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ABSTRACT 

The Elk Mountains of western Colorado expose Pennsylvanian-Permian strata 
that were deposited along the western margin of the Ancestral Central Colorado Trough.  
These rocks were displaced southwestward in Late Cretaceous-Early Paleogene time 
along the northeast-dipping Elk Range thrust system.  The thrust system trends southeast 
from Redstone, CO to the Fossil Ridge wilderness and includes the en echelon Elk Range 
and Brush Creek thrust faults. 

This thrust system represents the deeply eroded up-plunge core of a major 
Laramide basement-cored fold in western Colorado, the Grand Hogback monocline.  The 
emergence of the thrust system from the fold’s core is well documented at all scales of 
geologic mapping over the northwest end of the system.  This surface relationship is 
undemonstrated in previous structural interpretations, which invoke a mechanism of 
gravity sliding within the sedimentary package, induced by vertical basement uplift.  To 
the southeast a critical portion of the system had remained unmapped in any contiguous 
detail.  This critical area exposes the basement roots of the thrust system, as it merges 
with the reverse-faulted southwestern margin of the Laramide Sawatch Range basement 
arch. 

This thesis presents a new structural architecture for the Elk Range thrust system 
through: 1) new 1:24,000 scale mapping of the emergent root zone, 2) regional balanced 
cross-section analysis 3) demonstration of a genetic relationship with the Grand Hogback 
monocline, and 4) consideration of contemporary basement-involved foreland contraction 
models. 

The fault system is a basement-rooted, right-stepping, en echelon thrust front.  
The Elk Range thrust sheet is truncated by high-angle reverse faults to the east and the 
Brush Creek thrust becomes steeper and merges with reverse faults to the southeast.  The 
western Sawatch front shows evidence for late-stage, north-south directed contraction.  

Thus, the Elk Range thrust system represents an inverted segment of the western 
Ancestral Colorado Trough.  Structurally, it represents a transitional deformation regime 
between fold-shortening (Grand Hogback monocline) and high-angle reverse-faulting 
(Sawatch arch).  Together, this tectonic continuum marks Colorado’s westernmost 
Laramide deformation front against the Colorado Plateau.  Younger deformation is 
observed and discussed with respect to the region’s dynamic transition from Laramide 
contraction to Rio Grande rifting. 
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CHAPTER 1 

BACKGROUND AND FOCUS 

Introduction 

The Elk Mountains are a northwest-southeast trending range of high peaks in 

southwest Colorado.  To the northwest they rise between the towns of Redstone and 

Carbondale Colorado, and then continue for more than 90 km southeastward into Taylor 

Park and the Fossil Ridge Wilderness Area.  Regionally the range is bounded to the north 

by the White River uplift and Grand Hogback monocline (GHM), to the east by the 

Sawatch Range basement arch, to the south by the Gunnison uplift, and to the west by the 

Piceance Basin and West Elk volcanic field (Fig. 1).  The Elk Mountains expose a thick 

Pennsylvanian-Permian section displaced southwestward in late Cretaceous-early 

Paleogene time along a system of northeast-dipping thrust faults: the Elk Range thrust 

system (ERTS).  The thrust faults emerge from the southeast end of the west-facing, 

north-plunging GHM (Fig 1).  The thrust system juxtaposes coarse clastic rocks of the 

Pennsylvanian-Permian Gothic and Maroon Formations above the Cretaceous Dakota 

Formation and Mancos Formation.  The ERTS is structurally bounded to the east by the 

margin of the Sawatch arch; a west-facing, basement-cored monocline of Proterozoic 

through Mississippian rocks, displaced along high-angle, east-northeast dipping reverse 

faults. 

The Elk Mountains have been studied intermittently since the early surveys of the 

western U.S. (e.g. Hayden, 1874).  However, they remain a major data gap in Colorado 
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geology.  1:24,000 scale geologic mapping has never been compiled for the southeast end 

of the range, a necessity for structural analysis of this complex area.  In depth structural 

research has not been conducted since the mid 1960’s and 1970’s (Prather, 1964; 

Zoerner, 1974); consequently, the late Cretaceous-early Paleogene structures of the Elk 

Mountains have remained in the shadow of significant advances in understanding the 

Laramide orogenic event, reflecting more than 50 years of research throughout the Rocky 

Mountain foreland.  These deficits in geologic understanding of the Elk Mountains partly 

reflect the rugged topography, high elevation, complex geology and extensive igneous 

overprinting throughout the range. 

The research herein was focused on the geometric and kinematic relationships of 

the ERTS; it provides a modern dataset and regionally compatible structural 

interpretation.  Fieldwork was conducted from July 1st to October 28th 2006 and yielded a 

1:24,000 scale, ArcGIS based, composite geologic map covering the unmapped portion 

of the Elk Mountains in Gunnison and Pitkin counties, Colorado (Plate 1). 
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Figure 1. Regional tectonic setting of the Elk Range thrust system with respect to the 

Colorado State Geologic Map (Tweto, 1979).
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Figure 2. Major structural features and referenced points of the Elk Range. 
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Previous Work 
 
 

 The Elk Mountains were first documented by the Hayden survey during the 

summer of 1873 (Hayden, 1874).  Their observations led them to describe the area as the 

“great fold and fault of the Elk Mountains.”  After completing a transect farther south 

from their initial focus area, near Aspen, they dismissed the southern Elk Mountains as 

“…a most complicated piece of geologic work…” (Hayden, 1874).  William Henry 

Holmes, a distinguished member of Hayden’s 1873 field crew, returned the following 

year to map the geology of the northern portion of the range (Hayden, 1875). 

 Further U.S. Geological Survey mapping was published in the late 19th century by 

G. H. Eldridge in the Anthracite-Crested Butte Folio (USGS, 1894).  The folio covered 

the Anthracite and Crested Butte quadrangles describing the stratigraphy and igneous 

bodies of that area.   

 Between 1898 and 1953, numerous reports/papers were published referencing the 

Elk Mountains and/or Sawatch Range; most of these publications were based on local 

economic geology interests or general stratigraphic relations across Colorado and 

included papers by: Spurr (1898), Crawford (1913), Crawford and Worcester (1916), 

Myers (1917, 1919), Kirk (1930, 1931), Stark and Barnes (1932, 1935), Vanderwilt 

(1935a, 1935b), Brill (1942, 1944, 1952), J. H. Johnson (1944), Brown, Johnson, Phillips, 

and Vitz (for the New Jersey Zinc Company, 1952), and Langenheim (1952).  These 

references were compiled and summarized in Fred F. Meissner’s thesis (1954) on the 

geology of Spring Creek Park, Gunnison County, Colorado.  Meissner’s work followed 
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the Spring Creek drainage northward from Kirby Gulch to Buck Gulch and covered 

approximately 2 kilometers on either side of Spring Creek (Fig. 3).    

 In 1961, Thomas O’Connor completed a thesis titled “The Geology of an Area 

West of Taylor Park.”  This thesis overlapped Meissner’s map at Buck Gulch and 

continued northward to Rocky Point, extending mapping from the Spring Creek drainage 

eastward to Taylor Park and Taylor Canyon (Fig. 3)). 

 The first, and last, comprehensive interpretation of the structural system in the Elk 

Mountains was proposed by Thomas Prather (1964).  This dissertation included 1:24000 

mapping across a large portion of the Elk Mountains, covering the area roughly between 

Aspen and Crested Butte from Snowmass Mountain to Cement Creek in Gunnison 

County (Fig. 2 & 3).  In addition to a thorough description of the sedimentology and 

stratigraphy within the broad map area, he built upon structural interpretations discussed 

in his masters thesis (1961), centered at the headwaters of Spring Creek.  His 

interpretations explained the asymmetric folding and low-angle thrusting within the Elk 

Mountains by way of the dominant thrust belt paradigm of the day, gravity sliding, in this 

case from the roof of the vertically-uplifted Sawatch arch.   

 Concurrent with Prather’s Ph.D. work in the Elk Mountains (1964), Bruce 

Bartleson was completing a dissertation on the sedimentology and stratigraphy of the 

Pennsylvanian Gothic Formation in the Elk Mountains.  Further contributions on the 

Pennsylvanian-Permian system were published by Bartleson, first in 1968 defining the 

regionally distinct nomenclature and unit boundaries of the Gothic and Maroon 
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Formations, then in 1972 delivering a comprehensive stratigraphic framework and 

geologic history of the greater Crested Butte area.   

 Bruce Bryant of the U.S. Geological Survey has conducted extensive work 

throughout the northern Elk Mountains including authorship of the Maroon Bells (1969) 

and Hayden Peak (1970) 1:24000 geologic quadrangles (Fig. 3).  He proposed a possible 

window in the ERT sheet, based on localized highly disrupted bedding in an area along 

Castle Creek (Bryant, 1966).  He also published a USGS professional paper on the sulfide 

deposits of the eastern Elk Mountains in 1971 and in 1979 published another USGS 

professional paper on the geology of the Aspen 15-minute quadrangle, Pitkin and 

Gunnison Counties, Colorado.  

 Roy (1973) completed a masters thesis on the Italian Mountain intrusive complex.  

His map area covered Italian Mountain and extended eastward to include the Stewart 

Mine basin and American Flag Mountain (Fig. 3). 

 Fredrick P. Zoerner (1974) extended the structural system and kinematic 

mechanism of Prather (1964) southeastward from Cement Creek to Star and Stewart 

Basins over American Flag Mountain and the upper Spring Creek drainage (Fig. 3).  His 

interpretation suggested the exposure of the “heel” of the ERT sheet.  The term “heel”, 

introduced by Zoerner, reflects a gravity driven interpretation for exposure of the faulted 

forelimb of the basement-involved Sawatch arch in high-angle, fault-contact with the 

mechanically detached cover-rocks of the ERT sheet.  Thus, the “heel” of the ERT sheet 

is embodied by a west-vergent syncline in mechanically detached strata, which forms the 

eastern margin of the Elk Range thrust sheet. While he utilized gravity-sliding as the 
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likely cause for this structural relationship, similar mechanical responses and structural 

relationships have been routinely documented along faulted-forelimb settings throughout 

the Laramide foreland and likely demonstrate accommodation of displacement along 

basement involved reverse faults into the overlying strata (Mitra and Mount, 1998).  

Thus, the term “heel” will not be used in this thesis.   

 Ogden Tweto (USGS) produced some of the most beneficial tools used in this 

thesis for integrating local interpretations with the greater Colorado region.  Specifically, 

his publications on the geologic history of western Colorado and nature of the Colorado 

mineral belt, the current 1:500,000 State Geologic Map of Colorado (1979) and his 

Proterozoic basement map of Colorado, were all fundamental cornerstones in 

synthesizing a dynamic structural interpretation for the Elk Mountains. 

 Ray L. Chilcote (1991) completed a thesis on “The Geology of the Deadman 

Gulch Drape Fold and the Surrounding Area, Upper Spring Creek Canyon, Gunnison 

County, Colorado.”  The map area covered Deadman and Rosebud Gulches, a portion of 

Salisbury Gulch, and extended across the Spring Creek valley to the Doctor’s Mine area 

(Fig. 3). 

Two unpublished undergraduate senior theses from Western State College of 

Colorado produced geologic maps of two prominent peaks within the study area.  Their 

maps proved useful and expedited navigation through that difficult terrain during field 

mapping for this project.  Andrew Lockman completed a mapping project of the Double 

Top Mountain area between Brush Creek and Cement Creek in 2000 and Keri Nelson 
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completed a geologic map of the Cement Mountain area between Cement Creek and 

Spring Creek in 2003 (Fig. 3). 

 Wawrzyniec and others (2002) used kinematic data along the Colorado Plateau 

margin to demonstrate dextral shear between the plateau and North American craton.  

Four of their sampling sites (Elk Range, Castle Creek fault zone, Pearl Pass, and 

Whiterock Pluton) were located within the field area of this thesis. 

 Coogan and others (2005) published the geologic map for the Almont 7.5’ 

quadrangle (Fig. 3), which marks the western margin of the area studied in this thesis.  

The Almont map provided a balanced and restored cross-section which is included herein 

and extended to the northeast. 

 
Research Problem 

 

Previous, gravity-slide, structural interpretations of the ERTS are anomalous 

amongst contemporary understanding of Laramide contraction of the Rocky Mountain 

foreland.  Previous interpretations fail to satisfy several geometric constraints: 1) A 

genetic link between the ERTS and the GHM is well documented at all scales of 

published mapping over that area.  This is manifested through surface exposure of the 

ERT in the eroded core of the fold, as well as through forelimb-offset at the southeastern 

(up-plunge) end of the GHM (Fig. 2).  2) As a northwest-plunging continuum, the GHM-

ERTS exposes progressively deeper structural levels southeastward; southeastern 

exposures demonstrate that the roots of the thrust system displaced strata older than the 
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previously claimed detachment-horizon (Prather, 1964; Zoerner, 1974) and merge with 

the high-angle basement fault zone of the Sawatch arch.  3) The previous subsurface 

structural geometries are un-restorable.  Prior structural syntheses reflect the 1950’s-

1960’s Laramide paradigm of vertical tectonics, which has largely been discounted 

through extensive reflection seismology, deep range-front drilling of basement 

overhangs, and balanced cross-sections.  Lacking a modern structural study, the ERTS 

has, by default, continued to be referenced as a gravity-slide feature generated by the 

vertically uplifted Sawatch block.  

To address these issues, this research concentrated on the following questions 

regarding the structural setting of the Elk Mountains:  1) What is the detailed continuous 

map relationship between the Sawatch basement arch and its thrust-faulted western 

margin?  2) What do those map relationships demand with respect to balanced subsurface 

interpretations?  3) How does a surface-constrained architecture for the ERTS compare to 

contemporary models for basement-involved foreland contraction?   

To these ends, this thesis delivers first, a 1:24000 scale geologic map that links 

two previously segregated areas of published mapping at this scale.  Second, a suite of 

regional balanced cross-sections and their restorations are presented.  And finally, those 

interpretations are discussed in context with contemporary understanding of structural 

styles of the Laramide foreland. 
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Figure 3. Compilation of geologic mapping across the Elk Range.  Field area in red. 
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CHAPTER 2 

DESCRIPTION OF MAP UNITS AND MECHANICAL PROPERTIES 

Precambrian through Quaternary rocks are exposed throughout the Elk 

Mountains, with the exception of Silurian units (and Triassic south of Aspen; Plate 1).  

This thesis focused on strata mechanically involved in Laramide contraction.  Therefore, 

Paleogene and Neogene sedimentary rocks were not mapped or included in the balanced 

cross-sections (Plates 1 & 2).  Discussion of structural deformation in the following 

sections titled Mechanical Properties will be set within a reference-frame regarding scale, 

as the continuity of deformation is a function of the scale of observation (Donath & 

Parker, 1964). 

Cretaceous 

The Cretaceous section with in the study area contains three formations: the Burro 

Canyon Formation, the Dakota Formation and the Mancos Formation.  The late 

Cretaceous-early Paleogene Mesa Verde Formation is present west of the deformation 

front in the published map area, but was not crossed by any of the cross-section lines. 

The Mancos Formation (Cross, 1899; in Prather, 1964) consists of a very thick 

succession of black shale with interbedded limestone and sandstone.  It conformably 

overlies the Dakota Formation in the region with a gradational contact (Coogan et al, 

2005).  It is dominated by dark-gray to black, thin-to massively-bedded, fissile shales.  

This sequence is interpreted as deep-marine with interstitial sandstone bodies interpreted 
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as hyperconcentrated subaqueous flows and/or storm deposits (Coogan et al, 2005).  

Regionally, the formation exceeds 1500m in thickness and its top is rarely preserved in 

the field area.   

The Dakota Formation (originally named by Meek and Hayden (as cited in 

Prather, 1964) for exposures near Dakota, Nebraska) is composed of nearly pure, fine-

grained, quartz sandstone with rare shale beds.  The base is marked through most of the 

field area by a basal, well-rounded, chert pebble conglomerate ~1m thick.  The thickness 

of the formation varies between 30m-60m in the field area (Prather, 1964).  The Dakota 

is interpreted to represent the transgression of the Western Interior Cretaceous Seaway 

(WIKS).  As described by Coogan et al (2005), the conglomerate and trough cross-

stratified sandstone at the base represent braided fluvial systems; the unit then fines 

upward into brown-tan, fine-medium-grained, laminated sandstone and shale with coal 

rich silt beds, representing low-energy coastal swamp environments.  The upper third 

consists of yellow-white, fine-medium-grained, ripple laminated, planar tabular and 

herringbone cross-stratified sandstone with significant bioturbation higher in the section, 

representing shallow, tide-influenced marine deposition.  Continued transgression is 

marked by increasing shale content and low-energy sedimentary structures in the highest 

levels of the section.   

The Burro Canyon Formation has a basal conglomerate up to 3m thick composed 

of cross-bedded chert pebble conglomerate that fines upward into fine-grained sandstone 

(Coogan et al, 2005).  The rest of the formation consists of variously colored claystone 

and mudstone that is nearly identical to the underlying member of the Morrison 
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Formation.  Often the two are indiscernible and therefore are combined in the Almont 

geologic quadrangle (Coogan et al, 2005).   

 
Jurassic 

 
 

The Jurassic section within the study area consists of the Junction Creek 

Sandstone and the Morrison Formation.   

The Morrison Formation (Eldridge, 1896) has two members: the lower Salt Wash 

Member and the upper Brushy Basin Member.  In the map area the lower member is 

either missing or indistinguishable and is mapped as Jm, undifferentiated within the 

Almont quadrangle.  The overlying Cretaceous Burro Canyon Formation deeply scours 

into the Brushy Basin Member; where basal conglomeratic sandstone of the Burro 

Canyon Formation is missing; the two units are indistinguishable in the Almont 

quadrangle and were mapped as KJbb undifferentiated (Coogan et al, 2005).  

 The Brushy Basin Member is composed of heterogeneously distributed 

lithologies of green siliceous claystone, red silty shale, gray limestone, and sparse 

sandstone and conglomerate lenses (Coogan et al, 2005).  The member represents 

deposition over a broad, low-relief fluvial floodplain.  Shale and siltstone horizons are 

structureless to laminated floodplain deposits, whereas sandstone and conglomerate 

bodies are low energy fluvial channel deposits (Coogan et al, 2005).  It is recognized in 

the field on covered slopes by float of red and green shale chips.  The Brushy Basin 

Member can be as thick as 70m, including the indistinguishable Burro Canyon Formation 

(Coogan et al, 2005).  
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Figure 4. Mechanical divisions within the ERTS stratigraphy, showing structural-lithic beams separated by incompetent shaley 
horizons.  Stratigraphic thicknesses are to scale, fault geometry is diagrammatic. 
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Figure 5.  Hunter’s Hill thrust segment of the Elk Range thrust, showing Pennsylvanian 
Gothic Formation in low-angle thrust-contact with Cretaceous Mancos Formation.
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 The Salt Wash Member of the Morrison Formation is tan-reddish brown fine- to 

medium-grained sandstone with less common pebble conglomerate, composed of red and 

green intraclasts (2-3cm) (Coogan et al, 2005).  It is trough cross-stratified with less 

common horizontal bedding and low-angle cross-stratification.  The Salt Wash Member 

attains a thickness of 7m in the Gunnison and Almont areas and thins to zero eastward 

(Coogan et al, 2005).  The Salt Wash Member represents deposition in channels of a 

braided river system and forms a sharp, conformable contact with the underlying Junction 

Creek Sandstone. 

 The Junction Creek Sandstone consists of well-sorted, fine- to medium-grained, 

yellow-white quartz sandstone.  It is 25m-40m thick and is composed of large scale 

crossbed sets up to 5m thick; the lower 3m-5m of the formation is medium- grained, 

wavy to horizontally bedded sandstone (Coogan et al, 2005).  These lithologies are 

interpreted to represent a shallow marine setting in the lower part and an eolian dune 

environment in the upper part.  In the Almont quadrangle the Junction Creek Sandstone 

nonconformably overlies Precambrian basement to the west and forms an angular 

unconformity with the Maroon or Gothic Formations to the east (Coogan et al, 2005).  To 

the north, where the Junction Creek is exposed in the footwall of the Brush Creek thrust, 

it is structurally thinned and severely fractured; few slicken-surfaces were observed in-

place.  Other authors have mapped this unit in the field area as the Jurassic Entrada 

Sandstone (Prather, 1964; Zoerner, 1974; Mutschler, 1970), which is present to the north 

and west in the Aspen and Piceance areas.  In fact, the Junction Creek Sandstone is 

gradationally overlain by the lower Salt Wash Member of the Morrison Formation, based 
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on intercalation exposed east of Gunnison (Bartelson and Jensen, 1988), this relationship 

disallows correlation with the Entrada Sandstone and equates the Junction Creek to the 

Bluff Sandstone, which intertongues with the lower Morrison Formation in southeast 

Utah (O’Sullivan, 1980).    

 
Mechanical Properties: 

  Under deformation conditions the Mancos Formation is highly ductile at map 

scale.  The fissile shale and thin carbonate beds exhibit disharmonic folding at the 

deformation front and in footwall exposures of the ERTS; this is best observed in the area 

of Schofield Park and Treasure Mountain (Plate 1).  The Mancos forms the upper 

décollement horizon for the Elk Range and the Brush Creek thrusts (Plate 2; Fig.4 & 5). 

The Dakota Formation is exposed in the footwall of both the Elk Range and Brush 

Creek thrusts (Plates 1, 2), where it is fractured to brecciated and forms small cliff bands 

and talus slopes on the west flanks of Double Top Mountain and Hunter’s Hill.  Along 

the ERTS deformation front, the formation is folded harmonically with the underlying 

Jurassic section in the Schofield syncline, Whiterock anticline and Jack’s Cabin Syncline 

(Plates 1, 2).  The Jurassic and lower Cretaceous units (Jm-Kd) were combined in cross-

section analysis, as they share deformed-state geometries and represent a combined 

thickness of only ~225m. 

 
Triassic 

 
 

 The Triassic State Bridge Formation (Donner, 1936) pinches out southwest of 

Aspen and is absent through most of the field area (Plate 1).  Where it is preserved, it 
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consists of gray-red to orange sandstone and siltstone with interspersed conglomerate.  

Much of the material in the State Bridge Formation is derived from the underlying 

Maroon Formation, as it is nearly identical in composition with more rounded grains and 

less feldspar and carbonate (Bryant, 1979).    

 
Pennsylvanian – Permian 

 
 

 Three formations make up the Pennsylvanian-Permian system in the field area: 

Belden Formation, Gothic Formation, and Maroon Formation.  The Pennsylvanian-

Permian boundary is difficult or impossible to locate in outcrop, but is generally accepted 

to be within the lower Maroon Formation (Prather, 1964).  The Permo-Triassic boundary 

may lie within the uppermost beds of the Maroon Formation (Bartelson, 1972).  These 

formations are interpreted to have been deposited in basins within the ancestral Central 

Colorado Trough. 

 The Maroon Formation represents the eastward expanding bajada and fluvial 

system that flanked the ancestral Uncompahgre and San Louis uplifts.  It is age 

equivalent to the Fountain Formation of the Colorado Front Range.  It intercalates with 

the Weber Sandstone to the northwest and continues as the Sangre de Cristo Formation 

and Crestone Conglomerate to the southeast.  The Maroon Formation thickens eastward 

from zero to >3100m in the field area (Prather, 1964; Bryant, 1969).  It consists of pink-

orange to red-purple conglomerate, sandstone, siltstone, shale and rare limestone.  

Conglomerate units contain both clast-supported and matrix-supported clasts of 

limestone, quartzite, and metamorphic and plutonic basement.  Arkosic and limestone 
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pebble-cobble conglomerate dominate the western facies and fine eastward into siltstone 

and shale in the Aspen area (Prather, 1964).  Conglomerate facies are laterally 

discontinuous and contain trough, planar tabular and low-angle cross bedding.  Finer 

grained facies exhibit the same various styles of cross bedding as well as horizontal 

lamina.  The Maroon Formation conformably overlies the Gothic Formation with a 

gradational contact. 

 The Gothic Formation (Langenheim, 1952) conformably overlies the Belden 

Formation with a gradational contact.  The Gothic Formation is depositionally equivalent 

to the Minturn Formation found farther to the northeast, representing clastic deposition 

along marine shorelines proximal to ancestral mountain fronts.  The two formations are 

separated by thick evaporite units (the Eagle Valley Evaporite) deposited in the center of 

the paleo-basin and therefore do not have directly correlative units.   The Gothic 

Formation is dominated by brown-gray, calcareous, arkosic sandstone, siltstone and 

conglomerate.  Cyclic interbedded gray marine limestone can be traced through the Elk 

Mountains.  Bartelson (1972) recognized three, regionally exposed, marine limestone 

members: the Taylor River Limestone, the Brush Creek Member and the Jack’s Cabin 

Limestone.  Bartelson (1972) redefined the contact with the overlying Maroon 

Formation, previously based on the brown-to-red color change (Langenheim, 1952), to 

the top of the Jack’s Cabin Limestone. The stratigraphic position of the color change 

varies greatly with respect to the top of the Jack’s Cabin Member.  The Taylor River 

Limestone is a dark gray, fossiliferous limestone up to 70m thick.  The Brush Creek 

Member is ~80m of thinly bedded limestone and coarse sandstone.  The Jack’s Cabin 
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Limestone is a prominent dark gray, fossiliferous limestone.  These three marine 

limestones are separated by brown-gray sandstone, conglomerate and siltstone.  The 

sandstones range from fine-to very coarse-grained and exhibit trough cross-stratification, 

ripple cross-stratification and horizontal stratification.  The conglomerates range from 

clast-to-matrix supported with individual clasts largely composed of rounded, gray 

limestone with less common quartzite, granite and metamorphic clasts (Coogan et al, 

2005).  The Gothic Formation has an average thickness of 550m, but exposures vary 

greatly through the field area due to structural thickening and thinning along thrust 

contacts.  Structural complications make it difficult to distinguish the three members in 

hanging wall exposures; thus the formation is mapped as IPg undifferentiated. 

The Belden Formation (Brill, 1942) is composed of thinly bedded fissile black 

shale with interbedded gray-black limestone units (Fig. 7a).  The base of the Belden is 

marked by a thin unit of coarse-grained to conglomeratic sandstone and quartzite.  The 

only place this quartz-rich unit was observed in the field area was in the overturned 

section between Stewart and Star basins, east of Italian Mountain.  The limestone units 

are concentrated in the lower part of the formation and the overlying shale section grades 

into sandstones of the overlying Gothic Formation.  The formation is contact 

metamorphosed around intrusive bodies to hornfels and marble.  This metamorphism is 

best exposed at Italian Mountain where alternating orange and white meta-sediments 

form the summit and south flank of the mountain (Fig. 7b).  The Belden has an average 

thickness of 150m and thickens eastward toward the paleo-basin axis to more than 500m 

(Bryant, 1979). 
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Mechanical Properties:   

The Maroon Formation is asymmetrically folded to the southwest along the ERTS  

deformation front at map scale (Plate 1, 2).  The Maroon Formation is the dominant 

structural-lithic unit of the ERTS and macroscopic folding is accomplished through 

mesoscopic fracturing.  It is most commonly exposed in the hanging wall of the ERTS, 

and in the footwall of the moderate-high angle faults of the Sawatch uplift and Cement 

Mountain block.   

The Gothic Formation forms the lower portion of the structural-lithic beam 

dominated by the Maroon Formation (Fig. 4).  It is likewise macroscopically folded to the 

west along the deformation front through complex mesoscopic fracture sets.  Along the 

Sawatch front, flanking Italian Mountain, the Gothic Formation is brecciated and 

weathers into mounds and pillars (Fig. 6).  Bryant (1979, p.26-27) described similar 

breccia mounds in the Hayden quadrangle.   

Interpretations vary regarding the formation of the breccia.  Some outcrops in the 

Hayden quadrangle suggest the breccia is closely associated with flowage and removal of 

underlying evaporites (Bryant, 1979).  However, other brecciated outcrops there, and at 

Italian Mountain, appear to be unrelated to halo-kinesis and may instead be related to 

proximity to faulting, magmatic intrusion and/or significant hydrothermal alteration.  

Further, the contact between Gothic and Belden, near the pillars, is indiscernible and the 

pillars may incorporate, or be entirely composed of, Belden Formation. 

 The Belden Formation behaved as a very ductile horizon, which flowed 

into the cores of anticlines and synclines.  Significant localized tectonic thickening and 
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thinning in the formation are observed along strike of the Sawatch front.  In Stewart 

Basin, between American Flag Mountain and Italian Mountain, the Belden is radically 

thickened and chaotically folded (Plate 1; Fig. 7).  The formation acts as a common basal 

décollement within the ERTS and marks the mechanical interface between basement 

blocks and cover rocks (Fig. 4; Plate 2).  Several intrusive bodies have exploited the 

mechanical weakness of this formation and are localized within it, for the most part in the 

thickened cores of hanging-wall anticlines (Plate 1). 

 
Mississippian 

 
 

 The Leadville Limestone (Emmons, 1886 in Prather, 1964) generally consists of 

two members: a lower member of alternating limestone and dolomite with sandstone at 

its base, and an upper member of massively bedded gray limestone (Prather, 1964).  The 

Leadville thickness typically ranges between 30m and 60m.  The formation can thicken 

or thin greatly over short distances due to structural accommodation, karsting, or pre-

Pennsylvanian erosion.  Isolated alteration to iron-rich jasperoid is common within the 

Leadville and is easily recognized as red-brown outcrops and talus surrounded by 

unaltered gray limestone (Fig. 8a).  The jasperoid outcrops are neither restricted to, nor 

typical of, structurally deformed zones within the Leadville Limestone.   

 
Mechanical Properties: 
 
The formation can be severely deformed by cataclasis and semi-ductile deformation 

along the Sawatch front.  Significant cataclasis and calcite recrystallization are common 

along the Sawatch front and intensified near intrusions (Fig. 8b).  Near the Italian 
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Mountain intrusive complex, hydrothermal dolomitization and large-scale brecciation 

obscure contacts between the largely carbonate Ordovician-Mississippian sequence (Fig. 

8c, d).  Where the individual units within the lower Paleozoic carbonate section are 

distinguishable along strike, they are harmonically folded and act as a competent 

structural-lithic beam, along with the Cambrian section, conforming to the basement 

contact.      

  
Devonian 

 
 

 The Chaffee Formation (Kirk, 1931) consists of two members, the lower Parting 

Sandstone and the upper Dyer Dolomite.  The Dyer Member is composed of gray, 

medium-bedded dolomite and dolomitic limestone; this often makes it difficult to 

distinguish from the overlying Leadville Limestone (Prather, 1964).  The Parting 

Member consists of brown sandstone, yellow-brown, greenish-brown and maroon shale, 

mudstone and thin limestone (Prather, 1964).  The Chaffee Formation thickness varies 

widely across the field area from 30m-120m. 

 
Mechanical Properties: 
 
 The Chaffee section deforms as part of the larger structural beam formed by 

the bounding Ordovician and Mississippian units.  Evidence of fluid migration and 

pressure solution are common in the Chaffee.  The carbonate units have localized 

development of pencil structures; in those areas the lineations are oriented appropriately 

with surrounding structural elements (synclinal fold-axes) to have formed in response to 

structural crowding (Fig. 9). 
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Figure 6. Brecciated Gothic and/or Belden Formation on the north flank of Italian Mountain.
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Figure 7a. Relatively undeformed Belden Formation in Upper Spring Creek, thinly 
bedded limestone and shale comprise the lower section of the formation.



27 
 

  

 
Figure 7b.  Summit of Italian Mountain (13,378’); Contact-metamorphosed Belden 
Formation (orange), intrusive rock (grey).  
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Figure 7c.  Disharmonic folding in the Belden Formation along the divide between 
Stewart and Star basins.  Small dextral fault in the near limb and the only observed 
outcrop of the basal Belden conglomerate (white dashes), shown here overturned between 
the Leadville Formation (grey cliffs) and topographic saddle. 
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Silurian 
  

 
(Not present in field area) 
 
 

Ordovician 
 
 

 The Ordovician system in central Colorado consists of three formations: Freemont 

Formation (Walcott, 1892; in Prather, 1964), Harding Formation and the Manitou 

Formation (the standard term “Manitou” was proposed by Johnson (1934) to replace the 

variety of names used by multiple authors throughout Colorado describing carbonate 

units equivalent to the Manitou Limestone near Colorado Springs (Prather, 1964)).  All 

three formations crop out at different places within the field area.  However, the 

Freemont Limestone and Harding Sandstone are often too thin to map at 1:24,000 scale, 

missing, indistinguishable, or are untraceable for significant distances.  Thus, these units 

are combined with the more prominent Manitou Dolomite in the map area as Om.  The 

Manitou varies between 80m-100m in the field area; the Harding does not exceed 4m; 

and the Freemont varies between 5m-25m.  An undifferentiated average thickness of 

100m was used in the cross-sections herein.   

 The Freemont Limestone consists of massively bedded, dark gray dolomite with a 

rarely exposed, thin purple, unit at its base.  The Freemont unconformably overlies the 

Manitou Dolomite throughout the field area, sometimes with 2m or more of relief along 

their contact.   

 The Harding Sandstone is thin or, more often, missing within the field area.  

Where it is exposed in the map area, it is purple-brown, coarse-grained sandstone.  It not 
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only represents a break in carbonate sedimentation, typical of regional Ordovician 

environments, but also contains fish scales of primitive fish (Prather, 1964).  

 The Manitou Dolomite consists mostly of finely-crystalline gray dolomite with a 

coarse-crystalline brown dolomite at its base (Prather, 1964).  The Manitou is often easily 

recognized by large, white chert nodules and stringers (white is most common, but tan to 

dark gray variations were also observed).  Chert is present in varying concentrations 

above the lower 30m of the formation (Prather, 1964); the chert from the Manitou 

provides a conspicuous float marker on covered slopes throughout the field area.   

 
Mechanical Properties: 
 
 The Manitou Dolomite and other Ordovician units deform as part of a larger 

structural-lithic beam spanning the Mississippian-Cambrian section.  The Ordovician 

section shows less fluid alteration along strike than the Mississippian units.  Ductile 

folding was facilitated by syn-contraction burial depths in excess of 10km. 

 
Cambrian 

                     

 The Sawatch Quartzite (Eldridge, 1894) crops out along the western Sawatch 

Range, to the north near McCoy, CO, and to the  south near Salida, CO (Prather, 1964).  

Total Sawatch thickness varies between 70m and 100m within the field area and is 

comprised three members of variable development/preservation.   

The lower member is thin- to massive-bedded, white quartzite with a basal quartz 

clast conglomerate.  The conglomerate ranges from 0-7m thick across the study area and 

is composed of well-rounded quartz pebbles 2-6 cm in diameter.  Cross-bedding is well 
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Figure 8.   A) Jasperoid alteration; outcrop is isolated amongst relatively undisturbed 
Leadville Limestone.  B)  Carbonate brecciation and calcite recrystallization near Mt. 
Tilton.  C) Leadville Limestone overturned (30-45o) to southwest; color changes are 
stratigraphically influenced hydrothermal alteration (inset).   D) Overturned (70-85o) and 
altered Mississippian-Ordovician section near Italian Mountain 
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Figure 9. Pencil structures in dolomite of the Chaffe Formation located in the north 
cirque of Matchless Mountain; long axis cleavage plane averages trend and plunge (137, 
60), sub-parallel to the local synclinal axis.  Mechanical pencil for scale. 
 

developed within the conglomerate and some of the lower quartzite beds (Prather, 1964).   

The rest of the member grades upward from medium- to coarse-grained sandstone and 

quartzite to massive cross-bedded, fine-grained quartzite and dolomitic sandstone.  The 

middle member is a thick brown, thinly bedded, fine-grained sandstone to siltstone with 

interbeds of gray quartzite.  The upper white quartzite member overlies the brown 

member.  It is lightly to strongly cross-bedded, massive, fine-grained quartzite, similar 

overall to the lower unit. 
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Mechanical Properties: 
 
 The Sawatch Quartzite is exposed along the crest and forelimbs of the basement 

blocks that define the western margin of the Sawatch arch.  Individual basement blocks 

plunge to the northwest along the structural front; exposures of the Sawatch Quartzite 

become progressively steepened to overturned at the southeast (up-plunge) end of 

individual blocks.  This is seen in the Star Basin, Spring Creek, and Taylor Dam areas 

(Plate 1;Fig. 10a,d).  Megascopically, the formation deforms harmonically with the rest 

of the lower Paleozoic section (Om-Ml).  Mesoscopically, it exhibits zones of 

disharmonic folding (Fig. 10b,c).  The Sawatch Quartzite is easily mapped along strike of 

the basement front and seems relatively unaltered by fluids compared to the overlying 

carbonates.  The Cambrian-Mississippian section was treated as a single structural-lithic 

beam, coupled to the basement. 

 
Precambrian 

 

Precambrian rocks in the Elk Mountains are Early-to-Middle Proterozoic igneous and 

metamorphic complexes, undifferentiated (PC) in the map area (Plate 1).  The most 

common unit encountered in the field area is the Middle Proterozoic Taylor River granite 

(Yt of Fossil Ridge and Almont maps).  It is light-gray to light-tan, medium-grained, 

muscovite-biotite granite (Coogan et al, 2005).  It is generally undeformed throughout the 

field area, except for steeply dipping northwest-striking foliation commonly found along 
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NW SE 

 
Figure 10. A.) Overturned anticline at Spring Creek Reservoir with Sawatch Formation 
exposed in the Core.  B.) Discontinuous flow near the fold hinge accommodating flexural 
slip; beds in lower left are overturned (40o).  C.) Fold axis; shattered beds erode to form 
the recess in the outcrop.
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Figure 10. D.) Complex folding and faulting of the Sawatch Formation at Taylor Park Reservoir Dam. Fault attitudes are schematic. 
The dashed line represents a detached synclinal surface, it appears to be intersected by the white member beneath it only by way of 
foreshortening, it is actually above and behind the solid white marker.
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major fault trends, such as the Cement Creek fault (Almont map) and Lottis Creek fault 

(Fossil Ridge map).  
207

Pb/
208

Pb dates (DeWitt and Zartman, unpub. data, 1990, in 

Coogan et al, 2005) show an age of 1406 Ma, and Rb/Sr whole-rock (potassium feldspar-

plagioclase-muscovite) isochron of 1380 ± 19 Ma (Dewitt et al, 2002). 

 The Henry Mountain granite, common southeast of the Almont quadrangle, is 

pinkish-tan and black muscovite-biotite granite of Early Proterozoic age.  It is porphyritic 

with microcline phenocrysts (2-4cm) and quartz phenocrysts (~1cm) in a medium-

grained quartz, brown biotite, muscovite, plagioclase matrix (Coogan et al, 2005).  

Dewitt and Zartman (unpub. data, 1990 in Coogan etal, 2005) give 
207

Pb/
208

Pb dates of 

1,693 Ma, while Bickford et al (1989; in Coogan et al, 2005) report 1701 ± 10 Ma. 

 Early Proterozoic quartzites and relatively older phyllites and schists are present 

in the study area. Reported 
207

Pb/
208

Pb dates on eight euhedral to rounded zircons of 

Early Proterozoic quartzite are 1733 ± 12Ma to 1867 ± 7Ma (Hill and Bickford, 2001), 

indicating deposition after 1733.  Detailed descriptions can be found in the stratigraphic 

column of the Almont geologic quadrangle.  

 
Mechanical Properties: 
 
 Where deformation within the Precambrian crystalline basement is observable, it 

is in the form of steeply-dipping foliations and fracture systems (Fig. 11).  In these areas 

the basement fabrics are at a high-angle with respect to the overlying Phanerozoic cover, 

which implies that the basement deformed by macro-granulation (Miller and Lageson, 

1990).  In some isolated areas, such as in the hanging wall section above Lottis Creek 



37 

(Plate 1), basement rocks display significant schistosity, metamorphic mineral growth, 

and crenulated foliation surfaces that are all likely Precambrian fabrics. 

Intrusive Rocks 

Plutons as well as dike and sill networks are very common within the Elk 

Mountains.  The major intrusive bodies within the ERTS are the Snowmass-Capitol, 

Whiterock, Italian Mountain, South Matchless Mountain, and Boston Peak plutons (Plate 

1).  Immediately east of the ERTS, a northwest-southeast alignment of laccoliths parallels 

the deformation front; these bodies are, from southeast to northwest, Mount Crested 

Butte, Snodgrass Mountain, Gothic Mountain and Treasure Mountain Dome (Plate 1). 

The plutons within the ERTS show strong evidence for structural control during 

emplacement and significant sediment stoping and entrainment (Prather, 1964; Bryant, 

1969).  The Snowmass-Capitol and Whiterock plutons intrude the Permo-Pennsylvanian 

rocks of the uppermost plate of the ERTS, the Elk Range thrust sheet.  An east-west 

trending dike network connects the Snowmass-Capitol and Whiterock plutons and feeds 

numerous sill complexes within the hanging wall section.  The ERTS plutons yield K-Ar 

dates of micas between 29-34 m.y. (Obradovich et al, 1969; in Bryant, 1979).  In the 

Aspen and Hayden Peak quadrangles, along the Sawatch front, Laramide dikes and sills 

of hornblende quartz diorite, quartz porphyry, aplite, and aplite porphyry have intruded 

along faults and within the Belden Formation; these intrusives are late Cretaceous-early
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Figure 11. Foliations in Precambrian basement intersecting the projection of local 

Phanerozoic cover rocks (dashed black lines) at high angles. A) North drainage Park 

Cone. B) South wall of Taylor Canyon ~ 3mi. north of Almont. C) North wall of Taylor 

Canyon ~2 mi. north of Almont. 
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Figure 12. Detail view of Park Cone, annotated Precambrian fabrics intersecting the 
overlying Cambrian Sawatch Formation at high angles.  Cambrian rocks dip ~25o to the 
north and fabric faces dip ~80o to the South-southwest. 
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Paleocene age with K-Ar dates of 67-74 + 2 m.y. (Obradovich et al, 1969; in 

Bryant 1979).   

The Snowmass-Capitol pluton is med -grained granodiorite to quartz 

monzonite; it grades, from its center outward, into a 50m-to-450m-wide band of fine-

grained quartz diorite and albite granite along the country rock contact (Vanderwilt, 

1937; in Prather, 1964). 

The Whiterock pluton is generally a light- to medium-gray, fine-grained biotite 

leuco-monzodiorite microporphyrite (Zoerner, 1974).  Granodiorite modes were found 

sporadically in Zoerner’s map area, supporting the claim (Prather, 1964) that the 

Snowmass-Capitol and Whiterock plutons are similar.  Detailed thin section analyses and 

igneous rock descriptions can be found in Zoerner (1974). 

Italian Mountain is separated into two distinct intrusive bodies, north and south, 

separated by the saddle between the two summits of Italian Mountain.  The northern body 

is composed of light- to medium-gray, fine- to medium-grained, amphibole granodiorite 

porphyry; phenocrysts are composed of white feldspar (8mm), biotite (~4mm), and clear-

gray quartz (2mm) (Zoerner, 1974).  The southern body grades from medium-gray, fine-

grained granular rock in the north to light-pink, medium-grained porphyritic rock in the 

south (Zoerner, 1974).  The interior of the body is dominated by quartz diorite with 

compositions near the contacts varying between the interior composition and leuco-

monzodiorite and granodiorite (Zoerner, 1974).  

South Matchless Mountain is a laccolith intruded between the Mississippian 

Leadville Limestone and the Pennsylvanian Belden Formation.  The base of the laccolith 

ium
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s to the Mississippian bedding-surface; the igneous body reduces in volume 

northward taking the form of an inflated sill (O’Connor, 1961).  O’Connor described both

the sill and the laccolith as felsite porphyries with fine-grained groundmasses, embay

quartz phenocrysts, and abundant potassium feldspar. 
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CHAP ER 3  

GEOMETRY OF STRUCTURAL FEATURES 
(All strike and dip pairs ght-hand-rule format) 

T
 
 

 are presented in ri
 
 

Major Faults 
 
 

 The ERTS has two principal thrust faults, the Elk Range thrust (ERT) and the 

Brush Creek thrust (BCT) (Fig. 2).  They for  a right-stepping, en echelon map pattern 

Elk Range Thrust:

m

and are directly influenced by several basement involved fault systems (Plates 1, 2).  

Both the thrusts and basement blocks utilize lateral ramps to transfer displacement 

between adjacent features, have an average southwestward direction of tectonic transport, 

and plunge to the northwest into the core of the Grand Hogback Monocline. 

 
 

 The ERT crops out at the southeastern termination of the northwest plunging 

n of Redstone Colorado (Fig 12). The fault strike changes from an 

1).  

ks.  The 

n 

 

GHM, near the tow

initially north-south orientation to northwest-southeast near the town of Marble (Fig. 

The ERT is a low-angle (<30o) northeast-dipping structure, as demonstrated by field 

measurements, three-point calculations, and a sinuous exposure across steep topography 

(Plate 1).  Low-angle thrusting was facilitated by décollement horizons in the 

Pennsylvanian Belden Formation and Cretaceous Mancos Formation.  Regionally the 

ERT places Pennsylvanian and Permian rocks over Jurassic and Cretaceous roc

thrust surface locally bifurcates into several small imbricates east of Treasure Mountai

Dome and the Mesozoic footwall section is locally overturned there into a southwest 
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verging syncline (the Schofield Syncline) (Plate 1).  Continuing along strike, the ERT 

becomes obscured by the Whiterock pluton south of Schofield.  In this area, the 

southwest margin of the pluton is confined by the forelimb of a footwall anticline, whic

is cored by the en-echelon Brush Creek thrust (Plate 1).  East of the obscured thru

the southern margin of the pluton has a sharp, east-trending contact against ERT hanging-

wall rocks of the Maroon and Gothic Formations (Plate 1).  This east-trending contact is 

sub-parallel in trend, and in series with, the leading edge of the thrust plate defined by the 

Elk Range and Hunters Hill thrust segments (Plate 1).  Outcrops of the intrusion 

northward separate the southeast end of the ERT plate from the Belden décollement, 

forming a large roof pendent (Plate 1; Fig. 2).  Roof pendant rocks are heavily int

with sill and dike complexes and are commonly contact metamorphosed to hornfels 

(Plate 1).  The Hunter’s Hill thrust segment places the Pennsylvanian Gothic Formation 

over the Permian Maroon Formation where it emerges at the southeast margin of the 

Whiterock pluton (Plate 1).  To the southeast, on Hunter’s Hill, the thrust places Gothic 

Formation over Cretaceous Mancos Formation at a low-angle (15o NE) (Plate 2; B-B’

On the east side of Hunter’s Hill, fault dip increases and the fault loses displacement; it 

terminates in the overturned Flag Creek syncline exposed in the Gothic and Maroon 

Formations, on the south flank of Italian Mountain (Plate 1).  Complex folding and 

faulting in the Maroon footwall section, in conjunction with vegetation and colluvium

conceal the thrust trace on the east wall of the Cement Creek valley.      
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rush Creek Thrust:B  

The BCT emerges from the overturned, southeast end of the Whiterock anticline 

k drainage (Plate 1).  The thrust trace is offset southward from the 

t 

 

a 

e 

area 

se-

, 

 

above the Brush Cree

anticline by the Teocalli Mountain fault zone, which is a system of north-south striking, 

dextral tear faults that parallels Deer Creek and West Brush Creek.  Along Brush Creek 

and the north flank of Double Top Mountain, the thrust places Permo-Pennsylvanian 

rocks over Mancos Formation and Dakota Formation, respectively (Plate 1).  Three-poin

dip calculations show low-angle thrust orientations (<5o NE) along Brush Creek where

the fault cuts the Cretaceous section.  On the southeast flank of Double Top Mountain, 

the BCT places Gothic over Maroon and the fault angle increases. This is evidenced by 

straighter fault trace across steep topography and is further supported by discrete fractur

zones, oriented (293, 58o) in the valley bottom and (254, 70o) on the opposing east ridge 

of Cement Creek (Fig. 13).  It becomes increasingly difficult to follow the fault trace on 

the south side of Cement Creek as the topography is densely covered by vegetation.  

Further, the thrust/reverse fault is not easily identified within the coarse-grained to 

conglomeratic Permo-Pennsylvanian section.  Orthophoto interpretation through this 

suggests a topographic lineament, which may extend the observed high-angle, rever

slip structures eastward (Fig. 13), suggesting a high-angle section of the BCT across the 

Cement Creek-Spring Creek divide (Plate 1).  Down-valley from the Spring Creek Dam

at the mouth of Ute Gulch, thrust/reverse offset places Mississippian Leadville Limestone

over Pennsylvanian Gothic Formation (Plate 1).  On the west side of the valley, the thrust 

trace is inferred to merge with the high-angle section of the BCT behind Boston Peak 
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Rustlers Gulch Lateral Ramp:

(Plate 1).  On the east side of Spring Creek, a sub-horizontal alignment of fresh-water 

springs, White Water Springs, emerge from the Leadville-Gothic fault contact.  The 

hanging-wall section is oriented (~315, 20o) and the Gothic footwall is overturned (~34

65o) at the mouth of Ute Gulch (Plate 1).  Following the east side of Doctor’s Gulch, 

reverse offset observed at Ute Gulch continues southeastward and places Devonian-

Precambrian rocks over Mississippian (Plates 1, 2).  On the east side of Taylor Canyon, 

the Doctor’s Gulch reverse fault is mapped within the Proterozoic basement along G

Gulch; it extends across the canyon into the Summerville Creek tributary, placing 

basement rocks over Cambrian-Devonian rocks (Plate 1).  This high-angle map trace of 

the BCT ultimately links with the Crystal Creek thrust high on the east wall of Cry

Creek, where basement has been placed over the lower Paleozoic section (Cambrian-

Mississippian) (Plate 1).        

 
 

Displacement along the ERT terminates southeastward into the hanging wall of 

 shortening at Flag Creek syncline (Plates 1 & 2-B-B’ vs. 

C-C’). 

ses 

tern 

 

the BCT, as it gives way to fold

 The ERT has a continuous map-trace near Rustlers Gulch, and gains more than 

300 meters in elevation upon encountering the plunging nose of Whiterock anticline; 

there, hanging wall orientations conform to northwest-dipping footwall orientations 

(Plate 1).  This relationship suggests that, at least locally, the Rustlers Gulch area expo

an oblique-slip, northwest-facing, bedding-plane parallel ramp within the southwest 

directed ERTS.  The ramp may continue to strike northeastward from the northern margin 

of the Whiterock pluton, beneath the ERT hanging-wall and localize the drainage pat
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Sawatch Front:

of Maroon Creek (Plate 1).  However, radical eastward-thickening of the Maroon 

Formation and igneous impregnation of the ERT hanging-wall make testing this idea 

difficult at best. 

 
 

 The Sawatch uplift is a northwest-plunging, basement-cored arch, the western 

 is defined by a southwest-facing, reverse faulted monocline (Fig. 1, 2; 

ay 

 

 the 

ss-

 

s 

 

margin of which

Plates 1, 2).  The western front of the Sawatch uplift truncates the ERTS through an arr

of northeast dipping reverse faults (Plates 1, 2).  The Sawatch front is faulted into two 

major structural blocks, the Castle Creek block and the Spring Creek block, named for 

the drainages parallel to their monoclinal strike (Plate 1).  Left-lateral tear faults are 

common across the monocline.  Cambrian-Mississippian rocks form the structural-lithic

beam conforming to subjacent basement blocks and are mechanically separated from

overlying section by the Pennsylvanian Belden Formation. The Belden horizon is 

moderately to chaotically folded and radically thinned and thickened along strike (Plate 

1).  Structural thickening of the Belden horizon is localized on the south side of cro

strike faults, thus accommodating left-lateral adjustments along the monocline (Plate 1). 

The strike of the Sawatch front is oblique to the ERTS front and intersects it in Stewart 

basin, at the headwaters of Spring Creek (Plate 1).  Up-plunge fault exposures of the 

Spring Creek block reveal the shared basement roots of the Sawatch uplift and ERTS.  

The up-plunge end of the Spring Creek block, on the east side of the reservoir, display

tightly folded Cambrian-Mississippian strata overlain by Taylor Granite; the up-plunge 

end of the block is bound by orthogonal reverse faults on the southwest and southeast 
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Italian Creek Lateral Ramp- 

margins.  On the north wall of Taylor Dam, the Sawatch front folded Cambrian and 

Ordovician strata into an overturned, west-vergent syncline that was further folded and

cut by east-dipping reverse faults (Fig. 10).  On the south side of Taylor Dam, Cambrian 

quartzite flanks the north side of Park Cone and dips northward (267, 25o).  Basement 

foliations (180, 80o) in the Proterozoic meta-volcanics (Xmv) of Park Cone intersect the 

overlying quartzite at high-angles (Fig. 11a & 12).  The southwest shoulder of Park Co

exposes the Lottis Creek thrust placing Proterozoic Taylor Granite over purple sandstone

and chert-laced, tan-gray dolomite of the Ordovician section (Plate 1).  Zones within the 

Taylor Granite (Yt) on the southwest ridge of the Park Cone exhibit crenulation folds 

with axes trending 050 and plunging 64o NE.  West of the Taylor Dam syncline, along 

the north wall of Taylor Canyon, deformation is represented by east dipping, low-angle

thrust-imbrication involving primarily basement and Sawatch Quartzite; this is exposed

in and below the Hell’s Half Acre area (Plate 1).  Fault correlation from the east wall to 

the west wall in upper Taylor Canyon is not easily accomplished because of 

undetermined structural offset across the canyon.  However, the highest basement-

involved thrust on the north wall (Hell’s Half Acre) is mapped at approximat

elevation as the Lottis Creek thrust is on the south wall (Plate 1).       

 

Star Basin Window: 
 

The Castle Creek block and the Spring Creek block are separated by a northwest 

lved, lateral ramp.  This relationship is exposed at the Italian 

Creek-Spring Creek divide, between Star and Stewart basins (Plate1).  At the divide, an 

 

facing, basement-invo
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Cement Mountain Block:

overturned panel of basement through Mississippian rocks overlies the upright, northwest

flank of American Flag Mountain, which is the northwest plunging nose of the Sprin

Creek block.  The overturned panel is the southeastern tip of the Castle Creek block and 

has sinsistral offset from the rest of the monocline (Plate 1).  The most substantial 

structural thickening of the Belden horizon is south of this sinistral displacement and is

evident in Stewart Basin (Plate 1).  The Mississippian rocks on the north flank of 

American Flag Mountain are oriented (240, 25o); they are separated from the 

Mississippian beds exposed in Star basin by the overturned basement-Mississippian pane

and as much as 120m in elevation. The Mississippian rocks in Star basin are orient

(225, 20o) and project up-dip beneath the overturned section to connect with th

the north slope of American Flag Mountain.  This map pattern reveals not only a lateral 

ramp along Italian Creek, separating the Castle Creek and Spring Creek blocks, but als

reveals a structural window exposing the Belden/Leadville décollement beneath a thin 

basement wedge at Star basin (Plate 1).     

 

Cement Mountain and East Cement Mountain are broad 12,000+ ft. peaks at the 

southwest margin of the map area, between Cement Creek and Spring Creek (Plate 1).  

ent block capped by shallowly dipping (<30o) 

ambri  

), 

the 

They are elevated by a small basem

C an-Mississippian strata and cored by Proterozoic basement.  The block plunges to

the northwest and is displaced southwestward by two steeply northeast-dipping (65o-75o

northwest-striking reverse faults, the Cement Creek fault (Coogan et al, 2005) and 

Walrod Gulch fault (Prather, 1964) to the east (Plate 1). The two faults have sub-parallel 
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map traces and converge southeastward in Taylor Canyon (Plate 1).  Stratigraphic offset 

increases from northwest to southeast along the reverse faults, eventually placing 

basement above Cretaceous at their southeast end.  The reverse faults cut the west limb of

a Permo-Pennsylvanian anticline related to the Ancestral Rocky Mountain orogenic event

(Coogan et al, 2005).  The pre-Laramide geometry of the anticline is constrained b

restoration of the structure beneath the angular unconformity at the base of the Jurassic 

section (Coogan et al, 2005)(Plate 2, C-C’); the crest and east flank of the anticline are 

constrained by restoration beneath hanging-wall orientations, projected up-plunge fro

Cement Creek (Coogan et al, 2005).  Laramide dip-slip displacement along the Cement 

Creek fault is estimated to increase from ~300m in exposures at the mouth of Cement 

Creek to more than 880m southeastward in cross-section A-A’ (Coogan et al, 2005) 

(Plate 2; C-C’).  The Roaring Judy fault (of Coogan et al, 2005) is a steeply southwest- 

dipping, northwest striking reverse fault related to the northeast margin of the Ancestra

Uncompahgre uplift.  Ancestral Rocky Mountain paleo-topography, related to Roarin

Judy fault displacement, is evidenced by a nonconformable Jurassic-Proterozoic contact

west of the fault.  The Roaring Judy fault plane is eventually truncated by opposing 

Laramide offset along the Cement Creek fault (Plate 2; D-D’); their map traces converge

in the southeast corner of the Almont 7.5’ quadrangle (Plate 1).   
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Major Folds 

Schofield Syncline:

 
 

 
 
 The Schofield syncline is an overturn

footwall syncline of the ERT (Fig. 2, Plate 1).  Its asymmetric geometry is consistent with 

th early stages of fault propagation above a southwestward 

ultiple 

y 

ate 

Whiterock Anticline:

ed, southeast-plunging, southwest-verging, 

flexure associated wi

advancing thrust-tip; its steep limb was ultimately truncated by continued fault slip.  The 

syncline has tighter fold-hinge geometry than other footwall folds along strike in the 

Mesozoic section.  Opening of fold limbs and transfer of shortening from one to m

folds occurs abruptly near the southern termination of Treasure Mountain Dome (Plate 

1).  This limited zone of tight folding, and dissipation thereof away from the dome, 

implies that the advancing thrust front was locally buttressed against the east flank of 

Treasure Mountain Dome (Plate 1).  Buttressing against the dome is further supported b

a similar restriction of locally amplified thrust imbrication of the ERT front there (Pl

1).     

 
 

 The Whiterock Anticline is a northwest-plunging, southwest-verging, northwest-

plunging (303,23), overturned anticline (Plate 1, Plate 3).  It emerges from the footwall of 

ht-stepping, en echelon map pattern between the two structures.  

 

the ERT forming a rig

The southeastern end of the anticline is truncated by dextral tear faults of the Teocalli 

fault zone (Plate 1).  The  
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Figure 13.  Orthophoto mosaic of the Cement Creek-Spring Creek divide. BCT trace 
shown in black (teeth on upper plate).  Discrete fault-zone orientations shown in red.  
Topographic lineament bisects the highlighted area from west to east.  North-south 
trending color change is an artifact of the photo mosaic. 
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Flag Creek Syncline:

core of the anticline is occupied by the Paleogene Whiterock Pluton; the back-limb of

anticline is poorly preserved, but is recognized by the thin strip of contact-

metamorphosed Gothic Formation which extends the observed fold geometry around the 

nose of the anticline into the pluton (Plate 1).  Elsewhere in the field area (S

Capitol, Italian Mountain, South Matchless Mountain) intrusive bodies consistently 

exploit fault zones and the incompetent Belden Formation horizon.  The Whiterock 

anticline is interpreted to have been cored by structurally thickened Belden Formatio

that was replaced during Paleogene intrusion of the pluton.  The fold geometry is 

consistent with flexure above the fault tip of propagating thrust faults. 

 
 

A southwest-verging, overturned syncline is exposed in the Permo-Pennsylvanian 

st flank of Italian Mountain; its hingeline parallels Flag Creek 

(Plate 1

hic 

 

uld 

 

section on the southwe

).  The overturned limb is oriented (~325, 35o), whereas the lower limb has 

orientations over a range of (~250-to-300, 5o-to-20o), constrained by exposures of Got

and Maroon Formations.  The northwest-plunging hingeline (309,10; Plate 3) of the

syncline merges southeastward with the fault zone that defines the western margin of the 

Spring Creek block, northwest of the reservoir (Plate 1).  An eroded anticline that wo

have paired the Flag Creek syncline was located immediately to the east; its axial plane 

likely paralleled the crest of the subsequent Italian Mountain intrusive body and dipped 

moderately to the east.  The core of the anticline was filled with structurally thickened 

Belden Formation (Stewart basin), later replaced and metamorphosed during Paleogene 
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Spring Creek Park Syncline:

intrusion.  The Flag Creek fold pair marks the termination of displacement along the ERT

on the back-limb of the BCT sheet (Plate 1).  

 
 

plate forms a small northeast-plunging syncline between 

 

 

ain 

American Flag Anticline:

 
 A flexure in the BCT 

Spring Creek Dam and Doctor’s Gulch.   The flexure is exposed in Belden and Gothic 

outcrops, on either side of Spring Creek.  At the intersection of Spring Creek and Rocky

Brook, the fold is truncated by the reverse-faulted, up-plunge corner of the Spring Creek 

basement block (Plate 1). The southeastern limb of the syncline (i.e., the BCT sheet) is 

elevated by thinly-stacked thrust imbricates of Proterozoic and lower Paleozoic rocks, 

exposed below Hell’s Half Acre along Taylor Canyon, which project northward toward

the Spring Creek valley (Plate 1).  The up-plunge end of the hingeline terminates at the 

BCT thrust trace, which is mildly deflected to the east around a steep east-plunging, 

basement-cored anticline.  This anticline forms the eastern fork of the Cement Mount

arch (Plate 1).  

 
   

ntain marks the northwest-plunging nose of the Spring Creek 

aseme

 

d 

 
 American Flag Mou

b nt block.  It emerges southeastward from the Star-Stewart Basin divide and is 

southwest-verging with a fold axis plunging (345,15; Plate 3).  The anticline rapidly 

changes from having a moderate west-dipping forelimb (150, 50 o) in Stewart Basin to

overturned (330, 40 o) along the upper-Spring Creek drainage.  The back-limb of the fol
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has been removed by a combination of erosion and east-directed normal faulting into 

Taylor Park.   

 
Cement Mountain Arch: 
 

The Cement Mountain basement-block forms a small, broad-crested, southwest-

verging arch.  Overall, the arch plunges to the northwest (315,13; Plate 3) beneath the 

Cement Creek-Brush Creek divide.  More explicitly, the broad northwest-plunging nose 

is composed of two smaller, diverging basement-cored anticlines, separated by a syncline 

(Plate 1).  The forelimb of the greater Cement Mountain Arch dips shallowly to the west 

(165, 17 o) near Cement Creek and increases, southeastward, to overturned (345, 7 5 o) at 

Jack’s Cabin, where it is truncated by the Cement Creek reverse fault (Coogan et al, 

2005).  The back-limb dips shallowly to the east (300, 20 o) and is truncated by the 

basement-involved continuation of the BCT at Doctor’s Mine and Gandy Gulch (Plates, 

1, 2).  The Spring Creek drainage closely follows the hinge-axis of the tightly folded east-

fork of the arch which plunges steeply into Spring Creek Park (Plate, 1).  
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CHAPTER 4  
 
 

STRUCTURAL SYSTEM 
 
 
 

 Systematic structural continuity and displacement transfer relationships suggest 

that the ERTS links two of the largest Laramide tectonic features of western Colorado, 

the Sawatch basement arch and the Grand Hogback monocline (GHM).  Megascopically, 

the ERTS defines the zone of displacement transfer from east-dipping, high-angle reverse 

faulting (Sawatch uplift) to west-vergent, fold-shortening (GHM) via systematic low- to- 

moderate-angle thrusting (Fig. 14).  Complementary zones of lateral and vertical 

displacement transfer are repeated in local-scale relationships throughout the Elk Range.   

Initial cross-section analysis used geometric relationships documented during 

surface mapping to constrain possible deformed-state geometries.  The cross-sections 

were first evaluated for admissibility with respect to geometric similarity to observed 

structures in the region and comparison to analog structural systems and models (Brown, 

1984; Spang et al., 1985; Steidtmann et al., 1989; Erslev, 1991, 1993; Narr & Suppe, 

1994; Mitra, 1994; Mitra&Mount, 1998; Warwrzyniec et al., 2002; Magnani et al., 2004; 

Hardy & Finch, 2007).  Next, the cross-sections were restored to an appropriate, pre-

deformation event position; in this case flattening to the regional Permo-Jurassic 

stratigraphic unconformity.  Iteration upon the deformed-state geometries and their 

restorations was necessary to produce viable cross-sections; that is, cross-sections where 

pre-deformed fault geometries are admissible and bed length and/or bed area are 
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conserved and consistent.  Though rigorously tested, any balanced cross-section only 

represents one of numerous potentially valid interpretations.  

 
Figure 14. Generalized transfer zones from high-angle reverse faulting (Red) at the 
Sawatch arch, to low-angle ERTS thrusting (yellow), to GHM fold-shortening (Green). 
Reverse faults within the White River uplift are shown in white. 
 

 
Surface Structural Continuum 

 
 

The map produced herein illustrates a continuous structural pattern that 

necessitates dextral-oblique shortening along northeast-dipping faults throughout the Elk 

Mountains.  The structures of the ERTS systematically emerge on the surface as 
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Thrusted Margin:

northwest plunging, southwest-verging folds (Plate 3) and evolve into thrust/reve

faults southward along strike (Plate 1).  A fundamental and important observation of 

research is that each structure emerges from the footwall of the previous and aligns in a 

right-stepping, en echelon pattern along strike.  As successive structures emerge and 

increase in displacement to the south, preceding structures transfer displacement to, a

terminate within, the succeeding hanging-wall.  These relationships are evident in both 

the thrusted margin as well as in the faulted basement blocks of the system.  

   

erges from the core of the GHM, breaching the west-dipping 

monocl nge in 

 

 

as 

cline and in the footwall of the ERT. 

Having

al 

The ERT em

ine near Redstone, CO (Fig. 1 & 2).  The thrust trace parallels the local cha

monoclinal strike, from south to southeast, and increases in displacement southward.  The

ERT transfers displacement to the BCT.  The ERT terminates in the hanging-wall of the 

BCT as the overturned, southwest-verging, southeast-plunging Flag Creek syncline.  The

crest and back-limb of the fold system on the west side of Flag Creek has been cut by 

high-angle reverse faults.  Thus, the coda of the ERT sheet (the Flag Creek Syncline) h

been truncated by the Sawatch-front (Plate 1&2).   

The BCT is at the core of the Whiterock anti

 gained displacement southward, it breached the overturned forelimb at Brush 

Creek (Plate 1).  The BCT becomes a high-angle reverse fault in Cement Creek.  This 

change in fault dip is related to interference (buttressing) against the next emerging 

structure, the Cement Mountain arch (restorations show the arch to have had ancestr

movement).  The trace of the BCT reflects this accommodation by deflecting to the 
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Faulted Basement Blocks:

northeast at a high-angle around the northwest-plunge of the arch.  Then, the thrust t

turns back to the southwest in Spring Creek Park, regaining a low- to moderate-dip as it 

extends into Doctor’s Gulch (Plate 1).  In the Doctor’s Gulch area the thrust carries 

Paleozoic through Precambrian rocks in the hanging-wall, thus rooting the thrust into

Sawatch basement faults that extend into the Fossil Ridge Wilderness area (Crystal Creek 

fault (Plate 1)).  

 
   

n arch emerges from the footwall of the BCT at Cement 

Creek ( ult 

ing 

r 

 
The Cement Mountai

Plate 1).  It is cored by the high-angle and basement-involved Cement Creek fa

(Coogan et al, 2005) and Rarick Gulch fault (Plates 1 & 2).  As with the other contractile 

faults of the range, the faults coring this structure increase in displacement southward.  In 

addition to differential offset along its associated faults, the forked hinge-line of the arch 

represents a mechanical response to southward increasing displacement.  Unlike some 

other diverging fold hinges commonly observed in Laramide structures, which are 

indicative of lithotectonic-zonation (deformation styles controlled by mechanical 

stratigraphy), the hinge-lines of each fork of Cement Mountain arch expose overly

strata that conforms to crystalline basement in their eroded cores (Plate 1).   A simple 

model of this structure can be reproduced with a differentially contracted sheet of pape

on a desktop, demonstrated in Fig. 15.  The Cement Mountain arch and its bounding 

faults earmark the shared roots between the ERTS and Sawatch arch, as well as their 

mutual Laramide deformation front.   
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 The Sawatch deformation front is physically separated from the main Sawatch 

Range by Taylor Park.  The Castle Creek and Spring Creek blocks represent the perched 

basement wedge (Lageson, 1989), remaining after east-directed extensional collapse on 

the west rim of the park.  The basement blocks and their associated west-dipping 

monoclines are thus bound by east-dipping reverse and normal faults on their west and 

east sides, respectively.  Similar to the structures in the thrusted margin of the Sawatch 

front, the Castle Creek block transfers displacement southward to the northwest-plunging 

Spring Creek block, via a north-dipping lateral ramp.  The lateral ramp is exposed 

through the Star Basin fenster, as the down-plunge nose of the Spring Creek block.  The 

hanging-wall at the lateral ramp is comprised of two fault slices that cut the steep- to- 

overturned monocline.  The upper fault slice is displaced along a fault surface exposed as 

a conspicuous, northeast-dipping bench on the headwall of Star Basin that truncates the 

resistant, steeply dipping units of the monocline (Fig. 16a & b); it projects through the 

headwall and is reflected as fault offset on the backside of the ridge (Fig. 16c).  The 

lower fault slice is comprised entirely of overturned segments of the monocline wrapping 

behind Italian Mountain and floored by the Italian Creek lateral ramp exposed in Star 

Basin (Plate 1).  The lower fault slice is heavily altered to hydrothermal dolomite along 

obvious lithologic boundaries closest to the floor fault and is brecciated near the upper 

fault (Fig. 8c/insets).  The footwall of the Cement Creek block, southwest of the lateral 

ramp, is faulted by several northwest-striking, high-angle faults that truncate hanging-

wall and footwall features of the ERT between Cement Creek and Flag Creek (Plate 1).  
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Subsurface Structural Continuum 
 

 
 The cross-sections provided in Plate 2 demonstrate a continuous subsurface 

relationship between the Sawatch arch and its thrust-faulted margin.  The common thread 

stitching the structural system together is displacement transfer.  This is evident not only 

from one structure to another (e.g. ERT to BCT), but also from one domain to the other 

(Sawatch front to ERTS).  The northwest plunge of the structural system is manifested in 

both map and profile view by progressively deeper structural levels exposed at the 

surface, from north-to-south.  This progressive exposure of deep structural-levels 

facilitates down-plunge projection of eroded contacts and constrains the consecutive 

transition from thrusting, concentrated in the sedimentary cover, to reverse faulting 

concentrated in the basement (Plate 2).   

Cross-sections are arranged perpendicular to strike, along the ERTS deformation 

front (Plate 1).  Normal fault displacement depicted on the eastern margin of the cross-

sections is related to extensional collapse of Taylor Park (Plates 1 & 2).  West-dipping 

basement reverse-faults on sections C & D reflect the eastern limit of deformation along 

the Ancestral Uncompahgre uplift.  It is important to note that this thesis was not focused 

on pluton emplacement and therefore subsurface interpretations of Tertiary intrusives are 

highly schematic and simply guided by the following fundamental observations: 1) they 

are consistently restricted to hanging-wall settings and fault contacts 2) they exploit zones 

of structurally thickened Belden Formation and 3) are often mapped conforming to the 

core of eroded anticlines.  Thus, intrusive bodies are shown to follow stratigraphic and   
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Figure 15. Differentially contracted sheet of paper on a desktop, demonstrating a 
mechanical response of forked hinge-lines, similar to those observed at Cement 
Mountain.  Red lines represent anticline hinge-lines, blue arrows show increasing 
southward contraction, grey dashed line shows the position of a medial syncline. North 
arrow for comparison to map view of Cement Mountain. 
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Figure 16a.  Exposed forelimb fault (Red line) at Italian Mountain.  Basal thrust located 
at lake level (inset photo).  Star depicts equal positions in each photo, inset photo looks 
down the fault surface shown by red line.  General geologic ages units abbreviated in 
white. 
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Figure 16b.  Interpreted photo of the Star Basin area from the top of American Flag 
Mountain. Showing the overturned and faulted forelimb.  Green faults represent Taylor 
Park normal faulting.  White/black age abbreviations are hanging wall, orange are 
footwall. 
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Figure 16c.  Faulted forelimb of the Casle Creek basement block, viewed from upper 
Cement Creek.  Star points to location of star in 16a & 16b (opposite side of ridge).  
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structural elements even though they are likely much younger than the deformation 

events that organized those features. 

Average local thicknesses of sedimentary units were extracted from stratigraphic 

measurements/estimations of previous workers in the study area (Prather, 1964; 

Bartelson, 1964, 1968, 1972; Bryant 1969, 1970, 1979).  A combined line-length & area 

balance technique was used during cross-section restoration, wherein basement was 

restored through area-balancing and the sedimentary cover was restored through line-

length balancing.  Iterations of cross-section construction and restoration were conducted 

using a combination of two structural software packages (2DMove and Lithotect, offered 

by Midland Valley Exploration Ltd. and Geo-Logic Systems LLC, respectively).   

 Each of the cross-sections exhibit listric basement-fault geometry, which shallow 

with depth toward a common mid-crustal detachment (Plate 2); this fault-geometry is 

consistently and widely interpreted from field, seismic, and wellbore data throughout the 

Rocky Mountain foreland (Blackstone, 1940, 1983, 1986, 1990; Brown, 1984, 1993; 

Erslev & Rodgers, 1993; Erslev, 1993; Stone, 1993; Magnani et al, 2004).   

 
Geometric Model: 
 

The ERTS shares characteristics of different end-member models proposed for 

transferred slip from basement to cover during contraction (Fig. 18) (trishear, Erslev, 

1991; basement minor-faulting, Spang et al, 1985; fault-fault-fold triple junctions, Narr & 

Suppe, 1994; Foreland models of Mitra & Mount, 1998). 

The basement is both folded and faulted in the ERTS (Star Basin headwall Plate 

1, Fig. 16a & b), most completely represented by hybrid-model 2a of Mitra and Mount 
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(1998) (Fig. 17).  In a broad comparison, the cover-section exhibits a combination of 

deformation styles proposed in models c & d of Mitra and Mount (1998) (Fig. 18a).   

Local mechanical responses, such as parasitic folds depicted by Narr and Suppe (1994) in 

their model C1 (also termed “rabbit-ear” folds by Brown, 1984) are exposed in the ERTS 

as the Italian Mountain/Flag Creek fold-pair, (Plate 1, Fig. 18c).  Additionally, back-

thrusting against the basement monocline (shown by Spang et al, 1985; and the trishear 

model of Erslev, 1991) is observed as the east boundary of the Hunters Hill thrust plate in 

the Upper Cement Creek and Castle Creek drainages (Plates 1 & 2; Fig. 18b).  Such 

relationships have previously served as support for the gravity-sliding mechanism 

(Prather, 1964) and have also been referred to as the “heel” of the ERT (Zoerner, 1974).   

 
Disciplinary Context:  This structural system provides exposures suitable for a 

field test of deep basement-cover deformation models.  A common element to each of the 

models presented in Figure 18 is a concentrated zone of basement faulting, either in a 

triangular footwall position or as minor faults cutting the forelimb; examples of each are 

observed in the ERTS.  Footwall deformation is observed as basement thrusting on the 

north wall of Taylor Canyon and sinuous basement thrust traces in the Fossil Ridge 

wilderness (Plate 1).  Projected into the cross sections this zone appears as the dense fault 

zone east of the Cement Mountain arch (Plate 2).  Forelimb offset of the basement 

monocline is observed at Star basin (Fig. 16; Plate 1) and shown in cross section B-B’ 

(Plate 2).  The models differ in predicted fold geometries in the cover strata, observations 

within the ERTS suggest that the fold geometries are largely dependent on the 

mechanical stratigraphy.  In this case, both kink-band and trishear predictions coexist and 
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are separated by distinct mechanical boundaries.  The lower Paleozoic rocks (Cambrian-

Mississippian) along the Sawatch front at Castle Creek and American Flag anticline 

(Plates 1 & 2) exhibit kink-band style folds as depicted by Narr and Suppe (1994).  In 

turn, Pennsylvanian-Cretaceous rocks exhibit a fold geometry that reflects, more closely, 

the distributed dissipation of fault-slip associated with the trishear model (Erslev, 1991) 

(A & B Plate 2).  Discrete-element modeling conducted by Hardy and Finch (2007) (Fig. 

19) demonstrates the effect of structural-lithic zonation on fold form.  Their results 

exhibit similarity to the fault-fault-fold triple-junction model when the overlying cover 

was modeled as strong and homogenous, producing clear kink-band fold geometries.  The 

experimental results evolved toward geometries predicted by the trishear model as overall 

cover strength was decreased; the experimental parameters that produced ERTS-like 

deformation were those conducted in a cover section modeled as heterogeneously weak.  

This is consistent with the mechanical boundary conditions found in the ERTS, i.e. strong 

structural-lithic beams separated by incompetent shale units (Fig. 4). 

 
Kinematic Model: 
 

A larger scale comparison of the ERTS can be made to the geometry and 

kinematic evolution of inversion structures shown in Mitra (1994) (Fig. 20).  The model 

closely reflects the restored-state ERTS cross-sections (Plate 2), as well as predicts the 

observed deformed-state ERTS configuration (Plate 2).  One variation of this model in 

particular assimilates with the ERTS and is described through the following kinematic 

sequence: 1) extension along a listric normal fault where the hanging-wall is deformed by 

initial fault-propagation folding in the vicinity of the fault-tip and progressing to 
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deformation by fault-bend folding as the hanging-wall is transported along the listric 

fault-surface; 2) under compression, the system deforms by early fault-bend folding along 

the reactivated listric fault and late fault-propagation folding as pre-kinematic hanging-

wall material is transported beyond the corresponding footwall-cutoffs (Mitra, 1994; Fig. 

20).   

In the ERTS, the extreme eastward thickening of the Pennsylvanian/Permian 

stratigraphic section demands a restored basin architecture, interpreted herein as the pre-

Laramide western margin of the Central Colorado Trough.  A cessation in basin 

subsidence, during latest Permian to Jurassic time, is implied by the angular 

unconformity between the Maroon and Junction Creek Formations.  Cretaceous onset of 

northeast-southwest directed Laramide contraction is marked by involvement of the Mesa 

Verde Formation in the Grand Hogback Monocline. 

Comparison of field data and subsurface interpretations to previously described 

models bears the following kinematic sequence for the ERTS: 1) Subsidence of the 

Central Colorado Trough along listric-normal faults, through sequential fault-propagation 

and fault-bend folding of Precambrian-Mississippian rocks, providing accommodation 

space for the Pennsylvanian-Permian basin-fill.  2) Subsidence and deposition halted until 

Jurassic time, wherein the eastward migration of the Sevier foreland basin encompassed 

the region.  3)  Compression within the foreland province, principally oriented NE-SW, 

instigated oblique southwest-directed contraction, during Cretaceous time, on pre-

existing weaknesses (east-dipping normal faults) of the western margin of the Central 

Colorado Trough.  4) Inversion of the trough-bounding normal faults caused fault-bend 
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folding of Precambrian-Mississippian rocks and fault-propagation folding of younger 

strata.  5) Fault-propagation folding of the Precambrian-Mississippian rocks ensued as 

fault-slip exceeded corresponding footwall cut-offs.  Displacement was transferred from 

basement to cover via footwall basement fault zones and initiation of décollements within 

weak rocks of the cover section.  6) Prolonged or late-stage contraction drove basement 

involved reverse faults to cut through the preceding deformation at high-angles and 

juxtapose steep basement-cored monoclines against low-angle thrust sheets of the ERTS.   

Regional Continuum 

The basin inversion model is favored not only because of geometric and 

kinematic accordance with the ERTS, but also because it integrates with contemporary 

thought surrounding the tectonic evolution of western Colorado.  Reactivation of 

inherited Proterozoic structures has been a lasting tectonic model throughout the Rocky 

Mountain foreland (Tweto & Sims, 1963; Tweto, 1977; Baars & Stevenson, 1981; 

Lageson, 1989; Karlstrom & Humphreys, 1998; Magnani etal, 2004); also, late-Paleozoic 

tectonic and stratigraphic evidence, related to the Ancestral Rocky Mountain event, 

suggest the presence of a deep, narrow basin throughout central Colorado prior to 

Laramide contraction (the Central Colorado Trough) (Kluth & Coney, 1981; Hoy & 

Ridgeway, 2002; Langenheim, 1952; Bartelson, 1964, 1968, 1972; Tweto, 1977; Bryant, 

1979).  Reactivation and basin inversion have been employed as a possible explanation 

for the conterminous patterns of both Ancestral and Laramide basement-involved 

deformation in the Rocky Mountains (Marshak et al, 2000).   Reactivation of the western 
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margin of the Central Colorado Trough by the ERTS is supported by three lines of field 

evidence: 1) syn-orogenic sediments, shed eastward off of the Ancestral Uncompahgre 

uplift, (Maroon Formation) thicken dramatically from zero to >3,000m eastward across 

the study area (Prather, 1964; Bryant, 1979) and comprise the bulk of competent 

hanging-wall material in the thrust system.  2) The eastern limit of the Ancestral 

Uncompahgre and/or San Louis uplift (Kluth, C., P. comm..) are exposed within the 

western margin of the field area and approximate the western limit of Laramide 

deformation as shown in the Almont 7.5’ quadrangle (Coogan et al, 2005; Plate 1); west 

dipping reverse-faults in cross-sections C-C’, D-D’ Plate 2).  3) Lack of involvement of 

the Minturn Formation, the eastern basin-margin equivalent of the Gothic Formation, in 

the ERTS.  In addition to conforming to the geometric and kinematic framework of the 

greater Laramide foreland, the ERTS is positioned within a unique tectonic-domain along 

the northeastern margin of the Colorado Plateau.  The northeast margin of the Colorado 

Plateau has been the focus of recent tectonic research regarding evidence for late-stage 

contraction with respect to the Laramide orogeny (Hansen, 1984, 1986; Steidtmann etal, 

1989; Karlstrom & Daniel, 1993; Erslev, 2001; Warwrzyniec et al, 2002).  In concert 

with findings of these authors, the ERTS exhibits structural relationships that suggest a 

late-stage, north-directed translation of the Colorado Plateau with respect to the North 

American craton.  The structures of the ERTS are southeast-striking, yet the Sawatch 

arch intersects their trend obliquely, striking south-southeast.  At the intersection of the 

two structural domains, the southwest directed structures of the ERTS (Hunters Hill 

thrust sheet, Italian Mountain anticline, BCT hanging-wall at Spring Creek; Plate 1) are 
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all truncated by the high-angle reverse faults of the Sawatch front.  Thus, oblique high-

angle reverse faulting followed formation of the ERTS.  Further, the Castle Creek  and 

Spring Creek basement blocks exhibit evidence of north-south directed shortening in the 

form of: 1) amplified contraction on their southeast boundaries, observed as overturning 

at the Star Basin-Stewart Basin divide and significant structural offset between Forest 

Hill and Dustin Gulch, respectively (Plate 1);  2) consistent north-south trending left-

lateral off-sets along the steep to overturned forelimb of the west-facing basement 

monocline, necessitating first west vergent folding followed by north-south faulting 

(Plate 1).  
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CHAPTER 5 
 
 

SUMMARY AND DISCUSSION 
 
 

Conclusions 
 
 

This thesis presents an interpretation of the Elk Range thrust system as the center 

of a continuous northwest-plunging, southwest-verging Laramide deformation zone and 

genetically links the Sawatch basement arch with the Grand Hogback Monocline.  This is 

demonstrated by the following research conclusions:  1) Contiguous detail map 

relationships organize the ERTS as an en echelon basement-involved deformation front.  

2) Balanced cross-section analysis demonstrates that this explanation of the ERTS has a 

consistent and viable subsurface architecture that is genetically related to both the GHM 

and Sawatch arch.  3) The interpretation presented for the ERTS is congruent not only 

with accepted geometric and kinematic models but also the regional tectonic setting. 

  In summary, the ERTS is composed of two, right-stepping en echelon thrust 

faults.  The Elk Range thrust is truncated by, and the Brush Creek thrust is rooted in 

parasynthetic, high-angle, basement reverse faults southward; and both plunge into the 

core of the west-facing GHM northward.  This structural-front formed in late 

Cretaceous/early Paleogene time and resulted from regional oblique northeast-southwest 

directed contraction.  The ERTS is similar to other basement-involved systems of the 

Laramide foreland chronologically, in subsurface form and tectonic setting.  It also shares 

architecture with modern basin-inversion models, explaining the Sawatch front as 

reactivated, east-facing, basin-bounding normal faults and the ERTS as east-thickening 
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basin-fill “extruded” westward beyond the paleo-basin margin.  To this end, the Sawatch 

arch-ERTS-GHM continuum represents the westernmost Laramide deformation-front of 

the North American craton against the northeast-edge of the Colorado Plateau.   

 
Further Research 

 
 

Structural questions instigated by this research converge prominently on the 

quantitative relationships of total shortening and three-dimensional kinematics of the 

ERTS.  To do this, additional contributions must first be made to the geological 

framework presented here.   

The foremost challenge to be addressed is the deficit of preserved direct-

kinematic indicators and lack of subsurface geometric data; as deep-wellbore penetrations 

and seismic reflection profiles are non-existent in the field area.  It will be necessary to 

combine subsurface datasets with more kinematically-tuned field mapping to more 

precisely constrain this system.  One way to acquire significant subsurface data, 

regarding both geometry and kinematics, is to investigate the extensive network of mine-

shafts that penetrate the thrust sheets and Sawatch front (as they are predominantly 

located along fault trends).  Additionally, an inexpensive but detailed gravity field-survey 

could be conducted east of the thrust front to better constrain the basement architecture 

along that trend.  Another challenge to overcome before the kinematic evolution of the 

ERTS can be accurately quantified, is construction of a detailed suite of stratigraphic 

measurements and isopach maps of the Pennsylvanian/Permian Maroon Formation, with 

a focus toward possible growth packages and Ancestral contraction therein; such 
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complexity has been recognized in correlative strata of the Sangre De Cristo Mountains 

to the south (Hoy & Ridgeway, 2002).  Without this, the paleo-basin geometry and syn-

kinematic overburden can not be adequately constrained.  Further, quantification of 

fabrics, ages, and structural position of magmatic inflation in the thrust system will prove 

useful in several ways: Initially, for interpreting the evolution of hanging-wall 

geometries; then, in development of a kinematic sequence; and eventually constraining 

dynamic relationships within the ERTS.   

It is without question that the magmatic impregnation exploited structural 

weaknesses throughout the ERTS.  This observation, combined with existing (and 

improvable) early Paleogene K/AR dates on several ERTS plutons and emerging 

concepts of late or extended periods of contraction in the region, may identify the ERTS 

as a superb research area for evaluating syn-kinematic ramp-top pluton emplacement 

(Kalakay et al., 1999).    

From a regional perspective the ERTS and Sawatch-front present an excellent 

laboratory for researching margin interactions along the Colorado Plateau during 

propagation of the Rio Grande Rift.  Specifically, the structural setting and geographic 

position of Taylor Park suggest that it could be a northwest splay of the north-

propagating rift system.  Like many Rio Grande rift structures, the normal faults of 

Taylor Park imply modern inversion of Laramide basement-reverse faults stranding a 

perched basement wedge along the margin of the rift valley. 

Arguably the most intriguing research focus yet to be applied to the Elk Range 

concerns post-Laramide tectonism and epirogenic uplift associated with newly 
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recognized lithospheric structural complexity beneath the southern Rocky Mountains.  

The Laramide Orogeny was only the first of three geologic episodes responsible for the 

dramatic topography of the western U.S. (Aster et al, 2009).  It was followed by 

transition from NE-SW contraction to a NW-SE strike-slip plate boundary, which drove 

continent-scale gravitational collapse and explosive interaction of lithosphere and 

upwelling asthenosphere.  Ultimately, intense climate change provided water and glacial 

scouring that drastically sculpted the land surface.  Impressive post-Laramide surface 

uplift over the last 50 Ma. diminishes the amount of surface uplift classically attributed to 

the Laramide Orogeny (Karlstrom et al, 2005).  The Aspen anomaly (Dueker, et al, 2001; 

Dueker & Yuan, 2004) is a low-velocity anomaly seen on the Continental Dynamics of 

the Rocky Mountains (CD-ROM) cross sections that is on the same amplitude order as 

that associated with the Snake River Plain/Yellowstone anomaly (Karlstrom etal, 2005).  

It is tomographically resolved as a south dipping tabular body that extends from the base 

of the crust to depths in excess of 200km and appears to project surfaceward to be 

coincident with the Colorado mineral belt (Karlstrom et al, 2005).  The distinct low-

velocity zone is explained by the working model that a Proterozoic fossil subduction zone 

was hydrated by Laramide flat-slab subduction (Humphreys, 2003) and heated during the 

Oligocene ignimbrite flare-up and Neogene basaltic volcanism; the subduction scar thus 

provided a path of least resistance for upwelling asthenosphere and a discrete fertile zone 

for melt production (Karlstrom et al, 2005).  Thinking in context with this model 

elucidates several topics of investigation concerning the Elk Range geology: 1) The high 

peaks of the ERTS are unique amongst other Laramide fronts, in that they are composed 
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of  “young” sedimentary rocks rather than Precambrian crystalline basement, this limited 

level of erosion readily suggests more recent uplift than simply Laramide contraction.  2) 

As previously mentioned, there is good evidence for late-stage basement faulting and 

uplift along the western margin of the Sawatch arch; what was the timing and mechanism 

of this deformation?  3) The ERTS and greater Gunnison valley contribute to a portion of 

the Colorado mineral belt where the belt’s width increases rather abruptly and exposes 

not only Neogene volcanics but also one of the densest populations of Cretaceous-

Paleogene intrusions found in Colorado.  These geologic observations and continued 

interest in refinement of the Aspen anomaly place the ERTS as a frontier field area for 

exploring the surface expression of deep tectonic processes.   
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Figure 17. Models of fault-propagation fold end members in basement involved foreland 
structures (Mitra and Mount, 1998).  Hybrid model 2a reflects deformed and faulted 
basement as well as cover section deformation prior to master-fault breakthrough (i.e. 
ERTS) 
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Figure 18. Various kinematic models for transfer of basement deformation to overlying 
strata. A) Mitra and Mount, (1998), deformation is accommodated by anticlinal extension 
and synclinal compression (model c) discrete faults in along anticlinal and synclinal axial 
planes (model d).  B1) Trishear model (Erslev, 1991).  B2) Spang et al (1985) line length 
conservation from basement fault segments to cover section (necessitates back-thrusting).  
B3) Kink-band model (Narr and Suppe, 1994), triangular deformation zone in basement, 
cover deforms by flexural slip and conserves line-length (necessitates basement-cover 
detachment).  C)  Kink-band kinematic pathways of Narr and Suppe (1994), C1 
parasitic/rabbit-ear fold.   
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Figure 19. Discrete element modeling (Hardy and Finch, 2007). Top diagram shows 
difference in density of broken bonds between homogeneously weak material (a) and 
homogeneously strong material (b); (a) tends toward similarity with the trishear model, 
while (b) tends toward similarity with kink-band models.  Bottom diagram reflects 
experimental results conducted under heterogeneously weak material conditions; similar 
to the ERTS, where structural-lithic beams (strong) are separated by incompetent shale 
horizons (weak). 
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Figure 20. Basin inversion model along listric fault (Mitra, 1994), showing an kinematic 
evolution characterized by fault-propagation folding near the fault-tip during extension 
and fault-bend folding  away from the tip (b & c).  Under compression the system 
deforms by initial fault-bend folding along the listric surface (d & e), transition to faul-
propagation folding resulting in a left-dipping hanging wall dip panel and rotation of the 
upper fault surface (f). 
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