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ABSTRACT 

The structure of the northern Colorado Plateau is dominated by a series of fault-

bounded basement-cored uplifts: the Kaibab, Circle Cliffs, Miners Mountain, San Rafael 

Swell, Monument, and Uncompahgre uplifts. Outcrop-scale structures, including jointed 

Eshelby inclusions, stylolites, echelon vein arrays, deformation bands and meso-scale 

faults, suggest that the Monument and San Rafael Swell were formed by NW-SE-directed 

shortening while the other four uplifts were formed by SW-NE-directed shortening. 

Elastic modeling demonstrates that the simultaneous shortening in two directions is a 

result of deformation by a three-dimensional stress field where the magnitude of Gj 

approaches that of CTi. Geologically, Oi is attributed to coupling between the 

horizontally-subducting Farallon slab and the North American plate, while the elevated 

values of Gj are attributed to far-field stresses generated by the topographically high 

Sevier thrust belt, located on the western edge of the Plateau. 

Mechanically, basment-cored uplift systems are controlled by the relative 

strengths of the uplift-bounding faults, which is determined by several factors, including 

dip, coefficient of friction, and pore-fluid pressure. Reverse slip may raise a fault's 

effective strength by building topography and thus increasing the weight of the 

hangingwall. A model is developed in which faults "slip strengthen," and promoting 

transfer of deformation to other, now weaker faults and broadening the region of 

deformation. 
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In the broader picture, tectonic force may be applied to the edge of the system, 

(e.g., continental collision) or by basal traction (e.g., flat-slab subduction). In the former 

case shear stress on the basal detachment retards shortening. Total basal shear^brce 

(stress multiplied by area) grows with distance toward the foreland at the expense of 

tectonic force available to drive slip on fault ramps. Assuming quasi-uniform crustal 

strength, the greatest deformation develops in the hinterland where tectonic force is 

highest. Alternatively, tectonic force may be applied as a basal traction (as in the 

Laramide orogeny), in which case basal shear drives shortening and total shear 

force/deformational intensity grow with distance toward the foreland. This offers a 

natural explanation for why the Colorado Plateau, which occupies the hinterland of the 

Laramide orogen, is the least deformed part of the orogen. 
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Statement of the Problem 

The structure and topography of western North America are dominated by the 

Cordilleran orogen which stretches approximately 8000 km from the North Slope of 

Alaska to the southern tip of Mexico (BCing, 1969). Like the modem Andes, it is a 

continental margin orogen, driven by the subduction of oceanic crust beneath a 

westward-advancing continent. It was constructed over a period of approximately 100 

million years, firom the late Jurassic through the Eocene and in the broadest terms, it 

consists of three parallel elements: a forearc accretionary prism adjacent to the 

subduction zone, a magmatic arc and a retroarc thrust belt that imbricates sedimentary 

rocks of the former continental margin. 

Along most of its length, the cordillera maintains a width of approximately 600-

800 km. In the western United States however, that Fig. balloons to nearly 2000 km 

(King, 1969). While this is partly the result of post-orogenic extension, it is primarily a 

result of propagating compressional deformation into the continental interior, the so-

called Laramide orogeny (Fig. 1.1). Although it is contemporaneous with deformation in 

the thrust belt and is an integral part of the Cordillera, the Laramide orogen is 

fundamentally different in structural style from the thin-skinned thrusting that defines the 

continental margin. Whereas the thrust belt is characterized by generally parallel folds 

and thrusts, the Laramide is characterized by discrete, unconnected uplifts of irregular 

orientation and distribution (King, 1969). These uplifts are typically basement-cored. 



Cordillera 

[~~[ Colorado Plateau 

m Rocky Mountains 

\ Frontal trace 
» of thrust belt 

600 km 

Fig. 1.1. Map of the North American Cordillera (after Coney, 1981; Bally et al., 1989). 
The Laramide orogen comprises both the Colorado Plateau and the Rocky Mountains. 
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highly asymmetric anticlines bounded on their steep sides by a reverse fault or 

monoclinal fold (e.g., Kelley, 1955b; Smithson et al., 1979; Blackstone, 1993; Brown, 

1993). Whereas faults within the thmst belt are almost universally neo-formed structures, 

Laramide faults are often ancient features, showing multiple episodes of slip (Huntoon 

and Sears, 1975; Brown, 1993; Marshak et al., 2000). In further contrast to the thrust 

belt, which is thickest in the hinterland, the largest uplifts of the Laramide province occur 

toward the foreland, in the Rocky Mountains province of Wyoming and central Colorado 

(King, 1969). The Colorado Plateau, which occupies the hinterland of the Laramide 

orogen, lies between the Rocky Mountains and the thin-skinned thrust belt, and is much 

less deformed (Fenneman, 1930). Like the Rocky Mountains, the Plateau is 

characterized by asymmetric, basement-cored anticlines, but the structural relief is 

generally smaller, often less then 2 km (Kelley, 1955b). 

Construction of the Cordillera took place over a period of approximately 100 

million years, from the late Jurassic through the Eocene (Burchfiel et al., 1992; DeCelles 

et al., 1995). For much of this period, subduction was steep and deformation in the 

retroarc was restricted to the thin skinned fold thrust belt. In the western U.S., thrusting 

followed a steady eastern progression, from the Luning-Fencemaker and central Nevada 

thrust belts eastward into central Utah, tipping out in the classic Sevier belt (e.g., 

Burchfiel et al., 1992). At 80 Ma however, the plate regime changed dramatically. 

Convergence shifted from east-west to northeast-southwest, and nearly doubled in 

velocity to approximately 15 cm/year (Coney, 1978; Engebretson et al., 1985; Stock and 

Molnar, 1988; Cole, 1990; Severinghaus and Atwater, 1990). At the same time. 
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magmatism shut off in the arc and swept inboard, tracking the frontal edge of a 

shallowing slab which eventually reached as far as South Dakota (Coney and Reynolds, 

1977; Steme and Constenius, 1997). By 70 Ma, isolated basement-cored uplifts were 

beginning to appear in the region above the flat slab (Dickinson et al., 1988). The spatial 

extent of these uplifts matched the spatial extent of the flat slab, as inferred from 

magmatism (Steme and Constenius, 1997) and tomographic images of the altered lower 

crust. Deformation of the Sevier belt ceased in the early Eocene (DeCelles et al., 1995), 

and deformation of the continental interior not long thereafter, when the subducting slab 

began to steepen, rolling back toward the west (Dickinson et al., 1988). 

Controversy has surrounded Laramide orogeny since it was first defined by Dana 

(1890) and did not cease with the advent of plate tectonics. Deformation 1500 km from 

the contemporary plate margin did not fit any convenient tectonic scenario. Noting the 

spatial and temporal coincidence of fiat-slab subduction and basement-cored 

deformation, many have suggested that deformation of the continental interior was driven 

by viscous coupling of the flat slab and the North American crust (Dickinson and Snyder, 

1978; Bird, 1984; Dumitru et al., 1991; Bird, 1998). Others have argued that stress was 

transmitted from the continental margin (Wise, 1963; Sales, 1968; Stone, 1969; Erslev, 

1993; Maxson and Tikoff, 1996). While current consensus seems to favor the fiat slab, 

the jury is still out. 

On a smaller scale, the irregular orientations of uplifts did not readily lend 

themselves to kinematic interpretation. For many years, debate raged over whether the 

uplifts were the product of vertical tectonics or horizontal compression(Baker, 1935; 
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Kelley and Clinton, 1960; Berg, 1962; Steams, 1978). Seismic and borehole data 

showing large Precambrian overhangs, settled the issue in favor of horizontal 

compression (Smithson et al., 1979; Lowell, 1983), whereupon debate shifted to the 

kinematics of individual uplifts and the stress state that could produce such varied 

orientations (e.g., Kelley and Clinton, 1960; Chapin and Cather, 1981; Anderson and 

Bamhard, 1986; Gries, 1990; Molzer and Erslev, 1992; Davis, 1999). Driven by the 

search for oil and gas, the bulk of this research focused on Wyoming and Colorado (e.g., 

Lowell, 1983; Molzer and Erslev, 1992; Schmidt et al., 1993; Erslev, 2001), largely 

overlooking the Colorado Plateau, although that region is an integral part of the Laramide 

province. 

The goals of this dissertation are threefold: 1) to begin filling the gap in kinematic 

understanding through structural smdy of Colorado Plateau uplifts, 2) to use that 

kinematic understanding to evaluate proposed driving mechanisms for the Laramide 

orogeny, particularly the contribution of the end-on compression through the thrust belt 

versus the basal traction from the flat slab, and 3) to evaluate the role of the Colorado 

Plateau in the Laramide orogeny, and to address the question of why it is the least 

deformed portion of the orogen, despite its location in the hinterland. 

Dissertation Format 

The following chapters consist of four separate manuscripts with minor overlap in 

content. The first of these, entitled Small-scale structures and kinematic analysis of 

Laramide uplifts, Colorado Plateau, Utah and Colorado (Bump), describes the variety. 
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appearance, and interpretation of small-scale structures found within the Colorado 

Plateau monoclines. A wealth of orientation data from these structures are used to 

interpret shortening directions for four of the uplifts and are combined with structural 

contours to infer the geometry of the deformed basement underlying the Plateau. This 

manuscript is in revision for publication in the Journal of Structural Geology. 

Chapter 3, Three-dimensional Laramide deformation of the Colorado Plateau: 

competing influences of the Sevier thrust belt and the flat Farallon slab (Bump), 

examines the stress conditions necessary to produce the deformation interpreted in 

Chapter 2. Both theoretical stereographic analysis and elastic modeling indicate that the 

Colorado Plateau uplifts were formed in a three-dimensional stress field. The results are 

independently supported by coal cleat patterns on the Plateau and by the regional tectonic 

setting of the Plateau which offers a clear origin for the interpreted stress state. This 

manuscript will be submitted to the Geological Society of America Bulletin. 

Chapter 4, Reverse faults, topography, and the mechanics of foreland basement-

cored uplifts (Bump and Pelletier), describes an analytical force-balance model for the 

growth of foreland basement-cored uplifts. On the scale of individual uplifts, it offers 

simple and intuitively reasonable criteria for the reactivation of old faults, the creation of 

new ones, and the propagation of deformation from one fault to another. This aspect of 

the model is difficult to evaluate but is ultimately testable with improved constraints on 

the timing of individual uplifts and the dip of their controlling faults. On the regional 

scale, the model predicts different deformation patterns, depending on whether tectonic 

stress is applied to the edge of the system (e.g., continental collision) or to the base of the 
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system (e.g., flat-slab subduction). These predictions are tested against the Laramide 

orogen, the Sierras Pampeanas, and the Iberian ranges. This paper will be submitted to 

the Journal of Geophysical Research. 

The final chapter. The Colorado Plateau and its role in the Laramide orogeny 

(Bump), uses the principles described in Chapter 4 to explain why the Colorado Plateau, 

the most hinterland region of the Laramide province is also the least deformed. 

Structural, topographic, geophysical and crustal assemblage data show no fundamental 

difference between the Plateau and more intensely deformed regions of the province and 

hence offer no evidence that the Plateau is anomalously strong. The model from Chapter 

4 allows the deformation pattern to be explained instead as the consequence of a 

hinterland-to-foreland increase in tectonic force set up by flat-slab subduction. This 

paper will be submitted to Geology. 
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CHAPTER! 

SMALL-SCALE STRUCTURES AND KINEMATIC ANALYSIS OF LARAMIDE 

UPLIFTS, COLORADO PLATEAU, UTAH AND COLORADO 

Abstract 

The structure of the northern Colorado Plateau is dominated by a series of highly 

asymmetrical, presumably fault-cored anticlines: the Kaibab, Circle Cliffs, Miners 

Mountain, San Rafael Swell, Monument, and Uncompahgre uplifts. In map view, they 

are irregularly distributed with widely varying sizes and orientations. In Permian through 

Jurassic rocks, interpretations of outcrop-scale structures, including jointed Eshelby 

inclusions, stylolites, echelon vein arrays, deformation bands and meso-scale faults, 

suggest principal stress directions that are consistently oriented within each uplift, but 

vary between different uplifts. In general, the results indicate that there are two groups of 

uplifts, one of which shows evidence of NE-SW-directed compressive stress, and the 

other which show evidence of NW-SE-contraction. Because deformation in the 

sedimentary cover is forced by differential movement of basement fault blocks, cover 

stress patterns may be interpreted as basement strain patterns. These results are similar to 

the kinematic interpretations of Kelley and CUnton (1960) and highlight the importance 

of oblique slip. Finally, examination of structural contours allows the interpretation of 

basement strain magnitudes and suggests that the major faults are not interconnected. 
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Introduction 

Since their first description by Powell (1873) and Dutton (1882), the enigmatic 

monoclines of the Colorado Plateau have been the subject of structural inquiry. There are 

ten major monoclines on the Plateau, each forming one side of a highly asynametrical 

anticline or "uplift." In map view, the uplifts show irregular orientation and distribution, 

precluding easy kinematic interpretation. Some trend northeasterly and others 

southeasterly. Moreover, several of the bounding monoclines display markedly curved 

traces. At depth, the uplifts are interpreted to pass into faulted basement (Fig.s 2.1, 2.2) 

(Kelley, 1955b; Davis, 1978; Stem, 1992; Tindall and Davis, 1999). Where exposed, 

these basement faults are ancient features that show multiple episodes of slip, further 

complicating the kinematic picture (e.g., Huntoon and Sears, 1975; Stone, 1977; 

Huntoon, 1993). 

Driven at various times by oil exploration, the search for uranium, and pure 

curiosity, much classic geologic work has been done on Colorado Plateau uplifts (Powell, 

1873; Gilbert, 1876; Dutton, 1882; Gilluly, 1929; Baker, 1935; Strahler, 1948; Eardley, 

1949; Gilluly, 1952; Kelley, 1955b; Kelley, 1955a). In many ways these uplifts are 

similar to those of the Rocky Mountains in Wyoming and Colorado. All are 

compressional, low temperature, basement-cored structures controlled by reverse faults 

which appear to cut much or all of the crust. All show similarly irregular orientation and 

distribution and all are products of the Late Cretaceous-early Tertiary Laramide orogeny 

(Huntoon and Sears, 1975; Davis, 1978; Brown, 1993; Erslev, 1993). Much more is 

known about the structure and kinematics of Rocky Mountain uplifts, however. 
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Quaternary sediments 

Tertiary sedimentary rocks: 
T Green River, Wasatch, Fort Union, 

Ohio Creek 

Tertiary intrusive rocks 
Cretaceous sedimentary rocks: 
Price River, Castlegate, Mancos, 
Dakota, Burro Canyon 

Jurassic sedimentary rocks: 
Morrison, Summerfield, Curtis 

! 

now io9V(/ 
Jurassic-Triassic sedimentary 
rocks: Entrada, Cannel, Navajo, 
Kayenta, Wingate 
Triassic sedimentary rocks: 
Chinle, Moenkopi, Dinwoody 

Permian sedimentary rocks: _ 
Kaibab, Cutler 

Pennsylvanian sedimentary 
rocks: Honaker Trail, Paradox 

Precambrian basement rocks 

A 

n 
50 km 

Anticline 
axis 

Fig. 2.1: Geologic map (after Bennison, 1990) of the northern Colorado Plateau and 
generalized stratigraphic column showing common formations. 



24 

Fig. 2.2: San Rafael monocline, near Eardley Canyon. View is toward the north. 
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Extensive seismic and borehole data has defined much of the shallow subsurface 

structure and exposure of the major basement faults (e.g., Lowell, 1983; Schmidt et al., 

1993) and associated minor faults has permitted effective paleostress analysis and 

kinematic interpretation (e.g., Molzer and Erslev, 1992; Erslev, 2001). 

In the Colorado Plateau sedimentary cover is retained over the crests of the 

uplifts, obscuring the basement faults but also preserving a record of uplift-induced stress 

that is not present elsewhere in the Laramide province. A number of studies have tried to 

take advantage of this, mapping joint patterns in an effort to interpret the kinematics of 

the uplift formation (e.g., Kelley and Clinton, 1960; Bergerat et al., 1992). These 

attempts have largely been inconclusive, due to the complexity of the joint patterns and 

the difficulty in interpreting the origin(s) of the joints. Recent recognition of other 

classes of penetrative structures in the Colorado Plateau, however offers new opportunity 

for interpretation of paleostress directions. The purpose of this paper is: 1) to describe 

these small-scale structures and their paleostress significance, 2) to present paleostress 

analysis of the Miners Mountain, San Rafael, Monument and Uncompahgre uplifts, and 

3) to combine the results with other recent work to create a map of basement strain 

patterns for the northern Colorado Plateau. 

Methodology 

General Considerations 

The approach used in this study relies on mapping the small-scale, penetrative 

structures that are present only within and near the steep limb of each uplift. The spatial 



26 

association of the structures described here with the monoclines strongly suggests that the 

two are genetically related, that the penetrative stuctures are either subsidiary products of 

monoclinal folding or that they are products of the same stresses that formed the 

monoclines. In order to separate local strains related to folding from those reflecting 

shortening directly related to formation of the uplift, I have taken advantage wherever 

possible of map-view curves in the monoclines. For each monocline, field areas for 

detailed study were chosen to span the widest possible range of trend for that monocline 

(see for example Fig. 2.1). If the structures mapped were subsidiary consequences of 

monoclinal folding (e.g., crowding within the synclinal hinge), then it is expected that 

they would everywhere maintain a constant orientation relative to the monocline. For 

example, in the case of compressional structures related to crowding within the synclinal 

hinge, it is expected that contraction would everywhere be perpendicular to the axial 

trend of the monocline, no matter how that trend might vary. On the other hand, if the 

strucmres mapped are reflective of the shortening direction for the uplift as a whole, it is 

expected that they will maintain a constant orientation, regardless of the trend of the 

associated monocline. The further possibilities that cover and basement are detached or 

that strain is partitioned (e.g., Varga, 1993) are discounted because of the observation that 

the methodology employed here is capable of revealing oblique slip where present 

(Tindall and Davis, 1999). 

It is also important to demonstrate that the strains documented here are 

contemporaneous with the Laramide deformation of the Colorado Plateau since at least 

two of the uplifts have multiple episodes of slip on their bounding faults. The 
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Uncompahgre uplift for example was active in the Pennsylvanian Ancestral Rockies 

event (Stone, 1977) and the fault coring the East Kaibab monocline has at least four 

episodes of slip, shown by different offsets at different stratigraphic horizons (Huntoon 

and Sears, 1975; Huntoon, 1993). In almost all cases, the structures described here are 

hosted in Jurassic and younger rocks, ruling out the possibility that they are the result of 

Pennsylvanian Ancestral Rockies tectonism. Where structures are hosted in older rocks, 

it is possible to demonstrate that they are contemporaneous with structures in Jurassic 

rocks. This subject will be taken up as necessary in the following discussion of work on 

individual uplifts. 

Useful Structures 

This study relies on a number of penetrative structures whose kinematic 

significance has not yet been fully exploited in the Colorado Plateau. These include 

stylolites, echelon vein arrays, Eshelby joints, deformation bands, and meso-scale faults. 

This approach is designed to maximize the information to be gleaned from available 

exposures and relies on previous studies which have shown that analysis of small 

structures can yield reliable paleostress histories (e.g., Nickelsen, 1979; Eyal and Reches, 

1983; Hancock, 1985; Gray and Mitra, 1993). The exact suite of structures present in a 

given area is dependent on the local lithology and magnitude of strain and rarely includes 

all of the structures described here. These relationships are described below. 
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Stylolites 

Stylolites occur in many rock types but are particularly common in marly 

limestones (e.g., Davis and Reynolds, 1996). They may be described as serrated surfaces 

with interlocking teeth, typically enclosing a thin clay seam (Fig. 2.3) (Nickelsen, 1972). 

Spacing between stylolites is generally on the order of several centimeters to a few 

meters (e.g., Davis and Reynolds, 1996). In the northern Colorado Plateau region, they 

are most conunonly found in limestones of the Jurassic Carmel formation and the 

Permian Rico formation. Within those units, they may be present at very low strains, ±at 

is at bedding dips as low as 10°. 

Stylolites are interpreted to be the product of pressure solution and to represent a 

maximum compressional stress (CTi) parallel to the long axis of their teeth. Two types are 

commonly recognized Those with teeth perpendicular to bedding are thought to reflect 

lithostatic loading and were not considered in this study. Those with teeth parallel to 

bedding are thought to reflect non-hydrostatic tectonic shortening (e.g., Twiss and 

Moores, 1992; Dunne and Hancock, 1994; Davis and Reynolds, 1996) and are discussed 

below. 

Eshelby Joints 

Eshelby joints are defined as parallel to subparallel joints hosted within 

mechanically stiff inclusions in a compliant matrix (Eidelman and Reches, 1992) (Fig. 

2.4). The joints do not extend into the matrix. In the area of this study, such joints are 

found within chert nodules in the Permian Kaibab and Pennsylvanian Rico limestones. 
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Fig. 2.3: Sylolites. A) Photograph of a stylolite-bearing limestone bed within the 
Jurassic Carmel on the San Rafael Swell. B) Tracing of photo highlighting diagenetic 
(bed parallel) stylolites and tectonic (bed perpendicular) stylolites. 
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Fig. 2.4: Eshelby joints. A&B) Piioto and tracing of jointed chert nodules in 
Pennsylvanian Honaker Trail limestone on the Monument uplift. Note that joints do not 
extend into limestone. Brunton compass for scale. C&D) Photo and tracing of jointed 
chert nodules in Permian Kaibab limestone on Miners Mountain. Lens cap for scale. 
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The nodules are sub-circular and range in size from 3 to 25cm in diameter. Joints within 

the nodules are typically spaced approximately Icm apart. Often there are two sets, one 

relatively straight and continuous, the other more curviplanar and abutting joints of the 

first set, at approximately right angles. 

Eshelby joints are interpreted to form from tensile failure due to the amplification 

of tectonic stresses within mechanincally stiff inclusions (Eshelby, 1957; Eidelman and 

Reches, 1992). The minimum compressional stress (cTj) direction is thus perpendicular to 

the joint surface. The Gi axis thus lies within the plane of the joint and given the tectonic 

origin of the joint, is assumed to be horizontal. The principal shortening direction is 

therefore interpreted as parallel to the average strike of the dominant joint set. Eshelby 

joints have been shown to be reliable tectonic paleostress indicators (e.g., Eidelman and 

Reches, 1992). 

En Echelon Arrays of Semi-brittle Structures 

En echelon arrays consist here of short stylolites and calcite veins oriented at 

approximately right angles to each other and distributed along a linear zone in a stepping 

or en echelon fashion (Fig. 2.5) (e.g., Shainin, 1950; Hancock, 1972; Ramsay and Huber, 

1987). Though they are common in sandstone, dolostone, and limestone, their occurance 

within the study area is limited to limestones of the Permian Rico formation where they 

are commonly on the order of a few meters in length and a few centimeters in width. 

En echelon arrays are interpreted to represent semi-brittle shear zones, the sense 

of shear on which is given by the intersection geometry between individual veins and the 



styioiite 

s^lolite^ 

0.5 m 

Fig. 2.5: A&B) Photo and tracing of conjugate en echelon arrays of veins and stylolites 
in Pennsylvanian Honaker Trail limestone. Arrows show sense of shear. Brunton 
compass for scale. C&D) Photo and tracing of a detail of a similar array, also in Honaker 
Trail limestone. Stylolites in the photo are traced in black, courtesy of George Davis. 
Note that there are multiple generations of veins present, showing varying degrees of 
rotation. Tip of a Brunton compass for scale. E) Tape and compass map of echelon vein 
arrays in one particularly well-exposed outcrop on the Monument Uplift. 
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axis of the array (Fig. 2.5). Progressive shear rotates early-formed veins and stylolites 

which are eventually replaced by new, more favorably oriented ones (Ramsay and Huber, 

1987). Because of this and the debate over whether such arrays represent stress or strain 

(Dunne and Hancock, 1994), interpretation of the strain significance of individual arrays 

is fraught with difficulty. In the case of conjugate echelon arrays, however, the 

interpretation is quite straightforward: the ai direction bisects the acute angle between the 

conjugate arrays and is perpendicular to the intersection line of the conjugates (Shainin, 

1950; Hancock, 1972; Ramsay and Huber, 1987; Dunne and Hancock, 1994). 

Deformation Bands 

Deformation bands are small faults characteristic of porous sandstones. They are 

characterized by a narrow zone of cataclasis and collapse of pore space of the host 

sandstone (Aydin, 1978; Aydin and Johnson, 1983). Individual bands typically exhibit 

displacements of a few millimeters or less. Larger displacements are accomplished by 

the formation of new bands adjacent to the first. In places, this results in thick zones of 

aggregated deformation bands, with up to several meters of offset. In the northern 

Colorado Plateau, zones of deformation bands commonly exhibit a conjugate Riedel 

geometry (Cloos, 1928; Riedel, 1929) with echelon R surfaces connected by R' surfaces 

(Davis et al., 2000) (Fig. 2.6). Additionally, slickenlines are sometimes present. Within 

the smdy region, deformation bands are found primarily in the Jurassic Entrada, Navajo 

and Wingate formations, the most porous of the exposed sandstones in the region. Both 

dip-slip and strike-slip deformation bands are abundant, albeit at differing study areas. 
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Fig. 2.6: A&B) Photo and tracing of conjugate reverse-slip deformation bands offsetting 
cross beds of Jurassic-Triassic Navajo sandstone. Note Riedel geometry in deformation 
bands. Photo was taken in Cairn Canyon on the San Rafael Swell. C&D) Photo and 
tracing of deformation band ladders in Jurassic-Triassic Wingate sandstone on Miners 
Mountain. Brunton compass for scale. E) Portion of a structure map of the Sheets 
Gulch study area on Miners Mountain showing deformation arrays (after Davis et al., 
2000; Davis, 1999). 
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The interpretation of strain significance is based on work by Tchalenko (1970), 

Wilcox (1973), and Davis et al (2000). The sense of slip on individual deformation band 

zones is interpreted on the basis of Riedel geometries and offset markers. In the absence 

of slickenlines, slip direction is interpreted to lie within the plane of the deformation band 

array and to be perpendicular to the line of intersection between R and R' surfaces. In the 

case of conjugate strike-slip bands, the or, direction is taken as the acute bisector between 

right- and left-handed arrays. For reverse-slip bands, the map-view projections of the CT, 

direction is interpreted as parallel to the trend of the slip direction (Davis and Reynolds, 

1996). 

Meso-scale Faults 

Meso-scale faults are defined here as brittle faults ranging in scale from outcrop 

to a few tens of meters in length. Slip magnitudes are typically on the order of 

centimeters to a few meters. Well developed slickenlines were often present. Faults 

were not restricted to any particular lithology. 

For this study, interpretation of the strain significance of faults is similar to that 

employed for deformation bands. Conjugate strike-slip faults were interpreted by 

separately plotting left- and right-handed faults and their associated slickenlines on a 

stereonet. The cTi was interpreted as the acute bisector between left- and right-handed 

faults. For dip-slip faults, the map-view projection of the CT, direction was interpreted as 

parallel to the slip lineations (Davis and Reynolds, 1996). 
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San Rafael Swell 

Geology 

The San Rafael Swell is a highly asymmetrical, doubly-plunging anticline located 

in central Utah on the northwestem edge of the Colorado Plateau (Fig. 2.7). It is 

approximately 130 km long by 55 km wide with a NNE-trending axis (Kelley, 1955b). 

The western limb of the uplift is a broad, gentle homocline while the east limb is the 

steep San Rafael monocline. In map view, the monocline is convex to the southeast 

(Hintze, 1980). At its northern extreme it strikes approximately N-S with a maximum 

limb dip of less than 20°E. Southward, bedding steepens toward a maximum dip of about 

70° a few km south of 1-70, then shallows back to 25° as the monocline curves westward. 

Continuing to curve toward a strike of N70°E at its southern end, the the middle limb of 

the monocline steepens again to a dip of 40°. The maximum structural relief on the uplift 

is approximately 1.3 km (Kelley, 1955b). 

The penetrative structures examined in this study are most abundant where 

bedding dip is steeper than about 30°. Fieldwork thus focused on four areas within the 

steeper sections of the fold (Fig. 2.7). Caim Canyon is located just south of 1-70 in an 

area where maximum bedding dip is about 65°. Iron Wash is situated several kilometers 

south of Caim Canyon at a prominent kink in the trend of the monocline. This location 

also coincides with an abrupt change in maximum bedding dip from about 65° on the 

north side to about 30° on the south side. Temple Mountain is located a few kilometers 

south of that, with a steepest bedding orientation of 30°. Finally, Little Wild Horse 

Canyon is near the southern end of the monocline, where bedding strikes approximately 
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Caim Canyon stylolites; unrotated (left) and rotated 
(right). N=41 

-39N 

Left: Caim Canyon deformation bands (unrotated; N= 
124). Right: Iron Wash faults and deformation bands 

(unroated; t^=35) 

Temple Mountain stylolites: unrotated (left) and rotated 
(right). N=13 

110.5W 

Temple Mountain deformation bands: unrotated (left) 
and rotated (right). N=20 

Fig. 2.7: Geologic map of the San Rafael Swell 
region (after Bennison, 1990) and lower 
hemisphere equal area stereoplots for 
deformation band and stylolite orientations. 
Orientations are show both as measured 
(unrotated) and rotated such that bedding is 
returned to horizontal (rotated). Left-handed 
strike-slip deformation bands are shown in gray, 
right-handed ones in black. The rose diagram of 
slickenline trends is biaxial.. Location map 
shows the area portrayed in Fig. 2.1. 

Little Wild Horse Canyon stylolites unrotated (left) 
and rotated (right). N=32 

Little Wild Horse Canyon deformation bands: unrotated 
(left) and rotated (right). N=55 
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N50°E and reaches a maximum dip of 45°. The map areas thus span a range of 50° in the 

strike of the monocline. Each of the areas is approximately 5km square and is centered 

on the trace of the Jurassic Navajo sandstone and including rocks as old as the Permian 

Cutler group and as young as the Jurassic Morrison. Mapping was carried out on foot, in 

both canyons and, where possible, on the ridges between canyons. Two types of 

structures were mapped: stylolites and deformation bands. 

Stylolites 

Tectonic stylolites (i.e. ones with teeth not perpendicular to bedding) on the San 

Rafael Swell were found exclusively within a single limestone bed near the base of the 

Jurassic Carmel formation. The teeth are approximately parallel to bedding regardless of 

the current bedding attitude. When rotated such that bedding is returned to horizontal, 

the trend of the teeth is approximately S55°E (Fig. 2.7). 

The consistency of orientation and the spatial association of stylolites with the 

monocline is interpreted as evidence that the trend of the teeth records the a, direction for 

the San Rafael Swell: ~S55°E. That bedding must be returned to horizontal in order for 

the stylolite orientations to cluster is interpreted as evidence that pressure solution was 

active primarily in the early phases of folding. 

Deformation Bands 

Deformation bands are found only within the porous sandstones and are most 

abundant in the Jurassic Navajo and Wingate aeolian sandstones but are also present 
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within the Jurassic Entrada formation and in the Permian Cutler sandstone. At Caim 

Canyon, where the monocline trends about N10°E, deformation bands are almost 

exclusively reverse-slip and exhibit multiple, cross-cutting generations, dipping both east 

and west (Fig. 2.7). Each generation appears to have formed, been rotated with bedding 

and subsequently been cross-cut by a new generation. At the other three field areas, 

where the moncline swings to a more easterly trend, deformation bands are primarily 

strike-slip. Both right- and left-handed zones are present, and mumally cross-cut, 

indicating that they are a conjugate pair. The right handed zones are generally much 

better developed, reaching as much as 50 cm in thickness. Left-handed zones of 

deformation bands are generally less frequent and rarely exceed a few centimeters in 

width, suggesting that they have accommodated far less slip. In none of the field areas do 

the deformation band orientations cluster noticeably better when bedding is returned to 

horizontal than they do as they were measured in the field. 

Because they reflect essentially dip-slip, the stress significance of the reverse-slip 

deformation bands is readily interpreted: S65°E-directed cr,. At all three areas involving 

strike-slip deformation bands, the acute bisector between right- and left handed shear 

zones is around S60°E, in good agreement with the CT, orientation derived for dip-slip 

deformation bands at Caim Canyon and for the stylolites at all locations. The fact that 

shear zone orientations show no marked improvement (or degradation) in clustering 

when bedding is returned to horizontal is taken as evidence that formation of the 

deformation bands was coeval with monoclinal folding. 
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Synthesis 

Given the consistency of CT, directions interpreted from different types of 

structures at different locations along the monocline, I interpret a a, direction for the San 

Rafael Swell of S60°E. This is in good agreement with a more limited studies by Davis 

(1999) and Christensen (2000) as well as the joint studies of Kelley and Clinton (1960). 

This is also consistent with the observed change from dominandy right-handed strike-slip 

on the southern ENE-striking section of the monocline to dominantly dip-slip 

deformation on the northern NNE-striking section. 

On the basis of their orientation with respect to bedding, it is also possible to 

suggest a sequence of structural formation. Stylolites appear to have formed in the very 

early stages of monoclinal folding while the deformation bands are inferred to be later 

and were probably active during much of the progressive folding of the San Rafael 

monocline as shown by the multiple, corss-cutting generations in Caim Canyon. 

Miners Mountain 

Geology 

The smallest of the uplifts in this study. Miners Mountain, is located in the 

northern third of Capitol Reef National Park on the western edge of the Colorado Plateau 

(Fig. 2.8). Though it is commonly portrayed on schematic maps as a part of the Circle 

Cliffs uplift, it is in fact a distinct structure (e.g. Anderson and Bamhard, 1986; Bump et 

al., 1997), albeit one that brushes the northern end of the Circle Cliffs. Like the San 

Rafael Swell, it is an asymmetrical, doubly-plunging anticline, the axis of which trends 
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Teasdale deformation bands; unrotated (left) and 
rotated (rigfit). N=36 

Cockscomb deformation bands: unrelated (left) and 
rotated (right). N=104 

Left: Lion Mountain deformation bands (unrotated; N=42). 
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Fig. 2.8: Map of the Miners Mountain region (after Bennison, 1990) and lower 
hemisphere equal area stereonets of deformation band and Eshelby joint orientations. 
Left-handed strike-slip deformation bands are shown in gray, right handed ones in black. 
Orientations for deformation bands at Teasdale and the Cockscomb are shown both as 
measured (unrotated) and rotated such that bedding is returned to horizontal (rotated). 
Orientations at the other locations have not been rotated as bedding is both poorly defined 
and close to horizontal already. Location map shows the area portrayed in Fig. 2.1. 
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about N60°W. In map view, the uplift is wedge shaped, tapering toward the southeast. 

Its northern side is a broad homocline while to the southwest it is bounded by the 

Teasdale monocline which is cut by the Teasdale fault for much of its length. Toward its 

southeast end, near Pleasant Creek Canyon, the fault has about 150m of stratigraphic 

separation, tapering rapidly toward the southeast and more gradually toward the 

northwest (Billingsley et al., 1987). Macroscopic deformation on Miners Mountain is 

limited to this fault zone, the monocline (beyond the fault tips), and to a series of small, 

high-angle normal faults that cut the crest of the uplift. Mapping for this smdy (Fig. 2.8) 

focused on the Teasdale fault and associated meso-scale strucmres. The lowest 

exposures of the fault are in the Permian Cutler and are characterized by a relatively wide 

zone of pervasive outcrop-scale faulting and occasional deformation bands. The next 

unit up, the Permian Kaibab limestone, contains several horizons with small chert 

nodules, typically 2-5 cm in diameter, which host well-developed Eshelby joints. Higher 

still, the Teasdale fault is well-exposed next in the basal member of the Triassic Chinle, 

as are a series of short, antithetic faults. Toward the northwest end of the fault, the 

exposure level rises into the Jurassic and is marked by penetrative, conjugate Riedel 

deformation band arrays. 

Deformation Bands 

Well-developed conjugate strike-slip deformation bands are associated with the 

Teasdale monocline along its entire length in the Jurassic Wingate and Navajo sandstones 

and in the Permian Cutler sandstone. Slip sense and direction are interpreted from Riedel 
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geometries. While both right- and left-handed zones are abundant, they are generally not 

equally developed. Locally the left-handed ones tend to be more more numerous and 

wider than their right-handed counterparts. Nevertheless, the acute bisector between 

right- and left-handed deformation band orientations is virtually the same at all stations: 

N60°E (Fig. 2.8). Rotation of the orientation such that bedding is returned to horizontal 

changes this to approximately N70°E but leads to no marked improvement in the 

clustering of orientations. 

The timing of deformation banding is unclear. The fact that orientations show no 

change in clustering when bedding is returned to horizontal is perhaps an indication that 

deformation bands were actively forming throughout the period of monoclinal folding. 

Consequently, the CTi direction is interpreted as N60°E- N70°E, based on the orientation 

of the acute bisector between the conjugate arrays. 

Eshelby Joints 

Systematic Eshelby joints were found only in close proximity to the Teasdale 

monocline. In all locations, the primary joint set within Eshelby inclusions strikes about 

N70°E (Fig. 2.8). A secondary, rather poorly developed set is locally present, striking 

approximately perpendicular to the first. The Kaibab limestone which contains these 

inclusions is exposed only near the upper hinge of the monocline. The beds hosting 

measured inclusions are everywhere within 10° of horizontal and usually much closer. 

Thus no attempt has been made to rotate the measured orientations.. 



44 

I interpret the consistent joint orientation as the a/a, plane. Oj is thus 

perpendicular to that, i.e. N20°W, which is quite compatible with the Qi direction arrived 

at through study of deformation bands. 

Synthesis 

Inversion of both deformation bands and Eshelby joints indicates that Miners 

Mountain was deformed by a a, oriented N60°-70°E. Given the predominance of left-

handed deformation bands and the N55°W strike of the Teasdale monocline/fault within 

the context of this stress field, I conclude that the Teasdale monocline formed in response 

to left-handed oblique slip, similar to the conclusion reached by Anderson and Earnhardt 

(1986) in their study of brittle meso-scale faults on Miners Mountain. 

Monument Uplift 

Geology 

The largest uplift in this study, the Monument extends from northeastern Arizona 

northward nearly halfway across Utah (Fig. 2.9). Though its northern and western 

margins are indistinct, the structural high measures approximately 210 km by 65 km 

(Kelley, 1955b). In map view, it is a guitar-shaped feature, broad at its northern end, 

tapering sharply toward its midsection, then broadening again to the south. The uplift is 

bounded on its southeastern margin by the Comb Ridge monocline which extends from 

B landing, Utah to Kayenta, Arizona. The northern section of the monocline, from 

Blanding to Bluff, Utah, trends due north and has a constant maximum dip of 
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Echelon an-ays: unrotated (left) and rotated (right). 
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Bidirectional rose diagram showing strike of veins 
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Fig. 2.9: Map of the Monument uplift (after Bennison, 1990) and lower hemisphere equal 
area stereonets for structures from the Lime Ridge area. In all plots except for the Eshelby 
joint plot, left-handed structures are shown in gray and right handed structures are shown 
in black. The two rose diagrams are biaxial and show veins and stylolites measured 
within echelon vein arrays. Areas of overlap between left- and right-handed structures on 
the rose diagrams are shown in light gray. The plot of Eshelby joints shows the primary 
joint set in black and die secondary one in gray. Orientations are show both as measured 
(unrotated) and rotated such that bedding is returned to horizontal (rotated). Location 
map shows the area portrayed in Fig. 2.1. 
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approximately 25°E. At Bluff, the trend of the monocline makes a sharp 30° bend to the 

southwest and bedding steepens to a maximum dip of 50°E. This transition is marked by 

an ENE-striking shear zone that cuts the monocline, extending from a point just east of 

the monocline westward toward Mexican Hat, Utah (fig, 2.9; Hintze, 1980). This shear 

zone not only separates the monoclinal dip domains but also marks the northem 

termination of the Raplee anticline, a west-facing asymmetric anticline located 

immediately to the west of the Comb Ridge and occupying a position on top of and 

subsidiary to the Monument Uplift. South of the fault, the Comb Ridge bends westward 

to a trend of N60°E and maximum bedding dip shallows. The Comb Ridge terminates 

near Kayenta, Arizona where it replaced by the SW-striking Cow Springs monocline and 

the NNE-striking Organ Rock monocline, both of which face east. 

The Comb Ridge is dominated at the mesoscopic scale by penetrative jointing. 

Additional outcrop-scale structures have been discovered in one location: the shear zone 

near Bluff and Mexican Hat Utah. The zone is continuously exposed in Pennsylvanian 

through Jurassic rocks and displays a wide array of penetrative structures which relate to 

the variation in rock types. At its stratigraphically lowest exposure in the Pennsylvanian-

Permian Rico, the shear zone is marked by conjugate faults, stylolites and well-developed 

echelon vein arrays. The next youngest unit, the Permian Cutler limestone contains 

abundant red chert nodules, 10-30 cm in diameter. Along the shear zone, these host well-

developed Eshelby joints. Continuing up-section, the Triassic Moenkopi and Chinle 

mudstones display only conjugate faults. At its highest level in the Jurassic-Triassic 



47 

Wingate, Kayenta and Navajo sandstones, the shear zone is characterized by abundant 

conjugate Riedel deformation band arrays. 

Eshelby Joints 

Chert inclusions within the study area contain at least one and often two 

systematic Eshelby joint sets. One is a through-going, planar set while the other is less 

planar and generally abuts the first. I interpret the first of these as the earlier and focus 

on that one. Joints of this set strike about S70°E and are generally perpendicular to 

bedding (Fig. 2.9), which dips firom 0° to 30°. Clustering of orientations improves when 

they are rotated to return bedding to horizontal. 

As with other joint sets in this study, I interpret the average joint orientation as the 

a J (Tj plane. (Jj is thus perpendicular to that, i.e. N20°E. The consistendy bed-

perpendicular attitude of the joints further suggests that these joints formed relatively 

early in the development of the Monument when bedding was still close to horizontal. 

En Echelon Vein Arrays 

En echelon vein arrays consist here of conjugate arrays of calcite veins and 

stylolites. Individual veins and stylolite surfaces are typically 2-6 cm in length along 

strike and the entire arrays range in strike length firom about 1 to 5 m. Following the 

methodology outlined above, en echelon vein arrays are plotted on the basis of the 

attitude of the array as a whole. Orientations are consistently very steep with the acute 

bisector between left- and right-handed arrays striking S70°E (Fig. 2.10). Plotted 
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individually, both veins and stylolite teeth from within the arrays show a wide scatter in 

orientations though the acute bisector between those from left- versus reight-handed 

arrays is S70°E for the veins and S60E for the stylolite teeth. Clustering of vein array 

orientations improves slightly when bedding is returned to horizontal which is significant 

as dip of the host bedding never exceeds 25°. Right-handed arrays tend to outnumber 

left-handed ones by a margin of roughly 2:1. 

I interpret the acute bisector between right- and left-handed arrays, i.e. S70°E, as 

the a, directions. I interpret the scatter in the orientations of individual veins and stylolite 

teeth to be the result of rotation of those structures during progressive shear on their host 

arrays. The acute bisector may be interpreted as the a, direction because the sense of 

rotation is opposite for left- and right-handed arrays and because both types of structures 

would presumably originate in the same orientation, regardless of the sense of their host 

array This interpretation is in good agreement with the interpretation derived above and 

with the direction interpreted from Eschelby joints. The improvement in clustering of 

array orientations with the restoration of bedding suggests that these structures formed 

early relative to large-scale folding. 

Defonnation Bands 

Deformation bands display conjugate strike-slip orientations very similar to those 

recorded for the echelon veins (Fig. 2.10). Left-handed bands typically strike about 

S50°E and right-handed ones typically strike N70°E. Although there is some scatter in 

the strike orientations, there is a clear separation between all right-handed bands and all 
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left-handed ones. When rotated such that bedding is returned to horizontal, the complete 

separation in strike between left- and right-handed shear zones is lost as the outlying 

orientations from both groups begin to overlap. 

I interpret this as evidence that the deformation bands formed relatively late in the 

construction of the Monument uplift, when bedding was already substantially folded. 

The unrotated deformation bands indicate a cTi directed S70°E. 

Meso-scale Faults 

Meso-scale faults are generally very steep and exhibit predominately strike-

parallel slickenlines (Fig. 2.9). The acute bisector between right- and left-handed faults is 

S60°E, similar to that for the en echelon arrays. Also like those structures, there is 

evidence of unequal shear: right-handed faults are typically much longer and show 

greater displacement than left-handed ones, although the two groups are mumally cross-

cutting. Restoration of bedding to horizontal increases the scatter in fault orientations. 

Based on the relationship between faults and bedding orientations, faulting seems 

to have been active primarily in the later stages of monocline construction. The 

predominance of right-handed faults suggests that faulting helped to accommodate right-

handed shear along the large-scale shear zone described above. Based on the orientation 

of the acute bisector between right- and left-handed faults, I interpret a cr, direction of 

S60°E. 



Synthesis 

Individually and collectively, all of the structures reported here point to a CT, 

trending about S70°E and a CTj trending N20°E, in good agreement with previous joint 

studies (Kelley and Clinton, 1960; Ziony, 1966). The relationships between individual 

structural orientations and the current orientation of the respective host beds also allows 

the deduction of the following sequence of structural formation: 1. Eshelby joints and 

echelon vein arrays, 2. deformation bands and brittle faults. I interpret this as a reflection 

of progressively increasing stress in the cover during construction of the Monument 

uplift. 

Uncompahgre Uplift 

Geology 

The Uncompahgre Uplift is a broad, NW-SE-trending anticline extending from 

western Colorado into easternmost Utah (Fig. 2.10). The north end plunges toward the 

Uinta basin while the southern end is obscured beneath the San Juan volcanic field 

(Tweto, 1979). The uplift is about 185 km long and 40 km wide with a relatively level 

crest bounded on both sides by monoclinal folds which vary in dip along strike. Unlike 

the other uplifts described here, basement is exposed on the Uncompahgre, as is the 

bounding fault on the northeast side of the uplift. The maximum structural relief is 

approximately 1.2 km (Kelley, 1955b), most of which is a product of Pennsylvanian 

Ancestral Rockies tectonism, which raised the Ancestral Uncompahgre uplift along a NE-

dipping thrust (Stone, 1977). The Uncompahgre experienced uplift again during the 
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Fig. 2.10: Map of the northeastern Uncompahgre uplift (after Tweto, 1979) and lower 
hemisphere equal area stereonets showing orientations of faults and slickenlines. Rose 
diagram is biaxial and shows all slickenlines from both areas. Location map shows the 
area portrayed in Fig. 2.1. 
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Laramide orogeny, this time along two faults, one on the southwest side and a new one 

on the northeast side (Stone, 1977). The fault on the northeast side of the uplift is 

exposed in canyons of the Colorado National Monument, near Grand Junction on the 

northeast side of the uplift where the fault curves from a strike of S40E in the Devils 

Kitchen area (fig 2.10) to S75°E in the Fruita Canyon area. Although this fault is locally 

very well exposed, it is devoid of structures that might reveal the slip direction. The 

ridges between those canyons however, preserve monoclinally folded cover sediments 

that have been highly attenuated during folding. In particular, the Jurassic Wingate 

sandstone has been stretched across the middle limb of the monocUne and in the process, 

thinned by up to 40%(Jamison and Steams, 1982). Thinning is accomplished by slip on 

penetrative deformation bands, many of which exhibit slickenlines. The magnitude of slip 

is generally only a few centimeters. Because of the attractive exposures within the 

Monument and the relatively heavy vegetation and low strain elsewhere, fieldwork was 

concentrated on the exposures described above. Data are limited to deformation bands 

alone. 

Deformation Bands 

At both the Devils Kitchen and Fruita Canyon areas, deformation bands display a 

wide array of orientations (Fig. 2.11). Slickenlines at both areas, however display a 

consistent NE-SW trend. At Devils Kitchen, the median slickenline trend is 

approximately N55°E which is perpendicular to the local strike of the uplift-bounding 

fault. At Fruita Canyon, the median slickenline trend is approximately N35°E which is 



oblique to the local strike of the uplift-bounding fault (S75°E). To be exact, it is 20° east 

of perpendicular to the strike of that fault, placing it somewhere between pure dip-slip 

and parallelism with the Devils Kitchen median. 

If these deformation bands reflected only passive thinning of the middle limb of 

the monocline and revealed nothing of the shortening direction of the Uncompahgre as a 

whole, one might expect that they would everywhere show dip-slip, regardless of the 

strike of the uplift-bounding fault. On the other hand, if the sedimentary cover were 

firmly welded to the basement such that stretching of the middle limb must be 

everywhere parallel to the slip vector for the Uncompahgre as a whole, then one might 

expect slickenlines to be parallel everywhere, regardless of the strike of the uplift-

bounding fault. In this case, reality appears to lie somewhere between these two end-

member scenarios. It seems reasonable that the a, direction for the Uncompahgre is 

generally NE and perhaps N50°-55°E, since the Devils Kitchen deformation bands show 

no systematic oblique slip. This is in general agreement with previous work (Jamison 

and Steams, 1982). 

Discussion 

Fig. 11 integrates the interpretations of this study into a detailed picture of the 

principal stress axes associated with each uplift. As Kelley and Clinton (1960) 

suggested, there are two families of orientations. The sedimentary cover over both the 

San Rafael Swell and the Monument uplift exhibits WNW-ESE-directed stress . Cover 

on Miners Mountain and apparently the Uncompahgre uplift shows NE-SW-directed 
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Fig. 2.11: Structure contour map of the northern Colorado Plateau. Contours are drawn 
at 200m intervals on the base of the Cretaceous Dakota sandstone (modified after Baker, 
1935; O'Sullivan, 1963; Williams, 1964; Williams and Hackman, 1971; Haynes et al., 
1972; Cashion, 1973; Hackman and Wyant, 1973; Haynes and Hackman, 1978). 
Structural elevations are in meters above sea level. Ellipses show local paleostress 
directions (though not magnitudes). Numbers inside ellipses refer to source of 
interpretation: 1. this study; 2. Tindall and Davis (1999); 3. Davis (1999), Anderson and 
Bamhard (2000), Roznovsky (1998); 4. Davis (1999); 5. Anderson and Bamhard (1986); 
6. Ziony (1966); 7. Jamison and Steams (1982). The Colorado River and its tributaries 
(dark gray) are shown for reference. 
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stress. Incorporating the results of other detailed studies, the Kaibab (Tindall and Davis, 

1998) and Circle Cliffs (Anderson and Bamhard, 1986; Roznovsky, 1998; Davis, 1999) 

uplifts both reveal NE-SW-directed stress in the cover. Collectively, these interpretations 

raise a number of questions: How far may these stress orientations be extrapolated? How 

do they relate to deformation of the basement? What does this reveal about the regional 

kinematics? 

Both the regional strain patterns and the available timing data indicate that the 

stress states interpreted here are only locally valid. Although many of the stratigraphic 

units examined in this study are exposed in areas remote from any monocline (Fig. 2.1), 

they show the type of penetrative deformation described here only in exposures within 

the monoclines. This strongly suggests that only in the immediate vicinity of the 

monoclines were stresses high enough to generate penetrative deformation, which in turn 

suggests that the stress states interpreted here are valid only for their respective host 

monoclines. This is further supported by interpretations of uplift timing (and by 

inference the timing of the small-scale structures described here). Sedimentologic work 

near the Kaibab uplift (Goldstrand, 1994) and San Rafael Swell (Lawton, 1983) indicates 

that both of those uplifts rose at about the same time. Assuming that this is true, the 

differently-oriented stress states interpreted for those two uplifts must necessarily be local 

phenomena. 

The observation of localized high strain zones and the interpretation of variously-

oriented local stress states further implies that the regional stresses (i.e. those that actually 

drove monoclinal folding) were transmitted not through the cover but at a deeper crustal 
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level, perhaps in the crystaUine basement (Erslev, 1993; Davis, 1999). Only in those 

places where the strong basement beam failed were stresses transferred to the cover, 

creating the deformation observed at the surface. Assuming that cover was welded to 

basement, such that they could not move independently, cover stress was created by 

basement strain. In other words, the direction of greatest shortening in the basement was 

parallel to the maximum compressive stress direction in the cover (Fig. 2.12). That cover 

was in fact welded to the basement is indicated by observations of oblique slip along 

some monoclines which indicates that basement could not move laterally without moving 

the cover with it (Anderson and Bamhard, 1986; Davis, 1999; Tindall and Davis, 1999). 

Further assuming that the cover was isotropic, the interpreted cover stress directions can 

be viewed as basement strain directions. Basement strain, in turn was presumably 

controlled by the regional stresses set up by plate interactions. 

This concept is perhaps best illustrated by the clay cake experiments of Cloos 

(1928) and Riedel (1929). The experimental setup consisted of two parallel boards 

(analogous to basement) overlain by a wet clay cake (analogous to sedimentary cover). 

Subjected to a horizontal stress, the system failed along the interface between the two 

boards, allowing slip between them and creating a series of en echelon faults (Riedel 

shears) in the clay immediately above the interface. Deformation in the clay cake was 

restricted to that zone because elsewhere (away from the "basement fault") the regional 

stresses were supported by the strong boards. Similarly, the stress directions reflected by 

deformation in the clay were controlled by the relative movement of the boards and did 

not necessarily reflect regional stress conditions (Cloos, 1928; Riedel, 1929). 
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conjugate 
shears 

slickenlines 

Fig. 2.12: Schematic block diagram showing the relationship between basement strain 
and cover stress. Slip on the basement fault in this example is oblique right-handed 
reverse. Penetrative deformation in the cover (shown here as conjugate shears) is 
localized along the monocline above the basement fault and reveals principal stress 
directions parallel to the principal strain directions in the basement. 
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Acting on the idea that cover stress directions reflect basement strain directions, 

the ellipses presented in Fig. 2. II may be viewed not only as depictions of the local stress 

state in the cover but also as depictions of the local basement strain directions. Inspection 

of the strucmral contours in Fig. 11 also suggests patterns of the basement strain 

magnitude- A minimalist view would be to assume that the basement faults responsible 

for monoclinal folding in the cover have a strike-length equal to that of the overlying 

monocline. It is recognized that some or even all of these faults may in fact be much 

longer than that, as interpreted in various studies of tectonic lineaments (e.g., Kelley and 

Clinton, I960; Davis, 1978; Maughan and Perry, 1986). However, if the faults do extend 

significantly farther, the sections beyond the tips of the monoclines could not have 

slipped much as shown by the lack of corresponding deformation in the cover. This 

raises the issue of how the assumed faults tip out. The question is whether their ends are 

defined by tears that decouple them from the neighboring rock or whether slip is 

transferred along strike to some other structure(s). No evidence of significant tears in the 

cover has ever been reported and it seems unlikely that the same basement that appears 

welded to cover along the monoclines could be completely detached from the cover 

elsewhere such that basement tears would produce no appreciable deformation in the 

cover. The possibility of major tear faults is therefore discounted. Alternatively, fault 

strain may be transferred along strike to broad basement arches. This idea is supported 

by much of the secondary map pattern (i.e., beyond the major uplifts) of the Colorado 

Plateau. For example, the Henry basin (approximately defined by the limits of the 

Cretaceous strata immediately east of the Circle Cliffs in Fig. 2.1) is bounded both by 
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uplifts described in this study and by broad, linear structural highs (defined by Jurassic 

rocks in Fig. 2.1; see also Fig. 2.11) that continue approximately along strike from the 

ends of the uplifts. From the southern end of the San Rafael Swell, a swath of Jurassic 

rock (bounded on both sides by Cretaceous) continues southwestward to Miners 

Mountain. From the southern end of the Circle Cliffs, a similar belt of Jurassic rock 

continues along strike to the Monument uplift. The Monument uplift and a third band of 

Jurassic rock that connects its northern tip to the San Rafael Swell complete the circle 

that defines the Henry basin. A similar arch extends SW from the end of the Monument 

uplift (Fig.s 2.1 & 2.11). On the basis of this evidence, it seems reasonable to say that 

slip on the presumed basement faults in the cores of these monoclines is transferred along 

strike into broad arches. This also suggests that the basement faults (or at least the 

sections of them that were active in the Laramide orogeny) do not interconnect, and thus 

do not divide the foreland basement into a series of discrete, jostling blocks. I propose 

that a more accurate view is that of a set of unconnected cuts within a continuous sheet of 

basement, similar to tears in a blanket. 

The inferred kinematics of the interpreted basement faults, suggest that the 

assumption of dip-slip, used by Kelley and Clinton (1960), and currently assumed at a 

90% confidence level by Bird (1998) in his Laramide reconstruction of the Colorado 

Plateau, need not apply. It is simply not supportable to assume that each uplift and 

associated monocline is the result of a dip-slip displacement for there is clear evidence of 

oblique slip along some of them. Both the Kaibab uplift (Tindall and Davis, 1999) and 

Miners Mountain (Anderson and Bamhard, 1986; this study) formed under oblique slip 
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all along their length. To a lesser degree, the curved traces of the San Rafael Swell (this 

study; Davis, 1999) and the Monument uplift (this study) both exhibit oblique slip along 

parts of their length, (e.g. Tindall and Davis, 1999; Bump et al., 1997; Anderson and 

Bamhard, 1986). 

Furthermore, the kinematic interpretations of this study do not support the model 

proposed by Yin (1994) in which the monoclines developed by flexural slip in response 

to regional arching of the Plateau. Computed CTi trajectories' in the northwestern Plateau 

are consistently NE- to NNE-trending (Yin, 1994, Fig. 2.7), suggesting that the uplifts 

covered by the present study should all be characterized by similarly directed oblique 

slip. For the Uncompahgre uplift, this prediction approximately matches the shortening 

direction interpreted here. For the remaining five uplifts discussed here, however, Yin's 

(1994) computed stress direction disagrees with the results of the present study by 40°-

90°. 

Conclusions 

In addition to joints, the Laramide uplifts of the Colorado Plateau are hosts to a 

number of small-scale structures including Eshelby joints, deformation bands, sylolites, 

echelon arrays of semi-brittle structures, and meso-scale faults. These structures 

interpreted in combination can yield reliable paleostress directions for the sedimentary 

cover of the monoclines on which they are developed. Mapping and analysis of these 
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structures reveals principal compression directions in the cover S60°E and S70°E for the 

San Rafael Swell and Monument uplift, respectively, and N60°E and N50°E Miners 

Mountain and the Uncompahgre, respectively. Treating cover stress directions 

(interpreted fomr cover strain indicators) as basement strain directions, this work lends 

support and further precision to the kinematic interpretations of Kelley and Clinton 

(1960) and highlights the importance of oblique slip in creating the uplifts described here. 

Finally, examination of structural contours suggests allows interpretation of basement 

strain magnitudes and suggests that the major faults active in the Laramide orogeny are 

not long, interconnected features but are tears that are wholly contained within a 

continuous basement. 

' In the notation of this paper, these are "regional" or "basement" a, trajectories and are not equivalent to 
the "cover stresses" described in this paper. Rather they drive basement deformation, which in turn would 
set up stress in the cover. 
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CHAPTERS 

THREE-DIMENSIONAL LARAMIDE DEFORMATION OF THE COLORADO 

PLATEAU: COMPETING INFLUENCES OF THE SEVIER THRUST BELT 

AND THE FLAT FARALLON SLAB 

Abstract 

Kinematic analysis of Laramide basement-cored uplifts on the northern Colorado 

Plateau indicate that four of the uplifts were constructed by northeast-directed shortening 

while at least two were constructed by southeast-directed shortening. Available timing 

data suggest that all of the uplifts rose at approximately the same time (-72-65 Ma). This 

paper proposes that the opposed shortening directions are a predictable result of 

deformation in a three-dimensional stress field where the magnitude of approaches that 

of CTi. The concept is supported by both Angelier stereonets and elastic modeling. 

Geologically, aj is thought to be the result of coupling between the horizontally-

subducting Farallon slab and the North American plate. The elevated values of Gj are 

attributed to far-field stresses generated by the topographically high Sevier thrust belt 

which wraps around the western edge of the Colorado Plateau and was coeval with 

deformation in the Plateau, is a vertical gravitational stress. 

Introduction 

The basement-cored Laramide uplifts of the western United States have been a 

long-standing source of kinematic and dynamic inquiry. In contrast to the distinctive 
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map-view parallelism of structures within fold-thrust belts, Laramide uplifts display 

widely varying orientations, a fact which has gready hindered attempts at kinematic 

interpretation. For many years, debate raged over whether the uplifts were the product of 

horizontal compression or of vertical tectonics. A number of workers (e.g.. Steams, 

1978) favored the latter, in part because they equated horizontal shortening with dip-slip 

motion and did not picture a stress state that would produce simultaneous shortening in a 

wide range of directions. Seismic and borehole data showing large reverse-fault offsets 

along the structural fronts of many Laramide ranges largely settled the issue in favor of 

horizontal compression but belief persisted that shortening must be dip-slip, leading some 

to propose that the principal stresses must have progressively rotated during deformation, 

successively producing uplifts of differing orientation (Kelley and Clinton, 1960; Chapin 

and Gather, 1981; Gries, 1990). More recently, recognition of oblique slip along many of 

the uplifts (Anderson and Bamhard, 1986; Molzer and Erslev, 1992; Davis, 1999; 

Tindall, 2000) has contributed to a growing consensus that much and perhaps all of the 

deformation was driven by a constantly-oriented stress field with a northeast-directed a, 

(Brown, 1988; Erslev, 1993; Bird, 1998). 

Nagging doubts persist, however. In a stress-tensor analysis of minor faults 

associated with several uplifts in Wyoming, Varga (1993) interpreted local paleo-a, 

vectors perpendicular to the range fronts (which varied considerably in orientation). 

Attempting to honor timing data which suggested that all of the deformation was 

concurrent (Dickinson et al., 1988), he proposed that the computed stress tensors did not 

reflect the regional stress state but rather local stress states set up by a partitioning of 
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strain between the dominantly dip-slip contractional faults which he had observed and 

undocumented range front-parallel strike-slip faults. Similarly, a number of studies of 

Laramide uplifts in the Colorado Plateau have reported evidence for widely varying 

shortening directions (Fig. 3.1). Analysis of small structures found within the monoclinal 

limb of the uplift indicates that the Kaibab (Kelley and Clinton, 1960; Tindall, 2000), 

Circle Cliffs (Kelley and Clinton, 1960; Anderson and Bamhard, 1986; Roznovsky, 

1998; Davis, 1999), Miners Mountain (Anderson and Bamhard, 1986; this study) and 

Uncompahgre uplifts (Jamison and Steams, 1982; this study) were all formed by 

northeast-directed shortening. Similar analysis also indicates that the Monument (Kelley 

and Clinton, 1960; Ziony, 1966; this study) and San Rafael Swell (Kelley and Clinton, 

1960; Davis, 1999; this smdy) uplifts were constructed by southeast-directed shortening. 

As in Wyoming, the available timing data points to a simultaneous rise of both sets of 

uplifts (Lawton, 1983; Goldstrand, 1994), which strongly suggests that they were all 

created by the same regional stress field. 

Arguments surrounding the regional stress conditions that could have produced 

such widely varying shortening directions are based largely on the concept of a two-

dimensional stress field and the resultant expectation of plane strain. To date no work 

has investigated the possibility that the observed deformation is the product of a three-

dimensional stress field. The purpose of this paper is to use kinematic data from the six 

uplifts described above to explore the possibility that the observed deformation is the 

product of a three-dimensional stress state (01^02^0^) set up by 1) coupling of the flat 
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Fig 3.1. Structure contour map of the northern Colorado Plateau showing the approximate 
areas of the uplifts (shaded gray) in this study and their local shortening directions (black 
arrows, references cited in text). Contours are drawn at 200m intervals on the base of the 
Cretaceous Dakota sandstone (modified after Baker, 1935; O'Sullivan, 1963; Williams, 
1964; Willianis and Hackman, 1971; Haynes et al., 1972; Cashion, 1973; Hackman and 
Wyant, 1973; Haynes and Hackman, 1978). Structural elevations are given in meters 
above sea level. The Colorado River and its tributaries (dark gray) are shown for 
reference. 
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Farallon slab with North America, and 2) far-field effects of the topographically high 

Sevier thrust belt. 

Stereographic Analysis 

The predicted slip direction on a fault plane is the direction of maximum resolved 

shear stress within that plane. In a two-dimensional stress field, that direction lies in the 

CTi-Gj plane. In a three-dimensional stress field, however, the slip direction is strongly 

influenced by the magnitude of a, relative to a, and CTj^and almost always lies outside of 

the CTi-CTj plane (Bott, 1959; Angelier, 1979; Angelier, 1994). If the principal stress axes 

are known, slip on a fault may be determined stereographically by plotting the fault 

plane, together with its pole, slip vector and the principal stress orientations (Fig. 3.2) 

(Bott, 1959; Angelier, 1979; Angelier, 1994). In the limit that CTj is equal in magnitude to 

CT3, the slip vector is the line of intersection between the fault plane and the great circle 

that includes the pole to the fault and the Gi axis (Fig. 3.2A). In the limit that CTiis equal 

in magnitude to a„ the slip vector is given by the intersection of the fault plane and the 

great circle that includes both the pole to the fault and the axis (Fig. 3.2B). 

Intermediate O2 values predict slip directions between these two endpoints. 

A similar method may also be used to evaluate the relative magnitudes of the 

principal stresses in the event that the slip vector is already known. The fault plane, slip 

direction, and principal stress axes are plotted on a stereonet. Using the technique 

• Referred to as (j), where (]) = (CT2-CT3)/(a,-CT3). 
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Fig. 3.2. Illustration of stereographic method for determining the direction of maximum 
resolved shear stress (and predicted slip) on a fault plane of given orientation. Both A and 
B are lower hemisphere projections. See text for details. 
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described above, the predicted slip vectors are plotted for the cases cr2=CTi and 02=^3- Th^ 

magnitude of a, relative to the other principal stresses is evaluated by the position of the 

observed slip vector relative to these two endpoints (Bott, 1959; Angelier, 1979; 

Angelier, 1994). For example if the observed slip vector lies on the fault plane halfway 

between these endpoints, then (j) = 0.5. 

For the six uplifts of this study, basement fault strikes are assumed to parallel the 

strike of the overlying monoclines. Where the monoclines display map-view curvature, a 

constant fault strike is approximated by connecting the endpoints of the monocline. Dips 

are poorly constrained, though calculations based on the throw and heave of the overlying 

monoclinal folds suggest that all are steep. Map-view slip directions are interpreted from 

field mapping and analysis of small structures associated with the monoclines (Fig. 3.1). 

The a, axis is taken to be horizontal, N60°E, based on kinematic analysis of uplifts 

(Kanter et al., 1981; Erslev, 1993) and plate motion reconstructions (Coney, 1978; 

Engebretson et al., 1985; Stock and Molnar, 1988; Cole, 1990). Given the predominance 

of reverse- and oblique-reverse-slip deformation, CT3 is taken as vertical, which pins the Gj 

axis at horizontal, S30°E. 

Due to the uncertainty in fault dips, solutions are considered here for all fault dips 

from 0° to 90° (Fig. 3.3). This approach will prove to offer significant constraints on 

relative stress magnitudes that independent of fault dip. For each fault, four possible 

planes are shown (dips of 0°, 30°, 60°, and 90°) as is the trend of the known slip vector 

(Fig. 3.3). The range of possible slip vectors is defined by solving for several fault dips 

in tlie limiting cases that a2=CT, and 02=0^ and creating best fit curves through those 
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Fig. 3.3. Lower hemisphere equal area projections of each of the six faults in this study, 
together with their interpreted slip trends, the range of possible orientations for the 
maximum resolved shear stress on the fault plane, and the principal stress axes. Because 
fault dips are poorly constrained, each projection shows four possible fault dips (labeled 
0°, 30°, 60° and 90°) and all possible slip vectors that honor the geologically 
interpreted trend (solid black line labeled "slip direction"). The shaded region of each 
projection is the range of possible maximum resolved shear stress directions on the fault 
plane and is defined by the limits a2=CTi and 02=c^. The diagrams are most easily 
interpreted by plotting of fault of given dip and examining its overlap with the shaded 
region. High values of 02 will result in a slip vector close to the a2=<Ti limit while low 
values of G2 will produce slip vectors closer to the <^2=03 limit. 
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points. The resulting range is shaded gray on the stereonets. This approach has the 

additional advantage of highlighting the full range of possible stress ratios for a fault of 

known strike and slip trend. 

Inspection of the resulting stereonets (Fig. 3.3) reveals the following: First, all of 

the interpreted slip trends are compatible with a northeast-directed cr, even though some 

of those trends appear anomalous when viewed in the regional context of the Laramide 

orogeny. Second, whatever their dips, the basement faults coring the San Rafael and 

Monument uplifts must both have been subjected to relatively high CT, values. The (j) 

values range from -0.8 for a fault of 0° dip to 1.0 for a fault of 90° dip. Third, the 

remaining four faults show a wider range of permissible 0 values (0.5-1.0 for the 

Redlands and East Kaibab faults and 0.0-1.0 for the other two). However, if the 

assumption is made that stress ratios are unlikely to vary drastically within a small 

geographic region (see Fig. 3.1), then it is reasonable to suppose that the (j) values on 

these faults are similar to those on the San Rafael and Monument uplifts. If this is true, 

then those faults must dip at angles of 60-90° (Fig. 3.3). The lower, mechanically more 

favorable end of that range is consistent with independent interpretations (Billingsley et 

al., 1987; Stem, 1992; Huntoon, 1993). 

Elastic Modeling 

Model 

In order to more fully investigate the impact of varying stress ratios, a series of 

elastic models of the northern Colorado Plateau were created using Examine 3D, a 
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boundary element method elastic modeling program^. While deformation of the northern 

Colorado Plateau was clearly not entirely elastic, an elastic rheology is considered a 

reasonable approximation as the regional strain is less than 2%. The model consists of a 

three-dimensional rock mass of infinite extent. A 25 km thick horizontal slab 

representing the northern Colorado Plateau upper crust was defined by creating a pair of 

horizontal, planar detachment faults 25 km apart. Using the map traces of the overlaying 

monoclines as guides, the six faults described in this study were drawn to scale on the 

upper surface of the model. The resulting lines were then extruded downward at a 

constant angle to create discrete fault surfaces that cut the entire 25km thickness of the 

model (Fig. 3.4). 

Five models were created using the same surface fault traces and varying dip 

values (all faults dip 30°, all faults dip 45°, all faults dip 60°, and two models with mixed 

dip values). Rheological parameters (given in Fig. 3.4) were held constant. By analogy 

with modem intraplate stress values (Grovers et al., 1992; Richardson and Coblentz, 

1994), CT, was assigned a value of 150 MPa and CTj was set at 30 MPa, a conveniently 

round number corresponding to a burial depth of about 1.2 km (assuming a rock density 

of 2500 kg/m^). (While the appropriateness of these values may be debated, the 

important results prove to depend only on the ratios of the principal stress values to each 

other and not on the absolute values.) Principal stress directions were retained from the 

stereographic analysis presented above. For each model, at least seven runs were made in 

^ For additional details on Examine 3D, see www.rocscience.com. 

http://www.rocscience.com
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which the value of CTj was systematically varied between the values of a, and cj^ in 

increments of 20 MPa. The important results are sununarized below. 

Changing cr. Magnitude 

In general, the results agree well with the stereographically-derived predictions. 

At low a, values (cy2<70 MPa), all faults exhibit northeast-directed slip, regardless of 

their dip values (Fig. 3.4A). As cr, exceeds 70 MPa slip directions on the San Rafael and 

Comb faults begin to point southeast, while the other faults retain their northeast-directed 

slip (Fig. 3.4B). Further increasing cTj leads to progressively more southerly slip 

directions. The shift is most pronounced for the San Rafael and Comb faults and least 

pronounced for the Teasdale and Waterpocket faults which show essentially no change. 

At very high ct, values (CT2>130 MPa), all faults show essentially dip slip (Fig. 3.4C). 

These results depend only on the ratio of the principal stresses ((cr2-CT3):(CT,-0"3)) and are 

independent of the absolute stress magnitudes. While both doubling and halving the 

principal stress magnitudes lead to proportional changes in the absolute amounts of slip, 

the slip directions and slip profiles (i.e. relative amounts of slip along strike of each fault) 

remain unaltered. It is also important to note that the variation in shortening directions 

between faults is not a consequence of refracted stress trajectories. Except in the case 

that CT2=ai, CT, trajectories nowhere deviate by more than about 10° from N60°E (Fig. 

3.4D). 
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Fig. 3.4. Map views of modeled faults, slip vectors (A-C), and stress trajectories (D) 
from Examine 3D, showing the effect of varying CTj values. The rock mass is transparent 
so the fault planes (triangular meshes) are visible over their full depth. Each fault is 
named after the overlying monocline and is labeled with name and dip. The horizontal 
"cutting plane" in which the displacements and stress trajectories are computed is located 
at the vertical midpoint of the model. The middle strike-parallel line in each of the fault 
meshes thus marks the intersection of fault and cutting plane and is therefore the locus of 
greatest displacement (values are contoured in meters). Rheological properties are: 
Youngs modulous=30,000 MPa, Poisson's ratio=0.25, fault friction angle=20°. The map 
area is the same as in Fig. 3.1 and the Colorado River and its tributaries are shown for 
reference. 
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Changing Fault Dip 

Though changing fault dips lead to subtler changes than variations in stress 

magnitude, two effects are apparent. First, at constant stress values, slip magnitudes 

generally decrease with increasing dip (Fig. 3.5). At fault dips of 60° slip values are 

typically less than half what they were at 30°. The one exception is the Redlands fault, 

which for reasons unclear exhibits much greater slip at its northern end when the dip is 

steepened to 60°. Second, increasing fault dip tends to result in slightly more oblique slip 

directions, particularly at low a, values. Both of these tendencies are interpreted as a 

consequence of the mechanical difficulty in producing reverse slip under horizontal 

compression on steep fault planes. 

Best Fit 

At (T, values between 110 and 130 MPa, the modeled slip directions and 

displacement profiles for all of the faults show good agreement with the field 

observations. The quality of the fit varies slightly between faults and may be improved 

by adjusting individual fault dips. The best-fit model (Fig. 3.6) comes at a Qj value of 

130 MPa (0 = 0.83) and fault dips of 45° and 60°. With the exception of the Teasdale 

fault, the resulting model predictions agree very well with the field evidence. Predicted 

displacement directions are within 5° of those interpreted from field evidence at 

corresponding locations (compare Fig. 3.1 with Fig. 3.6). Modeled and observed along-

strike displacement profiles are also similar. The greatest modeled slip magnitude on 

each fault coincides with the steepest slope on the overlying monocline as shown by the 
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structure contour map (Fig. 3.1). The discrepancy between the modeled and observed 

slip directions on the Teasdale fault is about 20°. While not large in an absolute sense, 

the difference is significantly greater than that for the other faults. The cause is unclear 

but may be related to a possible linkage of the Teasdale and Waterpocket faults at depth. 

With the model fault geometry, the difference may be slightly increased by changing 

fault dip but can be reduced only by greatly reducing the a, value, which significantly 

worsens the fit on the other five faults. That aside, the model successfully replicates the 

observed slip directions and shortening profiles on five faults and comes close on the 

sixth. 

Discussion 

The primary question is what geologic conditions would set up the postulated 

three-dimensional stress state? The principal driver (i.e. Oi) of the Laramide orogeny is 

widely believed to be a coupling of the horizontally-subducting Farallon plate with the 

overlying North American lithosphere (e.g., Dickinson and Snyder, 1978; Bird, 1998). 

This paper argues that the elevated values of CTj were set up by the topographic welt of 

the advancing Sevier thrust belt which wraps around the northwestern edge of the 

Colorado Plateau (location map. Fig. 3.1). 

The Sevier thrust belt is a thin-skinned fold and thrust belt whose frontal edge 

coincides with the western boundary of the Colorado Plateau. Deformation in the Sevier 

belt was under way by the Late Jurassic and continued through the Eocene (DeCelles and 

Mitra, 1995), temporally overlapping the Late-Cretaceous to Eocene thick-skinned 
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deformation in the Colorado Plateau. Balanced cross-sections (DeCelles and Mitra, 

1995) and flexural modeling of foreland basin geometry (Jordan, 1981) both suggest that 

by the Late Cretaceous, the Sevier belt had developed into an enormous topographic 

edifice with 2-4 km of relief. Theoretical studies of thrust belt propagation (e.g. Davis et 

al., 1983) indicate that the maximum compressive stress is oriented approximately 

horizontal and perpendicular to the local strike of the thrust belt. Furthermore, both 

studies of topography-induced stress (Molnar and Lyon-Caen, 1988; Jones et al., 1996; 

Merle and Borgia, 1996) and field studies of topographic collapse (Royden and Burchfiel, 

1987; Owen et al., 1995) suggest that such an edifice creates a strong horizontal 

compressive stress oriented perpendicular to the margin of the high. For example, in the 

modem Andean foreland, this stress is locally comparable in magnitude to the regional 

plate-interaction stress (Assumpcao and Araujo, 1993; Coblentz and Richardson, 1996). 

For these reasons, it is clear that the Sevier thrust belt must have subjected the 

northwestern margin of the Colorado Plateau to a strong, southeast-directed compressive 

stress during the Laramide orogeny. 

To some extent, this is supported by the pattern of coal face cleats in Cretaceous 

and Tertiary strata across the western United States. Cleats are closely spaced, opening 

mode fractures in coal beds and have proven to be sensitive kinematic indicators 

(Nickelsen and Hough, 1967; Hancock, 1985). The term "face cleat" applies to the 

oldest, and often most prominent set of cleats in a given outcrop and as an opening mode 

fracture, the face cleat plane contains the local a, axis at the time of formation (Laubach 

et al., 1998). Fig. 7 shows representative cleat orientations in Cretaceous and Tertiary 



Face cleat 
strike 

Fig. 3.7. Map of coal face cleat strikes in Cretaceous and Tertiary strata (after Laubach 
et al., 1992). 
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strata in the western United States G-aubach et al., 1992). Both northeast- and southeast-

striking sets are present. If both of these sets are Late Cretaceous-early Tertiary in age, 

then they support the idea that southeast-directed compressive stress (ct, in the model 

presented here) was similar in magnitude to the northeast-directed stress (cr, in the model) 

and locally may have even exceeded it. In fact, the timing of cleat formation is 

constrained only by the age of the host strata except in the Four Comers region where 

both sets are present and known to be Late Cretaceous to early Tertiary (Laubach et al., 

1992). While this clearly does not constitute an unambiguous proof of the model 

proposed here, it does at least offer a suggestion that the two largest principal stresses 

were of similar magnitude in the real world as well as in the model. 

Conclusion 

The three-dimensional stress theory, elastic model, and geologic considerations 

presented here all indicate that both the northeast and southeast shortening directions 

interpreted from fieldwork in the Colorado Plateau are compatible with a single stress 

state of fixed orientation. The different shortening directions are a consequence of the 

interaction between fault orientations and a three dimensional stress state with CTj 

approaching the magnitude of a,. It is important to emphasize that both the three-

dimensionality of the stress state and the success of the model presented here depend not 

on the absolute values of the principal stresses, but rather on their values relative to each 

other. 
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In the case of the northern Colorado Plateau, this work suggests that the three-

dimensional stress state is a product of the interaction between the North American and 

Farallon plates, modified by the high topography of the Sevier thrust belt. This 

modification of the regional stress field may have been more pronounced on the northern 

Colorado Plateau than elsewhere in the Laramide province for two reasons: 1) the strike 

of the Sevier belt is most nearly parallel to the regional a, direction along the 

northwestern Colorado Plateau, setting up a topography-induced stress nearly 

perpendicular to the plate-interaction stress. (Elsewhere in the Laramide province, for 

example in Wyoming, the two stresses would be more nearly parallel to each other, given 

the local strike of the thrust belt). 2) The Colorado Plateau lies immediately adjacent to 

the thrust belt, where topography-induced stress would presumably be highest. 

In a broader sense, the methodology and the principles described here are 

applicable to any fault system. In a three-dimensional world, it is likely that many, if not 

most fault systems are controlled by three-dimensional stress states. As this study 

illustrates, recognition of three-dimensional stress opens a new range of kinematic 

possibilities and can provide a simple, yet counter-intuitive solution to puzzling dynamic 

problems. 



CHAPTER 4 

REVERSE FAULTS, TOPOGRAPHY, AND THE MECHANICS OF FORELAND 

BASEMENT-CORED UPLIFTS 

Abstract 

Foreland basment-cored uplift (FBCU) provinces such as the Laramide, Ancestral 

Rockies and Sierras Pampeanas are composed of a number of discrete, irregularly-

oriented uplifts scattered over a broad area and separated by expanses of undeformed 

crust. This raises the question of how deformation is transferred from one uplift to 

another. This paper presents a simple analytical model for the progressive development 

of foreland basement-cored uplift provinces. The model examines the consequences of 

progressive slip on the effective strength of a large reverse fault, consisting of a plastic 

horizontal detachment and a frictional ramp. Our notation describes (J, as a horizontally-

directed tectonic stress while is equal to the gravitational load on the fault. The 

effective strength of the fault (i.e., its resistance to slip) is determined by several 

factors,including dip, coefficient of friction, pore fluid pressure, depth to detachment and 

length of the detachment. Slip on the fault may alter its effective strength by building 

topography and raising the weight of the hangingwall. For example, the hangingwall of 

the Laramide Wind River thrust is at least 15% heavier (and hence 15% suronger) now 

than it was prior to its reactivation in the Laramide orogeny. 

In an orogenic foreland with a large number of pre-existing faults, active 

deformation is localized on the weakest faults. With growing displacement these faults 
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strengthen, broadening the area of deformation to include other, now equally weak faults. 

The distribution and size of the resulting uplifts depends on how tectonic force is 

delivered and is described by two end-member models. If force is applied to the edge of 

the system ("edge-loading"), as in continental collision and steep subduction, shear stress 

on the plastic detachment retards shortening. Total basal shear force (stress multiplied by 

the area over which it is active) grows with distance toward the foreland at the expense of 

the tectonic force available to drive slip on fault ramps. Assuming approximately 

uniform crustal strength over the area of interest, the largest uplifts and the greatest 

spatial concentration of uplifts will develop in the hinterland where the tectonic force is 

highest. On the other hand, if tectonic force is applied as a basal traction, as in flat-slab 

subduction, plastic shear on the detachment drives shortening. Again, total basal shear 

force grows with distance toward the foreland, peaking where the flat slab loses contact 

with the overriding crust. Assuming approximately uniform crustal strength, the largest 

uplifts and the greatest concentration of uplifts occurs in the foreland, opposite to the 

edge-loaded case. This model is illustrated by the examples of the Laramide orogen, the 

Iberian ranges, and the Sierras Pampeanas. 

Introduction 

Foreland basement-cored uplift (FBCU) systems such as the Laramide and 

Ancestral Rockies uplifts of the western United States are a relatively common but poorly 

understood class of structures. First described by Stille (1920) in Germany, they are now 

recognized in perhaps 15 locations around the world (Rodgers, 1987; Narr and Suppe, 
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1994). In general, these orogens are composed of discrete, irregularly oriented uplifts 

scattered across a broad region, often the foreland of an accompanying fold-thrust belt 

(FTB). Each uplift is controlled by one or more (oblique) reverse faults that cut much or 

all of the crust, thus fundamentally involving crystalline basement. In many cases, these 

faults are interpreted as ancient strucmres that have been reactivated under compression 

to produce (oblique) reverse motion (Huntoon and Sears, 1975; Brown, 1993; Marshak et 

al., 2000). Dip values range from about 30° (e.g., Smithson et al., 1979) to nearly 90° 

(e.g., Huntoon, 1993). Structural relief on individual uplifts varies from a few hundred 

meters to more than 10 km (Kelley, 1955b; Smithson et al., 1979; Blackstone, 1993; 

Brown, 1993). At the low end of this range (less than ~3km), individual uplifts tend to be 

expressed as highly asynunetric, doubly plunging anticlines that are marked by a long, 

gently dipping backlimb and a moderately to steeply dipping, monoclinal forelimb 

(Kelley, 1955b; Davis and Reynolds, 1996). In these cases, the controlling fault is often 

blind, projecting into the steep limb of the fold but tipping out before it reaches the 

topographic surface. Good examples include the Harz mountains of Germany and the 

monoclines of the Colorado Plateau in the western United States. At higher values of 

strucmral relief such as in the Rocky Mountains of Colorado and Wyoming, the 

sedimentary cover is commonly not preserved across the crest of the uplift, remaining 

only as flatirons around the edges (Tweto, 1979; Brown, 1993). 

Among other reasons, FBCU systems are remarkable because of their apparent 

lack of systematic trends. Whereas FTBs are generally characterized by sub-parallel, 

closely spaced folds and thrust faults, FBCU provinces are marked by large, isolated 
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uplifts of irregular orientation and distribution. In particular, there is no obvious 

connection between uplifts (Fig. 4.1). Individual ranges are often separated by 

significant expanses of undeformed crust. This raises the question of how deformation 

propagates across the province, or more specifically, how deformation is transferred from 

one uplift to the next. Although a wide variety of tectonic models have been proposed, 

particularly in regard to the Laramide orogeny (e.g.. Sales, 1968; Dickinson and Snyder, 

1978; Livicarri, 1991; Erslev, 1993), there have been no attempts at a mechanical model 

that addresses this question. 

The critical wedge model (Davis et al., 1983), which has been successfully 

applied to FTBs (e.g., DeCelles and Mitra, 1995; Meigs and Burbank, 1997) is clearly not 

applicable to raCU provinces. As illustrated by a cross-section of central Wyoming 

(Fig. 4.2), there is no uniform topographic slope from hinterland to foreland, nor is there 

any dip interpreted on the basal decollement. Indeed, the topography shows no clear 

pattern of any sort. This correlates with another, perhaps more subtle difference. FTBs 

exhibit a wedge geometry in cross-section because the rocks within them are everywhere 

on the verge of failure (Davis et al., 1983). By contrast, this does not seem to be the case 

for FBCU provinces. Away from the uplift-bounding faults, the rocks of these provinces 

display essentially no penetrative strain (Erslev, 1993; Davis, 1999), strongly suggesting 

that they were never close to failure. Indeed, the majority of failures appear to be along 

pre-existing weaknesses, often ancient faults (Huntoon and Sears, 1975; Brown, 1993; 

Marshak et al., 2000). 
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Fig. 4.1. Basement outcrop map of Wyoming (after Brown, 1988). 
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Fig. 4.2. Cross-sectional geology and topography of central Wyoming (after Brown, 1988). 
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In light of this it is useful to rephrase the question. Instead of asking the general 

question of how deformation propagates into the foreland, we can ask why certain faults 

slip and, equally importantly, why they stop slipping, transferring deformation to other 

faults. Neglecting for the moment the tectonic delivery of stress, it is clear that in FBCU 

provinces stresses rise to a level sufficient to cause failure of at least some pre-existing 

crustal weaknesses. The more difficult question is why all of the necessary shortening is 

not accommodated by the first such failure. What causes faults to progressively lock up 

and shift deformation elsewhere? At least in the case of the Laramide orogeny, this 

appears to be a relatively orderly process, with the primary locus of deformation shifting 

progressively farther east, toward the foreland (Brown, 1993). At least two hypotheses 

may be entertained: 1) changing stress conditions such that a pulse of relatively high 

stress travels through the foreland, reactivating suitably-oriented weaknesses as it 

encounters them, then abandoning them as it passes by, and 2) progressively increasing 

fault strength such that a given stress level is initially sufficient to cause failure but 

becomes insufficient after a certain amount of time or slip. The purpose of this paper is 

to present and evaluate an analytical model in which faults gain strength through the 

construction of topography, eventually shifting deformation to other, now weaker faults. 

The approach taken here is deliberately simple, not because of any claim that the actual 

systems are equally simple, but because it is our goal to identify the first-order controls 

on the development of FBCU systems. The model will be developed by first considering 

the factors affecting the static strength of a single fault and how that strength changes 
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with slip on the fault. The analysis will then be extended to a system of multiple faults 

and illustrated with the Laramide, Sierras Pampeanas, and Iberian orogenic belts. 

Single-Fault Systems 

Model 

Consider the model shown in Fig. 4.3, consisting of two elements: intact 

basement and a pre-existing fault with a dip angle of P and a horizontal detachment at 

some depth, Z. Both the fault and the basement are assigned a Brace-Goetze rheology 

(Fig. 4.4)—the brittle upper portion of the fault is described by Byerlee's law for 

frictional sliding while the same part of the curve for the intact basement is described by 

a cohesive Coulomb failure criterion. The plastic lower part of both curves is derived 

from the yield strength of wet quartz. For both the fault and the intact rock, total strength 

to a given depth is defined by the area to the left of the curve. This area depends 

primarily on the geothermal gradient and the depth to the fault detachment, which limits 

the depth of the relevant part of the curve. For this model, we assume that the fault ramp 

and the intact rock are entirely frictional and brittle, respectively. The horizontal 

detachment is assigned a pressure-insensitive plastic rheology (von Mises criterion), 

corresponding to a detachment that barely exceeds the depth to the brittie-plastic 

transition. 

Whether or not the fault slips depends on the balance of forces acting parallel to 

the fault plane. These forces include the down-dip component of the weight of the 

hangingwall (defined here as the rock above the fault ramp only), friction, and the up-dip 
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Fig. 4.3. Schematic diagram of model elements before fault slip (top) and after fault slip 
by a horizontal distance x (bottom). A is the net area of the hangingwall. 
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Fig. 4.4. Brace-Geotze crustal strength profile. Dashed lines indicate the strength of wet 
quartz and thus the lower crust at varying geothermal gradients (after Ranalli, 1997) 



component of a horizontally directed tectonic stress. The first of these, the down-dip 

component of the hangingwall weight, Fg, is: 
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Fg = pgAsinp (1) 

where p is the density of the hangingwall, g is the acceleration of gravity, A is the net 

area of the hangingwall in a cross-sectional slice of unit thickness, and P is the dip of the 

fault ramp. Similarly, the frictional force, Ff, is: 

where [J. is the coefficient of friction, F, is a horizontally-directed tectonic force applied to 

the edge of the system and A is the ratio of pore fluid pressure to lithostatic pressure. In 

writing the total pore fluid force (i.e., pressure integrated over the area of the fault ramp) 

as ApgA, we require that A is constant along the entire length of the fault. If the system is 

in state of critical equilibrium, the up-dip component of the tectonic force, F„ must 

exactly balance the down-dip components enumerated above: 

Fj. = /J-ipgA cos P + F,s'mP- ApgA) (2) 

cosP 
(3) 

Plugging in the expressions from (1) and (2) for F^-and Fg, and solving for F, yields 
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^ pgA sin P + fipgA cos /lApgA 

' cos^ —/isinyS 
(4) 

For complete generality, we must also add a resistance to shear along the basal 

detachment. In theory, this might be either fnctional or plastic, depending on the 

material properties and thermal conditions of the detachment. Geologic and geophysical 

evidence suggests that FBCU detachments are typically at mid-crustal or greater depths 

(Smithson et al., 1979; Rodgers, 1987; Hall and Chase, 1989; Brown, 1993). For the this 

model, we will therefore employ a plastic detachment rheology. Shear stress on the 

detachment may be written as 

where k is von Mises constant, Xq is an arbitrary beginning point for the detachment and 

Xis the horizontal position of the base of the fault ramp such that X-Xq defines the length 

of the detachment. The complete expression for F, thus becomes 

F ^ = K X - X , )  (5) 

^ pgA sin P + lipgA cos p - n?ipgA 

cosP-iusinP 
+  K X - X ^ )  (6) 

This equation represents the maximum lateral force that will support the 

hangingwall without moving it. The value of F, given by it is termed the critical tectonic 
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force and may be regarded as fault strength. Super-critical values of F, will result in 

reverse slip, while critical and subcritical values will produce no slip or even normal slip 

for very low F,. 

Failure need not occur on a pre-existing fault, however. In some cases, for 

example where P approaches 90°, the strength of the fault may exceed that of the intact 

rock. Using a Mohr-Coulomb rheology, the failure condition of intact rock is given by 

T=cr„tan0+c where r is the critical shear stress on the failure plane, ct„ is the normal 

stress, 0 is the angle of internal friction and c is the cohesion. Assuming that failure 

occurs on an ideally oriented plane (appropriate for intact, isotropic basement). 

T = ——^sin(90 - 0) (7) 

and 

~ ^ cos(9Q - 0) (8) 

Substituting these expressions into the failure criterion and solving for a> yields 

^ _ 2c + (73 [sin(90 - 0) + tan 0 + cos(90 - 0) tan 0] 
' sin(90 —0)4-tan0-cos(9O —0)tan0 
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Finally, we set cTj equal to the vertically-averaged gravitational stress at the base 

of the ramp, O.SpgZ 

_ 2 c  +  0.5pgZ[sin(90 — 0) + tan <j) + cos(90 — (p) tan 0] 

' sin(9O-0)-htan0-cos(9O-0)tan0 

For the purpose of comparison, we also rewrite the fault strength (equation (6)) as 

a vertically averaged stress (cr,= F/Z). Results are shown in Fig. 4.5. Faults with 

strength values greater than the failure threshold of the rock are impossible to reactivate 

as the intact rock fails before the necessary stress level is achieved. On the other hand, 

faults with strength values less than the failure stress of the rock would experience 

reverse slip. In these cases, slip effectively strengthens the fault because it increases the 

cross-sectional area of the hangingwall by an amount xZ where x is the distance of slip 

along the detachment. The revised strength may be evaluated by substituting Ag-^Zx for A 

in (6) where Aq is the initial area of the hangingwall (Fig. 4.6). 

As long as erosion is not a factor, fault strength grows linearly with slip (Fig. 4.6). 

In the initial stages of uplift this may be a reasonable approximation. Low topography 

engenders a low erosion rate (Ahnert, 1970; Pinet and Souriau, 1988) and particularly if 

fault slip is rapid, the tectonic construction of topography may proceed much faster than 

its erosional destruction. As the net slip increases, however, erosion will inevitably play 

an increasingly large role and the approximation will correspondingly worse. A more 

accurate solution to the problem incorporating the relative rates of erosion and fault slip. 
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Fig. 4.5. Graphs of the vertically-averaged horizontal tectonic stress required to initiate 
sUp on a fault of given dip, coefficient of friction, and pore fluid pressure. (>.=0.4 is 
approximately hydorstatic pore fluid pressure). Also shown are the values of vertically-
averaged tectonic stress required to initiate a new fracture in dry rock of the same 
thickness as the hangingwall for different values of internal firiction. Regions of the 
graphs that lie above the stress required to initiate slip on a fault and below the breaking 
strength of the hangingwall rock indicate that the fault would be reactivated under 
sufficient stress. Regions that lie above the breaking strength of the hangingwall rock but 
below the stress values required to initiate slip on the fault indicate that the hangingwall 
rock would fail internally before the fault slips. 
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Fig. 4.6. Graphs of vertically-averaged tectonic stress required for further fault slip versus 
net fault slip. These assume that no erosion takes place, that all rock that emplaced on the 
ramp through fault slip remains in the hangingwall. These curves are likely reasonable 
approximations of reality at low slip values (less than a few km) but are expected to break 
down at higher values. 
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isostacy, and the density structure of the hangingwall is beyond the goals of this paper. 

Qualitatively however, we expect that there will be some limiting topographic elevation 

(dependant on slip rate, local climate, and the erosional resistance of the hangingwall) at 

which the rate of mass outflux equals the rate of the mass influx. The curves presented in 

Fig. 4.6 should therefore be regarded only as approximations of fault strength, whose 

reliability decreases with increasing slip. 

Recognizing the complications, we propose that fault strength still depends 

fundamentally on the weight of the hangingwall. Processes which modify the 

hangingwall's cross-sectional area and/or density also modify fault strength. Reverse-

slip builds fault strength by raising the weight of the hangingwall, a process that we call 

"slip-strengthening." 

Wind River Uplift 

While variations in rock properties and evolving local climates conspire to 

complicate forward-modeling of the changing strength of a fault, it is straightforward to 

estimate the relative historical change in strength of a real fault: one need only compare 

the hangingwall's cross-sectional area and density in current and restored cross-sections. 

By way of example, consider the Wind River uplift. Located in western Wyoming (Fig. 

4.1), it is one of the largest Laramide uplifts with at least 26 km of displacement on the 

bounding fault (Smithson et al., 1979). Geometrically, it is also one of the best 

constrained uplifts. The bounding fault is clearly visible to a depth of 24 km on 

COCORP seismic reflection (Smithson et al., 1979) and multiple gravity studies 
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(Smithson et al., 1979; Hall and Chase, 1989) have worked out the density structures of 

both the hangingwall and footwall. Based on this, the current weight of the hangingwall 

for a cross-sectional slice of 1 m depth is 3.39x10'^ kg (Fig. 4.7). 

In order to evaluate the net change in hangingwall weight due to fault slip, we 

need to restore the cross-section to its pre-slip state. This presents something of a 

problem in that the hangingwall is entirely basement and thus offers no clear stratigraphy 

to guide the restoration. For the sake of argument, we try two different restoration 

criteria. Both begin with stripping the post-slip Tertiary sediments (p=2380 to 2400), 

from the bordering basins and restoring the 26 km of heave interpreted from the 

COCORP study (Smithson et al., 1979). For the first restoration, we treat the various 

density layers as sedimentary beds and preserve line length which yields an anticlinal 

pre-slip hangingwall geometry that looks intriguingly like a listric normal fault. The 

second restoration simply matches hangingwall stratigraphy with the interpreted footwall 

stratigraphy (Hall and Chase, 1989). 

The two interpretations yield nearly identical results for the original weight of the 

hangingwall: 2.92x10'" kg (15.7% weight change) and 2.93x10'" kg (15.4% weight 

change) respectively. Of these amounts, approximately 13 percentage points are due to 

the increased cross-sectional area of the hangingwall (i.e. the growth of topography, 

including that which is subsequently buried by synorogenic sediments). The remaining 3 

points are due to the increased average density of the original subsurface portion of the 

hangingwall. Given that the equations presented here are linearly dependent on the 

weight of the hangingwall, the percent changes in weight reflect an equal change in 
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A. Cross-section of the Wind River uplift (after Hall and Chase, 
1989). Hangingwall mass: 3.39x1 O^^kg. 
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B. Restored cross-section, based on line-length balance. 
Hangingwall mass: 2.92x1 O^^kg. 
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C. Restored cross-section, based on matching hangingwall and 
footwall densities. Hangingwall mass: 2.93x1 O^^kg. 
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Fig. 4.7. A. Cross-section of the Wind River uplift based on crustal-scale seismic 
reflection data and gravity modeling (after Hall and Chase, 1989). B. Restored cross-
section based on conserving line length of density contacts. C. Alternative restored cross-
section based on the assumption that prior to thrusting, the hangingwall density 
stratigraphy matched that of the footwall. 
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percent strength of the fault. While significant, these Fig.s are minimum estimates. Slip 

on the Wind River thrust ceased in the Eocene (Dickinson et al., 1988) and erosion has no 

doubt beveled some of the topography since that time, reducing the our computed value 

for the post-slip weight of the hangingwall. 

Multiple-Fault Systems 

Model 

Given a real system encompassing many faults, the initial strength of individual 

fault ramps is expected to vary according to equation (6), depending on their ja, X, and P 

values, depth to detachment, and horizontal position. Under compressive stress, the 

system may respond in one of two ways. Supposing that the stress is sufficiently high, 

the system will either fail along the weakest pre-existing fault or a new fault will be 

created. The result is governed by the relative strengths of pre-existing faults and the 

intact rock and may be evaluated quantitatively by computing and comparing the 

strengths of all the faults and the intact rock, using the equations presented above. For 

this paper, we pursue a more qualitative analysis. 

In most real systems, presumably there will be at least one and probably many 

faults that are weaker than the intact rock (Fig. 4.8). In these cases, failure along the 

weakest fault will lead to the creation of topography and the consequent strengthening of 

that fault. As long as the initial strength of individual faults is not vastly different, that 

fault will soon achieve the strength of the next-weakest fault in the system at which point 

both faults will slip, maintaining equal strength. In this way, the locus of active 
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Fig. 4.8. A) Cartoon of a hypothetical fault system showing its evolution under horizontal 
compression. B) Graph of topographic relief vs. time for the faults in the cartoon. 
C) Graph of strength vs. time for the faults in the cartoon. At Time 0, before compression, 
no faults are active. At Time 1 compression is initiated and the weakest fault ("b") fails, 
building topography and hence strength. By Time 2, ("b") has reached the strength of the 
next weakest fault in the system ("e") and both are slipping. Because the first uplift ("b") 
is higher, however, erosion proceeds faster on it than on the second uplift, requiring it to 
slip faster than the second uplift in order to maintain the topographic difference between 
them and hence their equal strengths (Time 3). Thus while the topographic difference 
between the two uplifts does not change significantly, the difference in structural relief 
continues to grow. The remaining three faults are never activated as their initial strength 
is higher than that achieved by either "b" or "e". 
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deformation is broadened from one fault to two and may continue to involve an 

arbitrary number of faults (Fig. 4.8). 

Delivery of Tectonic Force 

Tectonic force may be applied in one of two possible ways. Either it may be 

applied at the hinterland edge of the system as in the continental collision believed to 

have built the Ancestral Rocky Mountains (Kluth and Coney, 1986), or it may be applied 

as a traction along the base the system, as in the flat slab subduction that is believed to 

have driven the Laramide orogeny (Dickinson and Snyder, 1978). In the former case 

(which we have implicitly presented above) the basal shear force retards slip and grows 

with distance toward the foreland at the expense of the tectonic force available to drive 

slip along fault ramps (Fig. 4.9). If crustal strength is approximately uniform over the 

area of concern, the largest uplifts will develop near the hinterland edge of the system. 

Similarly, the greatest spatial density of uplifts will also be in the hinterland, where the 

high tectonic force is capable of activating a relatively large fraction of the existing faults 

and perhaps able to create new ones. Finally, the locus of greatest active deformation 

should broaden progressively toward the foreland as hinterland faults slip, build 

topography and transmit increasing amounts of force toward the foreland. 

In the case that force is applied as a basal traction, the mechanics of transmitting 

force from a flat slab through the lower crust to the upper crustal levels where 

deformation is observed are not clear to us nor are they within the scope of this paper. 

However, if the possibility is allowed, the predictions are nearly opposite to the edge-
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Fig. 4.9. Schematic diagram showing the predicted uplift patterns for a FBCU system 
driven by end-loading (A) and by basal traction (B). In both cases, uplifts are highest and 
most numerous in the regions of greatest force. Also shown is the predicted variation of 
net tectonic force across each of the systems (C). 
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loaded case since the direction (sign) of the basal shear force is reversed. Equation (6), 

the force balance for a single fault, must be rewritten as: 

F,+k<.X-X,)= PgAsing + MPgAcosP- fapgA 
cos^-^sin^ 

Now the greatest forces occurs near the foreland edge of the system (where the quantity 

X-Xq is at a maximum; fig 4.9) at the point where the subducting slab begins to lose 

contact with the overriding crust and descend into the mantle. Ahead of that point the 

system is equivalent to the end-loaded case described above. Accordingly both the 

largest uplifts and the greatest spatial density of uplifts are expected to be near the 

foreland edge of the province where the flat slab finally begins to lose contact with the 

overlying plate. Propagation of deformation is less predictable and depends on how the 

stresses are initiated. If basal shear begins simultaneously across the system, then 

presumably deformation would likewise begin everywhere at once. On the other hand, if 

the locus of basal shear progressively widens across the system, starting only in the 

hinterland and broadening toward the foreland, then it is likely that deformation would 

also propagate toward the foreland, increasing in intensity proportional to the growing 

distance over which basal shear is active. 

We test these predictions on three real orogenic systems. The Laramide and 

Sierras Pampeanas are both believed to have been driven by basal traction, while the 

Iberian Ranges resulted from edge-loading during continental collision. 
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Laramide Orogen 

The Laramide orogen consists of a great arcuate sweep of basement-cored uplifts 

that extend from Arizona and New Mexico northward into central Montana (Fig. 4.10). 

Pushed up in the Late Cretaceous and early Tertiary by N60°E-directed compression 

(Kanter et al., 1981; Erslev, 1993), they deform the foreland of the thin-skinned Sevier 

fold-thrust belt up to 1500 km from the contemporary plate margin (using the 

reconstruction of Severinghaus and Atwater, 1990). Although the tectonic stress source 

for the orogen remains a subject of some debate (e.g. Erslev, 1993), it is generally agreed 

that the province was underlain by a horizontally subducting oceanic slab at the time of 

deformation (Coney and Reynolds, 1977; Severinghaus and Atwater, 1990; Erslev, 1993) 

and many have suggested that the slab drove deformation through traction exerted on the 

base of the North American lithosphere (e.g., Dickinson and Snyder, 1978; Bird, 1998). 

Individual uplifts range from a few square kilometers in size to more than 20,000 km". 

The largest of these tend to cluster toward the eastern (foreland) edge of the province 

(Fig. 4.10). The Colorado Front Range for example has an areal extent of about 20,000 

km" and has 6.5 km of structural relief (Bryant and Naeser, 1980). Similarly the Big 

Horn mountains in northern Wyoming lift an region of 10,000 km~ to a maximum 

structural relief of approximately 8 km (Brown, 1988), and the Beartooth range on the 

Wyoming-Montana border has an areal extent of about 5000 km* and 6.5 km of structural 

relief (DeCelles et al., 1991). Small uplifts are scattered throughout the province but the 

largest region of exclusively small uplifts is the Colorado Plateau, which is also the 

hinterland-most region of the Laramide province (measured in the direction of 
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compression; Fig. 4.10). The nine uplifts on the Colorado Plateau range in areal extent 

from 1000 to 5000 km" but even highest of these displays only 1.2 km of structural relief 

and most are under 1 km (Kelley, 1955b). In general, this pattern conforms well to the 

model predictions for a system driven by basal traction. Uplift size, structural relief and 

spatial density all tend to increase with distance toward the foreland (measured in the 

direction of compression). 

In detail, there are exceptions to the predicted pattern. For instance, the largest 

uplift, the Wind River, has at least 14 km of structural relief, but is located in western 

Wyoming, well behind the foreland edge of the Laramide province. We do not consider 

this a fatal flaw. For uplift size to increase linearly with distance toward the foreland, all 

faults in the system must be equal, that is they must have equal dips, coefficients of 

friction, pore fluid pressures, and average hangingwall densities. The fact that this will 

never be the case in a real system superimposes a certain random variability on the model 

predictions. Disregarding the other variables, the Wind River thrust is exceptionally well 

oriented for the Laramide stress field: its strike is essentially perpendicular to the 

regional shortening direction and its dip is approximately 35° (Smithson et al., 1979). 

These factors alone make it a relatively weak fault (Fig. 4.5) and one that should produce 

a correspondingly large uplift. 

The Uinta Mountains may also be anomalously large for their position within the 

orogen, particularly considering the E-W strike of the bounding faults. It is not certain, 

however, that this uplift owes its relief entirely to the same forces that produced the rest 

of the Laramide uplifts. Constenius and Mueller (1996) have suggested that it is a salient 
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of the thin-skinned Sevier fold-thrust belt. If this is in fact the case, then there is no 

reason that it should conform to the model predictions. 

Disregarding these local variations, the orogen-scale intensity of deformation 

generally increases from hinterland to foreland, in accordance with the prediction. 

Sierras Pampeans 

Located in northwest Argentina, the Sierras Pampeanas uplifts crop out across a 

broad swath of the Andean foreland. To the west they are bordered by the active thin-

skinned Precordillera fold-thrust belt while to the north, they give way along strike to the 

Puna plateau, the late Miocene Eastern Cordillera fold-thrust belt and the active 

Subandean thrust belt (Fig. 4.11). To the east and south, they impinge upon the 

undeformed craton. Unlike the Laramide, the Sierras Pampeans are an active orogen 

(Jordan and Allmendinger, 1986). Beginning in the late Miocene, deformation now 

reaches approximately 800 km inboard from the trench. The modem plate convergence 

direction is N72°E (DeMets et al., 1990), nearly perpendicular to the trench and to the 

long axes of most of the uplifts. Similar to the Laramide orogen, the Sierras Pampeanas 

are thought to be driven by shear along the base of the lithosphere imparted by a 

horizontally subducting segment of the Nazca (Jordan and Allmendinger, 1986; Gutscher 

et al., 2000). 

In the southern half of the province (south of the arrow in Fig. 4.11), individual 

uplifts are both largest and most numerous at the eastern (foreland) edge of the province. 

Westward, they decrease in size and the spacing between uplifts increases, in good 
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Fig. 4.11. Map of pre-Cenozoic outcrop patterns in the Sierras Pampeans (left; after Jordan and Allmendinger, 1986). Large 

black arrow shows interpreted direction of plate convergence (DeMets et al., 1990) and is used as a line along which to assess 

position within the orogen in terms of hinterland and foreland. Dashed lines are mark arbitrary contours of distance from the 
hinterland. Right: Shaded topographic relief map of the same area. 
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agreement with the model. In the northern half of the province, clear trends are more 

difficult to discern. If anything, the pattern appears to be reversed, with the largest uplifts 

occurring on the western edge, adjacent to the fold-thrust belt. The reasons for this are 

not entirely clear but it appears that deformation in the northern part of the province may 

not be driven purely by the flat slab. In the first place, as we have already noted, there is 

an along-strike transition from the northern Sierras Pampeanas into the Puna Plateau and 

the Eastern Cordillera which may set up edge effects in the regional stress field. Indeed, 

some have argued that this area is a transpressional transfer zone (de Urreiztieta et al., 

1996). Secondly, the flat slab begins to steepen north of 29 or 28°S (reference), such that 

it is no longer subhorizontal under the northern part of the Sierras Pampeanas. For these 

reasons, we discount the northern Sierras Pampeanas in our evaluation of the model. 

Iberian Ranges 

The Iberian Ranges consist of a series of basement-cored uplifts scattered across 

the foreland of the Pyrenean fold-thrust belt in northeastern Spain (Fig. 4.12). The ranges 

crop out as elongate basement blocks whose long axes are oriented approximately NW-

SE, parallel to the average thrust strike in the adjacent Pyrenees. To the northeast, the 

uplifts are bounded by the Ebro basin and the thin-skinned thrust belt while to the 

southwest, they impinge upon the undeformed foreland. Far smaller than either of the 

two previous examples, the entire Iberian Ranges province measures only about 300 km x 

60-150 km (Rodgers, 1987). Additionally, the Pyrenees are not a subduction-related 

orogen but rather the product of continental collision between the European and Iberian 
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• ' •  v^:- ;  ;^ \ \ .  /  '_ 
. yy-'-y^^> 

,1)" ,•/'''y If 

'I 
.-M •-,. -u 

,,50km',1 ,,:at,'•; 

3° 

Fig. 4.12. Map of basement outcrop patterns in the Iberian Ranges (left; based on Rodgers, 1987). Large black arrow shows 

interpreted direction of maximum shortening (Munoz, 1992) and is used as a line along which to assess position within the 

orogen in terms of hinterland and foreland. Right: Shaded topographic relief map of the same area. 
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plates (Munoz, 1992). Convergence took place from the Late Cretaceous to the early 

Miocene and resulted first in a partial closure of the Bay of Biscay along the North 

Spanish subduction zone and subsequently in collision and the thrusting of the European 

margin over the edge of the Iberian plate (Munoz, 1992) and the formation of the Iberian 

Ranges in the Oligocene and early Miocene (Rodgers, 1987). Because the latter are 

located on the lower plate of the collision, there is no chance that they were ever 

underlain by a flat slab. The Iberian Ranges are without question the product of 

continental collision and thus a marginally-applied force. 

Individual uplifts are relatively few in number but the areally largest are located 

on the hinterland edge of the province, closest to the Pyrenees. Toward the foreland, they 

become progressively more widely spaced and smaller in both an areal and topographic 

sense (Fig. 4.12). 

These observations are in good agreement with the model predictions for an end-

loaded system. It is interesting however that this system is almost an order of magnitude 

smaller than either of the two previous examples. We speculate that this may be a 

reflection of the detachment strength relative to the strength of the overlying crust. The 

forelandward extent of deformation is limited by the stresses that may be transmitted 

through the hinterland. In order to reactivate faults far in the foreland, the crust in the 

hinterland must be strong and/or the basal detachment must be weak. As a consequence, 

it is possible that the end-loaded systems are limited to a much smaller areal size than 

ones driven by basal traction. 
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Discussion 

Clearly the model presented here is a simplification. In modeling individual 

faults, we have neglected sedimentary cover and the force required to deform it (both 

folding and propagating a fault through it). We feel that this is a reasonable first-order 

approximation as the sedimentary cover is generally thin in comparison to the basement 

involved. In Wyoming, for example, the Laramide Wind River thrust carries at least 30 

km of basement (Hall and Chase, 1989) while the thickness of pre-Tertiary cover rocks in 

the neighboring Green River basin is only about 7 km (Hall and Chase, 1989). In both 

the Laramide orogenic province and in the Sierras Pampeanas, there exists a full 

spectrum of exposure levels, ranging from uplifts of low sttnctural relief that remain 

entirely covered by sedimentary rocks to ones that reveal only small patches of basement, 

to uplifts of great structural relief that retain almost none of their original sedimentary 

cover. The only difference between these different uplifts appears to be the amount of 

displacement on their bounding faults. There is nothing to clearly suggest that their 

behavior under compressive stress is quantitatively different. The uncertainties 

introduced by ignoring the cover seem to us to be comparable to those inherent in trying 

to quantify the strength of crustal-scale faults. 

The stress values given by our model, both for fault slip and for the failure of 

intact basement are very likely overestimated. The modeled fault strength is based on the 

premise that the entire fault slips at once which rarely, if ever, happens in nature. As with 

thin-skinned thrust sheets (Price, 1988), it is more likely that fault displacement occurs 

piecemeal through seismic events that displace only a small portion of the hangingwall at 



118 

a time, using much less force than would be required to move the entire mass. 

Additionally, our use of a two-dimensional model implicitly constrains fault slip to the 

plane of the model. A three-dimensional system also offers possibilities for oblique fault 

slip which may require less force than pure dip-slip. Finally, our model assumes that the 

entire length of the fault ramp is fnctional. If the fault ramp extends below the brittle 

ductile transition, this will obviously not be the case and indeed shear resistance will drop 

rapidly with increasing depth (Fig. 4.4), leading our model to over-estimate the total force 

required to initiate reverse slip'*. 

In the case of intact basement, we have assumed that the rock is dry (i.e. that pore 

fluid pressure is not significant) and we have extrapolated strength parameters from 

laboratory experiments conducted on pristine samples. In a natural system encompassing 

thousands of cubic kilometers of rock, there may be some fluid present (in primary 

inclusions or cracks) and there will certainly be weaknesses (e.g. foliations, dikes, or 

cracks) and impurities that lower the overall strength of the rock mass (Twiss and 

Moores, 1992; Davis and Reynolds, 1996). 

At this point, it is impossible to accurately quantify the effects of these factors nor 

is it our goal to do so. It is our aim rather to present a model offering some insight into 

the large-scale workings of FBCU systems and it is our hope that the uncertainties may at 

least partially offset each other such that the modeled overall behavior of the system is 

It is important to note, however that even in this case, the central tenet of the model is unaltered: fault 
strength still depends fundamentally on the weight of the hangingwall. Regardless of frictional/shear 
resistance to sliding, the applied force must be sufficient to lift the weight of the hangingwall which will 
continue to increase with growing depth to detachment. 
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accurate, even if the specific numbers are not. It is nevertheless encouraging to note that 

the stress numbers given by this model appear to be geologically reasonable, on the order 

of a few hundred megapascals (e.g.. Brace and Kohlstedt, 1980; Molnar and England, 

1990; Ranalli, 1997). 

Conclusion 

While there are a number of complicating factors, the central tenets of the model 

presented here remain unaltered. The strength of an individual fault depends on several 

factors, including dip, coefficient of friction, pore fluid pressure, depth to detachment and 

horizontal position. Under horizontal compression, the combination of these factors 

determines whether a new fault is formed or whether an existing fault is reactivated and if 

so, which one. Reverse slip increases the weight of the hangingwall, both by the 

construction of topography, and by lifting denser rock to replace material eroded at the 

surface. Increased weight increases the gravitational potential and hence the strength of 

the fault. We term this process "slip-strengthening" and it may result in more than a 15% 

gain in strength. This process allows weak faults to fail under horizontal compression, 

build strength and transfer deformation to other faults, broadening the locus of active 

deformation. There is no requirement that the system build a critical taper or that 

deformation be quasi-continuous as in FTBs. Instead, active faults (uplifts) may be 

separated by wide expanses of undeformed crust, even while they transfer tectonic force 

farther toward the foreland. 
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Depending on how tectonic force is applied, the system may evolve toward one of 

two end-member states. If force is applied to the edge of the system ("edge-loading"), 

shear on the basal detachment retards shortening and grows with distance toward the 

foreland at the expense of the tectonic force available to drive slip on fault ramps. If 

crustal strength is approximately uniform (i.e., if there are weak faults everywhere), then 

the intensity of deformation can be expected to mirror the tectonic force. The largest 

uplifts and the greatest spatial density of active faults will develop in the hinterland and 

dwindle toward the foreland as in the Iberian ranges. On the other hand, if tectonic force 

is applied as a basal traction, for example by a horizontally-subducting slab, the basal 

shear drives shortening. Again, the net force grows with distance over which the stress is 

applied. In the hinterland, where the contact distance between slab and overriding crust 

is short, the force is low. In the foreland, where the contact distance is long, the force is 

higher. If crustal strength is approximately uniform, the largest uplifts will develop in the 

forelandtoward the foreland as in the Laramide and Sierras Pampeanas. This offers a 

simple means of differentiating among the possible tectonic drivers for FBCU systems. It 

also offers a means of quantitatively evaluating basal shear stress and hence the degree of 

coupling between a flat slab and the overriding crust. 
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CHAPTERS 

THE COLORADO PLATEAU AND ITS ROLE IN THE LARAMIDE OROGENY 

Abstract 

The Colorado Plateau is a relatively undeformed region bordered on the south and 

west by the highly extended Basin and Range and on the north and east by the towering 

Laramide uplifts of the Rocky Mountains. Tectonically, the Plateau is a part of the 

Laramide orogen and displays basement-cored uplifts similar in style to those of the 

Rocky Mountains but with lower structural and topographic relief. Together, these 

observations have led some to hypothesize that the Plateau is anomalously strong and 

behaved as a rigid microplate during the Laramide orogeny. Evidence for a fundamental 

difference between the Plateau and the Rocky Mountains is largely circumstantial 

however, and is not supported by structural, topographic, geophysical or crustal 

assemblage data. The gradation in deformational intensity is better explained as the 

product of northeastward-increasing tectonic force, which is a predictable result of 

coupling between the North American crust and the northeastward-subducting Farallon 

slab. Assuming that coupling-related stress and crustal strength are approximately 

constant, net force (and hence deformational intensity) grow with distance over which the 

coupling is active resulting in low tectonic force/minor deformation in the hinterland and 

high force/intense deformation in the foreland just before the subducting slab loses 

contact with the overriding plate. Minimal deformation of the Colorado Plateau is thus a 

logical result of its location in the hinterland of the Laramide orogen. Interpreted 
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northeastward translation and clockwise rotation of the Plateau are consistent with a 

normal along-strike "bow and arrow" orogenic shortening profile and require no special 

explanation. 

Introduction 

Since Fenneman defined it in 1934, the enigmatic Colorado Plateau and its role in 

the Laramide orogeny have been the subject of debate. The Colorado Plateau lies in the 

Four Comers region, surrounded by intense deformation, yet itself is relatively 

untouched. To the west and south, the Plateau is bounded by the highly extended Basin 

and Range while to the east and north, it is bordered by the towering Laramide basement-

cored uplifts of the Rocky Mountains (Fig. 5.1). Tectonically, the Plateau is part of the 

Laramide province. It displays a number of basement-cored uplifts, similar in style to 

those of Wyoming and Colorado but the structural relief is generally lower (Fig. 5.1), 

despite the Plateau's location in the hinterland of the Laramide province. This 

observation has led to speculation that the lithosphere of the Colorado Plateau is 

anomalously strong and may have formed a quasi-stable indentor during the Laramide 

orogeny, plowing northeastward and pushing up the basement massifs of Colorado and 

Wyoming (Sales, 1968; Chapin andCather, 1981; Hamilton, 1981; Hamilton, 1988; 

Livicarri, 1991; Karlstrom and Daniel, 1993; Gather, 1999). 

Evidence for the high strength of the Plateau (relative to the Rocky Mountains) is 

largely circumstantial, however. The comparatively minor deformation of the Plateau 

can be equally well explained as the result of low tectonic stress. The goals of this paper 
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Fig. 5.1. Structure contour map of Laramide province (after King, 1969). Contours are in 
meters above sea level, drawn of top of Precambrian basement at 500m intervals. Large 
arrow represents regional Laramide maximum compressive stress direction (Erslev, 
1993) and dashed lines perpendicular to it are markers of foreland/hinterland position 
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are threefold: 1) to point out that the Plateau and the eastern Rocky Mountains form a 

structural continuum, that there is no hard evidence for a fundamental difference between 

them; 2) to propose that the minimal shortening of the Plateau is a predictable result of 

deformation driven by coupling with a flat slab; and 3) to show that the proposed 

translation and rotation of the Plateau are consistent with a normal, "bow and arrow" 

orogenic shortening profile and require no extraordinary microplate explanation. 

The Colorado Plateau 

The Colorado Plateau, like the Basin and Range and the Great Plains, is a 

physiographic province, defined by Fenneman (1930) on the basis of its landforms. The 

physiography of the Plateau and the surrounding regions is at least in part a reflection of 

geologic structure and the physiographic boundaries have thus become a part of the 

regional structural debate. It is not clear however, that the physiographic boundary 

separating the Plateau from the Rocky Mountains coincides with a tectonic boundary. 

The northern and eastern boundaries of the Plateau are drawn along the first uplifts 

exposing extensive areas of Precambrian basement. There is however nothing that 

fundamentally distinguishes these uplifts from the ones in the Plateau. All are 

compressional, basement-cored features controlled by reverse faults, which appear to cut 

much or all of the crust (Kelley, 1955b; Huntoon and Sears, 1975; Brown, 1993; Erslev, 

1993). All are low temperature uplifts that were pushed up at approximately the same 

time in the Late Cretaceous-early Tertiary (Dickinson et al., 1988; Brown, 1993). The 



126 

difference is simply a matter of size. Topographically and structurally, the uplifts of the 

Rocky mountains generally display somewhat greater relief than those in the Plateau. 

Regional structural contours (Fig. 5.1) reinforce this point. The structural 

transition from the Colorado Plateau to the Rocky Mountains is gradational across a wide 

region. Both the structural relief and the structural slopes are lowest on the southwest 

side of the Plateau and increase systematically toward the northeast, peaking in central 

Wyoming and Colorado. The transition from low to high takes place across much of this 

distance, rather than being concetrated in a narrow zone along the edge of the Plateau. 

Topographic relief (Fig. 5.2A) shows a similar pattern, rising quasi-steadily from the 

planar southwestern edge of the Plateau to a maximum in central Colorado and 

Wyoming. Instead of clearly dividing the Laramide province into two distinct regions, 

both topographic and structural relief show a relatively smooth gradation across the 

whole of the province. 

Geophysical and geochemical data also reveal no fundamental difference between 

the crust of the Colorado Plateau and that of the Rocky Mountains. Except along the 

very southeastern edge of the Plateau, contours of crustal thickness (Fig. 5.2B) show no 

marked correspondence with the edge of the Plateau, nor do contours of crustal average 

P-wave velocity (Fig. 5.2C). Crustal thickness for the Plateau is similar to that of the 

Wyoming Rocky Mountains and both are actually somewhat thinner than the crust of the 

Colorado Rocky Mountains. Similarly, while P-wave velocity contours vary across the 

region, it is difficult to discern any correlation between them and the physiographic 

boundaries. Admittedly, these data reflect the current state of the crust rather than its 
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Fig. 5.2. A) Topography of western US; B) Crustal thickness contours for western US 
(after Prodehl and Lipman, 1989); C) Crustal average P-wave velocities for western US 
(after Braile, 1989); D) Precambrian provinces and accretionary boundaries for western 
US (after Hoffman, 1989; Karlstrom and Humphries, 1998). 
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state during the Laramide orogeny, but with the exception of the Rio Grande rift along 

the southeastern edge of the Plateau, no younger tectonic events have overprinted this 

region. Data from the mid-Tertiary Rio Grande rift along the southeastern edge of the 

Plateau must be viewed with caution but for the rest of the region, there is no clear reason 

to believe that the Colorado Plateau was any more different from the Rocky Mountains 

during the Laramide orogeny than it is now. 

Although the Precambrian basement assemblages that underpin both the Rocky 

Mountains and the Colorado Plateau do show fundamental differences, their accretionary 

boundaries all trend northeast, cutting across the Plateau-Rocky Mountains boundary 

with complete indifference (Fig. 5.2D). These blocks span a range in crystallization age 

from 3400 Ma to 1600 Ma (Hoffman, 1989; Karlstrom and Humphries, 1998) and appear 

to have exerted a profound influence on tectonic events since the their accretion in the 

Proterozoic. Laramide magmatism and metallogenic provinces both follow Proterozoic 

boundaries (Karlstrom and Humphries, 1998) and many Laramide uplifts appear to 

reactivate Proterozoic faults (Huntoon and Sears, 1975; Brown, 1993; Marshak et al., 

2000). However, none of these features separates the Colorado Plateau from the Rocky 

Mountains. 

In sum, deformation increases steadily in intensity from southwest to northeast 

across the Laramide province without any sharp jump at the edge of the Colorado 

Plateau. Neither geophysical nor crustal assemblage data support the idea that the crust 

of the Plateau is somehow different from that of the Rocky Mountains. Attempts to 

explain the pattern of deformation must therefore focus elsewhere. 
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Deformation by Basal Traction 

Alternatively, the hinterland to foreland increase in Laramide deformation may be 

explained by a parallel increase in tectonic force. Such a variation in force is opposite to 

the typical fold-thrust belt pattern (Davis et al., 1983), but is consistent with the idea that 

Laramide deformation was driven by traction exterted on the base of the lithosphere by a 

shallowly-subducting slab (Dickinson and Snyder, 1978). 

In general, tectonic stress may be applied to a crustal block in one of two ways. 

Either it may be applied at the hinterland edge of the block as in continental collision and 

steep subduction, or it may be applied as a traction along the base of the block, as in flat 

slab subduction. In both cases, the deforming crust is subjected to a basal shear stress as 

it moves relative to the underlying material (whether that is mantle or subducting slab); 

the difference is whether that stress promotes or opposes shortening. 

In steep subduction, the basal shear opposes deformation as the crust is forced to 

shorten over a relatively stationary mantle. Assuming that the basal shear stress is 

approximately constant across the crustal block, then the total basal shear force grows 

with distance toward the foreland since force is equivalent to stress multiplied by the area 

over which it is applied. As a consequence, the net tectonic force available to drive 

deformation dwindles with distance toward the foreland. If crustal strength is 

approximately uniform, this produces a correspondingly diminishing intensity of 

deformation (Fig. 5.3). 

If tectonic stress is applied as a basal traction, the same principles apply but lead 

to nearly opposite predictions. Again, basal shear/orce grows with the distance over 
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which the basal shear stress is applied. In the hinterland, where the slab has been in 

contact with the overriding plate for only a short distance, the net force is low. In the 

foreland, where the contact distance is long, net force is high; indeed tectonic force peaks 

where the slab begins to roll over and descend into the mantle. Ahead of the descending 

slab (i.e. farther toward the foreland), the basal shear is a retarding force, similar to the 

edge-loaded case described above. 

In both cases, if the crust is reasonably uniform in strength, then the 

deformational intensity (i.e., the structural relief and spatial density of uplifts) can be 

expected to vary in proportion to the net tectonic force. For edge-applied tectonic stress, 

this means that deformation is greatest in the hinterland and decreases toward the 

foreland. For flat-slab subduction, on the other hand, this implies that the deformational 

intensity steadily increases toward the foreland until the point at which the slab begins to 

lose contact with the overriding crust and descend into the mantle. After that point, 

deformation is effectively driven by edge-loading and the trend in uplift size and spatial 

density may be expected to reverse (Fig. 5.3). For the specific case of the Laramide 

orogeny, both plate motion reconstructions (Coney, 1978; Engebretson et al., 1985; Stock 

and Molnar, 1988; Cole, 1990; Severinghaus and Atwater, 1990) and studies of uplift 

kinematics (Brown, 1993; Erslev, 1993) indicate that the principal compressive stress 

was directed approximately N60°E. Using that direction as a baseline along which to 

assess position within the orogen, the Colorado Plateau is the most hinterland element of 

the Laramide province (arrow and dashed Hnes in Fig. 5.1). By the predictions of this 

model, it should be the least deformed part of the Laramide orogen and the intensity of 
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deformation should steadily increase across it to the geographic point where the 

subducting slab began to lose its coupling with the North American crust. 

It is not the aim of this paper to address how stress is transmitted from a flat slab 

through the lower crust to produce the observed upper crustal deformation. That is an 

open question. Rather the point of this paper is that if the possibility is allowed, it 

provides a natural explanation for the observed large-scale pattem of deformation. 

Microplate Tectonics 

Inspired by interpretations of a strong Colorado Plateau, a number of authors have 

suggested that it behaved as a microplate during the Laramide orogeny and have looked 

for post-Mid Cretaceous rotation of the Plateau. These studies have incorporated 

paleomagnetic data (Steiner, 1986; Bryan and Gordon, 1990; Bazard and Butler, 1991; 

Kent and Witte, 1993; Molina Garza et al., 1998), geologically defined piercing points 

(Chapin and Gather, 1981; Karlstrom and Daniel, 1993; Woodward et al., 1997; Gather, 

1999), and forward modeling of kinematic data (Bird, 1998). All agree that since the Mid 

Cretaceous, the Plateau has rotated clockwise relative to cratonic North America and 

most of these studies have placed the pole of rotation somewhere near the northeastern 

comer of New Mexico. Interpreted amounts of rotation vary from <3° to about 15°, with 

most the most credible (G. G. Chase, personal communication, 2001) falling at the low 

end of that range. 

As Erslev (1993) has noted, these results are consistent with a normal "bow and 

arrow" shortening profile where shortening is least at the ends of the orogen and 
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increases along strike to a maximum somewhere in the middle. In the middle of the 

Laramide province, shortening across Wyoming (Fig. 5.1, line A-A') is approximately 

50km (Brown, 1988; Brown, 1993). At the southem end of the province, minimum 

shortening across north-central New Mexico (Fig. 5.1, line B-B') is very conservatively 

estimated at only 15km (based on Lindsey et al., 1983; Woodward, 1983). In order to 

maintain the continuity of the crust, the Colorado Plateau must move to fill the space 

created by orogenic shortening, which requires a clockwise rotation of 5.7°. Shortening 

across Wyoming is reasonably well constrained (Brown, 1988; Brown, 1993) and 

increasing the estimate of shortening across central New Mexico only decreases the 

predicted rotation. For instance, doubling the current value to 30km, reduces the required 

Plateau rotation to only 3.4°. Both of these Fig.s are within the range indicated by 

paleomagnetic and geologic data. In this respect, the Colorado Plateau may be analogous 

to a given region in the hinterland of a fold-thrust belt which moves toward the foreland 

as the thrust belt is shortened. In some sense, the movement of that region drives 

deformation farther toward the foreland but in the larger picture it and the rest of the 

thrust belt are simply responding to the imposed tectonic forces. 

Conclusion 

Structural, topographic, geophysical, and crustal assemblage data do not show a 

sharp transition from the Colorado Plateau to the neighboring Rocky Mountains, nor do 

they support the idea that the Plateau is fundamentally different from the Rocky 

Mountains. Laramide deformation shows a steady increase in intensity from the 
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southwestern edge of the Plateau to the high peaks of the Rocky Mountains near the 

foreland edge of the orogen. The deformational pattern is better explained as the result of 

forelandward-increasing tectonic force which is a predictable result of basal traction 

produced by coupling of the North American crust and a subducting oceanic slab. The 

consequent northeastward translation and clockwise rotation of the Colorado Plateau is 

consistent with a normal along-strike orogenic shortening gradient and does not require 

an extraordinary niicroplate scenario. 
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