, and Landsat imagery were used to narrow down the time 

frame of the event, to examine the surrounding area for evidence of similar events, and to 

investigate previous events at the location of the Rio Chama Rockfall on a GIS platform.  
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2.3.1 Narrowing the Time Window - LANDSAT 5 Thematic Mapper (TM) 

The Landsat TM is a sensor that was onboard both Landsat 4 and Landsat 5.  Both 

Landsat 4 and Landsat 5 had a repeat cycle of 16 days. Data was collected from 1982 to 

2012.  The TM collects multispectral imagery consisting of 7 bands.  The spatial 

resolution of the TM is 30 m x 30 m (USGS Jan. 2015).  Table 2.2 shows the 

wavelengths of these bands. 

 

Table 2.2. Landsat 5 TM Data Acquisition Bands (Wavelength in µm) 

 (from USGS, Sept. 2015) 

Multiple LANDSAT 5 TM multispectral images were downloaded for the time 

period during which the Rio Chama Rockfall was thought to have occurred.  This 

provided one image every 16 days of the location of the Rio Chama Rockfall.   ArcGIS 

was used to view these images and the images were manually inspected for signs of the 

Rio Chama Rockfall.  A true color composite image as well as a composite image with 

band combination of 7, 4, and 2 was used in order to assist in differentiating barren 

ground from vegetated areas, where, barren ground appears red and vegetated areas 

appear green, and snow, ice, and water appear blue (ESRI, 2016).   
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2.4 Examination of Geometric Opportunities for Failure 

Kinematic Analysis is the process of using stereographic projection to examine 

“the direction in which a block [of rock] will slide and give an indication of stability 

conditions,” to calculate a maximum stable slope for a given aspect.  Kinematic Analysis 

on a stereonet consists of two parts: examining daylight envelopes, and examining 

friction cones (Wyllie and Mah, 2004). One of the most important characteristics of a 

rock slope for evaluating daylight envelopes is the orientation of the major discontinuity 

sets.  The orientation of a discontinuity set is measured in terms of dip and dip direction.  

The dip is measured as the angle of inclination of the discontinuity surface below the 

horizontal and the dip direction is measured as the azimuth in the direction of the dip 

(Norrish and Wyllie, 1996). For detailed explanation on the basics of stereographic 

projection and plotting discontinuities on stereonets, please refer to section 2.5 in “Rock 

Slope Engineering Civil and Mining” by Wyllie and Mah (2004). Examining daylight 

envelopes using stereographic projection only considers geometric opportunities for 

failure. The other part of kinematic analysis, examining friction along the discontinuities 

surface, can also be performed using stereographic projection.   In this study, friction was 

not considered because only geometric opportunities for failure were used to produce the 

Source Zone Identification Map.  In this thesis “kinematiclly unstable” means that there 

exists a geometric opportunity for failure.  There are four main types of rock slope 

failures: Planar, Wedge, Toppling, and Circular.  Circular failures tend to occur in highly 

weathered material where the failure surface is not controlled by discontinuities within 

the rock mass (Norrish and Wyllie, 1996).  The source zone of the Rio Chama Rockfall 

appeared to be composed of competent rock with three major discontinuity sets with the 
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size of the blocks of rock in the Rubble Zone controlled by the discontinuity spacing in 

the Source Zone.  Geometric opportunities for Planar, Wedge, and Toppling failures were 

assessed. 

2.4.1 Planar Failure 

Planar failures are controlled by one discontinuity surface that dips out of the 

slope face. Movement occurs along one, relatively planar, discontinuity surface.  There 

are four structural conditions that must be met in order for planar failure to occur 

(Norrish and Wyllie, 1996). These four criteria are summarized in Norrish and Wyllie 

(1996) as  

“1. The dip direction of the planar discontinuity must be within 20 degrees of the dip 

direction of the slope face, or, stated in a different way, the strike of the planar 

discontinuity must be within 20 degrees of the strike of the slope face. 

2. The dip of the planar discontinuity must be less than the dip of the slope face and 

thereby must “daylight” in the slope face. 

3. The dip of the planar discontinuity must be greater than the angle of friction of the 

surface. 

4. The lateral extent of the potential failure mass must be defined either by lateral release 

surfaces that do not contribute to the stability of the mass or by the presence of a convex 

slope shape that is intersected by the planar discontinuity.” 

2.4.2 Wedge Failure 

Wedge failures are controlled by two discontinuity surfaces that both dip out of 

the slope face and intersect each other.  Movement occurs either along the line of 

intersection between the two discontinuity surfaces, or, along the discontinuity surface 
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that is the steepest in the direction of the dip of that discontinuity surface.  There are three 

structural conditions that must be met in order for wedge failure to occur (Norrish and 

Wyllie, 1996).  These three criteria are summarized in Norrish and Wyllie (1996) as 

“1. The trend of the line of intersection must approximate the dip direction of the slope 

face. 

2. The plunge of the line of intersection must be less than the slope face. Under this 

condition, the line of intersection is said to daylight in the slope face. 

3. The plunge of the line of intersection must be greater than the angle of friction of the 

surface. If the angles of friction for the two planes are markedly different, an average 

angle of friction is applicable.” 

2.4.3 Toppling Failure 

Toppling failures are controlled by steeply dipping discontinuity surfaces running 

relatively parallel to the slope face. Movement occurs by the rock slab rotating around a 

point near its base as failure occurs along the discontinuity surface.  There are three 

structural conditions that must be met in order for toppling failure to occur (Norrish and 

Wyllie, 1996).  These three criteria are summarized in Norrish and Wyllie (1996) as 

“1. The strike of the layers must be approximately parallel to the slope face.  Differences 

in these orientations of between 15 and 30 degrees have been quoted by various workers. 

2. The dip of the layers must be into the slope face. Using the dip direction convention, 

conditions 1 and 2 can be stated as follows: the dip direction of the layers must be 

between 160 and 200 degrees to the dip direction of the slope face. 
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3. As stated by Goodman (1980), in order for interlayer slip to occur, the normal to the 

toppling plane must have a plunge less than the intersection of the slope face less the 

friction angle of the surface.” 

2.5 GIS Analysis 

ArcGIS 10.3 was used to digitize the field map and to consolidate information 

identified as useful for producing a mass wasting Source Zone Identification Map.  A 

geodatabase of raw data including maps, elevation information, and watershed 

information was compiled in ArcGIS.  After the geodatabase of useful information was 

created, ArcGIS was used to extract the factors identified as contributing to the failure of 

the Rio Chama Rockfall.  After the necessary factors were extracted, ArcGIS was used to 

manipulate and combine them in order to produce the Source Zone Identification Map.  

These factors included rock type, slope, aspect, and cliff height (identified using the 

process described below).  Once the necessary factors were extracted, ArcGIS was used 

to produce a weighted overlay combining each of the factors into a single map showing 

the relative susceptibility of areas within the study area to similar types of rockfalls.  

Each factor was weighted equally. It is hypothesized that the larger the number of factors 

similar to the Rio Chama event, the more susceptible the area is to a similar type of 

failure. Figure 2.1 shows a flowchart outlining the GIS process (steps 1 through 14 

referred to below) for generating the Source Zone Identification Map.  Post-processing 

filtering was applied in order to reduce pixilation of the final map.



!

 

Figure!2.1.!Flowchart!of!the!GIS!Process

13
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2.5.1 Selection of Causative Factors 

Causative factors were selected based on characteristics of the Rio Chama 

Rockfall.  The Rio Chama Rockfall occurred in volcanic flow breccias and 

conglomerates, on kinematically unstable ground, along the edge of tall cliffs. 

The!Reconnaissance Geologic Map of the Chama Peak Quadrangle, Conejos and 

Archuleta Counties, Colorado (Lipman and Hail, 1975) and the Geologic Map of the 

Durango Quadrangle, Southwestern Colorado (Steven et al., 1974) were used to identify 

areas of the same rock type as the source material of the Rio Chama Rockfall. A!

kinematic!analysis!examining!geometric!opportunities!for!failure!of!the!Source!Zone!

of!the!Rio!Chama!Rockfall!was!conducted!in!order!to!identify!the!maximum!

allowable!slope!for!each!15Adegree!range!of!aspects!of!slopes.!!The!discontinuities!

observed!at!the!Source!Zone!of!the!Rio!Chama!Rockfall!were!assumed!to!be!

consistent!within!the!same!rock!type!throughout!the!study!area.!!

The!Rio!Chama!Rockfall!occurred!along!the!edge!of!tall!cliffs.!!Because the Rio 

Chama Rockfall occurred in an area with very tall cliffs and a large vertical drop is 

required for the disintegration observed in the Rio Chama Rockfall to occur, the 

kinematically unstable areas of equivalent rock type were further constrained to areas of 

large cliffs.!

2.5.2. Digitization of Rock Type  

Because there was not a large scale digitized map of the area available at the 

appropriate scale, two paper maps!were!digitized!manually!in!ArcGIS: the 1:48,000 

scale map Reconnaissance!Geologic!Map!of!the!Chama!Peak!Quadrangle,!Conejos!and!



!15!

Archuleta!Counties,!Colorado!by!Lipman!and!Hail!(1975)!and!the!1:250,000!Geologic!

Map!of!the!Durango!Quadrangle,!Southwestern!Colorado!by!Steven!et!al.!(1974)!

(step!1).!! 

2.5.3 Slope and Aspect  

The!slope!and!aspect!of!each!pixel!of!a!DEM!can!be!computed!using!ArcGIS.!

Once!the!slope!layer!and!the!aspect!layer!have!been!generated,!they!can!be!

reclassified!to!show!areas!with!similar!slope!and!similar!aspect!of!the!feature!of!

interest.!!!!A!1/3rd!arc!second!resolution!DEM!covering!the!area!of!interest!was!

downloaded!from!the!National!Elevation!Dataset!(NED)!(step!2).!!The!Slope!function!

and!Aspect!function!in!ArcGIS!were!used!to!generate!2!rasters!showing!the!slope!

and!the!aspect!of!the!area!around!the!Rio!Chama!Rockfall!respectively!(step!3).!!

After!the!Slope!and!Aspect!maps!were!produced,!both!were!reclassified!to!prepare!

the!data!for!identifying!kinematically!unstable!areas!(step!4).!!The!Raster!Calculator!

in!ArcGIS!(step!6)!was!used!to!identify!areas!identified!as!unstable!in!the!kinematic!

analysis!(step!5).!

2.5.4 Identify Areas of Unstable Slope, Aspect, and Rock Type 

The Extract by Mask tool in ArcGIS was used to clip the layer showing areas of 

critical slope and aspect to the digitized rock type of concern (step 7).  This produces a 

layer showing all areas that are both kinematically unstable and the same rock type as the 

Source Zone of the Rio Chama Rockfall. After this layer was created, all of the unstable 

areas that were the same rock type of the Source Zone of the Rio Chama Rockfall were 

selected and exported as a new file (step 8).   
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2.5.5 Identify Large Cliffs 

The identification of large cliffs was achieved by creating a 20m x 20m grid over 

the area of interest (step 9) and computing the Range of elevation values for each grid 

section (steps 10 and 11). After the ranges were computed, all of the grid cells that had an 

elevation difference of 60 m (197 ft), 90 m (295 ft), and 120 m (394 ft) or greater 

(contained a 60 m (197 ft), 90 m (295 ft), or 120 m (394 ft) or taller cliff in the 20 m (66 

ft) by 20 m (66 ft) cell) were selected and exported as a new layer (step 12).  Then the 

layer identifying tall cliffs was passed through a low pass filter in order to reduce 

pixilation. 

2.5.6 Combination of Factors 

The Intersect tool in ArcGIS was used to extract the kinematically unstable areas 

of the rock type of the Source Zone of the Rio Chama Rockfall that were also on cliffs of 

60m, 90m, or 120m tall or greater (step 13). 

 Table 2.3 shows the factors that make up the susceptibility rating system. If the 

rock type is not the same as the Source Zone as the Rio Chama Rockfall, the 

susceptibility scale and kinematic analysis cannot be applied.  If the rock type is the same 

as the Source Zone of the Rio Chama Rockfall and the kinematic analysis identifies the 

area as stable, the area has a low susceptibility to failures of the same type as the Rio 

Chama Rockfall.  If the rock type is the same as the Source Zone of the Rio Chama 

Rockfall and the kinematic analysis identifies the area as unstable, the area has a 

moderate susceptibility to failures of the same type as the Rio Chama Rockfall.  If the 

rock type is the same as the Source Zone of the Rio Chama Rockfall, the kinematic 

analysis identifies the area as stable, but the area contains 60 m, 90 m, or 120 m or taller 
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cliffs, the area has a moderate susceptibility to failures of the same type as the Rio Chama 

Rockfall.  If the rock type is the same as the Source Zone of the Rio Chama Rockfall, the 

kinematic analysis identifies the area as unstable, and the area contains 60 m, 90 m, or 

120 m or taller cliffs, the area has a high susceptibility to failures of the same type as the 

Rio Chama Rockfall. 

 

Table 2.3. Rockfall Source Zone Susceptibility Ratings 

  
Rock 

Type 

Critical 

Slope and 

Aspect 

(Kinematic 

Analysis) 

Tall 

Cliffs 
Susceptibility Description 

0 

Factors 
NO - - NA 

Different Rock Type = 

possible different fracture 

orientations. This kinematic 

analysis cannot be applied 

to other rock types. 

1 

Factor 
YES NO NO LOW 

The Aspect and Slope 

Angle are different than 

those identified in the 

kinematic analysis of the 

regional discontinuity sets 

as critical. 

2 

Factors 
YES YES NO MODERATE 

The Aspect and Slope 

Angle is within the failure 

range as identified by 

kinematic analysis of the 

regional discontinuity sets. 

2 

Factors 
YES NO YES MODERATE 

There are 60 m, 90 m, or 

120 m or taller cliffs in the 

area. 

3 

Factors 
YES YES YES HIGH 

The Aspect and Slope 

Angle are within the failure 

range as identified by 

kinematic analysis of the 

discontinuity sets and there 

are 60 m, 90 m, or 120 m or 

taller cliffs in the area. 



!18!

 

 

 

 
Figure 2.2. Workflow for Generating the Source Zone Identification Map 

!

Figure 2.2 shows a flowchart illustrating the process of creating the susceptibility scale. 

Intermediate maps that were generated during the production of the final Source Zone 

Identification Map are included in the geodatabase. 

2.6 Colorado Rockfall Simulation Program Analysis 

The Colorado Rockfall Simulation Program (CRSP) is a computer simulation 

program that was developed in order to predict velocities and bounce heights of rocks in 

order to assist in the design of rockfall mitigation along Interstate-70’s expansion through 

Glenwood Canyon (Pfeiffer and Bowen, 1989).  CRSP takes a series of input parameters 

regarding Slope Geometry, Slope Material Properties, Rock Geometry, and Rock 

Material Properties and predicts the path of falling rocks including velocity, bounce 
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height, and distance traveled. The input parameters that CRSP requires are the size and 

shape of the rocks, the surface roughness of the slope (S), the Tangential Coefficient of 

Frictional Resistance (Rt), the Normal Coefficient of Frictional Resistance (Rn), The 

Starting Location, and the Slope Profile.  For a detailed explanation of how CRSP works, 

please refer to Higgins, Andrew, and Pfeiffer (2003). 

2.6.1 CRSP Calibration with the Rio Chama Rockfall (Jones et al., 2000) 

The Rio Chama Rockfall was used to calibrate the CRSP model in order to apply 

the CRSP to the 8 highest susceptibility areas identified in the ArcGIS Analysis.  The 

input parameters for the size and shape of rocks were based on field observations made at 

the Rio Chama Rockfall.  The S, Rt, and Rn input parameters were based on the 

characteristics of the Rio Chama Rockslide and the CRSP Manual, and adjusted in order 

to get the modeled runout distance of the Rio Chama Rockfall to match the observed 

runout distance of the Rio Chama Rockfall.  The percentage of material passing different 

zones was also considered when calibration the model.  37 trials were conducted in order 

to obtain the final parameters. The Starting Location input parameter was the observed 

Source Zone of the Rio Chama Rockfall.  The Slope Profile input parameter was based 

on the steepest path down the slope from the Starting Location and on the elevation 

profile generated along that path.  

2.6.2 CRSP Assessment of Identified Highest Susceptibility Areas 

After the Rock Size, Rock Shape, S, Rt, and Rn were calibrated by field 

observations of the Rio Chama Rockfall, CRSP was used to assess the runout distance of 

the 8 highest susceptibility areas identified in the ArcGIS analysis. The Starting Location 

input parameter for each site was identified by the Source Zone Identification Map 
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generated by ArcGIS.  The Slope Profile of each site was generated by ArcGIS from the 

steepest path down from the Starting Location based on 10 m (32.8 ft) elevation contours.   

After the runout distance for each site was predicted by CRSP, 25% of the 

predicted distance was added in order to account for uncertainties in the model.  The 

width of the runout area is based on catchment boundaries and 10 m (32.8 ft) elevation 

contours.  
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CHAPTER: 3 RESULTS AND ANALYSIS 

3.1 Site Characterization 

The Rio Chama Rockfall is located on the south-facing wall of a large cirque, 

characterized by a large, wide, u-shaped valley blanketed by multiple ground moraines.  

The ground moraines appeared to be matrix supported with large sub-rounded lithic 

fragments protruding from the matrix and the fines winnowed from the surface. The walls 

of the cirque are extremely steep. About midway up the walls of the valley the slope 

decreases. It appears that this change occurs at the glacial trimline (line representing the 

highest glacial filling), with the portion of the valley wall below the trimline steeper than 

the portion above the trimline. The floor of the valley is wide and relatively flat, gently 

sloping to the southeast.  Figures 3.1 and 3.2 show the glacial trimline and gently sloping 

valley. 

 
Figure 3.1. Glacial Trimline (indicated by the red line) 
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Figure 3.2. Gently Sloping Valley (red line indicates approximate glacial trimline) 

!

Compared to other cirques in the area, the source of the Rio Chama Rockfall is 

steeper, and because it is above tree line, it has more exposed rock and less vegetation.  

This cirque faces to the south at the top and then sharply turns so that it faces southeast.  

The Rio Chama Rockfall is located at the inside corner of this turn.  

3.1.1 Field Investigation 

Based on field mapping, the Rio Chama Rockfall was divided into four zones.  

These zones were divided based on type of material, size of material, amount of material, 

type of movement, and gradient of the slope. The four zones of the Rio Chama Rockfall 

are the Source Zone, the Rubble Zone, the Slope Zone, and the Toe, as shown on Figure 

3.3.  The Source Zone is the area of cliffs above the runout of the event where the initial 
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failure occurred.  The Rubble Zone is the area where the initial rock fall landed and 

transitioned into a debris slide.  The Slope Zone is the area where the slope of the valley 

wall sharply increases and the majority of material that entered the area passed through it 

and onto the valley floor.  The Toe is the area on the valley floor where the material that 

passed through the Slope Zone was eventually deposited.  The boundary between the 

Source Zone and the Rubble Zone is the base of the cliff above the Rio Chama Rockfall.  

It appears that the glacial trimline defines the boundary between the Rubble Zone and the 

Slope Zone with the Toe being entirely on the valley floor.  

 

 
Figure 3.3. The Four Zones of the Rio Chama Rockfall 

During the field visit, a field map was produced and detailed observations about 

the Rio Chama Rockfall were recorded.  Information regarding extent, composition, 

thickness, methods of transport, and methods of deposition were of particular focus.  

Figure 3.4 is a summary of these field maps and observations, superimposed on aerial 

imagery and subdivided using slope information derived with ArcGIS.  
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Figure 3.4 shows the 4 zones of the Rio Chama Rockfall, including the individual 

lobes of the Rubble Zone.  The Source Zone, Slope Zone, and Toe are indicated by the 

solid colored areas while the Rubble Zone is divided into multiple colors representing the 

multiple lobes. The lobes of the Rubble Zone are numbered in chronological order from 

the earliest (small numbers) to latest movement (large numbers). The locations of several 

easily identifiable large boulders are also shown on this map, indicated by solid colored 

dots.  Areas containing numerous large boulders that appear to be from older rockfalls are 

shown as well, indicated by solid green hexagons. 

Table 3.1 shows the estimated thicknesses and volume estimates for each zone of 

the Rio Chama Rockfall.  The estimated thicknesses are based on field observations, 

which were coupled with GIS analysis to estimate volumes. 

 

Table 3.1. Volume Estimates 

 Avg. Thickness 

(m) 

Area 

(m
2
) 

Volume 

(m
3
) 

% of Slide 

Material 

Source Zone 30 170 x 75 = 12,750 382,500 99.4 

Rubble Zone 3.0 97,100 291,400 75 

Slope Zone 0.9 22,400 20,200 5 

Toe 1.8 40,600 73,100 20 

Overall -- 160,100 384,700 100 

 

The orientations of the linear flow structures in 13 large boulders were measured 

in the field and catalogued in Table 3.2.  The locations of these boulders are shown in 

Figure 3.4.  The orientations of these boulders can be re-measured in the future to assess 

the future movement of the slide.  These large boulders are also identifiable on satellite 

and aerial imagery and can be used as reference points when comparing images from 

different timeframes. 
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Figure 3.4. Map of the Rio Chama Rockfall, With Individual Lobes Delineated Based on 

Field Observations 
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Table 3.2. Large Boulder Measurements 

Large 

Boulder ID 

Dip ! Dip 

Direction 

Dimensions Location 

A 20 ! 070 11.3x9.2 m  (37’x30’) Slab in middle of Toe 

B 70 ! 175 9.8x7 m  (32’x23’) West of Slab, touching lake 

C 80 ! 226 13.1x11.6 m  (43’x38’) Largest block on W side of Toe, 

at base of Slope Zone 

D 50 ! 266 8.8x3.7x m  (29’x12’) Large block south of C 

E 70 ! 334 21.0x15.5 m (69’x51’) Largest block on east side of 

Slope Zone 

F 60 !275 12.3x7.3 m (40’x24’) Slightly smaller block just above 

E 

G 70 ! 270 18x10.4 m (59’x34’) Large block in Rubble Zone near 

stream channel 

H 55 ! 330 12.5x9.2 m  (41’x30’) Large block to East of G 

I 30 ! 205 11.6x11.6 m  (38’x38’) Large block to North of H 

J 85 ! 220 10.1x10.1 m  (33’x33’) Large block to north of G 

Z: Extremely hard, minimally weathered breccia – lichens, moss, and mature evergreens 

growing on them.   

These boulders appear to be the uppermost unit on the cliff face above on top of the 

source zone of this rockfall. 

 81 ! 105 Fracture set in one of the Z boulders 

 81 ! 150 Fracture set in a different one of the Z boulders 

These boulders do not appear to be in place and could possibly be from much older 

rockfalls. 

 

3.1.2 Source Zone 

The Source Zone is the original detachment area that supplied the complex rock 

fall-debris slide material.  The source material of the rockfall is a lithic ash tuff exposed 

on the steep northernmost (south facing) wall of the cirque. It is an approximately 150 m 

(492 ft) tall vertical rock cliff above the Rubble Zone, broken by widely spaced fracture 

sets.  This cliff is pictured in Figure 3.5. The approximate orientations of these fracture 

sets are: 

70° !180° (4 discontinuities present in Source Zone) 
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60° !270° (3 discontinuities present in Source Zone) 

90° ! 270° (20 discontinuities present in Source Zone) 

 
Figure 3.5. The Source Zone of the Rio Chama Rockfall.  Note lighter rock to the right, 

which is where the rockfall block detached from before falling and disintegrating 

 

Figure 3.6 shows the Source Zone from further away.  The fracture sets are drawn on 

figure 3.6b. 
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Figure 3.6a,b. Major Discontinuity Sets of the Source Zone of the Rio Chama Rockfall 

 

The approximate spacing of the fracture sets is 3 – 18 m (10 – 60 ft). The cliff 

appears to be composed of a lithic ash tuff with sub-rounded to sub-angular lithic 

fragments ranging from 2.5 cm (1 in) to 45 cm (1.5 ft) along their major axis.  Much of 
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the matrix material has been weathered out and lithic fragments are protruding from the 

cliff face.  Water seepage is visible in multiple locations across the cliff face. 

The initial rock slab of the complex rock fall-debris slide appears to be 

approximately 170 m (560 ft) wide and 75 m (250 ft) thick. The surface of the cliff 

directly above the complex rock fall-debris slide is lighter colored and contains less 

surface staining than the cliffs to either side of the rockfall. The surface appears to be 

fresher and weathered to a lesser degree than the neighboring cliffs. 

3.1.3 Rubble Zone 

Figure 3.7 shows the Rubble Zone of the Rio Chama Rockfall, which is composed 

of multiple lobes, whose general grain size distributions and relative elevations are 

recorded in Table 3.3 and mapped on Figure 3.8.   

 
Figure 3.7. The Rubble Zone of the Rio Chama Rockfall.  Note ridges and troughs 

oriented downslope that represent different movement lobes 
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The lobes are numbered based on their relative elevations. The bases of the lobes 

could not be observed in the field. It was assumed that the relative top elevations of the 

lobes indicates the chronological order of deposition, where higher lobes indicate earlier 

deposition. Later lobes were confined by topographic highs that were created by the early 

lobes, so that later lobes filled in the topographic lows. For example, the easternmost lobe 

in the Rubble Zone (Lobe 1) is the highest topographically. It appears that this lobe was 

deposited first and the later lobes were confined by it. The lobes are thinner in the center 

and thicker on the edges, indicating that each lobe had flow concentrated near the center, 

with a longer time period of material movement in the center.  Lobe boundaries are 

defined by large boulders with finer material accumulated behind them, which has been 

observed at other rockfalls where boulders are rafted on flowing finer-grained material. 

The large boulders are pushed upward and outward by the finer grained material (Hubert 

and Filipov, 1989). The general grain size distribution of the Rubble Zone is 20% 

boulders, 40% cobbles, 25% gravel, and 15% fines. 

The complex rock fall-debris slide was observed during a rainstorm on June 11, 

2015.  An active channel (Lobe 16 on Figures 3.4 and 3.8) was flowing with water and 

finer grained material.  This channel is approximately 2 m (6.5 ft) wide by 2 m (6.5 ft) 

deep.  The depth of flowing water in this channel rose to around 5 – 10 cm (2 – 4 in) 

during the storm. Downcutting is likely in this channel and it could potentially cause 

small channel wall failures in the future. 

Evidence of boulders intermittently moving down the active channel was 

observed.  An elongated boulder approximately 1.5 m (5 ft) long by 0.6 m (2 ft) wide 

protruded into the active channel.  The boulder was broken, and the other half was 
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located downslope in the active channel.  The exposed face along the break appeared to 

be much less weathered than the rest of the boulder indicating a relatively recent break.  

This indicates the recent passage of an object large enough to break the elongated boulder 

upon impact.  

 
Figure 3.8. Lobes of the Rubble Zone  
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Table 3.3. Grain Size Distribution, Relative Elevation, and Remarks about Lobes in the 

Rubble Zone 

 

Name & 

Relative 

Elevation 

% 

Boulders 

% 

Cobbles 

% 

Gravel 

% 

Fines 

Remarks 

1 50 35 10 5 

Very large boulders (~18.3 

m (60 ft) diameter) at an 

even gradient, no 

accumulation of material 

behind the boulders.  More 

boulders than other lobes. 

2 35 25 25 15 

Cave-like feature in 

weathered cliff face above, 

possible source area of 

older slide 

3 35 30 30 5 
Mounded on top of 4a, 

with greater thickness 

4a 52 45 2 1 

Very thin lobe, composed 

of boulders and cobbles on 

original (pre-slide) 

topography, which is 

visible in places 

4b 30 25 30 15 

Flat area, with boulders 

similar to lobe 1.  Further 

detail below. 

5 5 30 40 25 - 

6 25 30 30 15 - 

7 35 30 25 20 - 

8 25 30 25 20 - 

9a 40 30 20 10 - 

9b 40 30 20 10 

Same material as 9a but 

higher elevation, possibly 

a higher energy sub-lobe 

10 20 25 30 25 - 

11 35 25 25 15 - 

12 30 30 20 20 - 

13 30 30 20 20 - 

14 10 40 30 20 - 

15 30 35 10 25 - 

16 15 40 15 30 

Fewer and less mature 

evergreens, sparse 

vegetation, stream channel 

through middle, flowing 

water 
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Table 3.3. (Continued) Grain Size Distribution, Relative Elevation, and Remarks about 

Lobes in the Rubble Zone. 

!

X 

 

Not a lobe 

(in place 

material or 

from a 

previous 

event) 

- - - - 

IN PLACE OR FROM 

PREVIOUS EVENT – 

contains mature trees, 

lichen on rocks, some 

lichen has been recently 

scraped by rockfall with 

matching piece of lichen 

found downslope 

Slope 

Zone 
20 40 25 15 - 

Toe 30 20 30 20 - 

Further detail about lobe 4b:  

Lobe 4b is a wedge shape much thicker at its toe, where it is ~ 9.1 m (30 ft) thick. 

There are some in-place trees on the lobe with damaged bark on the upslope side.  

There are mature evergreens and bushes growing, and the lobe also contains a 

depression with grass growing in it.  

 

3.1.4 Slope Zone 

Figure 3.9 shows the Slope Zone of the Rio Chama Rockfall. The Slope Zone 

appears to follow the original (pre-failure) topography. It has a relatively even surface 

and a uniform steep gradient. It generally lines up topographically with unaffected areas 

on either side of the slide (where there are still undamaged trees). Individual lobes were 

not mapped because of the consistency of the zone.  Large blocks were observed with 

finer material accumulated behind them in the Slope Zone. The upper boundary of the 

Slope Zone appears to be defined as the glacial trimline of the valley while the lower 

boundary appears to be defined as the valley floor. 



!34!

 
Figure 3.9. The Slope Zone of the Rio Chama Rockfall 

!

It appears that if a boulder traveled as far as the top edge of the Slope Zone, it 

would completely traverse the slope and roll onto the Toe, with the runout distance 

depending on the amount of energy (velocity) it had when it went over the edge, as well 

as on the size of the boulder (with larger boulders traveling farther). The Slope Zone is 

predominantly comprised of cobbles, gravel, and fines.  There are fewer boulders than the 

Rubble Zone or Toe, and there is more fine material than the Rubble Zone.  It appears 

that most boulders remained in the Rubble Zone, or if they made it as far as the Slope 

Zone they were launched onto the Toe. 

3.1.5 Toe 

Figure 3.10 shows the Toe of the complex rock fall-debris slide. The Toe appears 

to have a uniform thickness of ~ 2 m (6 ft). Individual lobes were not distinguishable 
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within the Toe. Large ponds of water are present across the Toe.  The ponds contain 

milky, bluish water, which indicates the presence of rock flour and a high amount of 

fines. The fines reduce permeability of the slide mass so that water can be impounded 

without percolating through the underlying material.  The ponds are trapped between the 

large slab in the center of the Toe and the edge of a fan-shaped lobe coming out of a 

channel in the Slope Zone. 

There appears to be flow expansion occurring in this area as the material moves 

out of the channel and spreads out onto the Toe.  The slide is not as confined around the 

edges of the Toe as it is in the Rubble Zone.  A higher proportion of fine-grained material 

was observed on the west side of the Toe.  This side was sourced from the west side of 

the Rubble Zone, which is generally finer grained, with lobes that occurred later in the 

slide event.  There are springs exiting the Slope Zone, and surface water flows onto the 

Toe. The water is transporting fines and cutting a channel downward into the slide mass. 

 
Figure 3.10. The Toe of the Rio Chama Rockfall - Note Ponds Dammed by the 

Outermost Ring of Deposited Material 
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!

New evergreen growth (~20 cm (8 in) tall) was also observed on the Toe. 

Relatively mature in place trees were sheared off approximately 0.75 m (2.5 ft) above the 

current ground surface, with impact scars at a similar height on other trees.  Figure 3.11 

shows an example of an impact scar on a tree that was found in the debris slide. 

 
Figure 3.11. Embedded Rock and Impact Scar on Tree Found in the Rockfall 

!

A possible explanation for this consistent height is that there was snow cover at 

the time of the slide that kept the trees from being sheared at their bases. There were 

impact scars and missing bark on the uphill sides, while the bark on the downhill sides 

and the roots were still intact.  It appears that many additional dead trees in the Toe were 

carried there by the west fork of the Rio Chama River and became lodged in the boulders.   
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There are large boulders present on the leading edge of the Toe that appear to 

have been rafted on top of finer material, allowing them to travel farther. Most of these 

boulders have an accumulation of finer material behind them, as was observed in the 

Rubble Zone. 

3.2 Previous Events 

There appear to be smaller scale rockfalls in the area prior to the Rio Chama 

Rockfall.  Figures 3.12 and 3.13 show the location of boulders deposited in prior events 

outlined in red polygons.   In Google Earth imagery taken on September 25, 1998, shown 

on Figure 3.12, some large boulders from prior rockfalls are visible in the area beneath 

the cliffs above the site of the Rio Chama Rockfall. The two areas west of the slide were 

investigated during the field visit (Large Boulders Z1-Z4 on Figure 3.4.  These boulders 

did not appear to be in place and appeared to be older than the current Rio Chama 

Rockfall, on the basis of mature lichen growth.  

 
Figure 3.12. Previous Rockfalls: September 25, 1998 Image.  Deposits are outlined in 

red, and movement path is shown for the event to right (east) that consisted of a long trail 

of relatively fresh boulders.  Recent complex rock fall-debris slide location is shown on 

Figure 3.16. 
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Figure 3.13. Previous Rockfalls: October 22, 2005 Image, shown in relation to recent 

complex rock fall-debris slide 

!

Multiple mass wasting complexes are present in the area based on field 

observations, Google Earth imagery, and the geologic map of the Chama Peak 

Quadrangle (Lipman and Hail, 1975). However, no other large complex rock fall-debris 

slides of the same nature as the Rio Chama Rockfall were observed in this same glacial 

valley. Likewise, no other complex rock fall-debris slides of similar scale to the Rio 

Chama Rockfall were observed in Google Earth imagery within a 16 km (10 mi) radius. 

There is a large mass wasting complex, dominantly landslide and debris flow deposits, 

comparable in spatial area to the Rio Chama Rockfall, located at 37° 03’ 32’’ N 106° 32’ 

22’’ W and visible on Google Earth.  This mass wasting complex cuts the road and trail 

that access the Rio Chama valley.  This mass wasting event is at a lower elevation, 

through different geology, and with a different aspect, all of which contribute to the 

different style of mass movement. 
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3.3 Date of Occurrence 

Before this research, the Rio Chama Rockfall was only known to have occurred 

sometime before the month of June in the spring of 2004.  The USFS discovered the 

rockfall during a Forest Plan Monitoring Trip in June of 2004 (USFS, 2004). 

Constraining the date of occurrence of the rockfall further is useful for better 

understanding the trigger(s). Based on historical Landsat images, the Rio Chama Rockfall 

occurred sometime between April 1, 2004 and May 3, 2004.  The rockfall is not visible 

on a Landsat 5 image that was collected on April 1, 2004 but is visible on an image 

collected on May 3, 2004.  Figures 3.14a and 3.14b show Landsat 5 TM 7, 4, 2 band 

combination composite images from April 1
st
 2004 and May 3

rd
 2004.  Snow (light blue) 

is visible in the area of the Toe of the Rio Chama Rockfall on the April 1
st
 2004 

composite image.  This supports the hypothesis that snow cover is the reason for the 

consistent height of sheared off trees found in place in the Toe.  The extent of the rock 

fall-debris slide in the Landsat 5 image immediately after the failure appears to be the 

same as it is today. Figure 3.14c shows the rockfall in true color in 2013.  

 
Figure 3.14a. Landsat 5 TM 7,4,2 Composite Image – April 1, 2004 
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Figure 3.14b. Landsat 5 TM 7, 4, 2 Composite Image – May 3, 2004 

!

 
Figure 3.14c. Satellite Image Showing the Mapped Boundary on Top of the Image (ESRI 

USDA FSA NAIP, 2013) 

!

The window of time that the Rio Chama Rockfall occurred was narrowed down to 

a period of 32 days.  Although the Landsat imagery was collected every 16 days, there 

was a large cloud obscuring the view of the Rio Chama Rockfall from the Landsat image 
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on the April 17 image, so the time of the slide could only be narrowed to a 32-day 

window.  

3.4 Triggering Mechanisms 

The trigger of the Rio Chama Rockfall appears to be runoff from snowmelt and 

precipitation.  Temperature, Precipitation, and Snow Depth data was downloaded from 

the National Oceanic and Atmospheric Administration (NOAA).  Figures 3.15 and 3.16 

show precipitation, snow depth, minimum temperature, and maximum temperature 

recorded at a weather station at Cumbres Trestle (location shown on Figure 3.17.), 

approximately 15.8 km (9.6 mi) away from the Rio Chama Rockfall at approximately the 

same elevation, and within the same watershed. 

 
Figure 3.15. Precipitation and Temperature Around the Time of the Rio Chama Rockfall 

From the Cumbres Trestle Weather Station – Temperatures in 1/10 degree C (NOAA, 

n.d.) 

!
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Figure 3.16. Snow Depth and Temperature Around the Time of the Rio Chama Rockfall 

– Temperatures in 1/10 degree C (NOAA, n.d.) 

 
Figure 3.17. Location of Cumbres Trestle Weather Station 

Rio Chama Rockslide

Sources: Esri, HERE, DeLorme, TomTom, Intermap, increment P Corp., GEBCO, USGS, FAO, NPS,

NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, Esri China (Hong Kong),

swisstopo, MapmyIndia, © OpenStreetMap contributors, and the GIS User Community
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Around the time of the Rio Chama Rockfall, there was high snowpack 

(approximately 2250 mm), higher temperatures (Approximately 15 °C (59 °F)) early in 

the season (snow melt), and a large precipitation event (approximately 15 mm), all of 

which indicate high expected runoff and wet conditions conducive to rockfall.   

3.5 Is the Rio Chama Rockfall a Sturzstrom? 

It is possible that the Rio Chama Rockfall moved as a sturzstrom, which is a 

rockfall with unusually long runout and large volume of wasting material.  Energy Line 

Models can be used to assess and predict runout distances of sturzstroms and to verify if a 

given event falls in the range of other known sturzstroms (Copons et al., 2009).  A variety 

of known sturzstroms, in addition to a number of rockfalls, are presented in Hsu (1975). 

A plot of the ratio of vertical drop to runout distance (known as Equivalent Coefficient of 

Friction) versus the volume of the slide mass is presented in Hsu (1975) and reproduced 

as Figure 3.18. The Equivalent Coefficient of Friction of the Rio Chama Rockfall is 

1128ft / 3638ft = 0.31.  The Rio Chama Rockfall has an estimated volume of 

approximately 385,000 m
3
. The Rio Chama Rockfall plots well outside of the sturzstrom 

envelope on Figure 3.18.  A muddy sturzstrom and two small rockfall areas are the 

features plotting closest to the Rio Chama Rockfall, however the Rio Chama Rockfall 

does not appear to be a muddy deposit based on observations made in the field.  

According to Cruden and Varnes (1996), the lower limit for the volume of material 

involved in a sturzstrom is 5 million m
3
 unless the material is composed of high porosity 

weak rock where the individual pores collapse. The volume of the Rio Chama Rockfall is 

well below the volume required for a sturzstrom. Other evidence indicating that the Rio 

Chama Rockfall does not appear to be a sturzstrom is the lack of blown down trees along 
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the margins of the slide and the fact that the ratio of vertical drop to runout distance and 

total volume appear to be relatively small. 

 
Figure 3.18. Equivalent Coefficient of Friction vs Volume for various sturzstroms, the 

red polygon represents the Rio Chama Rockfall (modified from Hsu, 1975) 

!

3.6 Source Zone Identification Map 

Based on information that was collected during the field visit, kinematic analysis 

and GIS analysis were carried out in order to identify other potentially unstable areas. A 

Source Zone Identification Map of the area within a 10 mile (16 km) radius of the Rio 

Chama Rockfall was generated showing areas susceptible to similar types of failures as 

the Rio Chama Rockfall.  The highest susceptibility is expected to be in areas of similar 

rock type, regional discontinuity orientations/setting, and failure and transport 

mechanisms as that of the Rio Chama Rockfall. 

3.6.1 Rock Type, Regional Fractures, and Kinematic Analysis 

The source zone of the Rio Chama Rockfall appears to be composed of competent 

rock with three major discontinuity sets with the size of the blocks of rock in the zone of 

accumulation controlled by the discontinuity spacing in the source zone.  Since the failure 
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surface in the Rio Chama Rockfall appeared to be discontinuity controlled, only Planar, 

Wedge, and Toppling failures were assessed. Figure 3.19 shows these discontinuity sets 

on the cliff face and Figure 3.20 shows the sets plotted on a stereonet. 

 
Figure 3.19. Major Discontinuity Sets of the Source Zone of the Rio Chama Rockfall 

!

 
Figure 3.20. Stereographic Projection of Major Fracture Sets 
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Similar discontinuity sets were observed in the East Cliffs Area (Shown on Figure 

1.1) to the east of the Rio Chama Rockfall.   For this Source Zone Identification Map, it 

is assumed that areas of the same rock type as the Source Zone for the Rio Chama 

Rockfall will have the same major discontinuity sets. 

A kinematic analysis examining geometric opportunities for failure was 

performed for the discontinuity sets that were observed in the area to evaluate the 

likelihood of several modes of sliding failure.  RocScience DIPS was used to perform the 

analyses. Table 3.4 shows the complete results of the kinematic analysis, based on the 

Aspect Range, which is the direction the slope faces within a 15 degree arc.  The DIPS 

analysis can be found in Appendix A 

 

Table 3.4. Kinematic Analysis of the Source Zone of the Rio Chama Rockfall.  Values 

indicate the maximum expected stable slope angle for different failure modes within each 

15 degree range of slope aspect. 
Aspect' Wedge'Failure' Planar'Failure' Toppling'Failure' Max'Slope'Angle'

0' 9' 9' 20*' 20'

15' 9' 9' 20*' 20'

30' 9' 9' 35*' 35'

60' 9' 9' 35*' 35'

75' 9' 9' 35*' 35'

90' 9' 9' 9' 90'

95' 89' 9' 9' 89'

105' 85' 9' 9' 85'

110' 83' 9' 9' 83'

120' 80' 9' 9' 80'

125' 79' 9' 9' 79'

135' 76' 9' 9' 76'

140' 75' 9' 9' 75'

150' 73' 9' 70' 70'

155' 72' 9' 70' 70'

160' 72' 72' 70' 70'

165' 71' 71' 70' 70'

170' 71' 71' 70' 70'
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Table 3.4. (Continued) Kinematic Analysis of the Source Zone of the Rio Chama 

Rockfall.  Values indicate the maximum expected stable slope angle for different failure 

modes within each 15 degree range of slope aspect. 

175' 71' 71' 70' 70'

180' 70' 70' 70' 70'

190' 66' 71' 70' 66'

195' 64' 71' 70' 64'

200' 62' 72' 9' 62'

210' 59' 9' 9' 59'

225' 57' 9' 9' 57'

240' 56' 9' 60' 56'

250' 57' 62' 60' 57'

255' 58' 61' 60' 58'

265' 59' 61' 60' 59'

270' 60' 60' 60' 60'

280' 64' 61' 60' 60'

285' 66' 61' 60' 60'

290' 68' 62' 60' 60'

300' 73' 9' 60' 60'

315' 82' 9' 9' 82'

325' 89' 9' 9' 89'

330' 9' 9' 20*' 20'

345' 9' 9' 20*' 20'

360' 9' 9' 20*' 20'

*' Block'Toppling'is'possible'on'a'low'angle'slope'in'hard'rock'with'widely'spaced'

orthogonal'joints'–'similar'to'Figure'15915'in Norrish'and'Wyllie'(1996)''

 

The aspect of the Rio Chama Rockfall is approximately 170 degrees.  The 

maximum allowable slope for this aspect identified in the kinematic analysis is 70 

degrees for Direct Toppling, 71 Degrees for Planar Failure, and 71 degrees for Wedge 

Failure. It is expected that the friction angle along the discontinuities in the Source Zone 

of the Rio Chama Rockfall gradually decreased over the years due to freeze thaw cycles 

and weathering associated with runoff from snowmelt and rainfall events. Bridging of 

fractures or weak zones between sets of discontinuities also played a role in the stability 

and the timing of the failure. There is not enough data available to classify the initial 
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failure mechanism as planar, wedge, or toppling, due to the maximum allowable slope for 

all modes being relatively the same and the lack of friction angle data. 

3.6.2 Combination of Factors 

ArcGIS was used to combine data regarding rock type, slope, aspect, kinematic 

analysis, and the locations of large cliffs in order to produce the Source Zone 

Identification Map.  Figures 3.21 shows the final Source Zone Identification Map.  The 

grey areas are not the same rock type as the Source Zone of the Rio Chama Rockfall and 

therefore this susceptibility model cannot be applied. The yellow areas are the same rock 

type as the Source Zone of the Rio Chama Rockfall.  The orange areas are either 1) the 

same rock type as the Rio Chama Rockfall with kinematically unstable slopes (based on 

their aspect) or 2) are the same rock type as the Rio Chama Rockfall with cliffs higher 

than 60m that are kinematically stable.  The red-orange areas are the same rock type as 

the Rio Chama Rockfall, with kinematically unstable slopes, and with cliffs 60-90m. The 

blue areas are the same rock type as the Rio Chama Rockfall, with kinematically unstable 

slopes, and with cliffs 90-120m.  The pink areas are the same rock type as the Rio Chama 

Rockfall, with kinematically unstable slopes, and with cliffs greater than 120m.  Figure 

3.22 shows the final Source Zone Identification Map zoomed in on the Rio Chama 

Rockfall.  The final Source Zone Identification Map identifies the location of The Rio 

Chama Rockfall Source Zone as highly susceptible. 
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Figure 3.21. Final Source Zone Identification Map 

!
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Figure 3.22. Final Source Zone Identification Map Showing Detail of the Rio Chama 

Rockfall 

Rio Chama Event

Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar Geographics,

CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP,

swisstopo, and the GIS User Community
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1.7 CRSP Calibration and Application to Highest Susceptibility Areas 

The CRSP model was calibrated using field observations from the Rio Chama 

Rockfall.  The starting location used for CRSP was the Source one of the Rio Chama 

Rockfall.  Figure 3.23 shows the CRSP Slope Profile and different zones of the Rio 

Chama Rockslide. 

 
Figure 3.23. CRSP Slope Profile and Zones of the Rio Chama Rockfall 

 

The rock Size and Shape used for the CRSP analysis was a cylindrical shape with a 40 ft 

diameter and 30 ft length.  This size rock was chosen based on field observations as a 

representative block size for this rockfall.  The CRSP Manual suggests using the size of 

the largest blocks found at the end of the runout of the rockfall (Jones et al., 2000).  There 

are some larger and some smaller rocks included in this rockfall, which could be included 

in additional modeling for future investigations, however these were not included in the 

current CRSP analysis.  Also some of the rocks will shatter on impact with the ground 

but CRSP does not consider this.  Larger rocks will travel further which is why the larges 
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blocks observed in the Toe were used in the CRSP analysis.  The density of the rock was 

set to be 165 lb/ft
3
. The initial horizontal velocity of the rock was set to 1ft/s and the 

initial vertical velocity of the rock was set to -1 ft/s (essentially saying the rock started 

from a fixed position).  

Table 3.5 shows the final coefficients used in the CRSP model. 

 

Table 3.5: CRSP Coefficients 

Zone' S' Rt' Rn' Cells'

Source' 4' 0.95' 0.95' 193'

Impact' 5' 0.9' 0.3' 495'

Rubble' 6' 0.8' 0.275' 699'

Slope' 7' 0.63' 0.1' 10911'

Slope'' 6.5' 0.63' 0.1' 12'

Toe' 2' 0.6' 0.1' 13'

 

After the CRSP model was calibrated with the Rio Chama Rockslide, it was 

applied to the 8 highest susceptibility areas identified in the ArcGIS Analysis.  The 8 

highest susceptibility profiles were divided into zones to match the zones of the 

calibrated CRSP Model based on slope and distance and similarity to the Rio Chama 

Rockfall profile.  Appendix A shows the results of the CRSP Model for the 8 highest 

susceptibility source zones.  Figure 3.24 shows the final Source Zone Identification Map 

with runout areas indicated.   
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Figure 3.24. Final Source Zone Identification Map With Modeled Runouts 
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Figure 3.25 is an index map showing the locations of the areas where runout was 

modeled.  Figures 3.26 – 3.30 show the detailed runout of each of the 8 highest 

susceptibility areas. 

 

Figure 3.25. Index Map of Modeled Runout Locations 

!
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!

Figure 3.26. CRSP Zone 1 Runout 

!

Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar

Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping,

Aerogrid, IGN, IGP, swisstopo, and the GIS User Community
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Figure 3.27. CRSP Zone 2 Runouts 

Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar

Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping,

Aerogrid, IGN, IGP, swisstopo, and the GIS User Community
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!
Figure!3.28.!CRSP!Zone!3!Runout!

!

Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar
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Figure 3.29. CRSP Zone 4 Runout 

Source: Esri, DigitalGlobe, GeoEye, i-cubed, Earthstar

Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping,

Aerogrid, IGN, IGP, swisstopo, and the GIS User Community
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Figure 3.30. CRSP Zones 5 and 6 Runouts 

!

!
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CHAPTER 4: DISCUSSION 

4.1 Initial Failure of The Rio Chama Rockfall 

 There is not enough data available to classify the initial failure mechanism of the 

Rio Chama Rockfall as planar, wedge, or toppling, due to the maximum allowable slope 

for all modes being relatively the same, and the lack of friction angle data.  In order to not 

misidentify potential source areas in the Source Area Identification Map, all three failure 

modes were examined. While examining geometric opportunities for failure in the 

surrounding area, the three main discontinuity controlled failure modes were included. 

4.2 Geometric Opportunities for Failure 

 A full stability analysis was not performed for this study.  Friction angle was not 

considered during the analysis of discontinuities because the objective of the Source Zone 

Identification Map is to identify all potential source areas have the critical rock type, that 

have a geometric opportunity for failure, and that occur on tall cliffs. Geometric 

opportunities for failure are not dependent on friction angle.  The three most common 

failure modes (toppling, planar, and wedge) were examined in order to include the likely 

discontinuity controlled styles of failure in the Source Zone Identification Map. 

4.3 Cliff Height Selection 

 The 60m cutoff for cliff height is based on observations that were made in the 

field at the site of the Rio Chama Rockfall, aerial imagery, and the characteristics of 

observed cliffs in the area (exposure, degree of weathering, vegetation, etc.)  Cliffs that 

are 60m or greater were observed to exhibit characteristics most similar to the 

characteristics of the Source Zone of the Rio Chama Rockfall.  Taller cliffs have the 
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potential to produce larger runout areas because there is a larger volume of material 

available and due to the larger vertical drop there is more energy available.  Cliffs greater 

than 90m were deemed slightly more susceptible than those of 60m and Cliffs of greater 

than 120m were deemed slightly more susceptible than those of 90m. 

4.4 Extent of Map Coverage  

 The areas shown in grey on this Source Zone Identification Map do not signify 

that that area is not susceptible.  The grey area is showing areas of different rock type 

than the Source Zone of the Rio Chama Rockfall, where this analysis was not applied.  

Other source zone identification analyses should be developed for these areas based on 

other rock types, regional fracture sets, and previous rockfall events in these areas.   

Further studies are needed in order to expand this model into areas of other rock types. 

4.5 Source Zone Identification vs. Hazard Map 

 This final Source Zone Identification Map only examines rock type, geometric 

opportunities for failure, and cliff height.  It does not include runout analysis or friction 

cone kinematic analysis.  This Source Zone Identification Map identifies potential source 

areas for future rockfall events, however, further analysis of the identified areas is 

required in order to assess the stability and potential runout path and distance of the 

individual areas.  The 8 highest susceptibility Source Zones that were identified were 

analyzed using CRSP in order to predict runout behavior and these runout zones were 

added to the final map. More in depth, site specific investigations are recommended prior 

to development of individual locations.  
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CHAPTER 5: CONCLUSIONS 

Based on field observations that were made during the visit to the complex rock 

fall-debris slide, a hypothesis for the triggering and travel mechanisms was developed.  It 

appears that a single, very large slab (approximately 3.8 x10
5
 m

3
 or 5.0x10

5
 yd

3
, based on 

average thicknesses observed in the mapped area) of lithic ash tuff spanning multiple 

fractures detached from the Source Zone and fell downward.  The slab had likely been 

loosened over many years of freeze - thaw cycles and by recent runoff from melting snow 

and rainfall events (recorded around the time of failure). The large slab broke apart upon 

impact with the slope at the base of the cliff, creating many large boulders as well as 

cobbles, gravel, and fine sediment.  The diameters of many of the large boulders in the 

Rio Chama Rockfall were similar to the spacing of the fractures in the cliff face in the 

Source Zone.  As the material slid down the slope, the large boulders were rafted to the 

front and margins of the slide, carried by finer-grained detritus, as has been observed in 

other rockfalls (e.g., Sharp and Nobles, 1953; Hubert and Filipov, 1989).    As some of 

the boulders stopped moving due to loss of energy or interference with other obstacles, 

finer material accumulated behind them, forming teardrop-shaped lobes.  Trailing 

material was forced to slide around these barriers, forming additional lobate deposits.  

These lobes contained fewer boulders and were generally more fine-grained, and 

deposited compensationally in some areas with later material filling in the topographic 

lows between lobes of earlier material (Straub and Pyles, 2012).  The finest material in 

the complex rock fall-debris slide appears to have come down the slope last and mostly 

on the west side, as earlier, coarser lobes created higher ground to the east. Along the 
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edges of the slide, trees were damaged by boulder impacts, with missing branches, scars 

from rock impacts, and cobbles embedded in the trunks on the side facing the slide.  

As material traveled across the Rubble Zone much of the energy was dissipated.  

If the material had enough velocity to cross the glacial trimline and reach the Slope Zone, 

the sudden increase in slope angle caused the material to gain energy and continue 

downslope. Movement across the Slope Zone appears to follow the pre-failure 

topography.  It also appears that most of the material that reached the Slope Zone was not 

deposited there, but was carried on to the Toe.  As the material moved out on the Toe, it 

slowed down and spread out.  The flow on the Toe did not appear to be confined as it was 

in the Rubble Zone. Therefore, the Rubble Zone had the thickest deposits, ranging from 

0-5 m (0-15 ft), and the Slope Zone and Toe had thinner deposits, ranging from 1-2 m (3-

6 ft). 

The Rio Chama Rockfall does not appear to be a sturzstrom due to the lack of 

blown down trees around the margins and the small runout to vertical drop ratio as well 

as the total volume of much less than the typical minimum for other sturzstroms of 5 

million m
3
.  

No similar rockfalls were observed either during the visit or on Google Earth 

review within a 16 km (10 mi) radius of the Rio Chama Rockfall. The setting of the Rio 

Chama Rockfall is unique and slides of this magnitude appear to be rare, although a 

location to the east has similar conditions and could be vulnerable to a similar failure 

mechanism. 

A GIS analysis was conducted to produce a Source Zone Identification Map 

showing areas susceptible to similar types of failures as the Rio Chama Rockfalls.  This 
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Source Zone Identification Map is based on rock type, kinematic instability defined by 

the discontinuities of the Source Zone of the Rio Chama Rockfall, and the height of cliffs 

in the area.  Figure 3.21 shows this Source Zone Identification Map, with clearly marked 

zones showing source areas where similar events could possibly occur in the future. To 

assess the likelihood of failure, more in depth investigation of specific high susceptibility 

sites is needed on a case-by-case basis.  The behavior of the runout depends on more 

factors than just the source, including the characteristics of the area below the source 

zone.  The runout behavior of the 8 most susceptible source zones was assessed using 

CRSP and the results presented in figures 3.24 – 3.30.  This runout analysis shows the 

predicted path of the rockfall material below the rockfall source zone.  The areas 

identified as runout areas should be avoided for future development. The Source Zone 

Identification Map provides a good starting point for future investigations and can save 

time by prioritizing susceptible areas.  This Source Zone Identification Map can be used 

to reduce the risk associated with similar types of failures as the Rio Chama Rockfall by 

land use planners and government officials, as well as the public. 

The process that was developed to produce the Source Zone Identification Map 

can be used to develop Source Zone Identification Maps for other areas and for different 

types of failures.  The input parameters (rock type, kinematic analysis of discontinuities, 

slope and aspects of the area, cliff height) can be adapted based on an existing rockfall or 

rockfalls that are characteristic of the area of interest.  
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APPENDIX A: CRSP ANALYSIS 

 

Figure A.1. Zone 1 Profile 1 (Rio Chama Rockfall) Slope Profile 

!

Table A.1. Zone 1 Profile 1 (Rio Chama Rockfall) Runout 

Rocks' 1'(%)'
2'

(%)' Max'Runout'(ft)'

10000' 27' 22' 2170'

10000' 26' 21' 2170'

10000' 27' 22' 2170'

10000' 27' 22' 2170'

10000' 26' 22' 2170'

AVG' 27' 22' 2170'

Actual'Runout' 2720'

Predicted'

Runout'
2170'

Difference' 550'

%'Difference' 25'

Runout'Distance'='Predicted'Runout'+'0.25*Predicted'Runout'

!
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Figure A.2. Zone 1 Profile 2 Slope Profile 

!

Table A.2. Zone 1 Profile 2 Runout 

Rocks'
Max'Runout'

(ft)'

'10000' 2020'

'10000' 2000'

'10000' 2040'

'10000' 2010'

'10000' 2000'

'AVG' 2010'

'Runout'Distance'=' 2510'
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!

Figure A.3. Zone 1 Profile 2 Slope Profile 

!

Table A.3 Zone 1 Profile 2 Runout 

Rocks'
Max'Runout'

(ft)'

'10000' 1380'

'10000' 1350'

'10000' 1340'

'10000' 1370'

'10000' 1350'

'AVG' 1360'

'Runout'Distance'=' 1700'

!
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!

Figure A.4. Zone 2 Profile 2 Slope Profile 

!

Table A.4. Zone 2 Profile 2 Runout 

Rocks'
Max'Runout'

(ft)'

'10000' 1700'

'10000' 1700'

'10000' 1700'

'10000' 1700'

'10000' 1700'

'AVG' 1700'

'Runout'Distance'=' 2125'
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Figure A.5. Zone 2 Profile 3. Slope Profile 

!

Table A.5. Zone 2 Profile 3 Runout 

Rocks'
Max'Runout'

(ft)'

'10000' 950'

'10000' 960'

'10000' 980'

'10000' 980'

'10000' 970'

'AVG' 970'

'Runout'Distance'=' 1210'
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Figure A.6. Zone 3 Profile 1 Slope Profile 

!

Table A.6. Zone 3 Profile 1 Runout 

Rocks'
Max'Runout'

(ft)'

'10000' 1310'

'10000' 1310'

'10000' 1310'

'10000' 1330'

'10000' 1330'

'AVG' 1320'

'Runout'Distance'=' 1650'

 



!75!

 
Figure A.7. Zone 4 Profile 1 Slope Profile 

!

Table A.7 Zone 4 Profile 1 Runout 

Rocks'
Max'Runout'

(ft)'

'10000' 780'

'10000' 790'

'10000' 800'

'10000' 800'

'10000' 800'

'AVG' 790'

'Runout'Distance'=' 990'
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Figure A.8. Zone 5 Profile 1 Slope Profile 

 

Table A.8. Zone 5 Profile 1 Runout 

Rocks'
Max'Runout'

(ft)'

'10000' 2070'

'10000' 2040'

'10000' 2070'

'10000' 2030'

'10000' 2060'

'AVG' 2050'

'Runout'Distance'=' 2560'

 

 
Figure A.9. Zone 6 Profile 1 Slope Profile 

 

Table A.9 Zone 6 Profile 1 Runout 

Rocks'
Max'Runout'

(ft)'

'10000' 810'

'10000' 820'

'10000' 820'

'10000' 820'

'10000' 790'

'AVG' 810'

'Runout'Distance'=' 1010'
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APPENDIX B: CATALOGUE TREE OF FINAL MAP 

 

 
Figure B.1. Catalogue Tree of Final Map  
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Figure B.1. Catalogue Tree of Final Map Continued 

 

The files in this catalogue tree are the input files that when viewed in ArcGIS 

make up the final map. 
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 APPENDIX C: SUPPLEMENTAL DATA  

 

The files included in this folder are the intermediate maps ArcGIS produced while 

generating the final Source Zone Identification Map . Table C.1 provides greater detail 

about the individual files. 

 

Table C.1. Intermediate ArcGIS Maps 

DigitizedRockType.pdf 

DigitizedRockTypeClose.pdf (Zoomed In) 

Shows the digitized rock type of the 

Source Zone of the Rio Chama 

Rockfall – Derived from geologic maps 

Slope.pdf Shows the slope of the area around the 

Rio Chama Rockfall 

Aspect.pdf Shows the Aspect of the area around 

the Rio Chama Rockfall 

KinematicAnalysis.pdf 

KinematicAnalysisClose.pdf (Zoomed In) 

Shows areas with Geometric 

Opportunities for Failure and stable 

areas 

KinematicRockType.pdf 

KinematicRockTypeClose.pdf (Zoomed In) 

Shows areas with Geometric 

Opportunities for Failure and stable 

areas that are also the same rock type as 

the Source Zone of the Rio Chama 

Rockfall 

UnstableOnlyRockType.pdf 

UnstableOnlyRockTypeClose.pdf (Zoomed In) 

Shows only areas with Geometric 

Opportunities for Failure that are also 

the same rock type as the Source Zone 

of the Rio Chama Rockfall 

60mCliff.pdf 

60mCliffClose.pdf (Zoomed In) 

Shows areas with 60 m or greater cliffs 

90mCliff.pdf 

90mCliffClose.pdf (Zoomed In) 

Shows areas with 90 m or greater cliffs 

120mCliff.pdf 

120mCliffClose.pdf (Zoomed In) 

Shows areas with 120 m or greater 

cliffs 

 

 


