Mass-movement sediment delivery to the Green River: Linking bedrock geology, hillslope processes, and debris fans in Dinosaur National Monument
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Introduction
Background

Debris flows and other sediment gravity flows represent significant natural hazards (Costa and Wiezorek 1987) and are important geomorphic agents in a variety of settings.  Debris flow deposits strongly influence the geomorphology of the Green River in Dinosaur National Monument. However, the conditions required to initiate debris flows and the role debris flows and other sediment transport processes play in shaping the landscape is poorly known.  

Debris flows occur in high-relief terrain, especially mountainous regions and canyons, and occur throughout the world in a variety of climates (e.g. Blackwelder 1928, Curry 1966, Whipple and Dunne 1992, Webb et al. 1989).  Debris flows are a type of granular mass flow in which gravity drives rapid downslope motion of grains and intergranular fluid.  Granular mass flows move as contiguous bodies and irreversibly deform as they move down slope (Iverson and Vallance 2001).  Iverson (1997) has shown that debris flows move as materials with fluctuating rheologies governed by changes in Coulomb friction and pore-fluid pressure.  Debris flows typically occur when regolith is mobilized from hillslopes and low-order channels by the addition of moisture.  

Several factors have been identified that cause debris flows. Primary factors include: low-strength material, sparse vegetation, steep slopes, and large, but intermittent sources of moisture (Costa 1984).  The most common moisture sources for debris flows are rainfall and snowmelt.  Secondary factors, such as fire, tend to intensify the moisture effect or act to further decrease material strength.  Fire may cause increased runoff due to soil hydrophobicity (DeBano 1969, Robichaud 2000, Martin and Moody 2001) and fire also weakens regolith by killing vegetation, which eliminates binding root strength (Swanson 1981). Fire and associated loss of vegetation also reduces evopotranspiration, weakening regolith by increasing water content (Megahan 1983, Helvy 1980).  Recent investigations in the Grand Canyon region of the Colorado Plateau have not linked fire with debris flow initiation (Melis et al. 1994, Webb et al. 1989), but fire plays a major role in debris flow initiation in the Rocky Mountains (Cannon et al. 2001a, Meyer and Wells 1997).

The majority of models for debris flow initiation have been developed for saturation failure processes in humid, soil mantled regions (e.g. Pack et al. 1998, Borga et al., 1988, Iverson, 2000, Montgomery and Dietrich 1994a) but few models have been developed for semi-arid regions with thin, discontinuous soil cover. Also, it is difficult to generalize debris flow initiation models to regional or larger spatial scales (Wilson 1997) and to identify the distribution of important physical controls on mass movement initiation (Montgomery and Dietrich 1994a).  The purpose of my research is to develop a conceptual model of debris flow initiation by assessing the importance of various physical factors related to debris flow initiation in this semi-arid landscape, where initial work indicates that saturation induced soil failure is not the dominant initiation processes.

Mass Movements in Dinosaur National Monument

The Green River flows through three spectacular canyons on its course through the eastern Uinta Mountains in Dinosaur National Monument (Fig. 1). Tributary debris fans in the Canyon of Lodore (hereafter referred to as Lodore Canyon), Whirlpool and Split Mountain canyons strongly influence the geomorphic organization of the Green River by creating a sequence of fan-eddy complexes (Grams 1997).  Debris fans and tributary sediment influx have been studied here (Grams 1997, Martin 2000) and elsewhere in the intermountain west (Webb et al. 2000, Melis et al. 1994), and the influence of debris flows on river form and main-stem sediment transport is relatively well understood.  However, there is still a relatively poor understanding of the causes of debris flows and the processes that deliver sediment to debris fans in Dinosaur National Monument and throughout the intermountain west.   

A heavy rainstorm was centered on Lodore Canyon on the afternoon of August 15, 2001. Accounts of scientists on the river reported intense rainfall and waterfalls in ephemeral drainages pouring off the canyon walls.  One reach of the river, near Jack Springs Draw, that had previously been a small riffle was transformed into a rapid by a debris flow that partially blocked the Green River. The river water was a black color and eddies contained accumulations of organic material, up to eight inches thick (T. Naumann pers. commun.), indicating that a large amount of material from adjacent hillslopes was transported to the Green River during the storm.   This storm resulted in the initiation of six debris flows from catchments draining into the Green River, most of them in Lodore Canyon.  

Similar storms in Dinosaur National Monument have initiated debris flows in the recent past.  Three debris flows occurred in September 1997 and one occurred in early summer 1998 (Martin 2000). Three debris flows also occurred in Whirlpool Canyon in late July/early August 1999.  Martin (2000) reported that three of the four debris flows in 1997/1998 initiated in catchments that had recently been burned by forest fires. At least two of the catchments that produced debris flows in 2001 were severely burned, indicating that recent fires may play a role in some, but not all, debris flow initiation cases in Dinosaur National Monument.
Purpose of Study

This recent debris flow activity provides an excellent opportunity to study geologic controls on debris flow initiation, hillslope processes, and sediment delivery to river channels, because the initiation sites and other sediment transport paths can still be readily identified.  The presence of forest fires in some of the catchments that produced debris flows allows examination of the importance of fire in creating conditions favorable for debris flow activity. 

The purpose of my investigation is to develop a conceptual model of the processes and pathways of sediment delivery from hillslope sources to debris fans in this area.  I have three goals: 1) characterization of catchments that produced recent debris flows, including characterization of catchment and hillslope morphometry, initiation sites and mechanisms, vegetation type, burn severity, and the distribution of bedrock and surficial deposits within each tributary catchment;  2) characterization of material properties, including bedrock rock mass-strength measurements and regolith and deposit properties, such as clay mineralogy and depositional/transport processes;  and 3) interpretation of process linkages from bedrock sediment sources to debris fan surfaces, including weathering, transport, and depositional processes.

Study Area

Geological Setting

The Green River cuts through the eastern end of the Uinta Uplift.  Structurally, the Uinta Mountains are a broad anticline consisting of two elongate domes aligned on a single east-west axis (Hansen 1986).  The tectonic history of the Uinta Mountains is thought to be similar to that of other Rocky Mountain ranges, where uplift began during Late Cretaceous time and continued into the Eocene.    


Bedrock structural characteristics control drainage patterns in the area.  Mapped faults and joints in the Uinta Mountains generally trend NW-SE and NE-SW (Hansen et al. 1983), and nearly all major tributaries and many of the smaller drainages in Lodore Canyon are subsequent to these structures (Grams and Schmidt 1999).

Nearly all periods of geologic time are represented in bedrock exposed in the canyon walls of Dinosaur National Park, and a variety of marine and non-marine depositional environments are present.  Recent debris flows have occurred in Lodore and Whirlpool Canyons where mapped geologic units include the Precambrian Uinta Mountain Group, Paleozoic sedimentary rocks, Tertiary sandstones and conglomerates, and Quaternary landslide deposits. Table 1 summarizes the ages and characteristics of the rock types in the area. 

The Green River flows north-south, approximately perpendicular to the trend of the Uinta Mountains.  John Wesley Powell (1875) hypothesized that the Green River canyons formed as the result of antecedence, where the Green River incised into the uplifting mountains.  The formation of the Green River canyons has been reinterpreted since Powell’s time.  

The Gilbert Peak erosional surface is a broad pediment that the Oligocene Bishop Conglomerate was deposited on.  Outcrops of the Bishop Conglomerate are common to the west of the present day Green River canyons, but the source area for the Bishop Conglomerate was to the east, across from the present day Green River canyons (Hansen 1986).  This indicates that during Oligocene time, the present day Green River did not exist, discounting the antecedence hypothesis. Hansen (1986) hypothesized that the Green River flowed southeasterly through Browns Park in middle- Miocene time and that the aggrading Browns Park Formation caused the river to overtop the walls of Browns Park valley and begin to flow south.  Hansen (1986) suggested this new southerly course took advantage of the relatively smooth, south-dipping surface of the Bishop Conglomerate. Throughout Pliocene time, the Green River incised through the Bishop Conglomerate and underlying units, establishing it’s present course through Lodore Canyon.  

Hydrological Setting


The climate of the Dinosaur National Park region is semi-arid and supports a pinyon-juniper forest with undergrowth of grasses, sage, and cacti. An annual rainfall of 25-30 cm and an average summer temperature of 22.1˚ C leads to lower evapotranspiration than warmer areas with similar rainfall, such as the Grand Canyon region.  Summer rainfall is greatest on the southern and eastern flanks of the Uinta Mountains.  Summer precipitation is related to moist air masses from the Gulf of Mexico that sweep inland around the southern end of the Rocky Mountains in New Mexico and over the Colorado Plateau.  The air masses move northward until reaching the Uinta Mountains, which cause orographic rise and precipitation. Warm-season precipitation in the region is defined by two peaks, one from mid-April to mid-June, and another in September and October. 

The Green River drains 115,770 square kilometers in Wyoming, Colorado and Utah.  Since October 1962 flows on the Green River have been regulated by Flaming Gorge Reservoir, located upstream from Dinosaur National Monument.  The pre-dam hydrograph was dominated by high spring snowmelt runoff and low fall and winter base flows.  The pre-dam mean annual flood was 334 m3 s-1 which has been reduced by about 63% to 139 m3 s-1 by dam operations (Grams and Schmidt 1999). The reservoir has not affected the mean annual runoff, but the duration and magnitude of the large flows that transport most of the annual sediment load have decreased significantly (Andrews 1986). This has led to a 54% decrease in annual sediment discharge at the Jensen gage, located 105 river miles downstream from the reservoir (Andrews 1986).  Martin (2000) concluded that under the current operating conditions of Flaming Gorge Dam, the Green River has a limited capacity to mobilize newly-deposited debris flow sediments.

Debris Flow Initiation

There are two main mechanisms involved in debris flow initiation. The first, and most common, is rapid deformation of landslide material following slope failure.  The second type of initiation involves runoff processes and progressive sediment entrainment until the concentration of granular solids approaches that of debris flows (Johnson 1984). Nearly all reported cases of sediment entrainment leading to debris flow initiation occur in catchments following fire, due to fire-related increases in Hortonian overland flow (HOF) and erosion.

Transformation from Landslides

Iverson et al. (1997) have identified three mechanisms, which may act independently or in unison, by which landslides mobilize to become debris flows.  These mechanisms include 1) widespread Coulomb failure within the moving soil, rock, or sediment mass, 2) partial or complete liquefaction of the mass by elevated pore pressure, and 3) conversion of landslide translational energy into vibrational energy (granular temperature).

Factor of safety analyses are often used when assessing slope instability and landslide initiation. The general form of the equation is:

F= sum of resisting forces/sum of driving forces


(1)

where factor of safety values (F) of 1 indicate that forces promoting and resisting stability are equal.  When values of F are less than one the slope is in a condition for incipient failure.  Shallow, translational landslides are usually analyzed by an infinite-slope method, where a two-dimensional slice of a hillslope is examined using a factor of safety analysis (Selby 1993).  The main resisting forces are normal stresses and the shear strength of the material, which are represented by the Coulomb equation:

τf = c`+ (σn –u)tanФ`



(2)
where (c`) is effective cohesion, (σn) is the normal stress imposed by the weight of solids and water above the point in the soil, (u) is the pore-water pressure, and (Ф`)is the effective  angle of friction of the material.  The normal stress (σn) can be represented by equation (3):

σn=γzcos2β




(3)
where (γ) the unit weight of the regolith, (z) is the vertical thickness of regolith, measured from the ground surface to the slide plane, and β is the slope angle.  The main driving force is shear stress, which is also represented by the unit weight and thickness of the material. Combining all driving and resisting forces results in equation (4).

F=(c`+(γzcos2β –u)tanФ`)/γzsinβcosβ

(4)

 
 Important components of the resisting forces are cohesion and friction.  Cohesion occurs due to the bonding of particles, whether by chemical bonds, electrostatic forces, or apparent cohesion due to capillary stresses.  Roots also impart cohesive forces on regolith by binding material together.  Fires can cause landsliding by de-stabilizing slopes through the loss of root strength (Swanson 1981, Sidle 1992).  Meyer et al. (2001) noted that root strength remains intact immediately following a fire but that in following years, root strength is lost, and may take up to 20 years to return.  

Frictional strength between mineral particles is directly proportional to the normal stresses holding the grains in contact.  Friction is influenced by the arrangement, size, shape, packing, and number of point contacts of grains (Selby 1993).  These factors also influence the angle of internal friction, or the shearing resistance of a material.  

There are numerous contributors to low shear strength, listed in Table 2, but water is the most important.  Rises in pore-water pressure weaken regolith, because confined water has no shear strength, and because gravitational normal forces are reduced by a buoyancy effect imparted by the pore-water. Pore-water can have a similar effect on permeable rock. 

Initiation from runoff following fire

The alteration of hydrological and erosional regimes by fire contributes to debris initiation through increased runoff and erosion.  Meyer and Wells (1997) described a process of debris flow initiation following fires in Yellowstone National Park.  Meyer and Wells (1997) attributed debris flow initiation to HOF stripping wood ash and fine sediment from the soil surface in catchment headslopes, followed by rilling and the formation of deep gullies on lower portions of the slopes.  Increased HOF was not attributed to hydrophobic soils, as these were not found to be present in the study area.  The water and fine-sediment entered channels, and channels were scoured to bedrock in lower reaches.  Channels in the upper portion of the basin did not show evidence of debris flows, leading Meyer and Wells (1997) to hypothesize that sediment input from hillslopes, combined with coarser material entrained in channels was necessary for the formation of debris flows.  This type of debris flow initiation has been reported elsewhere in the western U.S. (eg. Wohl and Pearthree 1991, Parrett 1987, Wells 1987, Cannon et al. 2001b).

Cannon et al. (2001a) presented a conceptual model for post-fire debris flow initiation based on research in six recently burned catchments in Colorado.  Their model is similar to that of Meyer and Wells (1997), but they also developed a slope-area threshold relationship for initiation. At a point within the drainage system defined by a threshold contributing area and slope, sufficient eroded material had been entrained, relative to the volume of surface runoff, to create a debris flow.  


There are several factors that may cause increased HOF and sediment yield following fires.  Fires are often associated with the formation of water-repellent soils, which increase HOF.  Water repellent soils form when organic material is burned at high temperatures, creating vapors that move downward into the soil in response to the temperature gradient, where they condense on soil particles causing them to become water repellent (Letey 2001).  Huffman et al. (2001) found that moderate and high severity burns in the Colorado Front Range formed hydrophobic soils in the top 6 cm of soil material.  Soil hydrophobicity began to weaken after three months, but persisted for at least 22 months in their ponderosa/lodgepole pine field area.  They also found that fire-induced soil hydrophobicity was greater in coarser grained soils with high sand content.

Fire also results in increased HOF by consuming the organic material in the soil surface, reducing soil aggregate stability, which can lead to a reduction in soil pore space (Benavides-Solorio and MacDonald 2001).  Loss of surface litter can also increase HOF, as rainsplash promotes soil sealing (Debano 2000).  Fire increases erosion by removing vegetation and litter from the ground surface, increasing the erosional effect of rainsplash and HOF. Benavides-Solario and MacDonald (2001) reported sediment yields 10-26 times higher in severely burned vs. unburned plots in the Colorado Front Range. Helvey (1980) reported suspended sediment loads in streams draining burned watersheds were 8-30 times greater in streams draining unburned watersheds on the eastern slope of the Cascades.  

Fire has also been shown to contribute to the process of dry ravel.  The term dry ravel implies creep or sliding of coarse soil particles by gravitational processes to the bottom of hillslopes or into low-order channels. This creates an easily eroded sediment source for stream or debris flows.  Fire accelerates this process by eliminating the litter layer that previously stabilized the soil material.  This is a common occurence in chaparral environments in southern California (Florsheim et al. 1991), but has also been reported for pinyon-juniper environments in central Colorado (Cannon et al. 1998).
Debris flow initiation in the Intermountain West

Recent investigations throughout the Intermountain West point to different triggering mechanisms for debris flows, and attribute different roles to the secondary factor of fire.  As stated above, Meyer and Wells (1997) and Cannon et al. (2001a) found that fire is a critical additional factor that controls debris flow frequency in the Yellowstone region and in central Colorado.

Webb and colleagues (Webb et al. 1989, Melis et al. 1994, Griffiths et al. 1996) have instead identified geologic and climatic, not fire related, factors that determine the frequency and location of debris flows in Grand Canyon. Griffiths et al. (1996) identified  four initiation mechanisms: failure of shale slopes, failure of colluvial wedges directly impacted by rainfall, failure of colluvial wedges inundated by runoff, and combinations of these three failure mechanisms.  

Webb et al. (1989) and Griffiths et al. (1996) maintain that shale is particularly responsible for debris flows, whether as bedrock or colluvium.  Webb et al. (1989) report that smectite, found in the Hermit Shale and Esplanade Sandstone causes high weathering rates and turns bedrock into colluvium with the potential for mobilization by debris flows.  They also maintain that these two formations contain dispersive clays, which disintegrate into colloidal suspension when saturated, increasing propensity for failure when saturated.  Griffiths et al. (1996) report that most Grand Canyon debris flows contain 1-8 percent silt and clay-size particles by weight.  They claim that abundant illite and kaolinite are required to create the mobility and transport competence of debris flows because the electrochemical attraction among the clay particles increases matrix strength and helps to maintain high pore-pressure through water absorbtion.  

Dinosaur National Monument is located at the border of the Colorado Plateau and Rocky Mountain physiographic provinces. As described above, different initiation mechanisms for debris flows have been identified in these two regions and it is unclear which, or either, of these mechanisms is applicable to the eastern Uinta Mountains.  I will evaluate the relative importance of fire, slope failure, HOF entrainment, slope, clay mineralogy, and colluvium distribution in weathering and sediment transport processes in this previously unstudied area.

Proposed Methods
Mapping:

Eleven catchments have produced recent debris flows in Dinosaur National Monument (Fig. 2).  These catchments contain various bedrock types and range in size from less than 1- to several square kilometers. Each catchment that can be safely accessed will be mapped to determine the distribution of bedrock types and surficial deposits and their relative ages.  The location of faults and fractures will also be mapped, because rocks in fault zones are weakened by fracturing. Burn severity and vegetation type will also be mapped.  Burn severity will be assessed according to a U.S. Forest Service protocol (USDA Forest Service 1995).  Mapping will include locating and describing in detail the characteristics of initiation sites and surveying the deposits to determine the volume of deposited material.

Sedimentary Descriptions:

Costa (1988) and Meyer and Wells (1997) have developed criteria for distinguishing debris flow, hyperconcentrated flow, and stream/flood deposits.  These criteria will be used to determine what processes have occurred in the recent and more distant past.  Samples will also be collected for grain-size analysis to determine whether grain-size differences exist among different facies or among study catchments.  Because there are 11 study catchments this will be done for some but not all areas.  The deposits that are sampled will be chosen based on accessibility and by catchment morphometry, which has been shown to influence flow processes (Meyer and Wells 1997).  

Bedrock Analysis

Field measurements of bedrock strength will be made using a Schmidt Hammer, which measures rock elastic strength (Selby 1993).  Schmidt Hammer data will be used along with observations of weathering and jointing to semi-quantitatively rank the rock-mass strength of bedrock types in these catchments as described by Selby (1993).  Rock-mass strength is related to the mechanical weatherability of a rock unit.  I will attempt to determine if weaker, more erodable rock units are more likely to fail or produce colluvium that can be incorporated into debris flows. Although rock-mass strength has been previously applied to geomorphic problems such as hillslope gradient and form (Selby 1982, Allison et al. 1993), escarpment retreat (Weissel and Seidl 1997), the form of bedrock channels (Wohl et al. 2001), and bedrock landslides (Schmidt and Montgomery 1996), it has not been used to assess the influence of variable bedrock types on processes of sediment delivery to streams and debris flow initiation.  Rock strength measurements will be made at a small number of outcrops that best represent unweathered bedrock to determine the strength of unweathered bedrock.  Strength measurements will also be made at initiation sites to examine the local role of rock strength.  

Soil Analysis


Soil hydrophobicity will be tested according to the methods of Cannon et al. (2001a).  Small soil pits will be dug with one side inclined at approximately 30˚,  de-ionized water will be dripped along the inclined surface.  Hydrophobic conditions exist when drops do not penetrate the soil surface after one minute (Cannon et al. 2001a).  These soil pits will also be used to determine if the root structure following fires is intact, though the overall lack of vegetation in Dinosaur National Park suggests root strength may not be an important factor. Soil profiles will also be described in order to describe the grain-size of surface material and to describe colluvial transport and depositional mechanisms.  Soil hydrobhobicity and root structure observations will be made in a small number of locations (1-2) in each study catchment.  Soil hydrophobicity has been assigned a very minor role, or no role at all, in debris flow initiation in Yellowstone and Colorado (Meyer and Wells 1997, Cannon et al. 2001), and some of the study catchments burned several years ago, so extensive observations may not be possible.  Soil descriptions will also be made in a small number of locations (1-2) in each catchment and colluvium will be described where there are exposures.


Representative samples will be taken from bedrock sources and debris flow deposits for clay-mineral analysis. Bedrock will be sampled because bedrock sources, rather than colluvium or debris flow deposits are the ultimate source of clay minerals. Each bedrock unit found to be a debris flow source material will be sampled.  Debris flow deposits from each study catchment will be sampled to determine the relative abundances of various clay minerals in the deposits using X-ray diffraction techniques and software developed by Moore and Reynolds (1997).  These data will be compared to data from the Grand Canyon to determine if clay mineralogy plays a similar role in debris-flow initiation.

Post-fire Hillslope Monitoring


In the event there is a controlled burn or wildfire in Dinosaur National Monument during summer 2002, several plots will be established to monitor the hillslope response to fire. Plots will be chosen that have similar slope, aspect, elevation, vegetation, soil, and underlying geology and will be compared with unburned plots in order to isolate the effects of fire.  Measurements of infiltration, sediment yield, soil hydrophobicity, soil compaction, and soil surface grain-size will be made following the fire to determine how these parameters change with time since burning.  Measuring these parameters will help determine how fire changes the hydrology and sediment yield of burned hillslopes, which are important factors related to debris flow initiation.

GIS Analysis


A GIS of my field area will be created incorporating DEMs, geologic maps, maps of historic fire distribution, and maps I create in the field.  GIS will be used to determine if particular catchment characteristics coincide with mass-movement activity.  Catchment morphometric characteristics that could influence sediment transport processes include: hillslope gradient and hypsometry, contributing area, aspect, and “basin ruggedness” or relief ratio as described by Cannon and Reneau (2000). 

GIS will also be used to determine threshold contributing areas at initiation sites.   An empirical equation of the form of Equation 5, derived by Cannon et al (2001a) using data from 84 debris flow initiation locations in central Colorado, will be developed:

Acr(tanθ)3=S 




(5)

where (Acr) is the critical contributing area, (θ) is the slope angle, and (S) is the value of upslope contributing area at (tan θ=1).  The upslope contributing area is similar to the critical support area for channel initiation defined by Montgomery and Dietrich (1994).  This relationship can be determined for the entire field area and for areas underlain by different bedrock types.

Precipitation Estimates


The remoteness of the study area makes it difficult to obtain accurate precipitation records for precipitation events.  Archived radar precipitation data represent a previously untapped resource for determining the magnitude and duration of debris-flow-initiating precipitation events. The use of archived NEXRAD radar data, available from the National Weather Service, will enable me to determine initiating rainfall conditions associated with the recent debris flows much more precisely than previous studies in the Intermountain west that have had to rely on data from distant weather stations. 

Tentative Schedule
Spring 2002: 

Preliminary GIS work

Summer 2002:
 
Field mapping, data collection

Fall 2002: 

Map completion, data analysis

Spring 2003: 

Thesis writing, preparation of publications


Data will be collected during summer 2002. Field work will consist of at least two river trips, which will be used to describe recent deposits, collect samples, and map debris fan surfaces.  Catchment mapping, strength measurements, and soil/colluvium descriptions will be made by establishing a series of base camps at the canyon rim and hiking into the catchments. Laboratory work, such as GIS, XRD, and grain-size analysis will be done in late summer or fall 2002.  A genuine attempt will be made to collect all data within one season, however, logistical restraints may make this difficult.
Implications and Importance


The main contribution of this research will be the development of a conceptual model of sediment transport pathways in this region, from bedrock weathering, to hillslope transport, to deposition on debris fans.  Most studies in this region focus only on the role sediment plays in river geomorphology, but the processes that create and transport sediment from hillsides to rivers are relatively unstudied, especially the role that fire plays in altering sediment transport regimes.  


This study also has management implications for Dinosaur National Monument and Flaming Gorge Dam.  Fire management in Dinosaur National Monument includes periodic prescribed burns.  It is possible that these burns, if carried out prior to seasons where large precipitation events are likely, may indirectly lead to debris flows.  Debris flows, are not necessarily an undesired effect, as they are naturally occurring phenomenon.  However, as a result of reductions in flood flows by Flaming Gorge Dam, rapids in Dinosaur National Monument have become stable features (Graf 1979). Rapids may become increasingly difficult and even dangerous to navigate if debris flows continue to deliver large amounts of material to the river.  Flows released from the dam may have to be increased in order to maintain a channel that is navigable to river runners.
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Table 1.  Mapped units within Dinosaur National Monument (Hansen et al. 1983).

	Age
	Name
	Description

	Holocene
	Alluvium
	Boulders, cobbles, gravel, sand, and silt, poorly to well sorted, includes flood plain and bar deposits, alluvial fans, and tributary fills. Maximum thickness, few tens of meters.

	Holocene
	Eolian
	Fine- medium-grained, well-sorted, well-rounded sand, mostly stable sheet deposits with some active dunes. Maximum thickness, few meters.

	Holocene/

Pleistocene
	Talus and

undiff.

colluvium
	Talus: accumulations of angular rock fragments beneath steep slopes.  Colluvium: Hetrogeneous mixtures of soil and rock. Maximum thickness, few tens of meters.

	Holocene/

Pleistocene
	Landslide 

deposits
	Rock fragments and soil, contains large slabs of rock over 1 m long. Maximum thickness, several tens of meters.

	Pleistocene
	Older 

Alluvium
	Cobbles, gravel, and sand, terrace deposits above present drainage level. Maximum thickness, a few meters.

	Miocene
	Browns Park Fm.
	Predominantly sandstone, fine- to coarse-grained, crossbedded, minor limestone and conglomerate deposits.

	Oligocene
	Bishop

Conglomerate
	Conglomerate, poorly sorted, weakly cemented, caps mesas and old valley fills.

	Upper and

Lower

Cretaceous
	Mancos Shale
	Shale, dark gray, silty to clayey, marine, forms slopes, valley bottoms and badlands.

Frontier SS Mbr: bedded to massive sandstone, marine

Mowery Shale Mbr: Shale, siliceous, bentonite beds.

	Lower

Cretaceous
	Dakota 

Sandstone
	Sandstone, medium-coarse-grained, pebbly, crossbedded, fluvial.

	Lower Cretaceous-

Upper Jurassic
	Cedar Mountain and Morrison Fm. Undiff.
	Claystone, siltstone and shale overbank deposits, lenticular conglomerate deposits, dinosaur bearing.

	Upper

Jurassic
	Stump Fm.
	Redwater Mbr. Siltstone and shale, glauconitic, marine.

Curtis Mbr. Sandstone, medium- to coarse- grained, marine.

	Middle

Jurassic
	Entrada Sandstone
	Sandstone, medium-grained, thickly bedded, eolian.



	Muddle

Jurassic
	Carmel Fm.
	Shale, siltstone, and mudstone, marine.

	L. Jurassic

U. Triassic
	Glen Canyon

Sandstone
	Sandstone, mostly fine-grained, eolian.

	Upper

Triassic
	Chinle Fm.
	Siltstone, shale, sandstone, conglomerate, fluvial and lacustrine.

Gartra Mbr. Sandstone, coarse-grained to conglomeritic, fluvial.

	Lower

Triassic
	Moenkopi Fm.
	Siltstone and shale, shoreward marine.

	Permian
	Park City Fm.
	Limestone, dolostone, and siltstone, marine.

	Middle

Pennsylvanian
	Webber 

Sandstone
	Sandstone, fine-very fine-grained, chief cliff former in area, eolian.

	Middle

Pennsylvanian
	Morgan Fm.
	Sandstone, shale, siltstone, and limestone, marine.

	Lower

Pennsylvanian
	Round Valley

Limestone
	Limestone, fine-grained, cherty, marine.

	Upper

Mississipian
	Doughnut Shale
	Shale, clayey, largely marine, plastic when wet, slide prone.

Humbug Fm. Sandstone, fine- very fine grained, interbedded limestone and shale, marine.

	Lower

Mississippian
	Madison

Limestone
	Limestone, fine medium grained, cliff former, marine.

	L. Ordovician

U. Cambrian
	Dike
	Leucitite, aphanitic, slightly microphorphoritic.

	Upper

Cambrian
	Lodore Formation
	Top, fossiliferous marine sandstone, Bottom shale, coarse- pebbly marine transgressive sandstone.

	Proterozoic
	Uinta Mountain Group
	Sandstone, coarse-medium-grained, pebbly, crossbedded, fluvial, four major shale interbeds.


	Table 2.  Factors contributing to low shear strength (Selby 1993)

	Types
	Major Mechanisms

	Composition and texture
	a) Weak materials such as volcanic tuffs and clays

b) Loosely packed materials

c) Smooth grain shape

d) Uniform grain-size

	Physico-chemical reactions
	e) Cation exchange

f) Hydration of clays

g) Drying of clays

h) Solution of cements

	Effects of pore water
	i) Buoyancy effects

j) Reduction of capillary tension

k) Viscous drag of moving water on soil grains, piping

	Changes in structure
	l) Spontaneous liquifaction

m) Progressive creep with reorientation of clays

n) Reactivation of earlier shear planes

	Loss of vegetation
	o) Reduction of normal loads

p) Removing apparent cohesion of tree roots

q) Raising water tables

r) Increased soil cracking

	Relict Structures
	s) Joints and other planes of weakness

t) Beds of plastic and impermeable soils
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