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ABSTRACT 
 
 

CHRONIC LANDSLIDING IN THE THOMES CREEK WATERSHED, 
 

TEHAMA COUNTY, CALIFORNIA 
 

by 
 

Amanda J. Gauthier 
 

Master of Science in Geosciences 
 

Hydrology/Hydrogeology Option 
 

California State University, Chico 
 

Spring 2014 
 
 

Methodology was created to assess slope stability and to estimate the clima-

tologic, hydrologic, geologic and anthropogenic processes that result in chronic landslid-

ing in the in the upper Thomes Creek watershed located in Tehama County, California. 

Using a combination of slope stability analysis, field experimentation and aerial photo-

graphic study it was determined that most slopes in the upper Thomes Creek watershed 

are prone to re-occurring failures. Landslides were found to fail due to high-intensity pre-

cipitation events, extreme creek discharges or a combination of both. The primary contri-

bution of sediment to the channel in the upper watershed is from chronic, relatively small 

scale debris slides located at the base of larger rotational landslides. Volumetric quanti-

ties of sediment supplied to the channel from the debris slides were quantified from aerial 

photographs for the years 1988, 1993, 1998, and 2003. 
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CHAPTER I 
 
 

INTRODUCTION 
 
 

A landslide is the downslope movement of any natural or artificial rock, soil 

or mixture of both. Landslides have the potential to remobilize and transport significant 

amounts of sediment in a watershed (Abbott, 1999; Korup et al., 2004; Larsen et al., 

1998). Generally, after a landslide occurs the portion of the slope that failed becomes 

stable; in rarer cases landslides are chronic and failures re-occur on the same slope 

(Abbott, 1999).  

Landslides are natural hazards that occur worldwide; in the United States 

landslides are found in every state. Slope failures in populated areas result in property 

loss and can result in fatalities (Sidle and Ochiai, 2006; TRB, 2006). Estimated annual 

costs for the loss of structures in the United States are in excess of 2 billion dollars (TRB, 

2006).  

Landslides throughout the world have resulted in significant loss of life; 

landsliding in the Shaanxi Province of China was responsible for the deaths of 830,000 

people in 1556 and 200,000 people in 1920. In Campania, Italy a landslide in 1998 

resulted in the deaths of 180 people (Abbott, 1999).  

Assessing slope stability to estimate when and where a landslide will occur is 

complicated by the fact that failures result from a combination of climatological, 

hydrologic, geologic and anthropogenic processes and events. Climatologically, both 
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temperature and precipitation play roles in generating slope instabilities. Significant 

temperature differences can act to initiate landslides by rain-on-snow events as well as 

when rocks are mechanically weathered by freeze/thaw cycles (Abbot, 1999; Ritter et al., 

2002). The most important role of water in landsliding is as pore water within the slide 

mass. When a precipitation event increases the pore water within a slide mass the added 

weight could trigger failure (Selby, 1993). When the buildup of pore fluid pressure 

initiates a rotational landslide it may also result in drainage of the pore water from the 

base of the slide, leading to the removal of weight from the mass and finally resulting in 

the stability of the landslide.  

This process can produce chronic landsliding. Landslides are considered 

chronic because once a slope moves and drains, it becomes stable only until the next 

precipitation event that provides enough water to the mass to increase pore fluid pressure 

and create conditions of instability (Iverson, 2005).  

An increase in pore fluid pressure can cause a decrease in apparent cohesion, 

which also leads to instability. Apparent cohesion exists when the surface tension of 

water around each soil particle resists soil particle movement. When the soils become 

saturated the surface tension no longer exists and the apparent cohesion disappears. When 

the apparent cohesion is lost, part of the normal stress of the mass above is transferred 

from the soil to the water creating a buoyancy effect. The buoyancy effect can mobilize 

grains in a landmass, and with adequate rainfall a sliding land mass could transition into a 

flow (Selby, 1993). Storm runoff generated from average or high intensity precipitation 

events, which may occur as overland flow and subsurface stormflow, will add to the 
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stream discharge. High stream discharges can erode the banks of the channel, resulting in 

the undercutting of the toe of a slope and subsequent slope failure (Abbott, 1999).  

The geology of a region, including geologic structures and rock and soil 

properties play many roles in the development and initiation of landslides. Geologic 

structures contribute to landsliding in three ways: they physically weaken rocks, they 

cause discontinuities that create failure planes and they may increase the steepness of the 

slope (Abbott, 1999; Reid, 1996). Faults in particular, mechanically weaken rocks, 

juxtapose different rock types with different densities, porosities and permeabilities, and 

provide conduits for water. 

Different rock and soil materials have different characteristics that influence 

slope stability. These include chemical composition, strength and degree of weathering 

(Macias & Chesworth, 1992; Selby 1993). Rock has an inherent strength associated with 

the types of bonds holding its constituent minerals together and the strength of those 

minerals. Chemical weathering typically plays a greater role in affecting the resultant 

strength properties of igneous and metamorphic rocks than does physical weathering, 

although physical weathering can dramatically increase the surface area of the rock that is 

exposed.  

Increasing the amount of rock susceptible to chemical weathering can 

significantly increase weathering rates and can result in a general weakening of the 

regional geology (Macias & Chesworth, 1992). Weathering often affects the upper most 

layers of rock and soil to a greater extent than the soils below. This can result in material 

changes creating potential failure planes (Abbott, 1999; Ritter et al., 2002).  
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Landslide failure planes usually form where there are permeability or density 

differences between the material above and below the failure plane. Failure planes can 

develop when the weight of the overlying material becomes great enough to compact the 

material at depth, lowering its permeability. Another possibility is that failure planes 

develop when clay minerals infiltrate through the material until they reach a barrier and 

then align, becoming the failure plane. Most likely, the rocks at depth are less weathered 

and failure planes form along foliation planes in the rocks (Selby, 1993). 

Anthropogenic influences in a watershed can be numerous, are site dependent 

and can include road building, timber harvesting and livestock grazing.  

Land-use practices can result in the loss of vegetation, can affect stream 

morphology and discharge levels and increase watershed erosion rates (Howard and 

Varnum, 1982). Timber harvesting removes trees that transpire water, provide protection 

from erosion and reduce overland flow. Timber harvesting operations also involves the 

creation of logging roads which contributes to changes in the surface and subsurface flow 

of water in a watershed by concentrating overland flow, changing infiltration rates and 

compaction values of some soils (Wasowski, 1998; de la Fuente et al., 2003). 

Conditions leading to chronic landsliding can include loading the top of a 

landslide deposit or undercutting the toe, both of which affect the ratio of forces by 

increasing the weight of the driving force or decreasing the resisting force of the soil at 

the toe. Generally loading the top of a landslide is anthropogenic. Removal of landmass 

from the toe may occur due to streamflow. Generally the greater the discharge the larger 

portion of landmass is removed (Selby, 1993; Abbott, 1999). 
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Calculating the volume of sediment delivered to a watershed by landsliding is 

difficult.  

This is partially due to the fact that hydrologic characteristics such as 

precipitation, infiltration, evapotranspiration and stream discharge, all of which influence 

slope stability, are highly variable both temporally and spatially (Roering et al., 2001; 

Korup et al., 2004). Other difficulties are due to the fact that many watersheds are often 

ungauged and lack any historical precipitation, stream discharge and aerial 

photographical data, which are often used to identify landslide locations and extents. 

Without these data the frequency of landslides cannot be calculated, which makes 

volumetric calculations inaccurate.  

A variety of methods used to calculate the volumes of sediment delivered to a 

stream by landsliding have been developed. These methods incorporate identifying and 

quantifying the processes and interactions of the climatologic, hydrologic and geologic 

factors responsible for the landsliding.  

Applications of these methods require data that may be extensive and include 

the temporal and spatial quantification of a watershed’s hydrology, including 

precipitation, evapotranspiration, runoff, soil moisture content and groundwater 

constraints; accurate stream and sediment discharge records; the geologic framework of 

the watershed, including strength of the rocks and soils and predisposition to failure; and 

any anthropogenic influences such as water additions or withdrawals, timber harvesting, 

road building, and removals or additions to slopes. Analysis techniques incorporate a 

combination of slope stability modeling, field measurements and aerial photograph 

analysis. The methods developed are site-specific and often consist of data collection 
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followed by analyses based on the available data (Bisci et al., 1996; Reid, 1996; Roering 

et al., 2001; de la Fuente, 2003; Korup et al., 2004).  

Korup and others (2004) used DEMs (digital elevation models) to calculate 

the sediment volume supplied by large historic landslides in three watersheds in New 

Zealand. Aerial photographic analysis was used to identify areas of sediment delivery and 

provide temporal controls. Results were field verified by surveying portions of the 

channel and landslides.  

Korup and others (2004) found that landsliding provided the majority of the 

sediment to the river systems however; DEM based calculations do not distinguish 

between landslide derived sediments and sediments from upstream of the landslide. 

Sediment yields and mobility varied in each watershed; landsliding created dams by 

retaining sediment or overloaded the river system with sediment resulting in a change of 

channel morphology (Korup et al. 2004).  

Aerial photographic analysis was used by de la Fuente and others (2003) to 

determine the volume of sediment delivered to the Middle Fork of the Eel River by 

landslides and to evaluate the effect of land-use practices on landsliding in the area. 

Landslides visible on aerial photographs were identified, quantified and coupled with 

field measurements to calculate volumetric estimates of sediment supplied to the stream 

system. de la Fuente and others (2003) found that landslide events occurred when peak 

discharge levels were in excess of 1982 cubic meters per second (70,000 cubic feet per 

second). Land-use practices were divided into categories based on the type of land-use 

and each landslide was assigned a category.  
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Land-use practices accounted for approximately 5% of the total sediment 

production in the study area, independent of significant changes in total sediment 

production over time.    

Bisci and others (1996) investigated the Sant’ Agata Feltria landslide in the 

Marche Region of Italy a chronic earthflow that evolved from a deep-seated gravitational 

slide. Causes and risk zones of the Sant’ Agata Feltria landslide were identified by use of 

geomorphological and historical studies. Their study also incorporated geologic (rock 

types, distribution and seismicity) and climatologic information (historical rainfall and 

flood records) with previous hazard studies of the region which included field surveys 

and photographic interpretations. They determined that the earthflow was a surficial 

process in relation to the deep-seated landslide and its reactivation was caused by long 

periods of intense rainfall and did not correlate with earthquakes in the region.  

The effects of climate, hydrology, regional geology and land-use activities on 

landsliding were investigated in the upper Thomes Creek watershed in northern 

California (Figure 1). Landsliding in the upper Thomes Creek watershed is abundant and 

chronic; it occurs episodically as a result of high intensity precipitation events and 

subsequent high stream discharge rates. Active regional uplift, weak geologic terrain and 

weathering of geologic units also contribute to slope instability and landsliding in the 

watershed.  

Chronic landsliding is primarily localized in the portion of the watershed 

within the Mendocino National Forest (Figure 2).  
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Figure 1. Location map of the upper Thomes Creek 
watershed in Tehama County, California. 

 
 

The conditions promoting landsliding in the Thomes Creek watershed were 

studied using a combination of slope stability analysis, field experimentation and field 

reconnaissance, and sequential aerial photograph analysis. Slope stability analysis was 

used to estimate the climatologic and hydrologic conditions leading to slope failure. The 

hypothesis to be tested was that steep slopes adjacent to the channel failed when extreme 

precipitation and subsequent high stream discharges surpassed a threshold value for 

stability.  

The validity of these estimates and testing of the hypothesis were evaluated 

with field experiments designed to bracket the threshold conditions leading to failure. 

The field study consisted of the placement of rebar in five active debris slides at the toes 

of larger landslides to determine deposit mobility. The rebar was left in the debris slides 

through the wet winter months, and checked again in the spring to assess whether 
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Figure 2. The upper Thomes Creek watershed in relation to the 
Mendocino National Forest, Northern California. 

 
 
movement of debris had occurred and to what extent. Aerial photographic interpretation 

was used to determine whether the same areas consistently failed and the probable causes 

of such chronic failures and to assess if the frequency of failures had increased as a result 

of changes in land-use activities.  

Quantitative estimates of the volumes of sediment delivered to the channel 

were determined for three five-year periods between 1988 and 2003. 
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Results indicate that landsliding in Thomes Creek is chronic and episodic, 

resulting from precipitation events of approximately 20.3 centimeters (8 inches) of 

precipitation over a 2 to 4-day period as predicted by Hoover and others (2005) and Glick 

(2014) or stream discharges greater than 500 cubic meters per second (m3/s) (17,657 

cubic feet per second (cfs) as predicted by Howard and Varnum (1982).  

The fact that the same locations appear to fail is most likely a direct result of 

the regional tectonic uplift and resultant steep slopes adjacent to the channel, weathering, 

the juxtaposition of weathered material atop less weathered bedrock, and the failure of 

vegetation to re-occupy the slide scar once failure has occurred. The frequency of failures 

has increased from 32 landslides in 1952 to 122 landslides in 1988. As a result, the 

quantity of sediment delivered to the watershed by landsliding in Thomes Creek can 

significantly vary each year.  

Most of the sediment delivered to the channel is by relatively small scale 

debris slides adjacent to the channel in the upper watershed found on the barren toes of 

larger deep-seated rotational slides. Sediment delivery mechanisms differ seasonally; dry 

ravel has been observed to be a significant sediment delivery mechanism in the summer 

months at Thomes Creek (Gabet, 2003), while during the winter and early spring, 

precipitation events are the principal mechanisms for the delivery of significant volumes 

of sediment to the stream (Hoover et al., 2005).  
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CHAPTER II 
 
 

WATERSHED CHARACTERISTICS 
 
 

The Thomes Creek watershed is located in the southeast corner of Tehama 

County, California (Figure 1). Thomes Creek drains an area of about 777 square 

kilometers (300 square miles) on the west side of the Sacramento Valley and discharges 

into the Sacramento River (Hoover et al., 2005). Thomes Creek originates at Sugar Loaf 

Mountain in the Coast Range and flows south for approximately 12.8 kilometers (8 

miles) to the confluence with Fish Creek (Figure 3).  

Below Fish Creek, Thomes Creek continues to flow approximately 8 

kilometers (5 miles) south until it reaches an area called the Slab crossing (Figure 3). 

Approximately 0.4 kilometers (0.2 miles) downstream from the Slab is the Thomes Creek 

and Willow Creek confluence (Figure 3). At this confluence Thomes Creek turns and 

flows east for 14.4 kilometers (8.9 miles) to the Gorge (Figure 3). Downstream of the 

Gorge, Thomes Creek crosses the approximate boundary between the upper watershed 

and the lower watershed; the creek continues through the Sacramento Valley flowing 

approximately 52 kilometers (32.3 miles) until it discharges into the Sacramento River.  

In the Sacramento Valley Thomes Creek widens and the creek begins to 

meander. As Thomes Creek enters the deep alluvial deposits of the Sacramento Valley, it 

intermittently becomes dry (Howard & Varnum, 1982; USDA, 1997). 
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Figure 3. The upper Thomes Creek watershed with major and minor 
tributaries, the Slab crossing, the Gorge and Paskenta. 
 
 

The Thomes Creek watershed is divided into an upper watershed and lower 

watershed at the junction of the Coast Ranges and the Sacramento Valley (USDA, 1997) 

(Figure 4). The upper watershed drains an area of about 500 square kilometers (193 

square miles) (USDA, 1997). Relative relief of the entire Thomes Creek watershed is 

approximately 2402 meters (7881 feet).  

The highest elevation in the watershed is in the Yolla Bolly Mountains at 

2463 meters (8081 feet) and the lowest elevation is approximately 61 meters (200 feet) at 

the Sacramento River. The upper watershed has an approximate relative relief of 2105 

meters (6906 feet) and the lower watershed has an approximate relative relief of 297 

meters (974 feet) (USDA, 1997). Fish Creek, Willow Creek, Mill Creek and unnamed 

smaller tributaries drain into Thomes Creek (Figure 3; USDA, 1997).  
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Figure 4. Division of the upper and lower Thomes Creek watersheds with locations 
of Paskenta and Rawson Road.   
 
 

The upper watershed has channel gradients from 0.013 to 0.051 and in the 

lower watershed the gradients drop from 0.003 to 0.005 (Hoover et al., 2005). In the 

upper watershed the channel is relatively steep, confined by valley walls.  

The bed material of this portion of the channel consists primarily of cobble 

and boulder size materials which are relatively immobile during normal flows. These 

larger bed materials are only mobilized by extreme flooding events. Gravel and finer 

materials are mobile during normal flows and can be found deposited on the interior 

portions of bends in the channel and in pools located throughout the channel. Silts and 

clays in the watershed remain suspended during the smallest flows. The channel 

intermittently flows over bedrock and has minor to no bed material at these locations 

(Howard and Varnum, 1982; USDA, 1997; Hoover et al., 2005).  

East of the Gorge the gradient of Thomes Creek decreases, the channel briefly 

becomes wider and shows more characteristics of a braided stream. The decrease in the 

stream gradient occurs at the division of the upper and lower watershed. As Thomes 
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Creek flows into the Sacramento Valley, gravel and smaller sediments are deposited and 

stored as bank and terrace deposits (Howard and Varnum, 1982; Hoover et al., 2005). 

 
Climate and Hydrology 

The Thomes Creek watershed has a Mediterranean type climate, with hot dry 

summers and cold wet winters.  

The average annual temperature for the lower altitudes is about 17o C (62.6 o 

F) and for altitudes higher than 1524 meters (5000 feet) the average annual temperature is 

about 6o C (42.8 o F) (Howard and Varnum, 1982).  

Approximately 80 percent of the precipitation in the watershed occurs during 

the five months between November and March. Precipitation falls as snow at altitudes 

above 1524 meters (5,000 feet) and covers about 40% of the watershed. The lower 

watershed receives approximately 51 centimeters (20 inches) of rain annually (Figure 5). 

The amount of precipitation increases with altitude; at the highest altitudes the watershed 

receives approximately 178 to 203 centimeters (70 to 80 inches) annually. The average 

precipitation for the entire watershed averages approximately 114 centimeters (45 inches) 

per year (USDA, 1997).  

The Thomes Creek watershed has a relatively high density of first and second 

order streams. Flow in these streams is unregulated and is highly variable. Thomes Creek 

discharge is dependent on precipitation. Precipitation varies seasonally therefore creek 

discharges vary seasonally. Average summer flows are approximately less than or equal 

to 0.1 cubic meters per second (m3/s) (3.5 cubic feet per second (cfs)) and average winter 

flows are approximately greater than or equal to 127.4 m3/s (4,500 cfs).  
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Figure 5. Distribution of precipitation in the upper Thomes 
Creek watershed. 

 
 

Extreme discharge values in Thomes Creek are on the order of 0 m3/s (0 cfs) 

in the summer months and up to and possibly exceeding 1070.4 m3/s (37,800 cfs) during 

peak flood flows in winter months (Figure 6). Periodic flooding in the watershed is 

common (USDA, 1997). 

As measured at Paskenta from 1921 to 1996 the average annual discharge was 

8.4 m3/s (295.2 cfs) (CDEC, 2014). During this time period the lowest average discharge 

was 0.1 m3/s (3.5 cfs) and the highest average discharge rate was 62.6 m3/s (2210 cfs).  
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Figure 6. Discharge as recorded at Paskenta from 10/1/1977 to 
11/3/1988.  
 

 
The highest recorded flow of 1070.4 m3/s (37,800 cfs) was recorded on December 22, 

1964 after warm rains had fallen on a fresh snowpack (Hoover et al., 2005). Recorded 

discharges of Thomes Creek changed as a result of gauge location changes. Prior to 

October 1974, the Paskenta gauge recorded discharge drained from an area of 502 square 

kilometers (194 square miles); after the gauge was relocated the gauge recorded 

discharge drained from an area of 527 square kilometers (204 square miles). Thomes 

Creek flows were also gauged at Rawson Road from 1977 to 1988 (Figure 4; Figure 7). 

These flows averaged 10.7 m3/s (377.2 cfs) (Figure 7). The lowest recorded discharge at 

Rawson Road was 0 m3/s (0 cfs) while the highest recorded discharge was 382.3 m3/s 

(13,500 cfs), which occurred on January 13, 1980.  

For the period of record, discharge at Rawson Road exceeded that at Paskenta 

by 1372.3 m3/s (48463 cfs), which could be due to inputs from Mills Creek and other  
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Figure 7. Discharge at Rawson Road from 10/1/1977 to 11/3/1988.  
 
 
tributaries. Discharges at Rawson Road were at times less than those at Paskenta, which 

could be due to transmission losses and irrigation withdrawals.  

Thomes Creek also displays marked response to decadal flood and drought 

cycles. Instantaneous maximum discharges recorded at Paskenta for the period between 

1921 and 1996 indicate the occurrence of major floods in 1928, 1938, 1943, 1956, 1965, 

1974, 1986 and 1995. Droughts indicated by low maximum discharges occurred in 1924, 

1933, 1944, 1949, 1955, 1962, 1977, and 1994 (Table 1; Hoover et al. 2005).         

 
Geology 

Tectonic evolution of the region is controlled by what is known as the 

Mendocino Triple Junction. Here three tectonic plate boundaries are in proximity; the 

North American, Pacific, and Juan de Fuca plates. The Mendocino Triple Junction 

migrates at a rate of approximately 56 mm/yr to the north. Northwest trending folds and 
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TABLE 1. FLOOD AND DROUGHT YEARS INDICATED BY INSTANTANEOUS MAXIMUM AND 
MINIMUM DISCHARGE VALUES IN THE THOMES CREEK WATERSHED 

Flood 
Year  

Instantaneous 
Maximum 

Discharge (m3/s) 

Instantaneous 
Maximum 

Discharge (cfs) 

Drought 
Year 

Instantaneous 
Maximum Discharge 

(m3/s) 

Instantaneous 
Maximum Discharge 

(cfs) 

1928 555 19600 1924 57 2000 
1938 467 16500 1933 32 1140 
1943 526 18600 1944 33 1160 
1956 665 23500 1949 47 1660 
1965 1070 37800 1955 62 2190 
1974 832 29400 1962 38 1330 
1986 931 32900 1977 9   315 
1995 569 20100 1994 32 1120 

 
 
thrust faults dominate due to the northeast directed compression north of the Mendocino 

Triple Junction. The San Andreas Fault and its associated strike-slip lateral motion 

dominate the south region of the Mendocino Triple Junction. At the coast, the Mendocino 

Triple Junction and its associated tectonic evolution have created uplift rates from 0.3 

mm/yr to 4 mm/yr.  

The highest uplift rates are nearest to the Mendocino Triple Junction; the 

uplift rates lessen further south (Keller and Pinter, 2002).  

Rocks within the watershed have been extensively faulted. Major faults in the 

watershed consist primarily of thrust faults. The result of faulting in the watershed is the 

weakening of rocks in the area and the juxtaposition of different rock types (Howard and 

Varnum, 1982). Weak rock formations and different rock types being placed adjacent to 

each other can both contribute to landsliding in a region (Abbott, 1992).  

The upper Thomes Creek watershed is located in the Eastern Franciscan Belt 

of the Coast Ranges. The Eastern Franciscan Belt contains the Yolla Bolly terrane and 

the Pickett Peak terrane (Figure 8). The Yolla Bolly terrane ranges in age from 

Cretaceous to Jurassic and the rocks are predominately metagreywackes. The Pickett 
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Peak terrane includes the South Fork Mountain Schist and the Valentine Springs 

Formation (Figure 8). Both of these rock types are early Cretaceous in age. The South 

Fork Mountain Schist is described as an “intensely crumpled and quartz veined mica 

schist” (Blake et al., 1992, p. 31). The Valentine Springs Formation is primarily 

metagreywacke with lesser amounts of metavolcanic rock and metachert.  

 

 

Figure 8. Geologic map of the Thomes Creek watershed.  
 
Source: Hoover, K.A., Gauthier, A.J, and Simmen, E.P., 2005, Thomes Creek Sediment Budget, California, 
California State University Chico, 65 p. (Originally based on Blake, M.C., and others, 1992, Geologic Map 
of the Willows 1:100,000 Quadrangle, California: Open File Report 92-271: California, USGS, 38 p., and 
Blake, M.C., and others, 1999, Geologic Map of the Red Bluff 30’ x 60’ Quadrangle, California: 
California, USGS, 1 sheet.) 
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Rocks in this area tend to dip in a downslope direction. Near the Gorge, 

Thomes Creek crosses the Coast Range Fault which separates the Franciscan Belt terrane 

from the Round Mountain serpentinite mélange. The Round Mountain serpentinite 

mélange is made up of basalt, chert, gabbro and other minor igneous rocks (Figure 8). 

Downstream of Paskenta, Thomes Creek crosses the Great Valley sequence which is late 

Jurassic to Cretaceous in age. It consists of mudstone, sandstone and conglomerate of the 

Knoxville formation and the upper and lower members of the Modesto Formation, which 

are Holocene and Pleistocene sediment deposits (Figure 8; Blake et al., 1992; USDA, 

1997; Hoover et al., 2005). 

Soils in the Thomes Creek watershed reflect the underlying geology. They 

range from relatively coarse grained organic rich soils to soils rich in clay minerals and 

include landslide deposits with varying degrees of soil development.  

Soils that form on the Valentine Springs Formation and the South Fork 

Mountain Schist include colluvial soils as well as the Sheetiron, Masterson, Hulls, and 

Yollabolly types. These soils have high chlorite clay contents. Soils forming on the 

Round Mountain Serpentine Melange include Dubakella, Henneke, Stonyford, Aiken, 

Parrish, Maymen, Los Gatos, Josephine and Tyson types. These soils are rich in 

montmorillonite clay. Within the Great Valley Sequence, soil profiles consist of Bottom 

Land soils, terrace deposits, Newville Gravelly Loam and the Millsholm groups. These 

soils include loam, clay loam and conglomerates (USDA, 1997).  

Soils high in chlorite clays form in geologic deposits that are prone to 

landsliding. These clays may infiltrate coarser soils near the surface and become failure 

planes when they reach a relative impermeable layer that prevents further infiltration. 
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Soils high in montmorillonite clay content swell when wet then shrink and crack when 

dry. These soils slowly creep downslope as they wet and dry (USDA, 1997; Hoover et 

al., 2005).  

 
Landslide Characteristics 

Landsliding in the Thomes Creek watershed occurs in many different forms, 

identified in previous studies conducted by Howard and Varnum (1982) and the 

Mendocino National Forest office of the USDA (1997). Landsliding occurs as slides, 

falls, flows and as a combination of the three. Slides occur as creep and as translational 

and rotational failures that are shallowly and deeply seated (Figure 9; Figure 10). Soil and 

rock falls are other types of hillslope failures found in the Thomes Creek watershed, as 

well as dry and wet debris flows. Landsliding in the Thomes Creek 

 

 

Figure 9. Deep-seated rotational, rotational and translational nested 
landslides; failure planes are shown in red.  
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Figure 10. Nested landslides adjacent to the Thomes Creek channel.  
 
 
watershed is complex because slopes succumb to one or a combination of different types 

of movement which can change over time (Howard and Varnum, 1982; USDA, 1997).  

In 1982, Howard and Varnum reported that many of the watersheds on the 

western side of the Coast Ranges have relatively high sediment yields. They attributed 

the abnormally high sediment yields to the regional uplift of the Coast Ranges, unstable 

geology and high relief. According to Howard and Varnum (1982), landslides develop 

because of the relatively weak geology and rapid incising of the stream due to the uplift 
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of the Coast Ranges. These processes lead to extremely steep slopes adjacent to the 

channel. The majority of landsliding in the watershed occurs within the Pickett Peak 

terrane which is located west of the Gorge to near the headwaters of Thomes Creek 

(Figure 8; USDA, 1997). These inherently weak, fractured and faulted rocks are more 

prone to weathering and further weakening by environmental factors (Macias and 

Chesworth, 1992).    

Howard and Varnum (1982) also hypothesized that large deep-seated 

rotational landslides developed during the Quaternary when the climate was much wetter 

(Figure 9). During this time, the glacially dominated climate would have resulted in 

higher rainfall and larger discharges in Thomes Creek. Large creek discharge volumes 

are postulated to have been responsible for the upslope propagation of the deep-seated 

rotational failures.  

As the creek discharge became larger it was able to remove more bank 

material. The removal of the channel bank created instability of the slope. The slope 

began to fail on a relatively small scale corresponding to a low discharge and minimal 

channel erosion, but as creek discharges increased the amount of sediment or rock 

removed from the channel increased. This created a larger portion of the slope to fail; 

however, the failure most likely continued along the same failure plane of weakness, 

possibly a clay seam, a change in lithology, or a fracture or a fault, creating the upslope 

propagation of the landslide. Howard and Varnum (1982) then suggest that once the 

climate became drier the large failures became stable and new landslides began to form at 

the toes of the larger slides (Figure 9; Figure 10). This created nested landslides with 

multiple failure planes forming at different locations and depths within a single large 
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landslide (Figure 9; Figure 10). They theorize that the change in land-use from grazing 

land to timber harvesting may have been responsible for an increase in sediment 

production. 

Active, chronic debris slides at the toes of larger deep-seated translational-

rotational slides are postulated to contribute most of the sediment to the creek because of 

their proximity to the Thomes Creek channel as well as their relatively greater failure 

rates. The removal of sediment from the chronic debris slides is attributed to high 

discharge of the creek, specifically greater than 500 m3/s (17,657 cfs) at Paskenta. High 

discharges remove the toe of the debris slide, thus initiating failure (Howard and Varnum, 

1982; Faust, 2005). 

 
Vegetation and Anthropogenic Influences 

Thomes Creek has a variety of vegetation because of the high relative relief 

and differences in precipitation. 

Oak, chaparral, and grasslands characterize the lower elevations, below 991 

meters (3251 feet). Live oak, madrone, black oak, digger pine and knobcone pine are 

located in the watershed between 991 (3251 feet) and 1219 meters (3999 feet). White, red 

and Douglas fir and Jeffrey and white pine with incense cedar are found as dense forests 

above 1219 meters (3999 feet) (Howard & Varnum, 1982; USDA, 1997). Prior to 

approximately 1918, human and naturally caused fires kept conifer densities relatively 

low compared with current conditions.  
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The effective implementation of fire control in the watershed resulted in high 

conifer densities (approximately over 5 times more trees per acre in 1991 compared with 

densities in 1913) especially in unlogged areas (USDA 1997).  

Land-use practices have changed dramatically within the upper Thomes Creek 

watershed over time. From approximately 300 to 500 A.D. the Nomlaki Indians occupied 

the Thomes Creek watershed. The Nomlaki were hunters and gatherers who settled in the 

lower elevations of the watershed (below 1067 meters (3500 feet)) during the winter 

months and moved to the upper elevations of the watershed (above 1067 meters (3500 

feet)) during the summer months. During the period from the early 1850s to the 1860s the 

Nomlaki Indians were relocated from the watershed to reservations by European-

Americans, who then occupied the watershed. The European-Americans used the 

watershed for cattle and sheep grazing which was an important economic sector in the 

country from the late 1800s to the early 1900s. During this period to the 1940s land-use 

was limited to relatively low sloping grassy fields and areas near the channel. After 1940 

timber harvesting became the primary form of land-use in the watershed (Howard and 

Varnum, 1982).  

The USDA (1997) reports that approximately 850 kilometers (528 miles) of 

roads exist in the Thomes Creek watershed, developed during the period between 1940 

and 1970. These roads were constructed to be temporary and used for timber harvesting. 

Some have been decommissioned but many are still used today (USDA, 1997). These 

roads often fail and are made drivable by filling the top of the failure to level the road. 

The scarp is often filled with organic debris to lighten the load that is being placed at the 

top of the slope. Currently, the Forest Service has been working to decommission many 



26 

 

roads within Mendocino National Forest. New roads that are being developed in the 

Mendocino National forest adhere to strict developmental regulations that have the 

purpose of reducing the negative effects of the roads after they are built. Specifically, the 

roads are designed to minimize runoff and to prevent the concentration of runoff into 

channelized flow (USDA, 1997; Faust, 2005).  
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CHAPTER III 
 
 

SLOPE STABILITY ANALYSIS AND  
 

FIELD EXPERIMENT 
 
 

The climatological and hydrologic conditions required for slope failure were 

estimated from a slope stability analysis applied to the active debris slides adjacent to the 

channel. Steep slopes adjacent to the channel become unstable when high intensity 

precipitation events and subsequent high discharge levels act on the slope creating 

instability. Field experimentation was conducted to test the legitimacy of the estimates 

determined in the slope stability analysis by examining the debris slide mobility over the 

wet winter months. The results of the slope stability analysis and field study were then 

compared with the actual climatologic and hydrologic conditions present during this time 

period.  

 
Slope Stability Analysis 

The slope stability analysis uses a factor of safety equation where the sum of 

all forces resisting the downslope movement of the slide mass are divided by the sum of 

all of the driving forces acting on that mass. When the forces acting to move a mass 

downslope equal the forces resisting that movement the factor of safety is 1.  

If forces resisting movement are greater than the driving forces the factor of 

safety is greater than or equal to 1 and the slope is stable. When resisting forces are less 
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than driving forces on a mass the factor of safety is less than 1 and the slope is unstable 

(Selby, 1993).  

Selby (1993) gives the following equation for slope stability of shallow 

translational slides: 

F = c + (γ - mγw)zcos2βtanφ 
γzsinβcosβ 

where F is the factor of safety, c the cohesion of the material on the slope, γ is the unit 

weight of soil, γw is the unit weight of water, m is the ratio of the of the height of the 

water table to the soil thickness, z is the soil thickness, β is the slope angle and φ is the 

angle of internal friction.  

Field observations of debris slide thickness were used for the soil thickness 

parameter (z). Field measurements showed the depths of these debris slides to be 

approximately 0.45 meters in 2005. The slope angle of the debris slide (β) ranged from 

approximately 60o to 80o (Table 2; Field observations; Hoover et al., 2005).  

Cohesion values for the debris slides were varied to range between 0-4 kN/m2 (Table 2). 

Unconsolidated deposits do not have effective cohesion caused by cementation and 

associated chemical bonding (NAVFAC, 1982; Selby, 1993). Soil cohesion increases 

with increasing fines content; the higher the clay content the higher the cohesion of a soil. 

The increase of cohesion is due to the inter-particle bonding of clay (Adunoye, 2014). 

The cohesion created by the bonding of clay particles is lost upon saturation of the soil 

(Selby, 1993). Unconsolidated deposits can have apparent cohesion from plant roots, the 

surface tension of antecedent soil moisture, the interlocking of rock fragments at the 

failure plane, or a combination of the three (Selby, 1993).    
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The unit weight of soil (γ) (18, 19 and 20.4 kN/m3) and angle of internal 

friction (30-35o) were assumed from a previous study conducted by Hoover and others 

(2005) and from a paper on geologic material properties by Koloski and others (1989) 

(Table 2). Values for the height of the water table relative to the height of the soil mass 

(m) were varied in the analysis to predict the climatologic conditions at the time of slope 

failure (Table 2). 

As precipitation infiltrates into the hillslope the ratio of the height of the water 

table relative to the height of the soil mass will approach 1 (saturation). Precipitation 

events that influence slope stability can be predicted based on the volume of water that 

the slide mass can hold until it becomes unstable. The amount of water the slope is able 

to hold can be compared to the amount of water delivered to the slope by precipitation. 

Hoover and others (2005) calculate the volume of water needed to saturate the slope at a 

depth of 0.45 meters with soil porosity assumed to be 40% as 20.3 centimeters (8 inches) 

of precipitation delivered over 2 to 3 days. Using the empirical runoff curve number 

method created by the Natural Resources Conservation Service (NRCS), the field derived 

depth of 0.45 meters and assuming 40% porosity, Glick (2014) obtained similar results of 

20.3 centimeters (8 inches) of precipitation delivered over 2 to 4 days. Both estimates 

take in to account that enough water must be delivered to saturate the slope; water must 

be delivered slowly enough to be able to infiltrate the slope yet at a rate that prevents the 

slope from draining before saturation is reached.   

The slope stability analysis shows that the factor of safety is relatively 

insensitive to changes in the value of the angle of internal friction as well as the range of 

values assumed for the unit weight of the soil (Table 2). Results of the slope stability 
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TABLE 2. SLOPE STABILITY ANALYSIS RESULTS FROM SELBY (1993) FACTOR OF SAFETY EQUATION 

c'  
(kN/m^2) 

γ 
(kN/m^3) 

γw 
(kN/m^3) 

φ 
(⁰) 

β (⁰) 
z 

(m) 
m  γ-mγw cos^2β cosβ sinβ tanφ 

Sum of 
resisting 

forces 

Sum of 
driving 
forces 

Factor 
of 

safety 

angle of internal friction φ (⁰) = 30⁰ 

0 18.0 9.8 30 60 0.45 0.00 18.00 0.25 0.5 0.866 0.577 1.169 3.507 0.333 

0 18.0 9.8 30 60 0.45 0.25 15.55 0.25 0.5 0.866 0.577 1.010 3.507 0.288 

0 18.0 9.8 30 60 0.45 0.50 13.10 0.25 0.5 0.866 0.577 0.851 3.507 0.243 

0 18.0 9.8 30 60 0.45 0.75 10.65 0.25 0.5 0.866 0.577 0.692 3.507 0.197 

0 18.0 9.8 30 60 0.45 1.00 8.20 0.25 0.5 0.866 0.577 0.533 3.507 0.152 

0 19.0 9.8 30 60 0.45 0.00 19.00 0.25 0.5 0.866 0.577 1.234 3.702 0.333 

0 19.0 9.8 30 60 0.45 0.25 16.55 0.25 0.5 0.866 0.577 1.075 3.702 0.290 

0 19.0 9.8 30 60 0.45 0.50 14.10 0.25 0.5 0.866 0.577 0.916 3.702 0.247 

0 19.0 9.8 30 60 0.45 0.75 11.65 0.25 0.5 0.866 0.577 0.757 3.702 0.204 

0 19.0 9.8 30 60 0.45 1.00 9.20 0.25 0.5 0.866 0.577 0.598 3.702 0.161 

0 20.4 9.8 30 60 0.45 0.00 20.40 0.25 0.5 0.866 0.577 1.325 3.975 0.333 

0 20.4 9.8 30 60 0.45 0.25 17.95 0.25 0.5 0.866 0.577 1.166 3.975 0.293 

0 20.4 9.8 30 60 0.45 0.50 15.50 0.25 0.5 0.866 0.577 1.007 3.975 0.253 

0 20.4 9.8 30 60 0.45 0.75 13.05 0.25 0.5 0.866 0.577 0.848 3.975 0.213 

0 20.4 9.8 30 60 0.45 1.00 10.60 0.25 0.5 0.866 0.577 0.688 3.975 0.173 

1 18.0 9.8 30 60 0.45 0.00 18.00 0.25 0.5 0.866 0.577 2.169 3.507 0.618 

1 18.0 9.8 30 60 0.45 0.25 15.55 0.25 0.5 0.866 0.577 2.010 3.507 0.573 

1 18.0 9.8 30 60 0.45 0.50 13.10 0.25 0.5 0.866 0.577 1.851 3.507 0.528 

1 18.0 9.8 30 60 0.45 0.75 10.65 0.25 0.5 0.866 0.577 1.692 3.507 0.482 

1 18.0 9.8 30 60 0.45 1.00 8.20 0.25 0.5 0.866 0.577 1.533 3.507 0.437 

1 19.0 9.8 30 60 0.45 0.00 19.00 0.25 0.5 0.866 0.577 2.234 3.702 0.603 

1 19.0 9.8 30 60 0.45 0.25 16.55 0.25 0.5 0.866 0.577 2.075 3.702 0.560 

1 19.0 9.8 30 60 0.45 0.50 14.10 0.25 0.5 0.866 0.577 1.916 3.702 0.517 

1 19.0 9.8 30 60 0.45 0.75 11.65 0.25 0.5 0.866 0.577 1.757 3.702 0.474 

1 19.0 9.8 30 60 0.45 1.00 9.20 0.25 0.5 0.866 0.577 1.598 3.702 0.432 

1 20.4 9.8 30 60 0.45 0.00 20.40 0.25 0.5 0.866 0.577 2.325 3.975 0.585 

1 20.4 9.8 30 60 0.45 0.25 17.95 0.25 0.5 0.866 0.577 2.166 3.975 0.545 

1 20.4 9.8 30 60 0.45 0.50 15.50 0.25 0.5 0.866 0.577 2.007 3.975 0.505 

1 20.4 9.8 30 60 0.45 0.75 13.05 0.25 0.5 0.866 0.577 1.848 3.975 0.465 

1 20.4 9.8 30 60 0.45 1.00 10.60 0.25 0.5 0.866 0.577 1.688 3.975 0.425 

2 18.0 9.8 30 60 0.45 0.00 18.00 0.25 0.5 0.866 0.577 3.169 3.507 0.904 

2 18.0 9.8 30 60 0.45 0.25 15.55 0.25 0.5 0.866 0.577 3.010 3.507 0.858 

2 18.0 9.8 30 60 0.45 0.50 13.10 0.25 0.5 0.866 0.577 2.851 3.507 0.813 

2 18.0 9.8 30 60 0.45 0.75 10.65 0.25 0.5 0.866 0.577 2.692 3.507 0.767 

2 18.0 9.8 30 60 0.45 1.00 8.20 0.25 0.5 0.866 0.577 2.533 3.507 0.722 

2 19.0 9.8 30 60 0.45 0.00 19.00 0.25 0.5 0.866 0.577 3.234 3.702 0.874 

2 19.0 9.8 30 60 0.45 0.25 16.55 0.25 0.5 0.866 0.577 3.075 3.702 0.831 

2 19.0 9.8 30 60 0.45 0.50 14.10 0.25 0.5 0.866 0.577 2.916 3.702 0.788 

2 19.0 9.8 30 60 0.45 0.75 11.65 0.25 0.5 0.866 0.577 2.757 3.702 0.745 

2 19.0 9.8 30 60 0.45 1.00 9.20 0.25 0.5 0.866 0.577 2.598 3.702 0.702 

2 20.4 9.8 30 60 0.45 0.00 20.40 0.25 0.5 0.866 0.577 3.325 3.975 0.836 

2 20.4 9.8 30 60 0.45 0.25 17.95 0.25 0.5 0.866 0.577 3.166 3.975 0.796 

2 20.4 9.8 30 60 0.45 0.50 15.50 0.25 0.5 0.866 0.577 3.007 3.975 0.756 

2 20.4 9.8 30 60 0.45 0.75 13.05 0.25 0.5 0.866 0.577 2.848 3.975 0.716 

2 20.4 9.8 30 60 0.45 1.00 10.60 0.25 0.5 0.866 0.577 2.688 3.975 0.676 

3 18.0 9.8 30 60 0.45 0.00 18.00 0.25 0.5 0.866 0.577 4.169 3.507 1.189 

3 18.0 9.8 30 60 0.45 0.25 15.55 0.25 0.5 0.866 0.577 4.010 3.507 1.143 

3 18.0 9.8 30 60 0.45 0.50 13.10 0.25 0.5 0.866 0.577 3.851 3.507 1.098 

3 18.0 9.8 30 60 0.45 0.75 10.65 0.25 0.5 0.866 0.577 3.692 3.507 1.053 

3 18.0 9.8 30 60 0.45 1.00 8.20 0.25 0.5 0.866 0.577 3.533 3.507 1.007 

3 19.0 9.8 30 60 0.45 0.00 19.00 0.25 0.5 0.866 0.577 4.234 3.702 1.144 

3 19.0 9.8 30 60 0.45 0.25 16.55 0.25 0.5 0.866 0.577 4.075 3.702 1.101 

3 19.0 9.8 30 60 0.45 0.50 14.10 0.25 0.5 0.866 0.577 3.916 3.702 1.058 

3 19.0 9.8 30 60 0.45 0.75 11.65 0.25 0.5 0.866 0.577 3.757 3.702 1.015 

3 19.0 9.8 30 60 0.45 1.00 9.20 0.25 0.5 0.866 0.577 3.598 3.702 0.972 
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TABLE 2 (Continued) 

c'  
(kN/m^2) 

γ 
(kN/m^3) 

γw 
(kN/m^3) 

φ 
(⁰) 

β (⁰) 
z 

(m) 
m  γ-mγw cos^2β cosβ sinβ tanφ 

Sum of 
resisting 

forces 

Sum of 
driving 
forces 

Factor 
of 

safety 

angle of internal friction φ (⁰) = 30⁰ 

3 20.4 9.8 30 60 0.45 0.00 20.40 0.25 0.5 0.866 0.577 4.325 3.975 1.088 

3 20.4 9.8 30 60 0.45 0.25 17.95 0.25 0.5 0.866 0.577 4.166 3.975 1.048 

3 20.4 9.8 30 60 0.45 0.50 15.50 0.25 0.5 0.866 0.577 4.007 3.975 1.008 

3 20.4 9.8 30 60 0.45 0.75 13.05 0.25 0.5 0.866 0.577 3.848 3.975 0.968 

3 20.4 9.8 30 60 0.45 1.00 10.60 0.25 0.5 0.866 0.577 3.688 3.975 0.928 

4 18.0 9.8 30 60 0.45 0.00 18.00 0.25 0.5 0.866 0.577 5.169 3.507 1.474 

4 18.0 9.8 30 60 0.45 0.25 15.55 0.25 0.5 0.866 0.577 5.010 3.507 1.428 

4 18.0 9.8 30 60 0.45 0.50 13.10 0.25 0.5 0.866 0.577 4.851 3.507 1.383 

4 18.0 9.8 30 60 0.45 0.75 10.65 0.25 0.5 0.866 0.577 4.692 3.507 1.338 

4 18.0 9.8 30 60 0.45 1.00 8.20 0.25 0.5 0.866 0.577 4.533 3.507 1.292 

4 19.0 9.8 30 60 0.45 0.00 19.00 0.25 0.5 0.866 0.577 5.234 3.702 1.414 

4 19.0 9.8 30 60 0.45 0.25 16.55 0.25 0.5 0.866 0.577 5.075 3.702 1.371 

4 19.0 9.8 30 60 0.45 0.50 14.10 0.25 0.5 0.866 0.577 4.916 3.702 1.328 

4 19.0 9.8 30 60 0.45 0.75 11.65 0.25 0.5 0.866 0.577 4.757 3.702 1.285 

4 19.0 9.8 30 60 0.45 1.00 9.20 0.25 0.5 0.866 0.577 4.598 3.702 1.242 

4 20.4 9.8 30 60 0.45 0.00 20.40 0.25 0.5 0.866 0.577 5.325 3.975 1.340 

4 20.4 9.8 30 60 0.45 0.25 17.95 0.25 0.5 0.866 0.577 5.166 3.975 1.300 

4 20.4 9.8 30 60 0.45 0.50 15.50 0.25 0.5 0.866 0.577 5.007 3.975 1.260 

4 20.4 9.8 30 60 0.45 0.75 13.05 0.25 0.5 0.866 0.577 4.848 3.975 1.220 

4 20.4 9.8 30 60 0.45 1.00 10.60 0.25 0.5 0.866 0.577 4.688 3.975 1.179 
 

angle of internal friction φ (⁰) = 35⁰ 

0 18.0 9.8 35 60 0.45 0.00 18.00 0.25 0.5 0.866 0.7 1.418 3.507 0.404 

0 18.0 9.8 35 60 0.45 0.25 15.55 0.25 0.5 0.866 0.7 1.225 3.507 0.349 

0 18.0 9.8 35 60 0.45 0.50 13.10 0.25 0.5 0.866 0.7 1.032 3.507 0.294 

0 18.0 9.8 35 60 0.45 0.75 10.65 0.25 0.5 0.866 0.7 0.839 3.507 0.239 

0 18.0 9.8 35 60 0.45 1.00 8.20 0.25 0.5 0.866 0.7 0.646 3.507 0.184 

0 19.0 9.8 35 60 0.45 0.00 19.00 0.25 0.5 0.866 0.7 1.497 3.702 0.404 

0 19.0 9.8 35 60 0.45 0.25 16.55 0.25 0.5 0.866 0.7 1.304 3.702 0.352 

0 19.0 9.8 35 60 0.45 0.50 14.10 0.25 0.5 0.866 0.7 1.111 3.702 0.300 

0 19.0 9.8 35 60 0.45 0.75 11.65 0.25 0.5 0.866 0.7 0.918 3.702 0.248 

0 19.0 9.8 35 60 0.45 1.00 9.20 0.25 0.5 0.866 0.7 0.725 3.702 0.196 

0 20.4 9.8 35 60 0.45 0.00 20.40 0.25 0.5 0.866 0.7 1.607 3.975 0.404 

0 20.4 9.8 35 60 0.45 0.25 17.95 0.25 0.5 0.866 0.7 1.414 3.975 0.356 

0 20.4 9.8 35 60 0.45 0.50 15.50 0.25 0.5 0.866 0.7 1.221 3.975 0.307 

0 20.4 9.8 35 60 0.45 0.75 13.05 0.25 0.5 0.866 0.7 1.028 3.975 0.259 

0 20.4 9.8 35 60 0.45 1.00 10.60 0.25 0.5 0.866 0.7 0.835 3.975 0.210 

1 18.0 9.8 35 60 0.45 0.00 18.00 0.25 0.5 0.866 0.7 2.418 3.507 0.689 

1 18.0 9.8 35 60 0.45 0.25 15.55 0.25 0.5 0.866 0.7 2.225 3.507 0.634 

1 18.0 9.8 35 60 0.45 0.50 13.10 0.25 0.5 0.866 0.7 2.032 3.507 0.579 

1 18.0 9.8 35 60 0.45 0.75 10.65 0.25 0.5 0.866 0.7 1.839 3.507 0.524 

1 18.0 9.8 35 60 0.45 1.00 8.20 0.25 0.5 0.866 0.7 1.646 3.507 0.469 

1 19.0 9.8 35 60 0.45 0.00 19.00 0.25 0.5 0.866 0.7 2.497 3.702 0.674 

1 19.0 9.8 35 60 0.45 0.25 16.55 0.25 0.5 0.866 0.7 2.304 3.702 0.622 

1 19.0 9.8 35 60 0.45 0.50 14.10 0.25 0.5 0.866 0.7 2.111 3.702 0.570 

1 19.0 9.8 35 60 0.45 0.75 11.65 0.25 0.5 0.866 0.7 1.918 3.702 0.518 

1 19.0 9.8 35 60 0.45 1.00 9.20 0.25 0.5 0.866 0.7 1.725 3.702 0.466 

1 20.4 9.8 35 60 0.45 0.00 20.40 0.25 0.5 0.866 0.7 2.607 3.975 0.656 

1 20.4 9.8 35 60 0.45 0.25 17.95 0.25 0.5 0.866 0.7 2.414 3.975 0.607 

1 20.4 9.8 35 60 0.45 0.50 15.50 0.25 0.5 0.866 0.7 2.221 3.975 0.559 

1 20.4 9.8 35 60 0.45 0.75 13.05 0.25 0.5 0.866 0.7 2.028 3.975 0.510 

1 20.4 9.8 35 60 0.45 1.00 10.60 0.25 0.5 0.866 0.7 1.835 3.975 0.462 

2 18.0 9.8 35 60 0.45 0.00 18.00 0.25 0.5 0.866 0.7 3.418 3.507 0.974 

2 18.0 9.8 35 60 0.45 0.25 15.55 0.25 0.5 0.866 0.7 3.225 3.507 0.919 

2 18.0 9.8 35 60 0.45 0.50 13.10 0.25 0.5 0.866 0.7 3.032 3.507 0.864 
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TABLE 2 (Continued) 

c'  
(kN/m^2) 

γ 
(kN/m^3) 

γw 
(kN/m^3) 

φ 
(⁰) 

β (⁰) 
z 

(m) 
m  γ-mγw cos^2β cosβ sinβ tanφ 

Sum of 
resisting 

forces 

Sum of 
driving 
forces 

Factor 
of 

safety 

angle of internal friction φ (⁰) = 35⁰ 

2 18.0 9.8 35 60 0.45 0.75 10.65 0.25 0.5 0.866 0.7 2.839 3.507 0.809 

2 18.0 9.8 35 60 0.45 1.00 8.20 0.25 0.5 0.866 0.7 2.646 3.507 0.754 

2 19.0 9.8 35 60 0.45 0.00 19.00 0.25 0.5 0.866 0.7 3.497 3.702 0.944 

2 19.0 9.8 35 60 0.45 0.25 16.55 0.25 0.5 0.866 0.7 3.304 3.702 0.892 

2 19.0 9.8 35 60 0.45 0.50 14.10 0.25 0.5 0.866 0.7 3.111 3.702 0.840 

2 19.0 9.8 35 60 0.45 0.75 11.65 0.25 0.5 0.866 0.7 2.918 3.702 0.788 

2 19.0 9.8 35 60 0.45 1.00 9.20 0.25 0.5 0.866 0.7 2.725 3.702 0.736 

2 20.4 9.8 35 60 0.45 0.00 20.40 0.25 0.5 0.866 0.7 3.607 3.975 0.907 

2 20.4 9.8 35 60 0.45 0.25 17.95 0.25 0.5 0.866 0.7 3.414 3.975 0.859 

2 20.4 9.8 35 60 0.45 0.50 15.50 0.25 0.5 0.866 0.7 3.221 3.975 0.810 

2 20.4 9.8 35 60 0.45 0.75 13.05 0.25 0.5 0.866 0.7 3.028 3.975 0.762 

2 20.4 9.8 35 60 0.45 1.00 10.60 0.25 0.5 0.866 0.7 2.835 3.975 0.713 

3 18.0 9.8 35 60 0.45 0.00 18.00 0.25 0.5 0.866 0.7 4.418 3.507 1.260 

3 18.0 9.8 35 60 0.45 0.25 15.55 0.25 0.5 0.866 0.7 4.225 3.507 1.205 

3 18.0 9.8 35 60 0.45 0.50 13.10 0.25 0.5 0.866 0.7 4.032 3.507 1.150 

3 18.0 9.8 35 60 0.45 0.75 10.65 0.25 0.5 0.866 0.7 3.839 3.507 1.095 

3 18.0 9.8 35 60 0.45 1.00 8.20 0.25 0.5 0.866 0.7 3.646 3.507 1.039 

3 19.0 9.8 35 60 0.45 0.00 19.00 0.25 0.5 0.866 0.7 4.497 3.702 1.215 

3 19.0 9.8 35 60 0.45 0.25 16.55 0.25 0.5 0.866 0.7 4.304 3.702 1.162 

3 19.0 9.8 35 60 0.45 0.50 14.10 0.25 0.5 0.866 0.7 4.111 3.702 1.110 

3 19.0 9.8 35 60 0.45 0.75 11.65 0.25 0.5 0.866 0.7 3.918 3.702 1.058 

3 19.0 9.8 35 60 0.45 1.00 9.20 0.25 0.5 0.866 0.7 3.725 3.702 1.006 

3 20.4 9.8 35 60 0.45 0.00 20.40 0.25 0.5 0.866 0.7 4.607 3.975 1.159 

3 20.4 9.8 35 60 0.45 0.25 17.95 0.25 0.5 0.866 0.7 4.414 3.975 1.110 

3 20.4 9.8 35 60 0.45 0.50 15.50 0.25 0.5 0.866 0.7 4.221 3.975 1.062 

3 20.4 9.8 35 60 0.45 0.75 13.05 0.25 0.5 0.866 0.7 4.028 3.975 1.013 

3 20.4 9.8 35 60 0.45 1.00 10.60 0.25 0.5 0.866 0.7 3.835 3.975 0.965 

4 18.0 9.8 35 60 0.45 0.00 18.00 0.25 0.5 0.866 0.7 5.418 3.507 1.545 

4 18.0 9.8 35 60 0.45 0.25 15.55 0.25 0.5 0.866 0.7 5.225 3.507 1.490 

4 18.0 9.8 35 60 0.45 0.50 13.10 0.25 0.5 0.866 0.7 5.032 3.507 1.435 

4 18.0 9.8 35 60 0.45 0.75 10.65 0.25 0.5 0.866 0.7 4.839 3.507 1.380 

4 18.0 9.8 35 60 0.45 1.00 8.20 0.25 0.5 0.866 0.7 4.646 3.507 1.325 

4 19.0 9.8 35 60 0.45 0.00 19.00 0.25 0.5 0.866 0.7 5.497 3.702 1.485 

4 19.0 9.8 35 60 0.45 0.25 16.55 0.25 0.5 0.866 0.7 5.304 3.702 1.433 

4 19.0 9.8 35 60 0.45 0.50 14.10 0.25 0.5 0.866 0.7 5.111 3.702 1.380 

4 19.0 9.8 35 60 0.45 0.75 11.65 0.25 0.5 0.866 0.7 4.918 3.702 1.328 

4 19.0 9.8 35 60 0.45 1.00 9.20 0.25 0.5 0.866 0.7 4.725 3.702 1.276 

4 20.4 9.8 35 60 0.45 0.00 20.40 0.25 0.5 0.866 0.7 5.607 3.975 1.411 

4 20.4 9.8 35 60 0.45 0.25 17.95 0.25 0.5 0.866 0.7 5.414 3.975 1.362 

4 20.4 9.8 35 60 0.45 0.50 15.50 0.25 0.5 0.866 0.7 5.221 3.975 1.313 

4 20.4 9.8 35 60 0.45 0.75 13.05 0.25 0.5 0.866 0.7 5.028 3.975 1.265 

4 20.4 9.8 35 60 0.45 1.00 10.60 0.25 0.5 0.866 0.7 4.835 3.975 1.216 
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analysis indicate that at depths of 0.45 meters, with cohesion ranging from 0 kN/m2 to 2 

kN/m2, the debris slides are unstable independent of the height of the perched water table 

above the failure plane (Table 2).  

As cohesion increases so does slope stability. For cohesion values at 3 kN/m2 

the slopes are stable when dry; as the height of the water increases, the weight of the 

slopes increase and the slopes become unstable when saturated. With cohesion values of 

4 kN/m2 or greater the slopes are stable when saturated (Table 2). Soils that form in the 

Pickett Peak terrane are high in clay content. Assuming a cohesion value from clay 

content would result in slope stability until saturation, at which time any cohesion from 

soil moisture or clay particles would be lost, potentially creating instability of the debris 

slides even if cohesion values are higher (Selby, 1993; USDA 1997).  

Alternatively, cohesion could result from the interlocking of particles at the 

failure surface. The saturation of the material above could create a buoyancy of the 

particles effectively lifting any interlocking particles resulting in the loss of cohesion and 

failure (Selby, 1993; Abbott, 1999).  

Debris slides do not fail during the dry summer months (Field Observations, 

2005; Faust, 2005). Debris slide deposits appeared to have moved when saturated or 

nearly saturated; clasts were observed in the field to be graded in a matrix of finer 

material including sands, silt and clay (Figure 11). Active debris slides adjacent to the 

channel did not have vegetation growing on the portions of the slopes that were failing 

and thus could not contribute apparent cohesion to the debris slides (Figure 12).  
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Figure 11. Clasts within the debris slides are graded in a 
matrix of finer material including sands, silt and clay. 

 
 
 
 
 
 
 

 

Figure 12. Portions of the slopes that chronically fail do not 
have vegetation. 
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Field Experimentation 

Five active debris slides east of the Slab crossing on the south side of the 

Thomes Creek channel were chosen for use in a simple experiment designed to determine 

deposit mobility over the wet winter months (Figure 13). These active debris slides occur 

in the Valentine Spring Formation of the Pickett Peak terrane. Landsliding in the 

watershed is primarily found in the Pickett Peak terrane (Figure 8; USDA, 1997).  

On September 25, 2005, forty, 1.2 meter (4 foot) metal rebar were secured in 

the surface of the debris slides (Table 3). The rebar was placed in an array in the toes of 

the debris slides as well as in some of the talus deposits at the base of the debris slides 

(Figure 14; Figure 15). Elevation of the ground surface was marked on each rebar. 

Placement of the rebar was restricted by safety concerns; an array of rebar over the entire 

surface of the debris slide was not attainable due to the steepness of the slopes (Figure 

14). Latitude, longitude and embedment depth of the rebar was recorded (Table 3). After 

the wet winter months the absence or presence of the rebar and the depth at which they 

were in place would determine whether the slides were moving on an annual time scale.  

If some of the rebar remained in place the amount of the slide that was moving with 

respect to the array could be determined. Alternatively, if the rebar were present after the 

winter months the embedment depth of the rebar could show if a portion of the surface of 

the slide had moved. 

The upper portion of the watershed is closed during the winter months due to 

snow and creek discharge levels. Field inspection of the slopes after the upper watershed 

re-opened for the spring took place on May 17, 2006. No rebar could be seen on or near  

 



36 

 

 

 

    a) 

 

    b) 

Figure 13.  Aerial views of five active debris slides: a) location in relation to the 
Slab; b) as viewed from the south side of channel. 
 
 
the slopes indicating the debris slides failed between September 25, 2005, and May 17, 

2006.  
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TABLE 3. SLIDE NUMBER, LATITUDE, LONGITUDE AND EMBEDMENT DEPTH OF 40 
REBAR 

Debris 
Slide 

Rebar Latitude Longitude 
Embedment 

Depth 
(meters) 

Embedment 
Depth 

(inches) 
1 1 39.873500 -122.824150 0.606 23.875 
1 2 39.873483 -122.824217 0.294 11.563 
1 3 39.873450 -122.824117 0.376 14.813 
2 4 39.873600 -122.823650 0.518 20.375 
2 5 39.873550 -122.823633 0.387 15.250 
2 6 39.873550 -122.823583 0.400 15.750 
2 7 39.873583 -122.823533 0.473 18.625 
2 8 39.873617 -122.823383 0.518 20.375 
2 9 39.873650 -122.823350 0.445 17.500 
3 10 39.874050 -122.822750 0.502 19.750 
3 11 39.874050 -122.822700 0.502 19.750 
3 12 39.874050 -122.822650 0.510 20.063 
3 13 39.874067 -122.822600 0.416 16.375 
3 14 39.874100 -122.822567 0.491 19.313 
3 15 39.874117 -122.822533 0.619 24.375 
3 16 39.874050 -122.822517 0.438 17.250 
3 17 39.874183 -122.822533 0.598 23.563 
3 18 39.874117 -122.822483 0.598 23.563 
3 19 39.873550 -122.821017 0.410 16.125 
4 20 39.873567 -122.820817 0.384 15.125 
4 21 39.873500 -122.820783 0.357 14.063 
4 22 39.873517 -122.820567 0.443 17.438 
4 23 39.873483 -122.820750 0.470 18.500 
4 24 39.873433 -122.820650 0.324 12.750 
4 25 39.873400 -122.820617 0.464 18.250 
4 26 39.873350 -122.820617 0.438 17.250 
4 27 39.873350 -122.820533 0.298 11.750 
4 28 39.873283 -122.820483 0.502 19.750 
4 29 39.873333 -122.820467 0.381 15.000 
4 30 39.873317 -122.820350 0.311 12.250 
4 31 39.873200 -122.820083 0.352 13.875 
5 32 39.873150 -122.819983 0.340 13.375 
5 33 39.873100 -122.820000 0.468 18.438 
5 34 39.873083 -122.819917 0.432 17.000 
5 35 39.873067 -122.819867 0.541 21.313 
5 36 39.873100 -122.819850 0.533 21.000 
5 37 39.873100 -122.819833 0.318 12.500 
5 38 39.873117 -122.819783 0.445 17.500 
5 39 39.873133 -122.819767 0.479 18.875 
5 40 39.873133 -122.819750 0.505 19.875 
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       a) 

 

       b) 

 

Figure 14. Rebar in active debris slides: a) steep slopes limited placement locations; 
b) rebar was also placed in talus deposits at a few locations.  
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Figure 15. Locations of forty rebar placed in the five active debris slides.  
 
 

During the field visit on May 17, 2006, new rotational landslides were 

observed on the north side of the channel; the head scarps cut through the road that 

travels to the Slab crossing (Figure 16). These rotational failures were larger than the 

translational debris slides adjacent to the Thomes Creek channel and occurred on 

significantly vegetated slopes (Figure 16). Such rotational landslides are rare, generally 

forming during flood years when creek discharge levels are much higher than normal 

(Faust, 2005). Additional changes noticed were the “washed-out” appearance of the creek 

bed and adjacent channel banks, and the absence of vegetation adjacent to the channel 

that was observed in September, 2005 (Figure 17). 

 
Interpretations 

The slope stability analysis suggests that the debris slides become unstable 

when saturated (Table 2). In the field the debris slides appeared to have been saturated 

when they failed. Field experimentation demonstrated that debris slides in Thomes Creek  
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Figure 16. Head scarp of a rotational 
landslide that occurred during the 2005-2006 
winter. 

 
 
during the 2005-2006 winter were mobile; all five of the debris slides involved in the 

experiment failed. New rotational failures on vegetated slopes were observed adjacent to 

the creek. The presence of these failures supports the experiment results that indicate that 

conditions promoting failure (extreme climatologic and hydrologic conditions) occurred 

during the 2005-2006 winter. 

Three gauging stations exist in the Thomes Creek watershed (Figure 18). They 

are located at Paskenta, at the California Department of Forestry and Fire Protection 

(CDF) station, and at Log Spring (Figure 18). The Log Spring station is geographically 
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       a) 
 

 
       b) 
 
Figure 17. Looking east from the Slab crossing: a) site visit on September 25, 2005; 
b) Site visit on May 17, 2006. 
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Figure 18. Locations of the three data stations near Thomes Creek watershed; 
Thomes Creek at Paskenta, Thomes Creek at CDF and Log Spring. 
 
 
closest to the five debris slides in the field experiment. All three stations record 

precipitation data; the Paskenta also records discharge data. Accumulated precipitation 

data are available for all three stations.  

Accumulated precipitation data for the 2006 water year at the CDF station is 

unreliable; there is missing data and data were not recorded for dates after July 2006. 

Incremental precipitation data are available for the Paskenta and Log Spring stations 

(Table 4; CDEC, 2014).  

Precipitation data was examined at both the Paskenta station and Log Spring 

station to determine if enough precipitation fell in the watershed to saturate the debris 

slides and make them unstable (Table 4). Precipitation varies greatly in the watershed and 

single storm events can generate different amounts of precipitation with varying 

intensities (USDA, 1997; Aherns, 2000). It is assumed for the purpose of this analysis 

that a precipitation event that generates near 20.3 centimeters (8 inches) over 2 to 4 days  
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TABLE 4. INCREMENTAL PRECIPITATION AT PASKENTA AND LOG SPRING 
Log Spring  Paskenta Log Spring Paskenta Log Spring Paskenta Log Spring  Paskenta Log Spring Paskenta Log Spring Paskenta Date 
centimeters centimeters inches inches 

Date 
centimeters centimeters inches inches 

Date 
centimeters centimeters inches inches 

11/25/2005 0.01 0.04 0.03 0.10 1/24/2006 0.25   0.10   3/21/2006 0.25 0.41 0.10 0.16 
11/29/2005   0.10   0.04 1/28/2006 1.02 0.41 0.40 0.16 3/22/2006 0.51   0.20   
12/2/2005   0.10   0.04 1/29/2006 0.51   0.20   3/23/2006 0.51 0.10 0.20 0.04 
12/12/2005 16.51   6.50   1/30/2006 1.02 0.41 0.40 0.16 3/24/2006   0.20   0.08 
12/17/2005  0.20  0.08 1/31/2006 0.03   0.01   3/25/2006 1.02   0.40   
12/18/2005 3.05 0.30 1.20 0.12 2/1/2006 3.81 1.32 1.50 0.52 3/26/2006 1.52   0.60   
12/19/2005 3.05 0.10 1.20 0.04 2/2/2006 1.02   0.40   3/27/2006   0.61   0.24 
12/20/2005 1.78   0.70   2/3/2006 0.51   0.20   3/28/2006 0.25   0.10   
12/21/2005 2.29   0.90   2/4/2006 0.25   0.10   3/29/2006 1.78 2.44 0.70 0.96 
12/22/2005 4.32   1.70   2/5/2006 0.76   0.30   3/30/2006   0.10   0.04 
12/23/2005 0.51   0.20   2/7/2006 0.51   0.20   3/31/2006 1.27 1.02 0.50 0.40 
12/24/2005   0.10   0.04 2/22/2006 0.03   0.01   4/1/2006 1.27 0.51 0.50 0.20 
12/26/2005 1.52   0.60   2/26/2006   0.61   0.24 4/2/2006 1.52 1.12 0.60 0.44 
12/27/2005 8.38   3.30   2/27/2006 3.30 4.37 1.30 1.72 4/3/2006 1.27 0.51 0.50 0.20 
12/28/2005 3.56   1.40   2/28/2006 2.03 0.30 0.80 0.12 4/4/2006   0.30   0.12 
12/29/2005 1.02   0.40   3/1/2006   0.10   0.04 4/5/2006 0.76 0.10 0.30 0.04 
12/30/2005 12.19   4.80   3/2/2006 0.76 1.02 0.30 0.40 4/6/2006 0.76   0.30   
12/31/2005 3.30   1.30   3/3/2006 1.27 0.81 0.50 0.32 4/8/2006   1.22   0.48 
1/1/2006 1.78   0.70   3/4/2006 0.03 0.10 0.01 0.04 4/9/2006   0.10   0.04 
1/2/2006 0.03   0.01   3/5/2006 4.32 3.66 1.70 1.44 4/10/2006   1.12   0.44 
1/3/2006 0.76 0.10 0.30 0.04 3/6/2006 1.02 0.10 0.40 0.04 4/11/2006 2.29 4.17 0.90 1.64 
1/4/2006 0.76   0.30   3/7/2006 1.02 0.10 0.40 0.04 4/12/2006 4.57 2.34 1.80 0.92 
1/5/2006 0.76   0.30   3/10/2006 0.51   0.20   4/13/2006 2.03   0.80   
1/10/2006 0.76 1.63 0.30 0.64 3/11/2006 1.02 0.10 0.40 0.04 4/15/2006   0.10   0.04 
1/11/2006 0.76 0.10 0.30 0.04 3/12/2006   0.10   0.04 4/16/2006 0.51   0.20   
1/14/2006 0.51 1.32 0.20 0.52 3/13/2006 1.02 0.61 0.40 0.24 4/17/2006 0.76   0.30   
1/15/2006 0.51   0.20   3/14/2006 2.29   0.90   4/18/2006 0.51   0.20   
1/17/2006 0.76 0.91 0.30 0.36 3/15/2006   0.10   0.04 4/19/2006 0.03   0.01   
1/18/2006 2.29 0.71 0.90 0.28 3/16/2006 1.27 0.30 0.50 0.12 4/22/2006   0.10   0.04 
1/19/2006 1.02   0.40   3/17/2006 1.02   0.40   4/23/2006 0.25   0.10   
1/20/2006   0.20   0.08 3/18/2006 0.25   0.10   4/24/2006   0.20   0.08 
1/21/2006 0.76   0.30   3/19/2006 0.03   0.01   Totals 127.46 38.61 50.18 15.20 
1/23/2006 0.03   0.01   3/20/2006   1.12   0.44      
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could supply the required precipitation amount needed to saturate the debris slides in the 

location of the field experiment (Hoover et al., 2005; Glick, 2014).  

Table 4 shows the daily precipitation that occurred between November 29, 

2005 and April 24, 2006; precipitation that occurred prior to and after these dates was not 

enough to create saturation of the debris slides (no value recorded equals no precipitation 

on that day). 

Precipitation for the 2006 water year primarily fell between the beginning of 

December, 2005 and the middle of April, 2006 (Table 4). For the 2006 water year the 

total precipitation recorded for Paskenta was 43.4 centimeters (17.1 inches) and the total 

precipitation recorded for Log Spring was 144.5 centimeters (56.9 inches)(CDEC, 2014).  

On December 12, 2005, a precipitation event that generated 16.5 centimeters 

(6.5 inches) was recorded at the Log Spring gauge (Table 4). Although this event 

generated a significant amount of precipitation, possibly enough to saturate the debris 

slides at the field experiment location, the duration of the event was too short (Hoover et 

al., 2005; Glick, 2014). This amount of precipitation over a relatively short time most 

likely generated too much runoff to allow the debris slides to saturate (Glick, 2014). The 

only event(s) that occurred during the field experiment that could generate the assumed 

required precipitation amount over 2 to 4 days occurred from December 27, 2005 to 

January 1, 2006 (Table 4). A total of 30.2 centimeters (11.9 inches) of precipitation was 

recorded at the Log Spring gauge during this 6-day period (Table 4; CDEC, 2014). Based 

on the precipitation and the slope stability analysis alone, the active debris slides in the 

field experiment would most likely have failed between December 30, 2005, and January 

1, 2006. 
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Thomes Creek discharge can also initiate failure of debris slides (Howard and 

Varnum, 1982). Thomes Creek experienced significant discharge events during the 2006 

water year (Figure 19; CDEC, 2014).  

 

 

Figure 19. Annotated Thomes Creek hydrograph of discharge data recorded at 
Paskenta. 
 
Adapted from California Data Exchange Center (CDEC), 2013, State of California, Thomes Creek (CDF), 
Thomes Creek at Paskenta, Log Spring: http://www.cdec.com (accessed March 2014). 
 
 

Discharge recorded at Thomes Creek during the 2006 water year ranged from 

less than 7 m3/s (247 cfs) to greater than 588 m3/s (20765 cfs)(CDEC, 2014). Discharge 

lower than approximately 7 m3/s (247 cfs) is not recorded at Thomes Creek and discharge 
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greater than 588 m3/s (20765 cfs) is above recordable values for this gauge (CDEC, 

2014). From January 10, 2006 through January 19, 2006, the gauge was inoperable, due 

to damage from flooding events (Figure 19; Faust, 2006; CDEC, 2014).  

The first significant flood event during the field experiment occurred on 

December 28, 2005; discharge was recorded as 488 m3/s (17234 cfs) after which it 

exceeded 588 m3/s (20765 cfs) on the same day (Figure 19; CDEC, 2014). Discharges 

capable of inducing failure of landslides in the Thomes Creek watershed occurred on 

December 28, 2005, December 30, 2005 and possibly after (the gauge is reported as 

inoperable from January 9, 2006 to January 19, 2006 but data seems unreliable after 

December 30, 2005) and on January 29, 2006 (Figure 19; Howard and Varnum, 1982). 

Based on precipitation and discharges occurring in the Thomes Creek 

watershed during the 2005-2006 winter, debris slides would have likely failed between 

December 28, 2005, and January 8, 2006. The closure of the watershed during this time 

period prevented the identification of the actual precipitation or discharge event that 

resulted in slope failure. It could not be determined whether the debris slides failed 

because of a precipitation event, because of the resultant high discharges or due to a 

combination of both.   
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CHAPTER IV 
 
 

AERIAL PHOTOGRAPHIC ANALYSIS 
 
 

Aerial photographic analysis was used to determine if landslides in the 

Thomes Creek watershed were re-occurring in the same locations. This analysis also 

allowed for the frequency of landslides in the watershed to be quantified as well as to 

determine if the frequency was changed by land-use practices. Aerial photographic 

analysis was used to estimate the volume of sediment delivered to the channel for three 

five-year periods between 1988 and 2003. 

 
Landslide Identification and Frequency 

Aerial photographs were provided by the Mendocino National Forest office of 

the USDA Forest Service. Aerial photographs of the upper watershed were available for 

the years 1952, 1961, 1969, 1981, 1988, 1993, 1998, and 2003. Photographs prior to 1988 

are black and white and have poor resolution; photographs from 1988 to 2003 are in 

color, with better resolution (Figure 20). The photographs were scanned and 

georeferenced to insure that the same locations were being compared and allow 

quantitative estimates of slide extents. Landslides were identified on the aerial 

photographs as a scar some distance above the channel with actual sediment delivery 

areas (debris slides) occurring at the toes of these larger failures adjacent to the channel 

(Figure 21). Active debris slides were recognized in aerial photographs as fresh slope  
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               a) 

 
               b) 
 
Figure 20. Example of aerial photographs of Thomes Creek Channel: a) photograph 
taken in 1952 is in black and white with poor resolution; b) photograph taken in 
1993 is in color with good resolution. 
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Figure 21. Landslides were identified as a scar some distance above the channel. 
 
 
faces with the absence of vegetation (Figure 22). Inactive debris slides were distinguished 

by the growth of grasses and shrubs within a debris slide scar. Reactivation of debris 

slides was identified by fresh faces lacking vegetation in subsequent photographs (Figure 

23).  

Landslides in the Thomes Creek watershed are chronic; the same areas 

continuously fail. Based on visual comparison of aerial photographs, large deep-seated 

landslides in the watershed are stable (Figure 24). No changes can be seen at the head 

scarps of these slides and vegetation density increases over time (Figure 24). Aerial 

photographs show that the small debris slides at the toes of the deep-seated rotational 

failures chronically fail (Figure 25). Some debris slides have a substantial period of 

inactivity allowing vegetation to grow before failure reoccurs (Figure 25).  

Landslides were identified in the Thomes Creek channel on aerial photographs 

from 1952, 1961, 1969, 1981, 1988, 1993, 1998, and 2003 (Table 5). The greatest 
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Figure 22. Landslide scar and active debris slide scar adjacent to the channel. 
 
 

numbers of landslides exist in the steep inner channel between the Gorge and the Slab. In 

1952, 32 landslides were identified; this number increased to 55 landslides in 1961, and 

increased again to 77 landslides in 1969 (Table 5). In 1981, the number of landslides 

showed only a slight increase to 80 landslides (Table 5). By 1988, the number of 

landslides jumped to 122. Locations of active sediment delivery from these landslides 

covered an area of 0.44 square kilometers (108 acres) of the watershed (Table 5;  
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Figure 23. Photograph on the left shows an inactive debris slide in 1993; the 
photograph on the right shows that debris slide had re-occurred by 1998.  
 
 
Appendix A). In 1993, aerial photographs showed 82 landslides with active sediment 

delivery occurring on 0.19 square kilometers (47 acres) (Table 5; Appendix A). Aerial 

photographs from 1998 show 113 landslides occurred with 0.28 square kilometers (69 

acres) of active sediment delivery. In 2003, sediment delivery from 92 landslides covered 

0.14 square kilometers (35 acres) (Table 5; Appendix A). A plot of the number of 

landslides as a function of time indicates that the frequency of landslides steadily 

increased between 1952 and 1969 (Figure 26). The number of landslides increases 

slightly between 1970 and 1981, then jumps to the highest quantity in 1988, and 

fluctuates after 1988 (Figure 26).  
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Figure 24. Large deep-seated rotational failure identified on aerial photographs 
from 1988, 1993, and 1998; head scarp does not show signs of change and vegetation 
density increases with time.   
 
 

Landslide Derived Sediment Volume  
Calculations 

Sediment volumes from chronic failures between the Gorge and the Fish 

Creek confluence were calculated for three five-year periods between 1988 and 1998 

(Figure 27; Appendix A). Budgets for years prior to 1988 were not estimated because the 

time span between photographs is too long to obtain representative volume estimates 

from areas which are chronically failing and due to poor resolution of the photographs. 

The Thomes Creek channel was divided into two reaches. These reaches were chosen 

because the locations are easily identifiable in the field and on aerial photos (Figure 27). 

The number of active debris slides was counted for each reach and the area of each active 

debris slide was measured (Appendix A).  

The first reach was chosen as the area from the Fish Creek to the Slab; during 

the 1988 to 2003 period, failures above Fish Creek did not show signs of movement 
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Figure 25. 1969, 1988, and 1993 aerial photographs showing 
chronic debris slides; the debris slide in the middle shows 
vegetation growth before failure reoccurs.  
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TABLE 5. LANDSLIDE FREQUENCY IN THE UPPER THOMES CREEK WATERSHED 

Location Active Slides  Total Year 

Gorge to Slab 17 
Slab to Fish Creek 15 

32 1952 

Gorge to Slab 31 
Slab to Fish Creek 24 

55 1961 

Gorge to Slab 47 
Slab to Fish Creek 30 

77 1969 

Gorge to Slab 49 
Slab to Fish Creek 31 

80 1981 

Gorge to Slab 71 
Slab to Fish Creek 51 

122 1988 

Gorge to Slab 53 
Slab to Fish Creek 29 

82 1993 

Gorge to Slab 89 
Slab to Fish Creek 24 

113 1998 

Gorge to Slab 52 
Slab to Fish Creek 40 

92 2003 

 
 
 
 
 
 
 
 

 

Figure 26. The frequency of landslides in the Thomes Creek watershed. 
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Figure 27. Location of designated reaches for landslide identification and volumetric 
calculations.  
 
 
(vegetation growth was observed). The rock types found in this reach are of the Valentine 

Spring Formation in the Pickett Peak terrane (Figure 8). Slope failures become 

significantly less frequent north of Fish Creek towards the headwaters of the Thomes 

Creek watershed (Howard & Varnum, 1982). North of Fish Creek the geology changes 

from the Pickett Peak terrane to the Yolla Bolly terrane (Figure 8).  

The second reach was designated as the area between the Slab and the Gorge 

(Figure 27). Rocks types in the area from the Slab to the Gorge are of the Pickett Peak 

terrane, the Round Mountain serpentinite mélange of Coast Range ophiolite and Elder 

Creek Terrain (Figure 8). Landsliding does not occur after the creek flows past the Gorge 

primarily due to a change in lithology to the Great Valley sequence (Figure 8). In the 
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Great Valley sequence the channel slopes become gradual, the channel widens and the 

channel gradient decreases as the creek flows into the Sacramento Valley (Howard and 

Varnum, 1982; USDA, 1997). 

The photographs were studied for evidence of landslide movement such as 

head scarps, vegetation absences, irregular terrain and large boulder movements. It was 

assumed that active sediment delivery was taking place from shallow debris slides 

completely void of vegetation. It is possible that some slopes do not re-vegetate; for the 

purpose of this analysis it was assumed that any bare slope was active and any vegetated 

slope (even if only grasses were present) was inactive. It was observed that the majority 

of the landslides adjacent to the channel had areas of active debris slides. Once a 

landslide occurred the areas of the slope that were barren changed over time; different 

portions of a landslide were active during different years.  

Multiplying the area of active debris slides by field derived depths (0.45 

meters) allowed for calculation of the volume of sediment that could be delivered to the 

channel during a failure. Assumptions used to carry out these calculations include 

assuming a relatively planar slide plane with a relatively uniform thickness. It was also 

assumed that the entire barren slope failed. This may in fact be the case but it is also 

possible that only portions of the barren slope failed (Reid, 1996).  

Volumetric calculations of sediment delivered to the Thomes Creek channel 

by debris slides adjacent to the channel within the two reaches are presented in Appendix 

A and results are shown in Table 6.  
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TABLE 6. CALCULATED VOLUMES OF SEDIMENT SUPPLIED FROM DEBRIS 
SLIDES ADJACENT TO THE THOMES CREEK CHANNEL 

Year Volume of Sediment Calculated (m3) 

1988 194337 
1993 170654 
1998 251971 
2003 123823 

 
 

Interpretations 

Aerial photographic analysis suggests that landsliding in Thomes Creek is 

chronic. Specifically, relatively small debris slides adjacent to the channel repeatedly fail 

in the same locations (Figure 23; Figure 25). This analysis also illustrated that the 

frequency of debris slides has increased in the watershed over time (Table 5). Although 

the frequency of landslides increases over time the volumetric calculations of sediment 

delivered to the channel fluctuates (Table 5; Figure 26; Table 6). The increase in the 

frequency of landslides correlates with an increase in land-use activities in the watershed.  

Chronic slope failures are identified on the aerial photographs as debris slides 

adjacent to the channel that remain barren over time (no vegetation growth) or are 

vegetated in one year but lack vegetation in subsequent years (Figure 23; Figure 25). 

Chronic landslides occur when conditions that create slope instability reoccur. Chronic 

landsliding in Thomes creek is most likely a result of the combination of climatologic, 

hydrologic, geologic and anthropogenic factors. 

Debris slides in the Thomes Creek watershed will fail when slope instability is 

created by a precipitation event that saturates the debris above a failure plane, a high 

discharge event that removes the toe of a debris slide or a combination of precipitation 

and discharge resulting in slope failure (Howard and Varnum 1982; Hoover et al., 2005; 
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Glick, 2014). Howard and Varnum (1982) found that creek discharges exceeding 500 

m3/s (17657 cfs) occurred during aerial photographic intervals between 1952 and 1979. 

They hypothesized that the relatively large discharges would undercut the slopes adjacent 

to the channel affecting the stability of the slope (Howard and Varnum, 1982). Slopes 

will become unstable and fail when the base of the slope is undercut or removed.  

The removal of mass from the toe of a slope reduces the resisting forces acting 

on the Hillslope while driving forces remain the same (Selby, 1993; Abbott, 1999). Based 

on the hypothesis proposed by Howard and Varnum (1982) the 2005-2006 winter flows 

in Thomes Creek were large enough to undercut the slopes in the watershed and likely 

play a role in creating instability of the slopes. Chronic slope failures can be explained by 

the fact that the Thomes Creek watershed repeatedly experiences extreme precipitation 

and subsequent discharge conditions over time (Table 1).  

Geologic factors that create chronic landsliding in the watershed include 

regional tectonic uplift and resultant steep slopes adjacent to the channel. The majority of 

landslides in the Thomes Creek watershed occur in the Pickett Peak terrane. These rocks 

are fractured, faulted and significantly weathered and contribute to the reoccurrence of 

failures (Figure 8; Howard and Varnum, 1982; Selby, 1993; Blake et al., 1992; Abbot, 

1999; Keller and Pinter, 2002). The debris slide deposits were observed to have graded 

clasts supported in a matrix of finer material from coarse sand to clay. Clasts that were 

boulder in size were primarily found near the base of the deposit with cobbles and finer 

clasts above.  

The weathering of rocks is more significant near the surface of deposits; 

failure planes can develop at the interface between these weathered rocks and the less 
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weathered material at depth. Ongoing weathering of surficial rocks regenerates sediment 

on a hillslope contributing to chronic landsliding (Macias and Chesworth 1992; Abbott, 

1999).   

According to the results of this analysis more landslides occur between the 

Gorge and the Slab than between the Slab and Fish Creek confluence (Table 5). The 

reach from the Slab to Fish Creek is within the Pickett Peak terrane; these rocks are the 

most prone to landsliding (Figure 8; USDA, 1997). The Pickett Peak terrane is also found 

between the Slab and the Gorge, along with Round Mountain serpentinite mélange and 

Elder Creek terrane (Figure 8). Based on rock types it would be assumed that the higher 

number of landslides would occur between the Slab and Fish Creek but this is not the 

case. Additionally, as elevation increases annual precipitation increases; the area between 

the Slab and Fish Creek is at a higher elevation (Figure 5; USDA, 1997; Hoover et al., 

2005). 

If landsliding is dependent on precipitation more landslides should be seen in 

the area between the Slab and Fish Creek.  

Discharge increases downstream; as the area of the watershed increases the 

volume of water contributed to the channel increases (Ritter et al., 2002). These 

observations may suggest that discharge does play a significant role in slope instability in 

the Thomes Creek watershed. Alternatively, precipitation may fall as snow at higher 

elevations during the time period when the watershed receives the majority of 

precipitation and not allow the slopes to saturate (USDA, 1997). 

The increased frequency of landslides is seen in the aerial photographic 

analysis (Table 5; Figure 26). The frequency of landslides has increased by as much as 58 
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percent since 1952 (from 32 failures in 1952 to 122 failures in 1988) (Table 1; Table 5; 

Figure 26). The frequency of landslides increases over time yet the volume of sediment 

delivered to the channel fluctuates (Table 5; Figure 26; Table 6). Fluctuation of the 

volumetric calculation of sediment delivery is dependent on the active area of the debris 

slide that failed. Sediment delivery from slope failures is occurring as a result of the 

conditions leading to failure not the number of failures observed.    

Climatologic, hydrologic and geologic conditions favoring slope instability 

have been occurring prior to the 1952 aerial photographic record. The frequency of 

landslides increases after 1952 (Table 5, Figure 26).  

Anthropogenic changes in the watershed are also identified in the aerial 

photographs and appear to increase after 1952 (Figure 28).  

The most identifiable changes are the creation of roads in the watershed 

(Figure 28). The primary reason for road building in the Thomes Creek watershed was to 

gain access to timber. The upper Thomes Creek watershed has approximately 850 

kilometers (528 miles) of roads, many of which were built between 1940 and 1970 

(USDA, 1997). The aerial photographic study shows a correlation between the increase in 

landslide frequency with an increase in land-use activities as indicated by the presence of 

roads in the photographs (Figure 28). 

Road development in a watershed can change the hydrologic regime by 

increasing runoff and channelizing flow. Roads in the Thomes Creek watershed built 

between 1940 and 1970 were not built according to current management guidelines and 

many were planned to be temporary but are still in use. These roads act as first and 

second order streams and increase the amount of runoff reaching Thomes Creek. There 
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Figure 28. Increase of the number of landslides over time: a) 1952, no roads are seen 
on either side of the channel; b) 1961, the road leading to the Slab crossing was 
created on the north side of the channel; c) 1969, roads exist on both sides of the 
channel.  
 



62 

 

are 81 kilometers (50 miles) of roads that cross landslides, 4.0 kilometers (2.5 miles) of 

which are active landslides (USDA, 1997). Roads that cross landslides have the potential 

to reduce slope stability by removing mass on the uphill side of the road while increasing 

the weight of the mass below the road (Borga et al., 2005). The length of roads that 

traverse slopes greater than 40 percent is 134 kilometers (83 miles). Construction of these 

roads required extensive cutting and filling. Many cuts required removal of large 

quantities of soil mantle and bedrock; the cuts effectively allowed for larger quantities of 

water to be acquired. The water captured would be retained in the cut area, infiltrate into 

the slope and the fill below would succumb to failure (USDA, 1997). The 

implementation of management practices designed to reduce the effects of roads on the 

watershed’s hydrology began in the 1980s (Faust, 2005).  

Field observations in May 2006 showed that new rotational landslide formed 

on the vegetated south slope crossed by the road leading to the Slab crossing. This road 

was cut with new head scarps from failures that had been initiated during the wet winter 

months (Figure 16). These head scarps ranged from less than one meter to greater than 

two meters (Figure 16). The Slab road is a cut and fill road and the road cuts into the 

bedrock at numerous places. The repair methods used to fix forest roads requires filling 

of the scarp to allow travel along the road. Attempts are made to reduce the weight being 

loaded at the top of the slope by incorporating organic debris in the fill (USDA, 1997; 

Faust, 2006). 

The primary reason for road development in the Thomes Creek watershed was 

to gain access to forested areas for timber harvesting; similarly to road development 

timber harvesting can affect a watershed’s hydrologic regime (USDA, 1997). Removal of 
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large quantities of vegetation increases runoff and reduces interception as well as 

transpiration (Liebault et al., 2005). Timber harvesting dramatically increased between 

1952 and 1978. In 1952, 35.5 square kilometers (13.7 square miles) or 7 percent of the 

watershed was harvested for timber. 

By 1978, 191.9 square kilometers (74.1 square miles) or 38 percent of the 

watershed was harvested for timber (Howard and Varnum, 1982). Timber harvesting in 

the watershed peaked in the 1970’s (Howard and Varnum, 1982; USDA, 1997). The 

frequency of landslides increased as the area harvested for timber and related road 

development increased, however no causation could be determined between the increase 

in landslides and these anthropogenic influences (Figure 29).  
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Figure 29. The frequency of landslides determined by aerial 
photographic analysis completed in this study compared with the 
percent of the Thomes Creek watershed harvested for timber as 
determined by Howard and Varnum (1982). 
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CHAPTER V 
 
 

CONCLUSIONS 
 
 

Slope stability analysis, field experimentation and field reconnaissance, and 

sequential aerial photograph analysis were used to study the conditions that create 

chronic landsliding in the Thomes Creek watershed. A slope stability analysis coupled 

with field experimentation was developed to determine deposit mobility and bracket the 

conditions that lead to slope failure. Aerial photographic analysis was used to determine 

if landslides chronically failed and to what extent.    

The slope stability analysis suggests that the debris slides become unstable 

when saturated if debris slide deposits have cohesion of 3 kN/m2 (Table 2). If cohesion 

values are greater than or equal to 4 kN/m2 debris slides are stable, even when saturated, 

unless cohesion is caused by clay particles. Upon saturation cohesion from clay particles 

would be lost (Selby, 1993) All five of the debris slides involved in the field experiment 

failed; debris slides in Thomes Creek during the 2005-2006 winter were mobile. New 

rotational failures observed on vegetated slopes supports the experiment results that 

indicate that slope failed during the 2005-2006 winter. 

The only event(s) that occurred during the field experiment that could 

generate the required precipitation amount as determined by Hoover and others (2005) 

and Glick (2014) over 2 to 4 days occurred from December 27, 2005, to January 1, 2006 

(Table 4). A total of 30.2 centimeters (11.9 inches) of precipitation was recorded at the 
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Log Spring gauge during this 6-day period (Table 4; CDEC, 2014). Discharges capable 

of inducing failure of landslides in the Thomes Creek watershed as predicted by Howard 

and Varnum (1982) occurred on December 28, 2005, between December 30, 2005 and 

January 8, 2006 (possibly after) and on January 29, 2006 (Figure 19). It could not be 

determined whether the debris slides failed because of a precipitation event, because of 

the resultant high discharges or due to a combination of both. The closure of the 

watershed during the winter months prevented the identification of the actual 

precipitation or discharge event or combination of events that resulted in slope failure. 

Aerial photographic analysis suggests that landsliding in Thomes Creek is 

chronic. Debris slides adjacent to the channel repeatedly fail in the same locations (Figure 

23; Figure 25). Aerial photographic analysis also suggests that the frequency of debris 

slides has increased in the watershed over time (Table 5; Figure 26).  

Volumetric calculations of sediment delivered to the channel fluctuate over 

time (Table 5; Figure 26; Table 6). As the increase in the frequency of landslides is 

recognized so is an increase in land-use activities in the watershed. 

Chronic slope failures are identified on the aerial photographs as debris slides 

adjacent to the channel that remain barren over time (no vegetation growth) or are 

vegetated in one year but lack vegetation in subsequent years (Figure 23; Figure 25). 

Most of the landslides adjacent to the channel are chronic. How often a failure reoccurs 

could not be determined due to the lack of sequential aerial photographs; most failures 

showed signs of activity between 1988 and 2003. Chronic landslides occur when 

conditions that create slope instability reoccur. Chronic landsliding in Thomes creek is 

most likely a result of the combination of climatologic, hydrologic, geologic factors. 



67 

 

Chronic slope failures can be explained by the fact that the Thomes Creek watershed 

repeatedly experiences extreme precipitation and subsequent discharge conditions over 

time (Table 1). 

Geologically, the Thomes Creek watershed has regional tectonic uplift 

resulting in steep slopes and inherently weak rock types which contribute to landsliding. 

The majority of landslides occur in the Pickett Peak terrane where rocks are fractured and 

faulted, significantly weathered and tend to dip in a downslope direction (Figure 8).    

More landslides occur between the Gorge and the Slab than between the Slab 

and Fish Creek confluence (Table 5). Multiple rock types are found between the Gorge 

and the Slab, only the Pickett Peak terrane is found between the Slab and Fish Creek. 

Precipitation increases with increasing elevation in the watershed. Based on rock types 

and precipitation as a function of elevation it would be assumed that the higher number of 

landslides would occur between the Slab and Fish Creek. The observations that the area 

between the Gorge and the Slab has more landslides in every aerial photograph studied 

suggest that discharge does play a role in slope instability in the Thomes Creek 

watershed. Discharge increases with decreasing elevation; the more area of the watershed 

that is contributing runoff and subsurface flow to the channel the higher the discharges.  

The frequency of active landslides increased from 1952 to 1988 after which 

the frequency decreases then fluctuates; 32 slides in 1952, 55 slides in 1961, 77 slides in 

1966, 80 slides in 1981, 122 slides in 1988, 82 slides in 1993, 113 slides in 1998 and 92 

slides in 2003 were identified on aerial photographs (Table 5; Appendix A). The 

frequency of landslides has increased by as much as 58 percent since 1952 (Table 1; 

Table 5; Figure 26). A plot of the number of landslides as a function of time indicates that 
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the frequency of landslides steadily increased between 1952 and 1969 (Figure 26). The 

number of landslides increases slightly between 1970 and 1981, jumps to the highest 

quantity in 1988, and fluctuates after 1988 (Figure 26).  

The volume of sediment delivered to the channel fluctuates even though the 

frequency of landslides increases (Table 5; Figure 26; Table 6). Georeferenced aerial 

photographs were used to calculate estimates of the volumes of sediment delivered to the 

channel for three five-year periods between 1988 and 2003 (Table 6; Appendix A). 

Active debris slides were identified on the photographs. The area of a debris slide was 

multiplied by a field estimated depth to give a total volume of sediment supplied to the 

watershed by the slide.  

These calculations show that the volume of sediment delivered to the channel 

varies significantly annually. Sediment delivered to the channel in 1998 was over double 

the amount delivered in 2003 (Table 6; Appendix A). Sediment delivery from chronic 

landslides is dependent on the area of the debris slide that failed. The aerial photographic 

analysis suggests that sediment delivery from slope failures is a result of the conditions 

leading to failure not the number of failures observed.    
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CHAPTER VI 
 
 

LIMITATIONS AND FURTHER STUDY 
 
 

Limitations 

There are several limitations to this study that should be considered when 

examining the results. The limitations of this study include the assumed data and limited 

data, limited time frame of the study as well as the extreme climatologic and hydrologic 

conditions during the study and the closure of the watershed during the study. Further 

limitations of this study result from the fact that aerial photographic data is limited and 

subjective.  

The results of this study cannot be generalized beyond the Thomes Creek 

watershed study area.   

The slope stability analysis applied to the active debris slides assumes values 

for the cohesion of the soil, the unit weight of soil and the angle of internal friction for 

the soil. The soil thickness and the slope angle were assumed to not vary. However, it is 

possible that all of the parameters mentioned above likely vary throughout the watershed 

to some extent; these parameters may vary within each hillslope (Reid, 1996). Inherent in 

the slope stability analysis is that the failures occur on a planar uniform slope, this 

assumption may not be true for some or all of the debris slides in the watershed (Selby, 

1993).  
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A lack of available data is a significant limitation to this study. Data was 

limited due to a lack of accessibility in the watershed. The watershed is closed during the 

winter months due to the high discharge of Thomes Creek; the debris slides in the field 

experiment could not be viewed during this time period. Limited access to the south side 

of the channel because of a lack of roads as well as steep slopes did not allow for a 

thorough inspection of the slopes high above the channel. Gauge locations in the 

watershed limited the analysis; precipitation data from Log Spring and discharge data 

from Paskenta were assumed to represent the conditions occurring throughout the 

watershed. Precipitation varies and events that could initiate failure may have occurred 

but went unnoticed.    

The time over which the study took place is a significant limitation. Increasing 

the amount of time over which the study occurs would increase the accuracy of the study. 

Conducting the field experiment annually and observing the debris slides involved 

monthly or based on precipitation events would give more accurate data on debris slide 

mobility. The field experiment was conducted during a flood year (Table 1). Ideally the 

study would occur during a time period that included normal climatological and 

hydrological conditions as well as extreme conditions.  

Aerial photographic analysis can be subjective and is limited to the 

availability of historical records (Booth et al. 2009). Annual aerial photographs are not 

available for this watershed. Time spans between the available photographs create 

uncertainty in the results; failures could have occurred but were not captured on the 

photographs available.  
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Rugged terrain and dense vegetation can obscure data, even hide the 

occurrence of older, inactive landslides.  

Resolutions provided by aerial photography do not show details of internal 

morphologies and deformations of a landslide (McKean and Roering, 2004). 

 
Further Study 

There are some recommendations that can be applied to future studies on 

chronic landsliding in the Thomes Creek watershed. Satellite imaging is being 

successfully used to map and study landslides in many regions; eliminating the need of 

aerial photography (Nichol et al., 2005). Image fusion (combining two or more types of 

images) is being used to combine satellite imagining data to create landslide maps.  

Global satellite data collected by NASA’s Thematic Mapper (measures solar 

radiation) when combined with synthetic aperture radar data (radar imaging) provide 

surface images at detail suitable for landslide mapping in a region. Advantages of this 

process include the ability to collect detailed data through cloud cover, over extremely 

large areas and over rugged terrain (Schmidt, 2001).  

Satellite imaging is being studied for the use in creating slope maps for slope 

stability studies.  

Radar interferometry operates under the basic assumption that an object will 

not change or move during subsequent images. An object that is different in subsequent 

images is assumed to have moved or deformed. Detailed topographic maps can be created 

using radar interferometry; geomorphological features (e.g., landslides, faults and ridges) 

can be identified and landslide movement can be monitored (Schmidt, 2001). 
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Other imaging is becoming more readily available in a greater number of 

areas or is becoming more cost effective. Airborne Light Detection and Ranging 

(LiDAR) provides high-resolution data over increasingly more areas. Digital elevation 

modeling techniques using LiDAR data is being used to create landslide maps (Mckean 

and Roering, 2003; Booth, 2009). Additionally, IKONOS (an earth observation satellite) 

Very High Resolution senor has been successfully used to create high-resolution digital 

elevation models (Nichol et al., 2005).    

As imaging technologies and techniques evolve, they become the most 

necessary tools in landslide investigations. General slope stability modelling (like used in 

this study) as well as soil parameter data is no longer required when imaging is available 

for the study area or funding exists to acquire imaging.  

Imaging techniques have the ability to calculate the loss of land mass in a 

watershed and identify where the losses occur. Long-term studies are more reasonable; 

data can be collected and stored for analysis. Climatologic and hydrologic data (actual or 

modeled) can be compared with the landscape data to draw conclusions about landslide 

causation in greater detail. These technologies are already being used for landslide hazard 

mapping and educational studies, and are becoming more readily available.  
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