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ABSTRACT 

The Eagle Basin of central Colorado is a Pennsylvanian- to Permian-aged evaporite flexural 

basin formed in the foreland of adjacent Ancestral Rocky Mountain uplifts. Previous tectonic 

studies in this region focused on Laramide shortening and later deformational events, potentially 

overlooking a long period of Paleozoic to Mesozoic salt tectonics that significantly affected the 

pre-Laramide deformational template. Evidence for a pre-Laramide phase of salt tectonics 

includes halokinetic growth strata and vastly varying thicknesses of Pennsylvanian to Triassic 

aged units including the Eagle Valley/Gothic, Maroon, and State Bridge Formations, suggesting 

development of large, salt-floored minibasins, bounded by a polygonal system of salt 

walls. Structural and stratigraphic data collected in the Hardscrabble, Wolcott, and Bellyache 

minibasins through field mapping, stratigraphic logging and sampling are integrated into a series 

of new maps, stratigraphic correlations, structural cross sections, and sequential restorations. 

Newly identified hook halokinetic sequences have been identified along the flanks of the 

aforementioned minibasins, where Eagle Valley Formation strata are occasionally sub-vertical to 

overturned in close proximity to salt walls (within 200 m). These beds are truncated by more 

gently dipping strata of the Maroon Formation, which flatten up section and away from the salt 

walls. Additionally, dramatic thickness changes in the Maroon (100 m scale) and younger State 

Bridge Formations (1,000 m scale) are present across the Eagle Basin, indicating that the 

minibasins vary in age, constraining the timing and spatial distribution of salt evacuation and 

diapirism. These new interpretations highlight halokinetic deformation localized along the flanks 

of the minibasins, adjacent to salt walls that developed prior to regional shortening across the 

basin. Subsequent basement involved shortening during the Laramide orogeny was locally 

strongly influenced by the pre-existing salt walls and minibasins.  
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CHAPTER ONE: INTRODUCTION 

1.1 Project Background and Research Objectives 

The Eagle Basin of Central Colorado (Figure 1.1) is a Pennsylvanian to Permian aged 

evaporite basin that formed in the foreland of Ancestral Rocky Mountain uplifts. Earlier tectonic 

studies in this region focused on Laramide and later deformation events, potentially overlooking 

a long period of Paleozoic to Mesozoic salt tectonics that significantly affected the Pre-Laramide 

deformational template.   

Interest in the Eagle Basin was first recognized in the realm of mineral exploration (gypsum 

and halite predominantly), and for its’ abundant outcrop exposures across varied topography 

through geologic mapping dating back to Hayden in 1874. The area was first fully documented 

through Ogden Tweto’s pioneering mapping and the Leadville 1:250K quadrangle map (Tweto 

et al., 1978). Additionally, Tweto’s 1977 paper provided a foundation for the geologic history 

and present-day structure of the Eagle Basin. Mallory’s 1971 paper was the first in-depth study 

of the Eagle Valley Evaporite. Continuing through the 80s and 90s, work by De Voto et al. 

(1986), Dodge and Bartleson (1986), and Schenk’ thesis (1992) on the Eagle Valley Evaporites 

and other relevant formations, provided a more comprehensive geological framework for the 

region. The specific structural history of the evaporites was further developed by the work of 

Scott et al. (1999) and Lidke et al. (2002) focusing on late Cenozoic salt tectonics and collapse. 

This topic is particularly interesting because the Vail to Glenwood Springs corridor has recently 

seen a lot of development, and present day collapse of evaporite bodies could cause significant 

impacts to man-made structures and future building developments. 

Hinted at, but never fully developed, was the idea that evaporite movement also occurred 

from the Pennsylvanian to the Permian. Tweto’s landmark 1977 paper clearly hypothesizes this, 
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but without the framework of modern salt tectonic thinking didn’t go into further detail. This 

hypothesis was revisited by Pearigen in 2019 in the Aspen area and continues with this study, 

documenting evidence across the Eagle Basin for pre-Laramide salt tectonics providing a 

significant structural control on the present day structural template of the basin. 

Building upon recent work in the Eagle Basin, two contrasting salt-withdrawal minibasins 

are mapped and findings are integrated with previous Eagle Basin work. The main objective of 

this thesis project is to provide further evidence for pre-Laramide salt tectonics in the Eagle 

Basin. Salt structures and their associated minibasin sedimentary architecture and structure were 

documented across two locations in the Eagle Basin of Central Colorado (Figure 1.1). Structural 

and stratigraphic data collected by field mapping and stratigraphic logging are integrated into a 

series of updated maps, cross sections, and structural restorations, to distinguish Pennsylvanian 

to Triassic-aged salt structures from later Laramide structures and determine the effect that this 

pre-orogenic salt system had on the later Laramide deformation across central Colorado.  

 

.
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Figure 1.1. Location map of the study area within Colorado, USA. Red box outlines the main area of field work. Modified from 

Pearigen (2019). 
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1.2 Salt Tectonics Overview 

Salt tectonics has been documented all over the world and across many different 

structural settings. Salt can be interpreted as a viscous fluid over geologic time, as opposed to 

other lithologies which act as a brittle counterpart (Vendeville and Jackson, 1992). Over time, 

salt structures commonly grow through a process called diapirism. Passive diapirism is the 

continuous growth of a diapir by sediment aggradation around the diapir (Vendeville and 

Jackson, 1992). However, salt can also grow in the absence of sedimentation if the salt is 

affected by shortening (Rowan et al., 2003). The process of passive diapirism only ceases when: 

(i) sedimentation out paces salt movement, (ii) the autochthonous salt feeder is cut off (welded) 

or (iii) shortening ceases (Rowan et al., 2003). This process causes the formation of minibasin 

and salt wall geometries, observed throughout the world and in the Eagle Basin.  

 

1.2.a Minibasins and Salt Wall Geometry  

Minibasins are synkinematic basins formed by subsidence into relatively thick 

autochthonous or allochthonous salt (Hudec et al., 2009; Hudec and Jackson, 2006). Typically, 

one, or far less commonly both, sides of a diapir may have older, steeply dipping stratal panels 

that are draped along the flank of the diapir or welds with multiple-kilometer wide fold widths, 

referred to as megaflaps (Figure 1.2, Giles and Rowan, 2012; Rowan et al., 2016). Megaflaps 

represent the thin roofs of early salt structures and develop as the minibasin subsides into the salt 

or during contraction (Rowan et al., 2016). Examples of minibasins have been documented in 

salt systems all over the world, and of particular interest are those in the Paradox Basin in Utah 

and Colorado. The growth and development of minibasins and megaflaps associated with the 

Gypsum Valley salt wall in the Paradox Basin is shown in Figure 1.3. 
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Figure 1.2. Schematic cartoon of a megaflap. A megaflap is a sedimentary unit of older strata 

draped along the flank of a diapir with steep or even overturned dips, with multiple-kilometer 

wide fold widths (Modified from Rowan et al., 2016). 

 

 

Figure 1.3. Restoration of the passive diapirism and minibasin development in the Paradox 

Basin, Colorado. Salt is in black, post-salt sedimentary units are in red through blue above it, and 

pre-salt sediments are in brick red below (Rowan et al., 2016). 
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As a result of this passive diapirism, the strata in close proximity to the diapirs in these 

minibasins are often drape folded to very steep to overturned dips, thinned, and contain lateral 

facies changes along the edges of the passive diapirs (Giles and Lawton, 2002). This local 

halokinetic folding is due to the drape of sediments over a rising diapir, which are folded to steep 

to overturned dips in the process of diapir rise (Rowan et al., 2020). These distinct units are 

called halokinetic sequences (Figure 1.4) and are the growth strata influenced by salt movement, 

bounded at the top and base by angular unconformities (Giles and Lawton, 2002). Variations in 

these sequences are caused by the diapir rise rate vs. the sediment accumulation rate, resulting in 

the hook and wedge halokinetic sequences shown in Figure 1.4 (Giles and Rowan, 2012).  

Towards the later stages of diapir evolution, these units often stack into composite halokinetic 

sequences: tabular and tapered (Figure 1.5) (Giles and Rowan, 2012). 

 

Figure 1.4. Diagram of hook and wedge halokinetic sequences. Hooks form within 50-200 

meters of the salt-sediment interface when diapir rise rate is greater than the sediment 

accumulation rate. Wedges form within 300-1000 meters of the salt-sediment interface when 

sediment accumulation rate is greater than the diapir rise rate (Giles and Rowan, 2012).  
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Figure 1.5. Diagram of tabular and tapered composite halokinetic sequences. Tabular- CHS have 

only a narrow zone of thinning strata towards the diapir, subparallel base and top, and axial 

traces parallel to the margin of the diapir. Tapered-CHS have a wide zone of thinning strata 

towards the diapir, a convergent base and top, and axial traces climbing away from the margin of 

the diapir (Giles and Rowan, 2012). 

 

1.2.b Sedimentological Variation Adjacent to Diapiric Salt 

Through field observations, small-scale variation in formations is noted near salt diapirs 

in addition to the broader-scale structural features discussed above (Rowan et al., 2020). 

Brecciated textures in fine-grained rock close to diapirs, extending 1 km laterally and above 
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them, are well-documented in salt influenced settings (Rowan et al., 2020). Beneath salt sheets in 

the Sivas Basin, boudinaged sandstone and gypsum have been identified, as well as gouge and 

breccias (Rowan et al., 2020). These documented breccias may contain diapir or roof material 

clasts (Rowan et al., 2020).  

 

1.2.c Contractional Salt Wall Systems and Influence of Salt in Basement-Involved Shortening 

The Eagle Basin is interpreted to be comprised of a series of minibasins and salt walls. 

Since the deposition of the evaporite and minibasin infill, Laramide-aged shortening has 

significantly impacted the structural template of central Colorado. In this section, the concepts 

behind salt wall systems that have undergone shortening will be reviewed, and examples from 

previous research in which salt played a role in later contractional deformation.  

Salt often acts as a detachment in fold-and-thrust belts (Figure 1.6) and can exert a 

powerful influence on structural style, whether shortening is driven by convergent-margin plate 

tectonics or gravitational failure of passive margins (Rowan and Vendeville, 2006). Specifically, 

in minibasin and salt wall systems, passive salt diapirs may be rejuvenated by later shortening 

events (Dooley et al., 2009). Since the diapirs and salt walls are weak compared to the 

surrounding rock, they are preferentially squeezed and localize incipient thrusting and shortening 

(Rowan and Vendeville, 2006; Callot et al., 2007). Some features associated with this include 

arched roofs, extruded salt, overturned megaflaps, vertical secondary welds, and additional 

thrusts (Figure 1.7 from Duffy et al., 2018). 

Compared to fold and thrust belts that are not salt-influenced, salt-influenced fold and 

thrust settings contain the following characteristics. The “fold axes are much shorter (20–80 km) 

than those seen for example in the Canadian Rockies and the Appalachians (≫100 km), a large 
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number of salt extrusions are present, marking the locations of the pre-existing diapirs, and the 

diapirs are connected to one another by the network of fold and thrusts, resulting in local 

deviations in the trends of these structures in the fold-and-thrust belt” (Duffy et al., 2018). 

 

Figure 1.6. Locations of various contractional deformation styles in the world. “1, Parry Islands 

(Canada, salt age, Ordovician); 2, Franklins (Canada, Cambrian); 3, Appalachians (U.S.A., 

Silurian); 4, Wyoming (U.S.A., Upper Jurassic); 5, Guatemala (Middle Jurassic or Cretaceous?); 

6, Cuba (Middle Jurassic); 7, Santiago (Peru, Permian); 8, Neuquen (Argentina, Jurassic-

Cretaceous); 9, Rif-Tellian (Algeria, Morocco, and Tunisia, Triassic); 10, Betics (Spain, 

Triassic); 11, Iberics (Spain, Triassic); 12, Pyrénées (France and Spain, Triassic); 13, southern 

Alps, Jura (France, Triassic); 14, Carpathians (Romania, lower Miocene); 15, Apennines (Italy, 

Triassic); 16, Messinian (eastern Mediterranean, upper Miocene; 17, Mediterranean Ridge 

(eastern Mediterranean, upper Miocene); 18, Zagros (Iran, Infracambrian); 19, Tadjiks (C.E.I., 

Jurassic); 20, Salt Range (Pakistan, Infracambrian); 21, Sierra Madre Oriental (Mexico, 

Jurassic); 22, Verkhoyansks (C.E.I., Cretaceous). (B) Stars (·), shortening related to gravity 

gliding at the toe of massively prograding systems: 23, Mississippi Fan; 24, Perdido (Gulf of 

Mexico, Middle Jurassic); 25, Campos, Santos (Brazil, Lower Cretaceous); 26, West Africa 

(Angola, Gabon, Lower Cretaceous); 27, Nile delta, (Mediterranean, upper Miocene). (C) Black 

squares (·), intracratonic inverted basins: 28, Atlas (Algeria, Morocco, Tunisia, Triassic); 29, 

Triassic basin (Algeria, Triassic); 30, Aquitaine Basin (France, Triassic); 31, Southern North Sea 

(Permian); 32, Amadeus (Australia, Precambrian); 33, central Iran (Eocene-Miocene).” 

(Modified from Letouzey et al., 1995 and Morley et al., 2011).  
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Figure 1.7. Cross-sections of an isolated diapir during different phases of shortening. A) at the 

lowest strain rate, the diapir begins to get squeezed and stress is accommodated through the 

development of an arched roof. B) as shortening progresses, the diapir is squeezed to form a 

vertical secondary weld and extruded salt at the surface has formed an overturned flap. C) at the 

highest strain rate, the vertical secondary weld is offset by a shortcut thrust. It may also be 

reactivated as a thrust weld (Duffy et al., 2018). 
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Many studies exist documenting the influence of shortening on minibasin and salt wall 

systems. In the Northern Calcareous Alps of Austria, the Permo-Triassic Haselgebirge-

Reichenhall evaporites are a basal detachment for the thrust system (Granado et al., 2019). The 

minibasins here formed by passive diapirism and downslope translation with depocenter shifts 

and megaflaps, bounded by salt walls (Granado et al., 2019). When they were shortened, the 

structures detached from the basement, salt walls were squeezed to vertical welds, and some 

minibasins underwent horizontal rotation (Granado et al., 2019). 

Studies in the Precaspian basin show evidence of the lateral mobility of minibasins 

during shortening. Conclusively, minibasins are most mobile where they are isolated and 

surrounded by salt, they can thus be translated large distances over a low-relief base of salt 

(Duffy et al., 2017). This process leads to tightly-packed minibasins with vertical welds, where 

minibasins were not only translated during shortening but also collided with one another and 

rotated about horizontal and vertical axes (Figure 1.8). Similar interactions between shortened 

minibasins are also shown in Figure 1.9 (Rowan and Vendeville, 2006). 

In the Sivas Basin in Turkey, detailed field studies have identified orogenic effects on 

pre-existing salt structures: (i) substantial tilting of the minibasins during thrust emergence, (ii) 

welds developed obliquely and at right angles to the shortening direction, and (iii) extrusion of 

allochthonous evaporite onto the surface due to squeezing of salt structures were all identified 

(Kergeravat et al., 2017). Additionally, during the shortening controlled stage of the Sivas Basin, 

the minibasin shapes evolved from subcircular to elongated, linear minibasins (Kergeravat et al., 

2017).  
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Figure 1.8. Interactions between minibasins during and after shortening in the Precaspian Basin.  

A) Map view of orientation of minibasins before and after shortening. They may translate in any 

direction and/or collide, forming secondary welds. B) Cross section of minibasins and overlying 

sediments before, during, and after shortening. Salt walls may be squeezed to form vertical 

secondary welds where minibasins collide, and minibasins may rotate. In the final stage of 

shortening, vertical secondary welds may be reactivated as thrust faults. (Duffy et al., 2017). 
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Figure 1.9. Minibasins and salt diapirs modeled by silicone-polymer ridges. A) Map view of 

minibasins after formation, and B) minibasins and salt after shortening. This model shows how 

salt will accommodate shortening by being squeezed and forming thin diapirs or vertical 

secondary welds, while the minibasins more or less retain their shape and size.  (Rowan and 

Vendeville, 2006). 

 

In Haute Provence in the French Alps, similar structures have also been identified. Salt 

extrusion due to shortening is deduced from the presence of overturned megaflaps, which while 

not internally deformed, show pinch-outs, thinning, and unconformities (Graham et al., 2019). 

Where these overturned megaflaps have been identified and salt has been welded out or eroded 

away, that surface is postulated to have been a decollement during the shortening episode 

(Graham et al., 2019).  

 The Eastern Cordillera in Colombia has also been affected by salt tectonics and 

subsequent shortening. Evidence for pre-Andean salt tectonics has been found as variably 

Before shortening 

After shortening 
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striking and moderately to steeply dipping strata have been identified, in response to both 

regional tectonism and diapirism (Parravano et al., 2015). Salt tectonics had not previously been 

reported here, but limb overturning and doubly verging folds associated with salt-related 

detachment folding were recorded by Teixell et al., in 2015, with a preceding phase of 

Cretaceous diapirism (Parravano et al., 2015). Regional anticlines have been hypothesized to 

originate as salt walls, which were compressed during the orogeny. During the main phase of the 

Andean orogeny, previous extensional faults were reactivated as thrust faults and the Paleozoic 

basement was uplifted (Parravano et al., 2015). The diapirs were squeezed and the Servitá fault 

was inverted (Figures 1.11 and 1.12, Parravano et al., 2015). During the late Oligocene to early 

Miocene, with the squeezed diapir forming a vertical secondary weld, it could no longer 

accommodate additional shortening, so the weld was reactivated in the basement-involved 

shortening as the present Mirador thrust and a series of small imbricates in the inverted flank of 

the former diapir (Parravano et al., 2015).  
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Figure 1.10. Map in the Eastern Cordillera of Colombia showing the location of cross section B-

B’ (Figure 1.11), intersecting the inverted Servita Fault and reconstructed salt structures 

(Parravano et al., 2015). 

Figure 1.11 
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Figure 1.11. Cross section B-B’, kinematic restoration of the Guatiquia foothills showing 

diapirism, inversion, secondary welding, and triangle zone development. MT = Mirador Thrust, 

SF = Servita Fault, VT = Villavicencio Thrust. (Parravano et al., 2015). 
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During shortening, stress will be differentially distributed across the salt wall and 

minibasin system as salt walls are mechanically anisotropic, with long zones of weak salt 

bounded at the ends by strong surrounding minibasin sediments (Rowan and Vendeville, 2006). 

Strain gradients may develop in which shortening is most intense at the center of the wall, 

decreasing toward the ends (Rowan and Vendeville, 2006; Duffy et al., 2018). After shortening, 

previously continuous salt walls may be expressed as vertical welds with only small diapirs left 

on the ends, dependent on principal stress and salt structure orientations (Figure 1.12, Rowan and 

Vendeville, 2006). 

 

Figure 1.12. Diagrammatic representation of the formation of a Q-tip structure. During 

shortening, a formerly continuous salt wall will form vertical secondary welds at the locations of 

maximum strain and the salt will either extrude to the surface or laterally to form “Q-tips” at the 
locations of least strain (Rowan and Vendeville, 2006). 
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1.2.d Salt Sheet Evolution 

 Potentially observed in the Eagle Basin, salt sheet evolution is another important concept. 

Salt sheets are subhorizontal “sheetlike bodies emplaced at stratigraphic levels above an 

autochthonous source layer” and sourced from a single feeder, which may be an allochthonous 

salt wall or the autochthonous salt layer (Jackson and Talbot, 1991, Hudec and Jackson, 2006). 

These sheets may advance by extrusion, open-toed advance, thrust advance, and salt wing 

intrusion (Figure 1.13, Hudec and Jackson, 2006). These geometries may lead to beds within the 

drape folded strata, becoming vertical to overturned as the salt sheet moves horizontally over the 

strata. 

Pre-Laramide salt structure evolution may have been influenced by tectonic shortening 

and also depositional controls including sediment routing patterns and aggradation rates. 

Allochthonous salt emplacement in the form of mobile salt sheets and tongues may also be 

driven by shortening, or in the case in the Eagle Basin, most likely an increased sedimentary load 

in the basin foredeep leading to lateral salt extrusion.  
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Figure 1.13. “The geometry of breakout at the toe of a salt sheet depends on whether the roof is 

thick and strong enough to pin the toe of the sheet. If so, (a) basins subsiding into the rear 

(mostly off section) expel underlying salt, which inflates the toe of the sheet. This steepens the 

frontal escarpment, causing slope failure of its upper part. Salt breaks through the thinned roof 

near the crest of the escarpment. Roof strata at the escarpment below the breakout are inverted to 

form an overturned flap. If, however, the roof is not strong enough to contain the sheet, then (b) 

the roof and salt sheet advance together as a thrust. If the leading edge of this thrust is 

sufficiently eroded, salt breaks out near the base of the escarpment, and open-toed advance can 

begin” (Hudec and Jackson, 2006).  
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CHAPTER TWO: GEOLOGIC SETTING AND PREVIOUS RESEARCH 

2.1 Central Colorado Tectonic History 

Prior to Pearigen’s 2019 Mines thesis work, the Pennsylvanian Ancestral Rocky 

Mountain Orogeny (Figure 2.1), Late Cretaceous to Eocene Laramide Orogeny, late Cenozoic 

extension (Tweto 1975, 1977), and late Cenozoic uplift, were believed to be the dominant 

tectonic events controlling the complex structure and stratigraphy of the Eagle Basin (Scott et al., 

2002). However, it has now been demonstrated that between the Ancestral Rocky Mountain and 

Laramide orogenies, a significant period of salt tectonics deformed the landscape, coeval and 

similar to the well-documented phase of salt tectonics in the Paradox Basin, Utah (Pearigen, 

2019). This section outlines the prior research in the region and summarizes the relevant 

stratigraphy. 

 

2.1.a Ancestral Rocky Mountains and Evaporite Deposition 

In the Late Mississippian to Early Pennsylvanian, central Colorado underwent significant 

tectonic shortening, uplift and erosion (Blakey, 2009). The resultant Ancestral Rocky Mountain 

uplifts are hypothesized to have been the result of the Gondwanan-Laurussian collision, wrench 

faulting and generation of pull-apart basins in the Southwest, and shallow Cordilleran subduction 

from the southwest (Blakey, 2009). This collision may have formed the NW-SE-trending 

Ancestral Front Range (Figure 2.2) and Uncompahgre uplifts (Figure 2.1) along lines of 

inherited structural weakness from Precambrian rocks (Schenk, 1992). Two main fracture 

systems, Precambrian in age, exert a strong control on younger tectonic features in central 

Colorado: a northeast trend along the Homestake shear zone and a north-northwest trend (Tweto, 

1977). Additionally, between the Uncompaghre and Ancestral Front Range uplifts, an ancestral 
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Sawatch uplift (Figure 2.1) may have developed (Schenk, 1992), although its existence at this 

time is less certain. 

 

Figure 2.1 Ancestral Rocky Mountain uplifts (brown) and basins (blue) (Modified from Blakey 

2009). Of particular interest to this study: EB = Eagle Basin, PaB = Paradox Basin, UnU = 

Uncompahgre Uplift, CCT = Central Colorado Trough, SwU = Sawatch Uplit, FRU = Front 

Range Uplift. Dashed lines indicate location of the Transcontinental Arch. Red line indicates 

location of Figure 2.3 cross section.
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Figure 2.2. Map showing the Paradox and Eagle basins with associated Ancestral Rocky Mountain Uplifts, depositional limits of 

evaporite facies, and orientation of salt walls in the Paradox Basin. 



23 

 

From Atokan-Desomoinesian time, the Eagle Valley Evaporite and associated clastic 

sediments were deposited in the flexural trough between the Uncompahgre and Ancestral Front 

Range uplifts (Figure 2.3). The evaporite was deposited in at least thirteen major transgressive-

regressive sedimentary cycles (Figure 2.4 and Figure 2.5), associated with sea-level changes as 

the Gondwanan ice sheets were accumulating and ablating during the Pennsylvanian (Schenk, 

1992). On the SW side of the Uncompahgre uplift, a similar process was occurring in the 

Paradox Basin (Figures 2.1, 2.2, 2.3).  

 

Figure 2.3. Simplified cross section through the Paradox and Eagle basins in the Triassic with 

associated uplifts. Light purple = evaporite, light blue = carbonates, red = mudstone and 

sandstone redbeds, orange = sandstone and conglomerates, yellow = eolian sandstone, brown = 

basement (Blakey, 2009).  

Gypsum, CO Durango, CO 
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Figure 2.4. Interpreted Champlin #1 Black well in Eagle, CO showing the evaporite cycles in the 

northern part of the Eagle Basin (Halite beds numbered from youngest (1) to oldest (13). 

Location shown on Figure 2.2. Redrawn from old well logs. 
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Figure 2.5. The evaporite deposition cycle showing the facies changes and salinity changes with 

sea level rise and fall through transgressions and regressions. Hite and Buckner (1981). 

 

The Paradox Basin developed along the southwest flank of the Uncompahgre uplift during 

the middle Pennsylvanian-Permian time (Figure 2.2) (Barbeau, 2003). It is interpreted as an 

intracontinental, immobile flexural foreland basin that formed in response to the thrust-bounded 

Uncompahgre uplift (Barbeau, 2003). The uplift and associated crustal loading provided 2-5 km 

of accommodation in the proximal basin foredeep, but only 10% of that in the most distal 

portions of the basin where an uplift-parallel forebulge barrier rose ~200 km southwest of the 

Uncompahgre (Barbeau, 2003). This basin style interpretation is supported by the facies 

architecture, subsidence history, bounded structural setting, and orientation parallel to the 

shortening direction of the ARM uplifts (Barbeau, 2003). 

The Eagle Basin may be similar to the Paradox Basin, with a basement uplift to the NE 

(Ancestral Front Range) in the northern part of the basin and to the SW (Uncompahgre) in the 
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southern part, providing structural barriers and promoting deposition of evaporite and carbonate 

facies. Evaporite and clastic cycles characterize the evaporite-bearing intervals in both basins 

and the evaporite deposition initiated during the Pennsylvanian in both. Their orientations are 

markedly similar as well, with salt walls and minibasins striking parallel to the Uncompahgre 

and Front Range highlands (Figure 2.1 and 2.2).  

During and soon after deposition of the evaporite, salt-related deformation began 

occurring when thick, dense, coarse clastic deposits from the Ancestral Uncompaghre and Front 

Range were differentially loaded onto the evaporite bodies (Scott et al., 2002). Evidence of early 

salt-influenced deformation consists of locally overthickened strata and thinner deposits near or 

over top of thickened evaporite bodies (Tweto, 1977; Scott et al., 2002). 

Mallory (1971) documented “salt subbasins,” but termed the Eagle Basin a single 

depositional trough. This idea was revised to be interpreted as a “series of four or five smaller 

basins, each having served as a center for halite accumulation, structurally controlled” (Dodge 

and Bartleson, 1986). However, these ideas suggested that the basins were there prior to 

deposition, whereas we propose these minibasins formed during and as a result of salt 

movement. Tweto (1977) was the first to suggest that deformation of evaporites in the Eagle 

basin may have played a significant role in the early redistribution of evaporites, and may have 

resulted in differential thicknesses of Permian and Triassic sediments. 

Progressing through the Pennsylvanian-Permian time, there was an increase in 

siliciclastic sedimentation, decrease in thickness of basinal deposits, decrease in salt production 

and evaporite movement, and increase in redbed deposition and associated eolian sands (Blakey, 

2009). During the Missourian and Virgilian time, braided stream and eolian sand deposits 

(Maroon and Weber Formations) covered the Eagle Basin (Blakey, 2009). 
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Figure 2.6. Paleogeographic map of the SW US from the Desmoinesian period. Note the two 

evaporite basins forming contemporaneously on either side of the Uncompahgre uplift, and the 

Ancestral Front Range uplift bounding the northeastern extent of the Eagle Basin (Modified from 

Blakey, 2009).  
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2.1.b Pennsylvanian to Triassic-aged Salt Tectonics 

 Previous work by Pearigen (2019) in the Eagle Basin focused on the Aspen region, in the 

south-central part of the Eagle Basin. The primary conclusions include that the Eagle Basin 

formed as a flexural foreland basin associated with the Ancestral Rocky Mountain uplifts and 

cyclic flooding and evaporation during the Atokan-Desmoinesian time led to deposition of the 

Eagle Valley Evaporite consisting of halite, carbonates, and clastics (Figure 2.6; Pearigen, 2019). 

With subsequent deposition of the overlying clastics from the Pennsylvanian through the 

Triassic, a polygonal network of salt walls and minibasins grew. The configuration of these 

structures was controlled partially by the existing network of basement-involved fault structures 

and Precambrian features (Pearigen, 2019). Thickness variations in the Minturn-Maroon, State 

Bridge, and Chinle represent a complex progradational style of minibasin downbuilding. 

Evidence for halokinesis includes angular unconformities and high-angle truncation surfaces 

adjacent to paleo-salt walls and near vertical dipping strata. Additionally, normal faults are 

interpreted as potential growth faults detached on salt rollers and thrust faults are interpreted as 

thrust welds, both reactivated during the Laramide Orogeny as discussed in Chapter 2 Figure 1.8 

(Pearigen, 2019).  

The initial trigger for halokinesis is unknown but could be due to Ancestral Rocky 

Mountain shortening or differential thermal and loading subsidence of basement blocks, resulting 

in gravitational sliding of the Eagle Valley Evaporite toward the Sawatch Uplift (Pearigen, 

2019). Another probable cause of halokinesis is differential loading of the overlying clastics onto 

the salt (Pearigen et al., 2019). As the Maroon, State Bridge, and Chinle formations prograded 

into the basin, the differential loading patterns may have triggered diapir growth. Restored salt 

structures in the Eagle Basin show a series of 15-20 km long, 3.5 km high, 2 km wide, linear salt 
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walls and minibasins trending subparallel to the Ancestral Uncompahgre Uplift, similar to the 

coeval Paradox Basin (Trudgill, 2011; Pearigen 2019).  

 

Figure 2.7. Map of the Eagle Basin with pertinent structural features called out including uplifts, 

minibasins, faults, historic wells and research areas. Red = Pennsylvanina-Early Permian aged, 

orange = Permian aged, yellow = Triassic age, grey = present day uplifts, purple = ancestral 

uplifts.  

 

2.1.c Laramide Tectonics  

The Laramide Orogeny began in west-central Colorado with the uplift of the Sawatch 

Range, followed by the Gore and Front Ranges (Figure 2.7) at the location of the ancestral Front 

Range uplift towards the end of the Cretaceous (Tweto, 1977). The last of the Laramide uplifts in 

central Colorado were the White River uplift and Grand Hogback (Figure 1.1) in the late Eocene 

(Tweto, 1977). In and around the Eagle Basin, Laramide structures verge towards the southwest 

and strike along a northwest-southeast trend (Figure 2.8). The crustal shortening of the Laramide 
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orogeny is expressed often as large, asymmetric anticlines of Precambrian basement bounded by 

thrust faults or steep monoclines, paired with deep foreland basins (Hamilton, 1988). Many of 

the main range-bounding Laramide faults in central Colorado are rejuvenated Precambrian faults 

(Tweto, 1975). Towards the Colorado Plateau, Laramide features are more commonly expressed 

as monoclines as shortening was less intense (Hamilton, 1988, Yonkee and Weil, 2015). 

 

Figure 2.8. Map from the Paleogene showing the location of the Eagle Basin within the 

Cordillera and the direction of Laramide shortening in the area (double-headed arrow). CoMB = 

Colorado Mineral Belt. Blue line is the location of Figure 2.9. Modified from Yonkee and Weil, 

2015. 
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The apparent western margin of Eagle Valley Evaporite in central Colorado trough 

roughly conforms to the Laramide Grand Hogback monocline, suggesting an important evaporite 

structural influence on the Laramide formation of that monocline (Scott et al., 2002). 

Additionally, Permian folds were recognized by Freeman (1971) as the sites of 

subsequent Laramide deformation, specifically at Woody Creek and Gypsum Creek, which were 

sites of Laramide deformation and now contain gypsum layers in their cores (Schenk, 1992).  

The Grand Hogback itself is far more complex than other structures found along the 

Laramide margins of uplifts farther west in the Colorado Plateau, “such as those of the northeast 

margin of the Uncompaghre uplift ~90 kilometers southwest of the White River uplift where no 

evaporite deposits exist” (Scott et al., 2002).  

Along a transect along the I-70 freeway through central Colorado, Granath et al., (2018) 

interpreted basement-involved Laramide thrust structures in a restored cross section (Figure 2.9).  

The restoration shows that the Eagle Basin and surrounding areas in central Colorado were 

deformed by thrusts that ramp from a mid-crustal detachment, through the basement into 

sedimentary section detachments (Granath et al., 2018). The displacement was mostly 

accommodated by the Williams Range-Elkhorn and Grand Hogback thrust systems (Granath et 

al., 2018). This style of deformation is interpreted as creating many fault-bend fold geometries in 

the Eagle Basin and surrounding area, including stacked triangle zones with internal backthrusts 

(Figure 2.9, Granath et al., 2018). From this restoration it is concluded that ~80 kilometers (50 

miles) of shortening were accommodated between the Grand Hogback and the Front Range 

(Granath et al., 2018). 
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Figure 2.9. Cross section from the Piceance Basin to the Denver Basin along I-70 showing the present-day deformed section and the 

restored section. ~50 miles of Laramide shortening were accommodated between the White River Uplift and the Front Range Uplift. 

Location on Figure 2.8. (Granath et al., 2018).
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At the margins of the Eagle Basin close to local uplifts, Laramide shortening is interpreted 

to have caused secondary welding of salt walls, folding and faulting of roof strata, variation in 

deformation styles and amounts along strike of the salt walls, and uplift and rotation of pre-

existing minibasins (Pearigen, 2019).  

 

2.1.d Cenozoic Rifting, Volcanism, and Uplift 

 Three phases of volcanism and intrusive igneous activity occurred in the Eagle Basin 

during the Laramide, the Oligocene, and during the Miocene.  Of particular interest to the salt 

evolution story is the Miocene volcanism, which was primarily basaltic extrusives and rhyolitic 

intrusives (Tweto, 1977). This datum is used to estimate uplift and the amount of evaporite that 

has dissolved at collapse centers across the basin (Scott et al., 2002).  

In conjunction with the significant dissolution of salt in the Cenozoic, this period was 

dominated by other erosional processes as well. In late Oligocene to Miocene time, the Rio 

Grande rift was active through the Eagle Basin causing a brief period of extension along the 

Laramide orogenic belt (Steven, 2002, Chapin and Cather, 1994). While the Rio Grande Rift is 

expressed as a continuous graben up to Leadville, the extensional faulting occurs far north into 

the Eagle Basin (Tweto, 1977).  

Rifting continued in the late Tertiary accompanied by uplift (Tweto, 1977). As drainage 

patterns were modified through the ongoing extension, removal of Miocene sediments promoted 

further uplift, moving into the “canyon cycle of erosion” (Steven, 2002). A volcanic datum going 

back to the Miocene topographic lows show nearly 1,500 meters of uplift (Scott, 1998). The 

Mosquito Range, Tenmile Range, and Gore Range were reactivated during this time period and 

further uplifted (Tweto, 1977).  
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2.1.e Cenozoic Salt Tectonics 

After the Laramide orogeny, a period of dissolution driven salt tectonics in the late 

Cenozoic developed along with the uplift of the Colorado Plateau. This regional uplift triggered 

unroofing, dissolution, and remobilization of evaporites. The character of the structural bench 

south of the White River uplift is influenced by the differential removal of evaporites along the 

margin of the uplift by flow, dissolution, and diapirism (Scott et al., 2002). Furthermore, the 

absence of evaporite at expected stratigraphic intervals where Belden and Eagle Valley 

formations are exposed is interpreted as evidence for dissolution near the surface (Scott et al., 

2002). 

Two major Cenozoic collapse centers have been identified at Carbondale and Eagle 

(Figure 2.10). Between 25 to 10 mya, basaltic lava flows covered the area between Grand Mesa 

and the Gore Range, and incision of rivers into these flows is thought to be the trigger for 

evaporite movement in the late Cenozoic (Scott et al., 2002). The differential loading of these 

rivers on the evaporite promoted remobilization and lateral flow towards river valleys, followed 

by subsequent dissolution, similar to that seen in the Paradox Basin (Scott et al., 2002).  
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Figure 2.10. Location map across the Eagle Basin showing the locations of the Carbondale and 

Eagle collapse centers (Scott et al., 2002).  
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2.2 Eagle Basin Stratigraphy (Figure 2.11 and Table 2.1)  

Prior to the Pennsylvanian, the sedimentological history contains many unconformities 

associated with regional epeirogenic events (Tweto, 1977). The Sawatch Quartzite, Peerless 

Formation, Manitou Dolomite, and Parting Formation comprise about 200-300 meters of section 

and are all unconformity-bound units representing uplift and erosion from the Cambrian through 

the Devonian (Bryant and Freeman, 1977, Tweto, 1977). In the Mississippian, an unconformity 

at the base of the Leadville Limestone, indicates uplift potentially near the site of the Gore Range 

(Tweto, 1977). At the base of the Pennsylvanian is a major unconformity (Figure 2.11), which is 

regularly represented by a karstified erosional surface on Leadville Limestone through Manitou 

Dolomite (Tweto, 1977). The early Pennsylvanian Molas Formation is irregularly deposited 

across this discontinuous karstified surface, even filling caves and channels in the underlying 

carbonates (Tweto, 1977). The Molas also contains clasts of Precambrian basement, pointing to 

the nearby Uncompahgre and Front Range uplifts (Tweto, 1977).  

During the early Pennsylvanian, the initial downwarping of the Eagle Basin, is 

documented by the deposition of 300 meters of carbonaceous shale, limestone, sparse evaporites, 

and dolomite of the Belden Formation (Bryant and Freeman, 1977).  During the middle 

Pennsylvanian the evaporite production ramped up. The Eagle Valley Evaporite (Figure 2.11) is 

comprised of mudstone, siltstone, sandstone, gypsum, halite, and limestone deposited in the 

Eagle Basin during Atokan-Desmoinesian time (Schenk, 1992). Contemporaneous with the 

evaporite, along the northeast and southwest margins of the basin, the Minturn, Gothic, and 

Eagle Valley formations accumulated thick sequences of a mix of clastics and carbonates 

(Schenk, 1992).  
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Figure 2.11. Stratigraphic chart showing the prominent and mappable units within the Eagle 

Basin.  
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Table 2.1. Table illustrating the principal rock units of the Eagle Basin, their ages, maximum 

thicknesses, and relationships to adjacent stratigraphy. 
Age Formation or 

Unit 

Maximum Thickness 

(ft) 

Maximum Thickness 

(m) 

Details 

Paleocene and Late 

Cretaceous 

Intrusive rocks variable variable Many bodies from Aspen northeastward; ages mainly 55-70 

m.y.; possible use as a “paleoflat” for reconstruction purposes 

Late Cretaceous Pierre Shale 5,300 1,615.44 Upper part missing; eroded by unconformities or faults 

Late Cretaceous Mesaverde 

Group 

6,100 1,859.28 Thins southward by intertonguing with Mancos Shale 

Late Cretaceous Niobrara Fm.  600 182.88 Thins westward and becomes tongue in lower Mancos Shale 

Late and Early 

Cretaceous 

Benton Shale 400 121.92 Frontier SS and Mowry Sh. Equivalents at top; passes 

westward into lower Mancos Sh. 

Late and Early 

Cretaceous  

Mancos Shale 6,000 1,828.8 Thickens southward; includes lower Pierre, Niobrara, Benton, 

Frontier, and Mowry equivalents 

Early Cretaceous Dakota 

Sandstone 

250 76.2 Thins eastward 

Early Cretaceous  Burro Canyon 

Fm.  

225 68.58 Only present in Aspen-Basalt area  

Late Jurassic Morrison Fm.  500 152.4 Thins at Gore fault and eastward where it overlaps 

Precambrian rocks 

Middle Jurassic Curtis Fm.  <100 <30.48 Mainly in CO. River area near McCoy; overstepped eastward 

by Morrison  

Middle Jurassic Entrada 

Sandstone 

100 30.48 Truncated beneath Morrison near Gore fault and west of 

Aspen 

Early Jurassic and 

Late Triassic 

Glen canyon 

Sandstone 

75 22.86 Equivalent to Navajo Sandstone; southern limit is near New 

Castle 

Late Triassic Chinle Fm.  1,200 365.76 Thicknesses <150 m in most areas but 365 m in Hardscrabble 

Mountain area; truncated beneath Entrada or Morrison in Elk 

Mountains and Gore Range 

Early Triassic and 

Permian 

State Bridge Fm. 5,000 1,524 Thickness <200 m in most areas but 1,525 m in Hardscrabble 

mountain area; equivalent to Moenkopi-Park City; 

depositional edge near Gore fault; truncated beneath Chinle or 

Entrada in southern Grand Hogback and Elk Mountains 

Permian and 

Pennsylvanian 

Weber Sandstone 100 30.48 From northern Grand Hogback, thins to east and south by 

facies change into Maroon Fm. And also by truncation 

beneath State Bridge 

Permian and 

Pennsylvanian 

Maroon 

Formation  

15,000 4,572 Thins eastward and northward from Aspen area to 

depositional margin along Gore Range and east of 

Breckenridge; lower part intertongues with Eagle Valley 

Evaporite 

Pennsylvanian Eagle Valley 

Evaporite or Fm.  

Variable Variable Basinal evaporitic and color-transitional facies; intertongues 

with Maroon, gothic, and Belden Fms.; uppermost clastic 

units likely transitional facies into Minturn fm.  

Pennsylvanian  Minturn Fm. And 

Gothic Fm.  

6,600 2,011.68 Coarse clastic facies that grades into and intertongues (?) with 

Eagle Valley Evaporite; eastern depositional margin near 

Gore fault and Breckenridge 

Pennsylvanian  Belden Fm.  900 274.32 Thins eastward to depositional margin west of Gore fault 

Pennsylvanian Molas 75 22.86 Discontinuous along pre-Belden unconformity 

Early Mississippian Leadville 

Limestone 

275 83.82 Truncated beneath belden near Gore Range and at Treasure 

Mountain 
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The cycles within the Eagle Valley Evaporite (Figure 2.4 and 2.5) include basal black 

shale and siltstone intervals, limestones, laminated anhydrite, and thick sequences of halite and 

interbedded anhydrite (De Voto et al., 1986). Eustatic sea-level changes are thought to be the 

cause of these cycles, with carbonates deposited in shallow-water marine areas and evaporites 

from salinity and density-stratified brines below wave base in the Eagle Basin (De Voto et al., 

1986; Houck, 1997). Sea level changes were associated with Gondwanan glaciation and ablation 

primarily in the Southern hemisphere (Blakey, 2009). This cyclicity is similar to patterns 

observed in the Paradox Formation evaporites and clastic deposits in the Paradox Basin 

(Trudgill, 2011).  

The Minturn, Eagle Valley, and Gothic Formations (Figure 2.11) consist of interbedded, 

gray-green, basin-margin siliciclastics, interfingering with the evaporite in places (De Voto et al., 

1986). Approaching the locations of the ancestral Rocky Mountain uplifts, these facies become 

coarser-grained and more fluvial dominated (De Voto et al., 1986). Onlap relationships and 

angular unconformities within the Pennsylvanian strata are common adjacent to the basin-edge 

bounding faults and especially towards the flanks of salt structures (De Voto et al., 1986). 

Through the Desmoinesian these strata change to the red arkosic sandstone, 

conglomerate, and siltstone of the fluvial Maroon Formation (Figure 2.11) (De Voto et al., 

1986). The deposition of these strata was strongly influenced by the Uncompahgre and Front 

Range uplifts (Bryant and Freeman, 1977; Tweto, 1977; Bryant, 1979). Maroon strata in the 

Eagle Basin display abrupt thickness variations (Figure 2.12), either adjacent to uplifted fault 

blocks or probably more commonly, around salt structures (De Voto et al., 1986; Johnson et al., 

1987; Freeman and Bryant, 1997). The Late Pennsylvanian-Early Permian white to pale red, 

eolian Weber Sandstone was deposited in the northwestern part of the Eagle Basin (De Voto et 
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al., 1986). In the Eagle Basin the Weber has a gradational vertical and lateral contact with the 

Maroon Formation (De Voto et al., 1986). 

 

Figure 2.12. Schematic regional cross section from the Uncompahgre uplift to the Front Range 

uplift from West to East. Note dramatic thickness variations the Eagle Valley Evaporite and 

overlying formations. Modified from De Voto et al., 1986. 

 

 A second unconformity exists in the Late Permian where the lower State Bridge 

Formation (Figure 2.11) overlies the Maroon Formation. The State Bridge was deposited in a 
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marginal marine environment, where sediments were deposited in bodies of standing water that 

periodically evaporated (Freeman, 1971).  In addition to the Lower and Upper divisions, the 

State Bridge consists of: basal Fryingpan Sandstone member, the South Canyon Creek member, 

Sloane Peak member, and the Toner Creek member. State Bridge strata overlap steeply dipping 

Maroon and Minturn strata in the northeast Eagle basin, adjacent to the ancestral Front Range 

uplift (De Voto et al., 1986). The State Bridge exhibits dramatic thickness variations, it is 

typically less than 200 m thick, but ~1,525 m thick at Hardscrabble Mountain (Table 1, Figure 

2.13, Tweto, 1977; Freeman and Bryant, 1977).  

Unconformably overlying the State Bridge Formation is the conglomeratic Garta Member 

of the Chinle Formation (Figure 2.11), which also displays thickness changes like the Maroon 

and State Bridge formations (Freeman and Bryant, 1997). Following the close of the Triassic, the 

region became drier and the Entrada Sandstone was deposited in an eolian environment in the 

Eagle Basin (Freeman and Bryant, 1977).
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Figure 2.13. Map  showing State Bridge Formation thicknesses and the names of salt walls referenced in this thesis. Note the strong 

thickness variation of the State Bridge Formation across the basin, particularly between the Eagle River and Gypsum Creek salt walls, 

and south of the Gypsum Creek salt wall.
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CHAPTER THREE: METHODOLOGY 

3.1 Field Work 

Field work was undertaken in the Hardscrabble, Wolcott, and Bellyache minibasins (Figure 

3.1) during the Fall of 2019 and the Fall of 2020 over a total of about three weeks. Structural and 

stratigraphic data were collected including bedding attitudes, observations of overturning, 

folding and deformation, and any other important structural observations. These data were 

collected using the Fieldmove Clino iPhone app and supplemented by previously published 

USGS and CGS maps, data collected by Pearigen and Trudgill prior to 2020, and other 

previously published research by Hubert (1954) and Lidke et al. (2005). Two measured sections 

were constructed using a 1.5 meter Jacob’s staff and Fieldmove Clino (Appendix B and C). 

Outcrop photographs were taken using an iPhone. Additionally, hand samples were collected and 

20 of those were made into thin sections cut to the standard size and the standard polish 

(Appendix A). These intend to serve as a suite of samples showing the wide array of 

sedimentological variation in the basin and as a library of reference for future detailed work.  

Data were compiled using GlobalMapper 20.1, Move 2019, Microsoft Excel and Adobe 

Illustrator and Adobe Photoshop.  

 

3.2 Cross Sections and Restorations  

Two regional and four shorter cross sections were constructed using GlobalMapper and 

Move. The Leadville 250K map and the Eagle, Wolcott, and Gypsum 24K quad maps were 

digitized and reinterpreted in alignment with field data collected by the author and previous 

researchers. Elevation data were gathered from a combination of the USGS Lidar Point Cloud  
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Figure 3.1. Map of the Eagle Basin with pertinent structural features called out including uplifts, minibasins, faults, historic wells and 

research areas. Red = Pennsylvanian-Early Permian aged, orange = Permian aged, yellow = Triassic age, grey = present day uplifts, 

purple = ancestral uplifts.  
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Central-Western CO 2016 dataset and the USGS National DEM and converted into elevation 

profiles for the cross sections. Structural measurements (previously published and my own) were 

projected onto the elevation models and projected onto the cross sections where perpendicular. 

Cross sections were selected 1) perpendicular to strike and dip measurements and 2) in areas that 

were visited in the field by the author, where salt-related deformation was observed. 

In a similar fashion to Pearigen (2019), workflows from Move tutorials were used in 

addition to guidance on restoration of salt-influenced structural systems from Rowan (1993), 

Rowan and Ratliff (2012), and Rowan et al. (2004 and 2016).  

 

3.2.a Unfaulting 

The first step in the restoration process was unfaulting (Figure 3.2a) of significant faults 

in each cross section. The 2D Move-On-Fault module in Move was used for this. This module 

can be used to create forward models, guide seismic and structural interpretation, test and modify 

fault geometries, and create balanced interpretations (Petroleum Experts, 2019).  

There are seven methods available: simple shear, fault parallel flow, fault bend fold, fault 

propagation, tri-shear, detachment fold, and elliptical fault flow (Petroleum Experts, 2019).  

Although simple shear is most applicable to extensional tectonic regimes, fault parallel flow was 

used any normal faults in the sections. Because these formed through salt collapse rather than 

extension, fault parallel flow with an element of angular shear complementary to the fault dip 

angle was used to restore the beds. The fault parallel flow algorithm is based on the continuing 

work of Vaughn et al. (1997), based on particulate laminar flow over a fault ramp (Petroleum 

Experts, 2019). The fault plane is divided into dip domains, where changes in dip are marked by 

dip bisectors and then flow lines are constructed by connecting points on bisectors which are 
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equidistant from the fault plane (Petroleum Experts, 2019). Points in hanging wall translate along 

the flow lines by a distance defined by the author (Petroleum Experts, 2019). 

 

3.2.b Unfolding 

Unfolding (Figure 3.2b) was performed in Move using the 2D unfolding module. The tool 

allows for geologic horizons to be restored to a target or regional datum, using a simple shear 

flexural slip or line length unfolding algorithm (Petroleum Experts, 2019). Both simple shear and 

flexural slip were used in this process based on the structure that was being unfolded. 

 The flexural slip unfolding algorithm works by rotating the limbs of a fold to an assumed 

regional or datum (Petroleum Experts, 2019). Layer parallel shear is applied to the rotated fold to 

remove the components of flexural slip (Petroleum Experts, 2019). It allows unfolding to occur 

and retains the line length of the template horizon in the direction of unfolding, retains the 

orthogonal bed thickness between the template and other passive objects, and retains the area of 

the fold in the model (Petroleum Experts, 2019)..  

  The simple shear unfolding algorithm makes the assumptions that if line length is not 

preserved neither is the area, line length in the unfolding direction varies between the deformed 

and undeformed states, and the surface area of the beds varies between the deformed and 

undeformed states (Petroleum Experts, 2019). 

The unfolding mechanism was used at various steps in the restoration process. It was 

used for two primary purposes  

1) unfolding a significant fold in the Wolcott section  

2) flattening beds periodically to correct for minor errors in the restoration process  
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3.2.c Salt Geometry Restoration 

 Due to the complex nature of salt, none of the modules in Move 2019 were directly used 

for restoring geometries of the salt bodies in this study. All restorations were worked in a two-

dimensional section, and that is a great caveat to the nature of salt which can and will flow in 

three directions through time. This area has also been affected by collapse and dissolution, which 

affects the area of salt through each stage of the study (Rowan and Ratliff, 2012). Additionally, 

minibasins may rotate in any direction and translate through time as affected by either shortening 

or salt movement. All of these conditions make restoration in a salt-influenced environment an 

uncertain process. The restorations therefore are used primarily to illustrate the potential 

structural history of the Eagle Basin and provide an interpretation constrained by present day 

geometries and knowledge of how salt systems form and evolve through time. 

 To provide some constraints on restoring the salt, guidance from Rowan and Ratliff, 

(2012), Hearon, (2013), and Pearigen, (2019) was taken. In restorations influenced by Laramide 

shortening, the amount of shortening in the post-salt section was used to estimate the diapir 

width prior to shortening. While a diapir can accommodate shortening in a variety of ways, this 

method provides an estimate. 

 In restoring potential salt collapse and dissolution, volumetric analysis from collapse 

centers analyzed by Lidke et al. (2002), were used to constrain the potential magnitude of 

collapse. The minimum throw on a fault, dip of the fault, and volumetric estimates were used to 

add salt back into a section where it may have been removed by dissolution.  

 



48 

 

3.2.d Decompaction 

 Decompaction (Figure 3.2) of underlying strata were performed using the 2D 

Decompaction Tool.  Move’s decompaction workflow allows the effects of rock volume change 

due to porosity loss associated with increased burial depth to be modeled. The equations and data 

of Sclater and Christy (1980) assume that porosity decreases with increasing burial depth and 

increases with decreasing burial depth (Petroleum Experts, 2019). 

In each step, the salt and horizons below were used classified as the base, the layers to be 

removed were the uppermost beds, and everything else was an active intermediate object. Using 

the formula below and variables based on formation surface porosity and depth coefficient 

(Table 3.1).  

f = f0 (e
-cy) 

Where: 

f = the present-day porosity at depth 

f0 = the porosity at the surface 

c = the porosity-depth coefficient (km-1) 

y = depth (m) 
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Table 3.1. Decompaction parameters for the restoration algorithm. 

 

 

Included in the 2D Decompaction tool is an isostatic adjustment. Response to loading and 

unloading is important because it affects the restored shapes of horizons and faults. Airy Isostacy 

assumes that a brittle crust is supported and allowed to move on a fluid layer (Petroleum Experts, 

2019). The crust is assumed to be of finite strength and cannot support its own weight, so when 

overburden is added to the section the responses to both compact or decompact and isostatically 

readjust (Petroleum Experts, 2019). The readjustment comprises just a vertical movement of the 

surface relevant to a basement reference (Petroleum Experts, 2019). The key point is that the 



50 

 

compensation is local and there is no lateral effect of loading and unloading (Petroleum Experts, 

2019). Airy isostasy is also recommended during salt restoration due to the bulk vertical shift 

based on the isostatic response expected outside of the area of salt mobility (Petroleum Experts, 

2019). 

 

3.2.e Quality checking 

 After every phase of unfaulting, unfolding, salt geometry construction, and 

decompaction, adjustments were made. Due to the nature of restoring an interpretation, horizons 

were periodically smoothed and adjusted before the next step. Additionally, artificial 

deformation in the form of restoration artifacts occur during decompaction above and below salt 

structures, so those had to be removed and corrected for before moving on to the next restoration 

step. 

 

Figure 3.2. Examples of restoration steps: A) from 1 to 2 shows fault restoration, decompaction, 

and isostatic adjustment, B) from 1 to 2 shows unfolding, decompaction, and salt geometry 

adjustment. 
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CHAPTER FOUR: STRATIGRAPHY 

4.1 Stratigraphic Descriptions and Column 

4.1.a Eagle Valley Evaporite  

 The oldest unit observed in the two field areas of this study is the Eagle Valley Evaporite 

(Figure 4.1). The Eagle Valley Evaporite is a Late Atokan to Demoinesian deposit in the Eagle 

Basin (Mallory, 1971). In the subsurface, based on logging within the Champlin Black #1 well 

(Figure 2.4), 13 evaporite intervals are composed of massively-bedded gypsum, shaly anhydrite, 

and halite (Mallory, 1971). In contrast, at the surface, the evaporite consists of massive white to 

gray gypsum in the form of caprock with thin beds of calcareous sand and siltstones, and 

occasional shales (Mallory, 1971). Much like the Paradox Formation, the lithologic variation in 

the Eagle Valley Evaporite can be explained by cyclicity, attributed to eustatic sea level changes 

over the time of evaporite deposition (Schenk, 1992). The cycles within the Eagle Valley 

Evaporite include basal black shale and siltstone intervals, limestones, laminated anhydrite, and 

thick sequences of halite and interbedded anhydrite, reflecting flooding v. evaporation cycles (De 

Voto et al., 1986).  

 The Eagle Valley Evaporite varies greatly in thickness across the basin due to (i) initial 

accommodation controls from flexural subsidence associated with the neighboring ancestral 

Rocky Mountain highlands, (ii) due to salt tectonics and movement post-deposition, and (iii) 

dissolution at the present-day land surface. The evaporite interval is up to 2,500 meters thick at 

its thickest across the basin, but averages between 1,000-2,000 meters. Towers of brecciated 

gypsum caprock are present at the surface in the Eagle Basin, composed of poorly cemented 

clasts of the Eagle Valley Evaporite (Figure 4.2 and 4.3). Mostly yellow in color, the clasts range 

from gypsum to sandstone to weathered limestones. They reach up to 10-15 meters tall in places.
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Figure 4.1. Stratigraphic column with contemporaneous, correlatable units across the Eagle 

Basin.  
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Figure 4.2. Brecciated gypsum towers within the Eagle Valley Evaporite. Photograph taken on 

the south side of Hardscrabble Mountain. Towers are 10-15 meters tall. 

 

 

Figure 4.3. Two views of the contorted and brecciated gypsum towers in the Eagle Valley 

Evaporite at Hardscrabble Mountain. 
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4.1.b Eagle Valley Formation  

Contemporaneous with the Gothic and Minturn Formations (Figure 4.1), the Eagle Valley 

Formation consists of basin-margin grey to green to red shales, sparse limestones, sandstones, 

gypsum, and light purple to gray siltstone. (De Voto et al., 1986). Approaching the frontal fault 

zones of the Ancestral Rocky Mountain uplifts, facies become coarser-grained and more fluvial 

dominated (De Voto et al., 1986). This formation is observed at all field locations in the basin 

and is the first clastic formation overlying and occasionally interfingering with the Eagle Valley 

Evaporite.  

The Eagle Valley Formation is generally around 100 meters thick at outcrop, thickening 

to an estimated 1,000 meters within certain minibasins. Common sedimentary features include 

contorted bedding, planar and wavy laminations, and centimeter-scale cross bedding and 

climbing ripples (Figure 4.4). 

At the margins of certain minibasins (e.g. Hardscrabble South), the Eagle Valley 

Formation is occasionally vertical to overturned in close proximity to the salt walls, forming 

interpreted hook halokinetic sequences (Figure 4.5). The beds are locally fractured and 

weathered within the drape folds along the edge of the diapir. Additionally, there are locally 

brecciated, conglomeratic beds adjacent to the diapir in the overturned limbs of the halokinetic 

drape folds. These brecciated beds (shown in Figure 4.5) contain diapir-derived detritus of 

gypsum, sandstone, and limestone. This is common during formation of halokinetic folds, as roof 

sequences are folded and material is shed off the top of the diapir (Rowan et al., 2020). 
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Figure 4.4. Left: Contorted bedding within shales of the Eagle Valley Formation at Hardscrabble 

mountain. Right: Centimeter-scale crossbeds and climbing ripples in the Eagle Valley 

Formation. 

 

Figure 4.5. Left: Overturned beds within the Eagle Valley Formation at Dry Gulch on the south 

side of Hardscrabble Mountain on the west side of Dry Gulch. These are within 100 meters of 

the contact with the diapir. Right: diapir-derived detritus found in beds within 50 meters of the 

salt-sediment interface, commonly overturned to very steeply dipping. 
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4.1.c Maroon Formation  

The Minturn/Eagle Valley/Gothic and Maroon are generally distinguished by the 

presence of Jacques Mountain Limestone lying between the two formations (Schenk, 1992). 

However, this key bed is not present across much of the basin. Instead, the key distinction used 

in this study is a general color change (Schenk, 1992), and as determined in the field, significant 

angular unconformities. The Maroon overlies the Minturn/Eagle Valley/Gothic Formations 

(Figure 4.1) and is a sequence of red to purple micaceous siltstones, while the former are 

distinctly grey to red to green. The age of this contact may be variable across minibasins due to 

the nature of salt movement and minibasin formation and timing of filling. 

The Maroon Formation is late Pennsylvanian to early Permian in age (Johnson et al., 

1987) and ranges in thickness, from just 100 meters to up to 4,500 meters in the Aspen region 

(Tweto, 1997, Freeman and Bryant, 1978, Johnson et al., 1987). The Maroon consists of 

dominantly continental arkosic clastic shales, siltstones, and occasional conglomerates 

(Bartleson et al., 1968). It consists of red medium to coarse sandstones (redbeds), siltstones, and 

~10 cm thick pale limestone beds (Figure 4.7) and was deposited in non-marine, deltaic, tidal 

flat, and evaporite pan environments (Bartleson et al.,1968).  

The Maroon Formation is commonly thickly (1 meter scale) bedded with cross-bedding, 

upward-fining cycles, parallel and wavy laminations, clay drapes and rip-up clasts, dessication 

cracks, fluid escape structures (Figure 4.6) and disc structures. Across the Wolcott and 

Hardscrabble minibasins in the Eagle Basin, the Maroon is generally the most prominent cliff-

former. It is thin (50-500 meters) in the Hardscrabble and Wolcott minibasins compared to other 

locations in the basin.  
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The Maroon is generally the thickest unit in the Aspen Region, cropping out distinctly 

along the valley walls and mountain tops for 1000s of meters. Additionally, it is generally the 

megaflap former in the Aspen Region minibasins (Pearigen, 2019), and while sometimes dipping 

at up to 50 degrees, it is generally not interpreted to be part of the diapir adjacent halokinetic 

sequences in the areas of research for this thesis. That is not to say it was not deposited during 

the formation of minibasins, but it was not as heavily halokinetically deformed and often lies 

unconformably on the steeply inclined to overturned halokinetic hooks and wedges. 

 

Figure 4.6. Fluid escape (teepee) structure within the Maroon Formation at Hardscrabble 

Mountain. Planar laminations are also seen here. Taken along path of Measured Section #1 

around 295 meters (Appendix B). 
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Figure 4.7. Example of the pale colored limestone beds present in the Maroon Formation at 

Hardscrabble Mountain. Taken along path of Measured Section #1 around 20 meters (Appendix 

B). 
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4.1.d Weber Sandstone  

The Schoolhouse Tongue of the Weber sandstone (Figure 4.1) is present in the Wolcott 

minibasin, but not in the Hardscrabble minibasin, and is generally correlated with the Sandstone 

of the Fryingpan River in the Aspen Region. The Schoolhouse Tongue ranges from 0 to 70 

meters thick and consists of a fine-grained light tan to buff colored, cliff forming eolian 

sandstone (Figure 4.8, and Johnson, 1987). The Fryingpan sandstone is of similar appearance 

and also an interpreted eolian origin but it is restricted to the Ruedi Reservoir area (Johnson, 

1987). The Weber is poorly sorted, with angular grains and commonly coarse sand (Figure 4.9). 

 

Figure 4.8. Gradational contact between the Maroon Formation and the Schoolhouse Tongue of 

the Weber Sandstone. Taken at Red Canyon. 
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Figure 4.9. Thin section of the Weber Sandstone at Red Canyon (location in Appendix A). Cross 

polarized light. This rock is poorly sorted with subangular grains. Classified as a subarkose 

sandstone. 

 

4.1.e State Bridge Formation  

The State Bridge Formation is comprised of a sequence of Triassic redbeds 

unconformably overlying the Maroon Formation (Figure 4.1), with distinct members of the lower 

State Bridge siltstone, the South Canyon Creek Member, the Sloane Peak Member, the Upper 

State Bridge Member and the conglomeratic Toner Creek Member locally developed at the top 

of the section (Freeman, 1971).  

The thickness of the State Bridge Formation ranges from <200 meters in most areas to a 

total of ~1,600 meters at Hardscrabble Mountain (Tweto, 1977). The thickest part of the State 

Bridge, the lower State Bridge siltstone member, is reddish brown silts and fine sands, medium-
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grained sandstones, claystones, and coarse sandstones (Figure 4.10, Freeman, 1971). The State 

Bridge has thin to thick bedding, prominent cross bedding, burrowing (Figure 4.11), and distinct 

parallel ripple marks (Freeman, 1971).  

 

Figure 4.10. Lower to upper fine sands in the Lower State Bridge Formation have unusual 

weathering patterns and varying color from tan to red to white. Taken at Hardscrabble Mountain. 
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Figure 4.11. Burrowing within the State Bridge Formation. Burrows are filled with finer-grained 

orange silt. Taken along path of Measured Section #2 (Appendix C). 

 

4.1.f South Canyon Creek member  

The South Canyon Creek Member is a distinctive, but discontinuous limestone and 

dolostone within the lower part of the State Bridge Formation. In the research areas of this thesis, 

it is present in the Eagle/Red Canyon and Wolcott region but not in the Hardscrabble region. 

This member is 0.5 to 5 meters thick consisting of dolomite, limestone, fine siltstone, rich in 

sulfur and iron. It has irregular, vuggy porosity with secondary recrystallization of calcite and 

quartz lining the pores (Figure 4.12).  
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Figure 4.12. 2.5x magnification, cross-polarized image of the South Canyon Creek Member. 

Shown here is a dissolution pore lined with secondary calcite and quartz. Classified as a hematite 

sulfur dolomitic limestone. 

 

4.1.g Sloane Peak member  

The Sloane Peak Member is in the Upper member of the State Bridge Formation. It is a 

very fine-grained sandstone, which is very well sorted with distinct cross bedding (Freeman, 

1971). It is hypothesized to be deposited in either an offshore bar environment or an eolian 

setting (Freeman, 1971). The Sloane Peak member is laterally continuous across the Eagle Basin 

and often forms cliffs or caps ridges (Freeman, 1971; Pearigen, 2019). It is typically less than 3-

10 meters thick, but up to 75 meters in the Aspen region, and consists of fine-grained red to 

orange sandstones.  
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4.1.h Toner Creek Member 

The Toner Creek Member of the State Bridge is a coarse conglomerate that tops the State 

Bridge Formation. These sediments are thought to reflect a revived uplift of the Uncompahgre 

highlands (Freeman, 1971). The unit contains poorly sorted sandstones, pebbles up to 6 inches in 

diameter, reworked clasts of the State Bridge Formation and silty claystones (Figures 4.13, 4.14, 

and 4.15). Cross bedding, scour fills, and graded bedding are present (Freeman, 1971). The 

contact between the State Bridge and the overlying Chinle Formation is unconformable, with the 

overlying coarse, conglomeratic sandstone of the Gartra unit of the lower Chinle present across 

much of the Eagle Basin (Dubiel, 1991). Where only one conglomerate (either Toner Creek or 

Gartra) is found in a section it can be difficult to conclusively determine which of the two 

members is present due to their similarity. 

  

Figure 4.13. The conglomerate between the Upper State Bridge and Chinle Formations, referred 

to here as the Toner Creek/Gartra (left). The contact between the Upper State Bridge and the 

conglomerate is sharp as indicated by the foot (right). Taken east of Sylvan Lake. 
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Figure 4.14. Toner Creek/Garta conglomerate at Red Canyon. Clasts include basement clasts, 

reworked sedimentary clasts from the State Bridge, and other lithics. Slight planar bedding is 

observed as well. 
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Figure 4.15. Reworked clast of the State Bridge formation within the Toner Creek/Gartra 

conglomerate in the Wolcott Minibasin at Red Canyon. 
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4.1.i Chinle Formation  

 Unconformably overlying the State Bridge is the Chinle Formation (Figure 4.1). The 

unconformity below the basal Gartra Member represents renewed uplift of the Uncompahgre 

highlands in the middle Triassic (Tweto, 1977). The Permo-Triassic Chinle redbed sequence 

continues with distinctive features that include very thin bedding, red and purple mottle siltstones 

with occasional grey quartzose sands, and classically weathers to gentle slopes (Freeman, 1971).  

 Commonly overlying the Gartra is the mottled member of the Chinle, but that was not 

observed in the field (Dubiel, 1991). The rest of the Chinle is generally comprised of red 

siltstones with an occasional upper carbonate unit (Dubiel, 1991). The Chinle Formation ranges 

from <150 meters in most places to ~365 meters at Hardscrabble Mountain (Tweto, 1977). 

 

4.1.j Entrada/Morrison 

 Unconformably overlying the Chinle is the Jurassic Entrada Formation (Figure 4.1), 

which commonly crops out as tan to red to buff colored cliffs (Figure 4.16). Across the Eagle 

Basin it is often mapped with the Curtis and the Morrison Formations, comprising about 200 

meters total of section across the basin (Tweto, 1977). The contact between the Entrada and the 

Morrison Formations is of interest to this study, as the conformable contact is interpreted as 

being an approximately regionally flat surface, postdating the interpreted phase of salt tectonics, 

but predating the Laramide Orogeny, thus providing a regional paleo-horizontal during 

restorations (see Chapter 6). 
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Figure 4.16. Contact between the Chinle and Entrada Formations. The Chinle here typically 

forms low-angle slopes and the Entrada is a strong red to yellow cliff-former. Taken E of Sylvan 

Lake in the Hardscrabble minibasin. Scale based off outcrop closest to the camera. 
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4.1.k Dakota Group and Colorado Group 

The Cretaceous Dakota Group (Figure 4.1) is observed on the North End of Hardscrabble 

Mountain, with a maximum thickness in the basin of around 75 meters (Tweto, 1977). The 

Colorado Group, including Benton Shale and the Niobrara Formation is also present at the very 

northern edge of Hardscrabble Mountain and along the northern edge of the study area overlying 

the Wolcott minibasin sequence.  
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CHAPTER FIVE: STRUCTURE 

 

5.1 Regional Structure 

5.1.a Regional Map 

 This regional map of the eastern Eagle Basin (Figure 5.1) was constructed by the author 

using USGS Quad Map (Eagle and Wolcott quads), Lidke et al.’s (2002) Gypsum quad, the 

Leadville 1:250,000 map, Hubert (1954), the work of Pearigen (2019), and new field data 

collected during the course of this thesis. The general location of the northern portion of this map 

is shown in Figure 1.1. This study focuses on the Hardscrabble and Wolcott minibasins where 

sections were measured and structural data was collected. 

 From the south to the north, the map covers: the Snowmass minibasin (Pearigen, 2019) 

which is directly west of the Sawatch uplift, the Sawatch uplift, the Woody Creek minibasin and 

associated Woody Creek salt wall (Pearigen, 2019), Red Table Mountain minibasin, the Basalt 

Mountain fault zone, the Ruedi salt diapir (Pearigen, 2019), Gypsum Creek salt wall, the 

Hardscrabble minibasin, the Eagle River salt wall, and the Bellyache, Red Canyon, Wolcott 

minibasins. These important locations are called out on the map along with geologic contacts and 

outcrops from pre-Cambrian basement through Tertiary intrusives and extrusives (Quaternary 

units were excluded), structural data such as strikes and dips, folds, and faults, minibasins, salt 

walls, towns for location reference, the Brush Creek seismic profile, and key wells in the study. 

Figure 5.2 overlays the two regional cross section lines on the geologic map. 
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Figure 5.1. Geologic map of the eastern Eagle Basin.  
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5.1.b Regional Cross Sections 

 Cross section A to A’ (Figure 5.3) runs from Gyp Hill to the Wolcott minibasin (Figure 

5.1 and 5.2).  The geometries at Gyp Hill are taken from Pearigen (2019). Moving across 

primarily Maroon Formation aged Red Table Mountain minibasin, the cross section encounters 

the Gypsum Creek salt wall and Hardscrabble minibasin (Figure 5.3) close to the Brush Creek 

seismic profile (see Figure 5.8). To the north is the Bellyache minibasin, first described by 

Hubert (1954), characterized by two normal faults juxtaposing Cretaceous strata against the 

Maroon Formation and salt (Figure 5.3). There is a greater volume of salt in the Eagle area to the 

west (Figure 5.1) and it is presumed to be close to the surface here. Further north, regional 

section A-A’ crosses the eastern extension of the Eagle River salt wall (which plunges gently to 

the east through Red Canyon) and finally transects the Wolcott minibasin in what is interpreted 

as an along strike orientation. 

Cross sections B to B’ and C to C’ (Figure 5.4) show the structure across the center of the 

Eagle Basin running from south to north. The basement dips to the north and is deepest in the 

northern part of the Eagle Basin. The Woody Creek salt wall (Pearigen, 2019) bounds the 

southern edge of the cross section B-B’ and moving north the Red Table Mountain minibasin is 

at a high structural level primarily of Eagle Valley and Maroon Formation age. The Red Table 

Mtn #1 (Figure 5.2) well encountered basement at a high structural level beneath the Belden 

Formation and Lower Paleozoic sequence. Freeman (1972) and Tweto (1977) note that there is 

an absence of evaporites beneath Red Table Mountain, indicating the evaporites have been 

“squeezed” into adjoining anticlines. Crossing the Gypsum Creek salt wall into the Hardscrabble 

minibasin, a dramatic overthickening of the State Bridge Formation is apparent. Hardscrabble 

Mountain is bounded on the north by a large listric normal fault detaching on the edge of the 
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Eagle River salt wall. North of this fault, abundant salt exists at the surface with small 

depocenters of Eagle Valley Formation present sporadically across this area. 

 
Figure 5.2. Geologic map showing the locations of the two regional cross sections. 
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Figure 5.3. A to A’ from Gyp Hill to Wolcott, CO regional cross section. pCq: pre-Cambrian basement, Pb-Cs: pre-salt Cambrian-

Mississippian sediments, Pee: Pennsylvanian Eagle Valley Evaporite, Pe: Pennsylvanian Eagle Valley Formation, PPm: 

Pennsylvanian-Permian Maroon Formation, Pw: Permian Weber Sandstone, TrPsl: Permo-Triassic Lower State Bridge Formation, 

TrPss: Permo-Triassic Sloane Peak Member of the State Bridge Formation, TrPsu: Permo-Triassic Upper State Bridge Formation, 

TrC: Triassic Chinle Formation, Jme: Jurassic Morrison and Entrada Formations, Tb: Tertiary basalt flows. 
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Figure 5.4. B to B’ and C to C’ regional cross section from the Woody Creek salt wall to north of the town of Eagle, CO. pCq: pre-

Cambrian basement, Pb-Cs: pre-salt Cambrian-Mississippian sediments, Pee: Pennsylvanian Eagle Valley Evaporite, Pe: 

Pennsylvanian Eagle Valley Formation, PPm: Pennsylvanian-Permian Maroon Formation, Pw: Permian Weber Sandstone, TrPsl: 

Permo-Triassic Lower State Bridge Formation, TrPss: Permo-Triassic Sloane Peak Member of the State Bridge Formation, TrPsu: 

Permo-Triassic Upper State Bridge Formation, TrC: Triassic Chinle Formation, Jme: Jurassic Morrison and Entrada Formations.
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5.2 Hardscrabble Mountain Minibasin 

Hardscrabble Mountain is a key study area in the Eagle Basin because of the excellent 

exposures of steeply dipping to overturned Eagle Valley Formation, adjacent to the Gypsum 

Creek Salt Wall and below an unconformity at the base of the Maroon Formation. Additionally, 

the Brush Creek seismic profile (see location on Figure 5.5) constrains the salt wall and 

minibasin geometry at depth. Maps (Figures 5.6 and 5.7) show key study areas at Hardscrabble 

Mountain, locating the line of section for Measured Section #1 (Appendix B) through the 

Maroon Formation, and showing the structural geometries associated with a halokinetic hook 

along Dry Gulch, respectively. The Hardscrabble Mountain minibasin is interpreted to have 

developed and been actively subsiding from the Pennsylvanian through Triassic, one of the 

longest lived minibasins in the greater Eagle Basin that may have a thin layer of salt still beneath 

it. The minibasin has an NW-SE elongate orientation, bordered on the north and south 

respectively by the Eagle River Salt Wall and the Gypsum Creek Salt Wall (see Figure 5.4, 

Figure 5.8, and Figure 5.9).  

Across Hardscrabble Mountain, formations from the Eagle Valley Evaporite through the 

Colorado Group including the Benton Shale crop out at the very north end of the mountain. 

Running along the north end of Hardscrabble is a near ~20 kilometer long, down to the south 

listric normal fault, interpreted as detaching along the flank of the Eagle River Salt Wall (Figure 

5.10 and 5.11). A small basement thrust fault is visible on the seismic profile (Figure 5.8 and 5.9) 

and interpreted in cross sections Figure 5.10 and 5.11. On the south side of the mountain, 

halokinetic drape folding is observed in the Eagle Valley Formation adjacent to the Gypsum 

Creek salt wall.  
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Figure 5.5. Geologic map noting the locations of cross sections across Hardscrabble Mountain 

including the Brush Creek seismic profile.  
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5.2.a Geologic Maps 

 
Figure 5.6. Geologic map showing the location of Measured Section #1 (Appendix) and dip 

variance at Hardscrabble Mountain. For location see Figure 5.5. 
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Figure 5.7. Geologic map near Dry Gulch on the south side of Hardscrabble Mountain. Note 

highly variable dips in the callout box and along the Eagle Valley and Maroon contact. For 

location see Figure 5.5. 
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5.2.b Cross Sections 

 
Figure 5.8. Seismic profile along Brush Creek (location on Figure 5.5) from Scott, et al. (1999). 
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Figure 5.9. Interpreted seismic profile running from north to south along the east side of Hardscrabble Mountain. This is reinterpreted 

from Pearigen (2019) with additional field data, originally published in Scott, et al (1999). pCq: Basement, Pb-Cs: pre-salt Cambrian-

Mississippian sediments, Pee: Pennsylvanian Eagle Valley Evaporite, Pe: Pennsylvanian Eagle Valley Formation, PPm: 

Pennsylvanian-Permian Maroon Formation, TrPsl: Permo-Triassic Lower State Bridge Formation, TrC: Triassic Chinle Formation
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Figure 5.10. Cross section R1 to R1’ from the south side of Hardscrabble Mountain to the north side and into Eagle, CO (for location 

see Figure 5.5). Showing the Gypsum Creek Salt Wall, Hardscrabble Minibasin, and listric normal fault detaching on the Eagle River 

Salt Wall.  

 



83 

 

 

Figure 5.11. Cross section D to D’ from the south side to the north side of Hardscrabble Mountain, slightly west of Figure 5.10, 

showing the salt wall expands in width at the surface to the west, dipping further into the subsurface. This also shows thickness 

variation in the Eagle Valley Formation along the strike of Hardscrabble Mountain. (for location see Figure 5.5). 
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5.2.c Stratigraphic and Thickness Variations 

 The Gypsum Creek Salt Wall runs along the South side of Hardscrabble Mountain, 

trending in a southwest-northeast orientation (Figure 5.1). The Eagle Valley Evaporite here 

consists of caprock, bedded gypsum, brecciated gypsum towers (Figures 4.2 and 4.3) and sparse 

interbedded limestones and shales.   

The main body of the Eagle Valley Formation at Hardscrabble Mountain crops out 

consistently along the south edge of the mountain following the strike of the Gypsum Creek salt 

wall. Within 100-200 meters of the salt wall, beds within the Eagle Valley Formation are 

overturned to steeply dipping (Figure 5.7). Some of these beds have brecciated bases and clasts 

of gypsum are present (see Chapter 4). Moving away from the salt wall, the typical facies of the 

Eagle Valley are present including fine- grained green to red to grey shales, sparse limestones, 

and the occasional coarse sands. Sedimentary structures include centimeter-scale planar and 

cross laminations, ripple marks, gypsum clasts, and pockmarked surfaces (see Chapter 4). With 

surface dips of 60-90 degrees, almost a kilometer total stratigraphic thickness of Eagle Valley 

Formation crops out at the surface. Through cross section interpretations (Figures 5.10 and 5.11), 

the Eagle Valley Formation is hypothesized to thicken to nearly 1,500 kilometers in the 

subsurface of the minibasin. 

 Immediately overlying the Eagle Valley and in close proximity to the salt wall, there is a 

local ~90 degree angular unconformity at the base of the Maroon Formation (Figures 5.12 and 

5.13) This unconformity is very localized and the surface becomes conformable within 100s of 

meters. The main body of the Maroon Formation consists of purple to light red sand and 

siltstones with sparse light green limestones (see Chapter 4 and Appendix B). Stratigraphic 

features here include ripples, mud rip up clasts, teepee structures, and wavey and planar 
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laminations (see Appendix B). The Schoolhouse Tongue of the Weber Sandstone and the 

Sandstone of the Fryingpan River are not present at Hardscrabble Mountain, indicating that the 

eolian environment either did not extend to the very center of the basin during the Permian, or 

there was some slight topographic high at the time with potential sediment bypass of the basin. 

The Maroon Formation is remarkably thin at Hardscrabble Mountain, exhibiting a stratigraphic 

thickness of about 500 meters at most, and thickening only up to 750 meters at its’ thickest point 

in the minibasin (Figures 5.9-5.11).  

Moving up into the State Bridge Formation, it is very homogenous at Hardscrabble 

Mountain. The main body of the formation is comprised >1,200 meters of the typical red, fine 

sandstones and siltstones of the Lower State Bridge Member. The Sloane Peak Member crops 

out along the prominent summit ridge at Hardscrabble Mountain. The State Bridge at 

Hardscrabble Mountain is the thickest occurrence of the formation in the entire Eagle Basin, 

encompassing ~1,575 meters of section (Tweto, 1977). The coarse conglomeratic Toner Creek 

Member/Garta Member of the Chinle was not mapped at Hardscrabble Mountain, but is 

potentially present on the north facing dip slope. The Chinle is also overthickened at 

Hardscrabble Mountain based on map relationships and the Brush Creek seismic profile (Figure 

5.9).   

 

5.2.d Folding and faulting descriptions 

Halokinetic drape folding is consistently observed in the Eagle Valley Formation along 

the edge of the Gypsum Creek Salt Wall (Figure 5.12, 5.13, and 5.14). Beds are locally 

overturned to vertical (dips vary within 65 degrees upright to ~64 degrees overturned) and the 

drape folds occasionally consist of brecciated beds. This folding is confined to the Eagle Valley 
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Formation and is truncated by a ~90-105 degree angular unconformity below the Maroon 

Formation. According to Giles and Rowan (2012) this would be defined as a hook halokinetic 

sequence. The Maroon typically dips at 20-40 degrees to the north on the southern flank of 

Hardscrabble (Figure 5.6 and 5.7). Continuing upsection from this unconformity, the beds further 

flatten out into the State Bridge Formation where dips range from 10 to 35 degrees. The State 

Bridge comprises the majority of the minibasin and is an order of magnitude thicker at 

Hardscrabble Mountain than at most other locations in the Eagle Basin. In the Maroon to State 

Bridge Formation sections, these more gentle dips are characteristic of strata outcropping 

towards the center of the minibasin away from a salt wall. At some point in time, hook 

halokinetic sequences may have existed in these formations near the salt wall, but were removed 

by erosion. 

A large listric normal fault dipping to the south is interpreted at the north edge of 

Hardscrabble Mountain based on map and cross section relationships (Figure 5.5, 5.10, and 

5.11), and outcrops of the Dakota Group riddled with deformation bands, sitting in the 

immediate hanging wall of the fault (Figure 5.10). The hanging wall of the fault contains 

stratigraphy up to the Benton Shale of the Colorado Group, as opposed to the footwall of the 

fault which is in the Eagle Valley Evaporite. This fault has ~1,825 meters of throw at its 

maximum and is ~20 kilometers long.   
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Figure 5.12. Halokinetic fold along the Gypsum Creek Salt Wall. This view shows a wide angle up view the mountain, showing the 

dip change to quite gentle dips in the State Bridge formation. Located on Figure 5.7 by the black box east of Dry Gulch.



88 

 

 
Figure 5.13. Halokinetic fold along the Gypsum Creek Salt Wall.. This view shows more detail of the overturning within the Eagle 

Valley Formation against the salt wall and the scale of this halokinetic fold. Additionally, the Maroon beds show a ~105 degree 

truncation surface against the Eagle Valley Formation.  This angular relationship defines this as a hook halokinetic sequence. Located 

on Figure 5.7 by the black box east of Dry Gulch. 



89 

 

 

 
 

Figure 5.14. Illustration of Figure 5.12 showing the bedding attitudes within the State Bridge, Maroon, and Eagle Valley Formations. 

Note the angular unconformity between the Maroon and the Eagle Valley Formation within 50 meters of the salt-sediment interface.
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5.3 Wolcott Minibasin 

 The Wolcott minibasin provides an opportunity to study one of the only clearly shortened 

salt wall structures in the northern-central Eagle Basin. Halokinetic folding and welding is 

present in the Eagle Valley Formation and Evaporite, while younger units from the Maroon 

through the Niobrara are folded in the Laramide-aged Ute Creek Syncline (Figure 5.15). In the 

Eagle Valley Formation, dips of up to 30 degrees overturned lie directly adjacent to dips in the 

overlying Maroon Formation of 60 degrees not overturned (Figure 5.15). Furthermore, those 

overturned dips become right way up just 100s of meters to the east of the Maroon-Eagle Valley 

Formation contact (Figure 5.15). This is interpreted to represent two minibasins/depocenters that 

collided and were rotated during the formation of the Ute Creek Syncline during the Laramide 

Orogeny. 

 Deformation of this magnitude is very localized, however. Moving away from the 

aforementioned Laramide fold, dips rapidly become more gentle and conformable (Figures 5.14 

and 5.15). In the rest of the Wolcott area, fairly steep dips (>60 degrees) in the Eagle Valley and 

Maroon exist, but decrease to lower dips upsection (Figure 5.17). 
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5.3.a Geologic Maps 

 
Figure 5.15. Geologic map in the Wolcott area at the location of Restoration R2-R2’. For 

location see Figure 5.5. 
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5.3.b Cross Sections 

 
Figure 5.16. Cross section R2 to R2’ across the Ute Creek Syncline in the west to two colliding 

minibasins to the east. Note beds in the Maroon in contact with steeply overturned beds in the 

Eagle Valley Formation as a halokinetic angular unconformity. Also note that the Eagle Valley 

strata are right way up <1 km away from the contact. For location see Figure 5.5. 
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Figure 5.17. Cross section E to E’ from the evaporite center in Eagle, CO along Bellyache Ridge. 
Note conformable contacts between formations and gentle, consistent decrease in dip from SW 

to NE. For location see Figure 5.5.  
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5.3.c Stratigraphic and Thickness Variations 

 In the Eagle to Wolcott area, the Eagle Valley Evaporite is often exposed at the surface 

composed of gypsum caprock and bedded gypsum (Figure 5.18). 

 

Figure 5.18. Caprock and occasional bedded gypsum north of Gypsum, Colorado. This is 

characteristic of the Eagle Valley Evaporite across Gypsum to Wolcott. 

 

 The main body of the Eagle Valley Formation is comprised of the usual fine green to 

grey shales, siltstones, and tan sand facies. Dips in the Eagle Valley Formation in the Eagle to 
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Wolcott area are extremely variable, from just 20 degrees to 30 degrees overturned (Figure 5.15). 

Surface exposures are abundant, and the formation reaches a thickness of  >1,000 meters in the 

subsurface (Figure 5.17). 

 The main body of the Maroon Formation in the Eagle to Wolcott area is light red to 

maroon sand and siltstones with planer and wavey laminations. The Maroon is thin in the Eagle 

area, at 100-500 meters thick in the subsurface. Dips in the Maroon are variable from 20-60 

degrees. The Schoolhouse Tongue of the Weber Sandstone sits at the top of the Maroon 

Formation here, unlike at Hardscrabble Mountain. The Weber Sandstone here consists of fine to 

coarse sands, with graded laminae (upward coarsening) and is very poorly sorted (see Figure 4.9 

and section 4.1.d). The cycles of coarse and fine laminae in the Weber indicate that the sediment 

source was close by to supply the coarse, angular grains, with potential local reworking of the 

sediments. 

 The State Bridge Formation here consists of orange to red fine sandstones with 

occasional cross bedding, wavy laminations, and lies in the normal thickness range, around 100-

150 meters where observed (Figures 5.15 and 5.16). The South Canyon Creek Member and 

Sloane Peak Member of the State Bridge Formation are present in this area as well, generally 

around 1-5 meters thick. Dips here range from 10 to 60 degrees (Figure 5.15) the latter attributed 

to Laramide-aged folding. The Sloane Peak at Red Canyon (general location on Figure 5.1) 

consists of lower to upper fine sand grains, and clear cross bedding (Figure 5.19).  
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Figure 5.19. The Sloane Peak Member of the State Bridge Formation at Red Canyon showing 

small centimeter-scale ripple laminations. 

 

 The Gartra Member of the Chinle Formation is present at the Eagle to Wolcott area (see 

Chapter 4 Figure 4.15) and is only a few meters thick. The Jurassic Entrada and Morrison 

Formations, Cretaecous Dakota Group, Benton Shale, Niobrara, and Pierre shales are present in 

in the Wolcott minibasin as well, however only the first was mapped and observed by the author.  
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5.3.d Folding and faulting descriptions 

 While evaporite collapse is prevalent across the area (Lidke et al., 2002) and is 

hypothesized to the be driving force for the large listric normal fault along the north edge of the 

Hardscrabble minibasin, the salient structural features in the Eagle to Wolcott area lie in the 

Pennsylvanian-aged minibasin scale drape folding and Laramide-aged folding.  Shown on cross 

section R2-R2’ (Figure 5.16) is the Ute Creek Syncline, mapped at the surface through the 

Maroon to Niobrara Formations. In the Eagle Valley Formation, dips of up to 30 degrees 

overturned lie directly adjacent to dips in the overlying Maroon Formation of 60 degrees not 

overturned (Figure 5.15). Furthermore, those overturned dips become right way up just 100s of 

meters to the east of the Maroon-Eagle Valley Formation contact (Figure 5.15 and Figure 5.20). 

The structure is mapped and restored as a Laramide-aged fold, which reactivated a salt weld (see 

restoration in Chapter 6).  

 Beds in the Eagle Valley are very strongly overturned, and remain so when the Ute Creek 

Syncline is restored. Drag features and shear deformation at the angular unconformity between 

the Maroon and Eagle Valley Formations are not observed, indicating this overturning is not in 

part due to the formation of the Laramide fold. This points to an earlier phase of deformation, 

which, pre-Laramide, is likely to be salt influenced. This folding is locally interpreted as the 

result of salt extrusion at the surface, locally overturning the beds in the Eagle Valley.  
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Figure 5.20. Photograph taken on the south side of I-70 looking north about 1 km east of the contact between the Maroon and Eagle 

Valley Formations. The Eagle Valley Formation here is in the hanging wall of the aforementioned fault (Figure 5.16).
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CHAPTER 6: RESTORATIONS 

 

6.1 Hardscrabble  

6.1.a Present Day Structural Configuration 

 The present day structural configuration of Hardscrabble Mountain is shown in Figure 

6.1 (see also section 5.2). It sits south of Gypsum, Colorado between the Gypsum Creek and 

Eagle River salt walls. The south side is bounded by the Gypsum Creek salt wall and the north 

side is bounded by a large, listric normal fault detaching along the edge of the Eagle River salt 

wall (Figure 6.1). Cross sections were constructed from field mapping data and constrained at 

depth by a seismic profile along Brush Creek running strike perpendicular to the mountain 

(Figure 5.1). Restorations were performed moving back through time from the present day (see 

Chapter 3 for methodology), but are shown in Figures 6.2 to 6.6 moving forward through time. 

The restoration starts at the initial deposition of the Eagle Valley Evaporite, shows the filling of 

the Hardscrabble minibasin and Gypsum Creek and Eagle River salt walls, and lastly shows the 

Laramide shortening and Cenozoic salt collapse features. 
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Figure 6.1. Present day geologic configuration of the Hardscrabble Mountain minibasin, Gypsum Creek salt wall and Eagle River salt 

wall, based on field mapping, published geological maps and constrained at depth by the Brush Creek seismic profile (see Figures 5.8 

and 5.9). 
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6.1.b Salt Deposition 

  The Eagle Valley Evaporite was deposited in a shallow, saline trough between the 

Uncompahgre and Front Range uplifts. As the Eagle Valley-Minturn-Gothic clastics began 

prograding into the basin. Differential loading initiated salt diapirism and minibasin formation 

(Figure 6.2). 

 

6.1.c Mid/Late Pennsylvanian Minibasin Development 

 Salt tectonics continued through Eagle Valley deposition (Figure 6.3), with strong 

thickness variability across the north and south flanks of the Gypsum Creek salt wall. Salt was 

likely close to the surface, with very steep to overturned dips developed in the Eagle Valley 

Formation, resulting in drape folding and development of halokinetic sequences on the north side 

of the salt wall.  

 

6.1.d Permian Minibasin Development 

Through deposition of the Maroon clastics, the Hardscrabble minibasin was still subsiding 

(Figure 6.4). The contact between the Eagle Valley Formation and the Maroon Formation on the 

north side of the Gypsum Creek salt wall is a halokinetic unconformity, with up to a 105 degree 

angular difference shown in section 5.2. Higher sedimentation rates during the deposition of the 

Maroon Formation led to a thicker roof over the Gypsum Creek diapir, limiting rotation and 

drape folding, in contrast with the previous step in the Eagle Valley.  
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6.1.e Triassic Minibasin Development 

 Most of the minibasin subsidence took place during lower State Bridge time (Figure 6.5). 

A deep minibasin sits between the two salt walls and likely formed due to differential loading 

during the Triassic. Triassic rivers transported sediments across the Eagle Basin, and these were 

deposited in the Hardscrabble minibasin as salt withdrew into the growing passive diapirs. 

Sediment pathways were likely influenced by ancient structures and the already developed 

spatial orientation of the minibasins developed during Maroon and Eagle Valley time. 

 

6.1.f  End of Salt Diapirism 

 The eolian Entrada Sandstone (Figure 6.6), formed in an eolian environment, shows 

relatively little thickness and facies variation across the Eagle Basin and is interpreted as having 

been deposited in a regionally flat setting. At this point in time, minibasin formation and salt 

diapirism would presumably have been ‘shut off’, and deposition through the subsequent 

Morrison and Dakota was isopachous across the basin and close to sea level. At this pre-

Laramide stage, the basement was sitting at ~4,500 meters below sea level.   

 

6.1.g Laramide Uplift  

The small basement-involved thrust structure beneath Hardscrabble may have formed 

during the Laramide. The salt could have absorbed much of the deformation above this fault, 

explaining the present day geometry. The present day section (Figure 6.1) shows no significant 

shortening aside from the small basement thrust structure underneath Hardscrabble Mountain 

minibasin. During the Laramide Orogeny and subsequent epiorogenic uplift of the Colorado 

Plateau (80-5 Ma approximately), the basement in the region was elevated to ~0 meters. 
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6.1.h Post-Laramide Salt Dissolution 

 Sometime after the Laramide Orogeny and most eruption of Miocene to Eocene volanics, 

significant salt dissolution occurred to form the normal fault on the north side of Hardscrabble 

(Figure 6.1). This was in part due to a period of Rio Grande Rift related extension extending 

north into Colorado and regional Cenozoic uplift (Lidke et al., 2002). An estimated ~1,825 meter 

tall wedge of salt dissolved from underneath the north end of the Hardscrabble minibasin, 

causing a listric fault to propagate down the edge of the Eagle River Salt Wall. This step was 

restored using a fault parallel flow method of fault restoration with 15 degrees of angular shear 

and 1,825 meters of throw. The salt likely flowed laterally out of the line of section to the surface 

and then was removed by dissolution.  
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Figure 6.2. ~ 305 Ma, the middle of Eagle Valley Formation time showing potential beginning of the initiation of the Eagle Basin 

Pennsylvanian salt tectonics phase  

 

 

 
Figure 6.3. ~300 Ma, the end of Eagle Valley time showing further minibasin development during the late Pennsylvanian/early 

Permian. Drape folding and development of halokinetic sequences occur in the Eagle Valley Formation at the crest of the diapir. 
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Figure 6.4. ~285 Ma, restoration step 3 at the end of Maroon time in the Permian showing the continuation of minibasin development. 

 

 
Figure 6.5. ~240 Ma, restoration step 4 at the end of State Bridge time in the Triassic showing a depocenter shift to the north during 

the Triassic. 
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Figure 6.6. ~165 Ma, restoration step 5 at the end of Entrada time in the Jurassic showing the structural configuration at the end of the 

Triassic salt tectonics. The small fault underneath Hardscrabble Mountain (Figure 6.1) would form next and then finally, the large 

listric fault on the edge of the minibasin would form as salt dissolves in the late Cenozoic (Figure 6.1).
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6.2 Wolcott 

6.2.a Present Day Structural Configuration 

The present day structural configuration of a portion of the Wolcott minibasin is shown in 

Figure 6.7 (see also section 5.2). This cross section sits just north of I-70 shown in Figure 5.15. 

This section was constructed using field data collected by the author and the Wolcott USGS 

Quad map. Shown on cross section R2-R2’ (Figure 6.7) is the Ute Creek Syncline and adjacent 

area to the east. In the Eagle Valley Formation, dips of up to 30 degrees overturned lie directly 

adjacent to dips in the overlying Maroon Formation of 60 degrees not overturned (Figure 5.15). 

Furthermore, those overturned dips become right way up just 100s of meters to the east of the 

Maroon-Eagle Valley Formation contact (Figure 5.15). This is interpreted to represent two 

minibasins/depocenters that collided and were rotated during the formation of the Ute Creek 

Syncline during the Laramide Orogeny. Restorations were performed moving back through time 

from the present day (see Chapter 3 for methodology), but are shown in Figures 6.8 to 6.13 

moving forward through time. The restoration begins with the Eagle Valley Formation aged 

minibasins and halokinetic deformation, the deposition of Permian through Cretaceous 

sediments, and lastly shows Laramide shortening in the form of a reactivated weld and 

associated fault propagation fold. 

 



108 

 

 
Figure 6.7. Present day structural configuration of the Ute Creek Syncline and adjacent 

geometries. Note overturned Eagle Valley Formation directly adjacent to right way up Maroon 

Formation in the center of the cross section. Note that these beds in the Eagle Valley become 

right way up about a kilometer from this contact. 
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6.2.b Salt Deposition 

The Eagle Valley Evaporite was deposited in a shallow, saline trough between the 

Uncompahgre and Front Range uplifts. As the Eagle Valley-Minturn-Gothic clastics prograded 

into the basin, primarily in this location from the adjacent Front Range uplift to the east, 

differential loading initiated asymmetric salt diapirism and minibasin formation (Figure 6.8). 

Two minibasins have formed on either side of the growing salt diapir at this stage. 

 

6.2.c Eagle Valley Formation Minibasins and Salt Tongue Movement 

 At this time, salt was probably very close to the surface and a thin roof sequence existed. 

Beds within the western minibasin are steeply dipping to overturned at this phase, indicating the 

salt was either flaring or a lateral salt tongue extruded to the west. This would locally overturn 

the beds below the salt tongue as shown at this stage (Figure 6.9). The minibasins on the East is 

relatively unchanged at this point in time. 

 

6.2.d Permian Deposition 

 During the Permian, the lack of thick Maroon sediments suggests salt tectonics was 

completely shut off in this part of the basin. During deposition of the Eagle Valley Evaporite, 

this area was in close proximity to the Ancestral Front Range uplift. This location would have 

caused more clastics to have been deposited in the salt section than in the center of the basin. 

This would slow salt flow in the area, coupled with a rapid decrease in loading as the Ancestral 

Rocky Mountain uplifts ceased, passive diapirism and salt wall growth would have stopped in 

the northern part of the Eagle Basin. A thin section of <200 meters of Maroon Formation was 

deposited at this time probably associated with regional flexural basin subsidence. Over time, the 
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Eagle Valley aged diapir slowly shrinks in area as salt is evacuated elsewhere, potentially out of 

the plane of the cross section as there is abundant evaporite at the surface in this area of the basin 

(Figure 6.10).  

 

6.2.e Triassic Deposition and Salt Evacuation 

 The State Bridge through Chinle Formations were deposited as thin, continuous 

sequences over this area of the basin as the process of flexural basin subsidence slowed during 

this time (Figure 6.11). Salt is slowly evacuating out of the diapir at this stage, potentially 

moving laterally out of the plane of the cross section. 

 

6.2.f Jurassic- Cretaceous Deposition and Salt Evacuation 

 The Entrada through Niobrara were deposited continuously across the northern edge of 

the Eagle Basin during this time. Prior to the Laramide orogeny, the shape of the Pennsylvanian-

Permian salt diapir is interpreted to have been significantly modified at this stage by salt 

evacuation to the surface or in the plane of the cross section (Figure 6.12). 

 

6.2.g Laramide Salt Weld Reactivation 

 During the Laramide orogeny, a thrust fault is interpreted to have formed along the small 

amount of salt left, forming a weld which provided a plane of weakness for the shortening to take 

advantage of. This process (Figure 6.13) would have carried and rotated the minibasin in the 

hanging wall, and further rotated the minibasin in the footwall, while salt may have flowed out of 

the plane under the fault. The fault would not have broken out through the Eagle Valley 

Formation, but the shortening would have propagated up through the overlying formations to 

form the fault propagation fold (Ute Creek Syncline) seen at the surface today. As the fold was 
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forming, space in the center of the fold may have been generated and salt might thicken into that 

space, as shown by the thicker salt in the core of the structure in Figure 6.13. 

This fault and fault propagation fold are interpreted as a Laramide backthrust as seen at 

the Sweetwater anticline. Regional studies from Yonkee and Weil (2015) and Granath et al. 

(2018) show backthrusting to the west is common in this section of the Laramide Orogenic Belt. 

The Sweetwater Anticline (Figure 6.14) is northwest of the study area (Figure 6.15) and shows 

the same surface geometry (overturned limb to a more gently dipping limb) and verges to the 

northwest as does the restored Ute Creek Syncline. The Sweetwater Anticline includes strata 

from the Mississippian limestones, to the Belden Formation, up through the Minturn Formation, 

and dies out in the evaporite facies, as shown on the USGS Dotsero Quad map. Across the basin, 

the basement was uplifted about ~2,500 meters during the Laramide and later uplift of the 

Colorado Plateau. During the uplift, the top half of the Ute Creek Syncline was eroded to the 

present day geometry, while most of the Sweetwater Anticline has been preserved.  
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Figure 6.8. ~305 Ma, step 1 of the Wolcott restoration. A small diapir has formed with the Eagle Valley Formation sitting in two small 

minibasins around it. Strata gently drape onto the diapir at this stage. 
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Figure 6.9. ~300 Ma, step 2 of the Wolcott restoration. The diapir has developed into a salt tongue, causing the strata within the 

western minibasin to overturn. 
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Figure 6.10. ~290 Ma, step 3 of the Wolcott restoration. The salt tongue would be welded at this stage, salt diapirism would be shut 

off, and the overturned beds in the Eagle Valley Formation would remain overturned as the Maroon Formation is thinly and 

continuously deposited over it. 
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Figure 6.11. ~240 Ma, step 4 of the Wolcott restoration. The State Bridge Formation is deposited thinly and continuously. The diapir 

starts shrinking, with potential salt flow out of the plane of the cross section. 
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Figure 6.12. ~130 Ma, step 5 of the Wolcott restoration. The Cretaceous Dakota Group was then deposited continuously and the diapir 

continues to shrink, nearing a primary weld.
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Figure 6.13. Step 6 of the Wolcott restoration. The Benton Shale and Niobrara (not shown here) 

would have been deposited. In the Late Cretaceous to Paleogene, the Laramide Orogeny 

shortened much of Colorado. A backthrust took advantage of the nearly welded salt and detached 

along the edge of the salt. This rotated and translated the exisiting minibasins and folded the 

strata above them. Final geometry is seen in Figure 6.7. Note: salt could be locally thickening 

into the core of this fold.
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Figure 6.14. The Sweetwater Anticline north of Gypsum, CO. This is a field analog for the Laramide-aged Ute Creek Syncline in 

Wolcott, CO. Located on Figure 6.15. 
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Figure 6.15. Location of the Sweetwater Anticline relative to field area in Colorado (top) and 

relative to minibasins, salt, and the ancestral and Laramide uplift (bottom).
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CHAPTER SEVEN: DISCUSSION 

 

Figure 7.1. Map displaying important structural features during the time of Eagle Valley 

Evaporite deposition: Ancestral Rocky Mountain uplifts, depositional extent of exporite facies in 

grey, salt walls in blue. 

 

7.1 Overall Evolution of the Northern Eagle Basin 

 As the Uncompahgre and Ancestral Rocky Mountain uplifts grew during the 

Pennsylvanian, the Eagle Basin formed contemporaneously with the Paradox Basin to the 

southwest (Figure 7.1). The Eagle Valley Evaporite was deposited in a shallow, subaerial 

environment, with an estimated 2,500 meters of initial depositional thickness in the deepest part 
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of the basin (see section 6.1). The halite sequences were deposited in at least 13 cycles of 13 

halite intervals (Champlin Black #1 well), with clastics and carbonates interfingering with the 

salt sequence (Schenk, 1992). The clastics of the Eagle Valley, Minturn, and Gothic Formations 

were shed off of the Front Range and Uncompahgre uplifts. Differential loading of these 

sediments is thought to be the initial trigger for salt withdrawal and minibasin development in 

the Eagle Basin. Salt began moving as a result of differential loading of these clastics, analogous 

to the interpretation for minibasin evolution in the Paradox Basin (Kluth and Duchene, 2009; 

Trudgill 2011), whose differential orientations were likely affected by paleotopography and the 

locations and orientations of the Ancestral Rocky Mountain uplifts (Figure 7.1). 

 The Pennsylvanian-Permian Eagle Valley Formation aged minibasins (Figure 7.2) sit in 

the northeast and southwest regions of the Eagle Basin, closest to the ancestral uplifts. The 

northeast portion of the Eagle Basin primarily experienced an Eagle Valley-aged phase of salt 

tectonics, with halokinetic deformation only observed in that formation. Diapirism is presumed 

to have shut off by the end of the Eagle Valley Formation deposition, as the Maroon and later 

formations are deposited thinly and continuously across the area (see section 6.2). This could be 

the explained by two hypotheses: 1) due to its’ close proximity to the ancestral Front Range 

uplift, the Eagle Valley Evaporite section may be more halite-poor and clastic-rich than the 

center basin evaporites, therefore less mobile and/or 2) the depocenters shifted away from the 

area and sediment deposition bypassed this region, significantly decreasing the load on the salt. 

In areas of the northern Eagle Basin, only small depocenters of Eagle Valley Formation are 

observed sitting in salt. These interpreted as representing the basal sequences of deeply eroded 

minibasins. 
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The southern portion of the basin has Eagle Valley through Maroon and locally State 

Bridge aged minibasins. During Triassic State Bridge and Chinle deposition, minibasin 

development shifted towards the center of the basin, with the youngest, Hardscrabble minibasin, 

containing vastly overthickened sections of State Bridge and Chinle Formation. The concept of 

“fill and spill” (Kluth and Duchene, 2009) could have applied here and Hardscrabble minibasin 

would be the last minibasin to evacuate and fill. However, as Hardscrabble contains hook 

halokinetic sequences composed of diapir-derived detritus in the Eagle Valley Formation, it is 

not only the youngest but probably the longest-lived minibasin in the Eagle Basin. These hook 

halokinetic sequences would have formed when the Eagle Valley Formation comprised a thin 

roof over the diapir and the diapir was close to the surface. At the field scale, no composite 

halokinetic sequences were seen. However, based on map patterns across the basin, the angular 

unconformities observed, and the notion that some minibasins have been deeply eroded, a pattern 

of tabular halokinetic sequences is certainly possible.  

The Laramide Orogeny uplifted the Sawatch, Front Range, and the White River uplifts, 

(Figure 7.2), with strong thickening of the crust sensu Granath et al. (2018) (see Figure 2.8). At 

the sites of the uplifts, the Paleozoic and Mesozoic formations are shortened and commonly 

eroded. By contrast, the minibasins themselves often show little evidence of Laramide 

shortening, despite being uplifted by several kilometers, the existing salt in the basin probably 

accommodated some shortening and provided a buffer to shortening in the minibasins (see 

Figures 1.8 and 1.9).  
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Figure 7.2. Map displaying pertinent structural features in the Eagle Basin and the age 

relationships between minibasins. Red = Penn-Permian age, Orange = Permian age, Yellow = 

Triassic age, bright blue = salt. 

 

Moving into the later Cenozoic, uplift continued post-Laramide. The Rio Grande rift 

extended north and caused extension and exhumation resulting in salt dissolution and collapse 

(Lidke et al., 2002). 

 

7.2 Basinwide Implications 

The Hardscrabble minibasin is not necessarily the youngest, but certainly appears to be the 

longest-lived minibasin, with a significant overthickening of the Triassic State Bridge and Chinle 

but also, clear halokinetic deformation in the Eagle Valley clastics (see section 5.2). The 

minibasins to the north, like Wolcott are older and relatively fairly short lived. Autochthonous 

salt is prevalent in the area and small Eagle Valley depocenters represent deeply eroded 

minibasins rather than deep, welded minibasins present in the south around Aspen (Pearigen, 
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2019). This leads to a better understanding of the progression of sedimentation across the Eagle 

Basin through time, indicating a potentially complex 4D evolution of minibasins across the basin 

(Figure 7.3) rather than progradation in one direction as interpreted for the Paradox Basin 

(Figure 7.4, Kluth and Duchene, 2009). 

Thrust structures across the basin could be salt cored, or reactivated welds. Secondary salt 

welds are seen both in this study at Wolcott and by Pearigen (2019) at Woody Creek. With a 

growing body of evidence for reactivated salt welds in the basin, other shortened structures like 

the Grand Hogback may be investigated with the idea that salt may have also played a role in 

these basin margin structures. 

 
Figure 7.3. Conceptual illustration of progradation style in the Eagle Basin through 1) Eagle 

Valley time, 2) Maroon time, 3) State Bridge time. Progradation occurs from both ancestral 

uplifts and youngs to the center of the basin. 
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Figure 7.4. From youngest profile to oldest profile, the progradational style in the Paradox Basin 

from the Uncompahgre uplift (right) to the basin center and distal edge of the basin (left). 

Progradation in the Paradox Basin is strongly SW oriented away from the Uncompahgre uplift, 

in contrast with the Eagle Basin. Modified from Kluth and Duchene (2009). 

 

7.3 Impact on Laramide Shortening 

 Referring to the Wolcott restoration, many Laramide-aged folds likely took advantage of 

welded salt structures, as they provide a plane of weakness for faults to slip on. Referring to 

Granath et al.’s (2018) cross section along the I-70 transect, there is significant shortening and 

deformation at the location of the Grand Hogback, and to the east along the Gore Range. There is 

subtle shortening within the Eagle Basin, even though the decollement level is interpreted to be 

relatively consistent through the area. This relative lack of clear Laramide age shortening within 

the northern Eagle Basin could be related to the presence of thick salt here. The salt may have 

accommodated some of this shortening in the form of squeezed diapirs, colliding minibasins 

(Figure 7.6 and 7.4), and evaporite flowage and dissolution at the surface. The first two are  
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Figure 7.5. Restored section from the Pyrenees showing a similar asymmetric weld to the 

Wolcott section, with two colliding minibasins. (Modified from Saura et al., 2015). 

 

observed across the Eagle Basin; e.g. in Wolcott where the squeezed diapir could have been the 

reactivation point for a Laramide fold. Colliding minibasins are also observed; e.g. along the 

Wolcott restoration, as they were translated and tilted in at least two dimensions, and in the 

Woody Creek minibasin, which is strongly rotated from its’ original orientation (Pearigen, 

2019). This is observed in many other basins (Figure 7.6) and most often associated with 

shortening of preexisting salt structures and minibasins. Hardscrabble minibasin exhibits less 

evidence of Laramide shortening and is still bounded by two large salt walls. The collision point 

with the Bellyache Minibasin (Figure 7.2) looks to be related to extension and collapse in the 

area as mapped by Hubert (1954) and shown in regional section A-A’ (see section 5.1).  

Secondary 

weld 
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Figure 7.6. Interactions between minibasins during and after shortening in the Precaspian Basin.  

A) Map view of orientation of minibasins before and after shortening. They may translate in any 

direction and/or collide, forming secondary welds. B) Cross section of minibasins and overlying 

sediments before, during, and after shortening. Salt walls may be squeezed to form vertical 

secondary welds where minibasins collide, and minibasins may rotate. In the final stage of 

shortening, vertical secondary welds may be reactivated as thrust faults. (Modified from Duffy et 

al., 2017). 
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7.4 Comparison to the Paradox Basin 

 The evaporite intervals of the Eagle Basin and the Paradox Basin were deposited in the 

Atokan-Desmoinesian (Schenk, 1992; Barbeau, 2003) with about the same areal extent and 

similar cycles of halite and clastics (see Figure 7.1 and Champlin Black #1 Well, Schenk, 1992; 

Barbeau, 2003). Today, both basins are defined by a series of salt walls and minibasins. In the 

Paradox Basin, the salt walls are strongly oriented NW-SE (Figure 7.1), while in the Eagle Basin 

the salt walls run both NW-SE and occasionally N-S (Figure 7.2). The minibasins are oblong to 

circular in map view between salt walls, and exhibit the same level of variability. In both cases it 

is hypothesized that complex differential loading of sediments into the Eagle Basin from two 

adjacent Ancestral Rocky Mountain uplifts led to a more complicated evolution of salt walls and 

minibasins in the Eagle Basin compared to the Paradox Basin. 

 In detail, the two basins have differences which are likely related to the ancestral Rocky 

Mountain structure and evolution. The Paradox Basin formed as a flexural foreland basin 

southwest of the Uncompahgre uplift and is unbound on the other flank (Figure 7.1), while the 

Eagle Basin is bound by both the Uncompahgre and Ancestral Front Range uplifts. This 

structural configuration caused minibasins in the Paradox Basin to form progressively from the 

NE to SW (Kluth and Duchene, 2009; Trudgill, 2011). Minibasins young successively to the SW 

in the direction of progradation off of the Uncompahgre uplift, so correlation between minibasins 

may not be accurate and formations filling them may not be age-correlative (Kluth and Duchene, 

2009).  

In the Eagle Basin, the minibasin age progradation is more complex and less well 

understood. Being bound by two uplifts instead of one, the basin received sediment from both 

highlands (Figure 7.1), with progradation and sediment loading from both the SW and the NE 
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(Figure 7.3). This is observed in the field as minibasins generally younging towards the center of 

the basin (Figure 7.2). Hardscrabble minibasin contains vastly overthickened sequences of lower 

State Bridge Formation, whilst still having halokinetic folding in the Eagle Valley Formation 

sediments adjacent to the Gypsum Creek salt wall. This suggests that minibasins began forming 

all across the basin in the Pennsylvanian to Permian, but were generally filled and/or welded 

much more quickly closer to the sediment source at the uplifts. These older, welded minibasins 

were then generally bypassed, as younger Triassic age sediments were ponded in the basin center 

where thick salt evacuated to produce overthickened younger sequences.  

Diapirism was short-lived in the northeast area of the Eagle Basin. Potentially due to its’ 

close proximity to the ancestral Front Range uplift, the Eagle Valley Evaporite section may be 

more halite-poor and clastic-rich than the basin center evaporites and therefore less mobile. This 

is seen in the Paradox Basin close to the Uncompahgre uplift on the northeastern flank of the Salt 

Valley salt structure (Trudgill, 2011). Halite content decreases dramatically on the northeastern 

flank of the Salt Valley salt structure, which is three times wider than the other salt structures in 

the basin (Trudgill, 2011). The low percentage of halite in the Paradox Formation at the location 

of the Salt Valley salt wall caused the interval to be less mobile and develop in a wider, pillow-

shaped structure, similar to the Eagle River salt wall seen in regional cross section A-A’ (Figure  

5.3) (Trudgill, 2011). In the Eagle-Wolcott area, large, wide volumes of salt are still present and 

Eagle Valley Formation aged minibasins are smaller and shallower than the minibasins in the 

center of the basin.  
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CHAPTER EIGHT:  CONCLUSIONS AND FUTURE WORK 

8.1 Conclusions 

Salt walls and associated minibasins are present across the northern Eagle Basin. Salt walls 

are generally oriented either ENE to WSW or NNE to SSW, with oblate minibasins sitting 

between them. Drape folding and halokinetic sequences, localized overturning, strike variation 

along salt walls, brecciated debris adjacent to salt bodies, and angular unconformities all indicate 

a phase, or multiple phases, of salt tectonics extending from late Pennsylvanian (~305 Ma) 

through the Triassic (225 Ma). 

Around Eagle, CO, there is a massive body of salt at the surface with only occasional, small 

Pennsylvanian depocenters sitting within it. These are interpreted as the deeply eroded remnants 

of former minibasins. Salt walls are up to 2,500 meters tall, close to depositional thickness of the 

evaporite interval. Additionally, salt has been displaced from its’ original depositional level, as 

displayed by asymmetric salt walls, primary and secondary welds, dissolution at the surface, and 

formation of minibasins indicating flowage of evaporites over time.  

Thickness and facies variations in the overlying Pennsylvanian-Triassic units are 

documented, and occasionally vary significantly from the research in the central Eagle Basin 

(Pearigen, 2019). The Maroon Formation is remarkably thin (<500 m) across much of the 

northern Eagle Basin, while it is an order of magnitude thicker in the south (up to 4,500 m; 

Pearigen, 2019). In contrast, overthickening of Triassic sequences is present in the central area of 

the Eagle Basin and particularly at Hardscrabble Mountain and Woody Creek where thickness of 

the State Bridge Formation reach >1,500 m; 10x the thickness recorded elsewhere. Salt-related 

halokinetic deformation is present within the Pennsylvanian Eagle Valley Formation across the 

entire basin, suggesting salt tectonics initiated as or right after the salt was deposited. In the 



131 

 

northern Eagle Basin, the Eagle Valley Formation is the only formation that shows evidence of 

localized halokinetic drape folding. The hypothesized minibasin progradation relationship is 

towards the center of the basin driven by sediment loading sourced from both the Uncompahgre 

and Front Range uplifts.  

Earlier sites of salt deformation were later reactivated as Laramide thrusts and present 

unusual map and cross section geometries. In the Wolcott and Woody Creek minibasins this is 

most apparent, as they sit closer to the Gore Range and Sawatch uplifts involved in the Laramide 

shortening. Some areas of the basin i.e. Hardscrabble Mountain, seem to be minimally affected 

by shortening. Across the basin, it is hypothesized that the salt walls provided a buffer for 

shortening and absorbed much of the later deformation across the basin. 

 

8.2 Recommendations for Future Work 

1. Continuation of structural and stratigraphic mapping across the greater Eagle Basin, 

specifically to the far west edge of the basin along the flank of the Grand Hogback, and 

directly to the northwest of the author’s study area to determine the evolution of the 

minibasins and salt structures along the flank of the White River Uplift.  

2. Provenance studies of the Gartra and Toner Creek conglomerates to determine 

relationships and compare/contrast. This will allow for future mapping work to be more 

focussed and accurate in determining the extent and origin of the mid-Triassic 

unconformity. 

3. A provenance study of the Schoolhouse Tongue of the Weber Sandstone and Sandstone 

of the Fryingpan River to determine depositional environments and potentially correlate 

the two systems. This will allow for future mapping work to be more accurate in relating 
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these two units and determining the timing of minibasin development above and below 

these sequences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



133 

 

REFERENCES 

Barbeau, D. L., 2003. A flexural model for the Paradox Basin: implications for the tectonics of the 

Ancestral Rocky Mountain: Basin Research 15, p. 97-115.  

 

Bartleson, B.L., Bryant, B. and Mutschler, F.E., 1968. Permian and Pennsylvanian stratigraphy and 

nomenclature, Elk Mountains, Colorado. Geological Survey research, pp.C53-C60. 

 

Blakey, R.C., 2009. Paleogeography and geologic history of the western ancestral Rocky Mountains, 

Pennsylvanian-Permian, southern Rocky Mountains and Colorado Plateau. 

 

Bryant, B. and Freeman, V.L., 1977. Geologic Summary of the Aspen Area, Southern Rocky 

Mountains, Colorado. Exploration Frontiers of Central and Southern Rockies, v. 1977  

Symposium, p. 441–449. 

 

Bryant, B. 1979. Geology of the Aspen 15-minute quadrangle, Pitkin and Gunnison Counties,  

Colorado: US Geological Survey Professional Paper 1073, p. 1–146. 

 

Callot, J.P., Jahani, S. and Letouzey, J., 2007. The role of pre-existing diapirs in fold and thrust belt 

development. In Thrust belts and foreland basins (pp. 309-325). Springer, Berlin, Heidelberg. 

 

Chapin, C.E., Cather, S.M. and Keller, G.R., 1994. Tectonic setting of the axial basins of the 

northern and central Rio Grande rift. Special Papers-Geological Society of America, pp.5-5. 

 

De Voto, R. H., B. L. Bartleson, C. J. Schenk, and N. B. Waechter, 1986, Late Paleozoic  

stratigraphy and syndepositional tectonism, Northwest Colorado: Rocky Mountain  

Association of Geologists: New Interpretations of Northwest Colorado Geology, p. 37–49. 

 

Dodge, C. N., and Bartleson, B. L. 1986. The Eagle Basin: A New Exploration Frontier. Rocky 

Mountain Association of Geologists: New Interpretations of Northwest Colorado Geology, 

113–122. 

 

Dooley, T.P., Jackson, M.P. and Hudec, M.R., 2009. Inflation and deflation of deeply buried salt 

stocks during lateral shortening. Journal of Structural Geology, 31(6), pp.582-600. 

 

Dubiel, R.F., 1992. Sedimentology and depositional history of the Upper Triassic Chinle Formation 

in the Uinta, Piceance, and Eagle basins, northwestern Colorado and northeastern Utah (No. 

1787). US Department of the Interior, US Geological Survey. 

 

Duffy, O.B., Fernandez, N., Hudec, M.R., Jackson, M.P., Burg, G., Dooley, T.P. and Jackson, 

C.A.L., 2017. Lateral mobility of minibasins during shortening: Insights from the SE 

Precaspian Basin, Kazakhstan. Journal of Structural Geology, 97, pp.257-276. 

 

Duffy, O.B., Dooley, T.P., Hudec, M.R., Jackson, M.P., Fernandez, N., Jackson, C.A. and Soto, J.I., 

2018. Structural evolution of salt-influenced fold-and-thrust belts: a synthesis and new 



134 

 

insights from basins containing isolated salt diapirs. Journal of Structural Geology, 114, 

pp.206-221. 

 

Freeman, V.L., 1971. Permian deformation in the Eagle basin, Colorado. Geological Survey 

Research, pp.D80-D83. 

 

Freeman, V.L. and Bryant, B., 1977. Red bed formations in the Aspen region, Colorado. 

 

Giles, K.A. and Lawton, T.F., 2002. Halokinetic sequence stratigraphy adjacent to the El Papalote 

diapir, northeastern Mexico. AAPG bulletin, 86(5), pp.823-840. 

 

Giles, K.A. and Rowan, M.G., 2012. Concepts in halokinetic-sequence deformation and 

stratigraphy. Geological Society, London, Special Publications, 363(1), pp.7-31. 

 

Graham, R., Brooke-Barnett, S., Csicsek, A., Lonergan, L., Cellini, N., Callot, J. and Ringenbach, J., 

2019. Allochthonous Salt in the Fold and Thrust Belt of Haute Provence, SW Alps. In 81st 

EAGE Conference and Exhibition 2019 (Vol. 2019, No. 1, pp. 1-5). European Association of 

Geoscientists & Engineers. 

 

Granado, P., Roca, E., Strauss, P., Pelz, K. and Muñoz, J.A., 2019. Structural styles in fold-and-

thrust belts involving early salt structures: The Northern Calcareous Alps 

(Austria). Geology, 47(1), pp.51-54. 

 

Granath, J.W., Sterne, E.J., Raynolds, R.G., Cumella, S.P. and Miller, J.J., 2018. Restoration of a 

Crustal-Scale Trans-Colorado Rocky Mountains Cross Section in the Interstate-70 Corridor. 

In AAPG ACE 2018. 

 

Hamilton, W.B., 1988. Laramide crustal shortening. Interaction of the Rocky Mountain foreland and 

the Cordilleran thrust belt: Geological Society of America Memoir, 171, pp.27-39. 

 

Hearon, T. E., 2013. Analysis of salt-sediment interaction associated with steep diapirs and 

allochthonous salt: Flinders and Willouran ranges, South Australia, and the deepwater 

northern Gulf of Mexico. (PhD Thesis, Colorado School of Mines), pp.107-115. 

 

Hite, R.J. and Buckner, D.H., 1981. Stratigraphic correlations, facies concepts, and cyclicity in 

Pennsylvanian rocks of the Paradox Basin. 

 

Houck, K.J., 1997. Effects of sedimentation, tectonics, and glacio-eustasy on depositional sequences, 

Pennsylvanian Minturn Formation, north-central Colorado. AAPG bulletin, 81(9), pp.1510-

1533. 

 

Hubert, J.F., 1954. Structure and Stratigraphy of an Area East of Brush Creek, Eagle County, 

Colorado. (MS Thesis, University of Colorado), pp.60-67. 

 

Hudec, M.R. and Jackson, M.P., 2006. Advance of allochthonous salt sheets in passive margins and 

orogens. AAPG bulletin, 90(10), pp.1535-1564. 



135 

 

Hudec, M.R., Jackson, M.P. and Schultz-Ela, D.D., 2009. The paradox of minibasin subsidence into 

salt: Clues to the evolution of crustal basins. Geological Society of America Bulletin, 121(1-

2), pp.201-221. 

 

Jackson, M.P.A. and Talbot, C.J., 1991. A glossary of salt tectonics (Vol. 91, No. 4). Bureau of 

Economic Geology, University of Texas at Austin. 

 

Johnson, S.Y., Schenk, C.J. and Nuccio, V.F., 1987. Sedimentology and paleogeographic 

significance of six fluvial sandstone bodies in the Maroon Formation, Eagle Basin, northwest 

Colorado. Sedimentology of an Eolian sandstone from the Middle Pennsylvanian Eagle 

Valley Evaporite, Eagle Basin, northwest Colorado. Burial reconstruction of the Early and 

Middle Pennsylvanian Belden Formation, Gilman area, Eagle Basin, northwest Colorado 

(No. 1787-AC). 

 

Kergaravat, C., Ribes, C., Callot, J.P. and Ringenbach, J.C., 2017. Tectono-stratigraphic evolution of 

salt-controlled minibasins in a fold and thrust belt, the Oligo-Miocene central Sivas 

Basin. Journal of Structural Geology, 102, pp.75-97. 

 

Kluth, C.F. and DuChene, H.R., 2009. Late Pennsylvanian and Early Permian structural geology and 

tectonic history of the Paradox Basin and Uncompahgre Uplift, Colorado and Utah. RMAG 

The Paradox Basin Revisited- New Developments in Petroleum Systems and Basin Analysis. 

pp.178-197. 

 

Letouzey, J.L.B.C.J., Colletta, B., Vially, R.A. and Chermette, J.C., 1995. Evolution of salt-related 

structures in compressional settings. Salt Tectonics, A Global Perspective, American 

Association of Petroleum Geologists Memoir, pp. 41-60. 

 

Lidke, D.J. , Hudon, M.R., Scott, R.B., Shroba, R.R., Kunk, M.J., Perry Jr, Kirkham, R.M., Budahn, 

J.R., Streufert, R.K., Stanley, J.O., and Widmann, B.I., 2002. Eagle collapse center: 

Interpretation of evidence for late Cenozoic evaporite-related deformation in the Eagle River 

basin, Colorado. Late Cenozoic Evaporite Tectonism and Volcanism in West-central 

Colorado, 366, p.101-120. 

 

Mallory, W.W., 1971. The Eagle Valley Evaporite, Northwest Colorado:--a Regional Synthesis (No. 

1311). US Government Printing Office. 

 

Morley, C.K., King, R., Hillis, R., Tingay, M. and Backe, G., 2011. Deepwater fold and thrust belt 

classification, tectonics, structure and hydrocarbon prospectivity: A review. Earth-Science 

Reviews, 104(1-3), pp.41-91. 

 

Parravano, V., Teixell, A. and Mora, A., 2015. Influence of salt in the tectonic development of the 

frontal thrust belt of the eastern Cordillera (Guatiquía area, Colombian Andes). 

Interpretation, 3(4), pp.SAA17-SAA27.  

 

Pearigen, R.W., 2019. Pre-Laramide Salt Tectonics in the Eagle Basin: A New Paradigm for the 

Tectonic Evolution of Central Colorado (MS Thesis, Colorado School of Mines), pp.1-146. 



136 

 

Pearigen, R.W., Trudgill, B.D., Hearon IV, T. E., Carr, M., 2019. Salt Tectonics in the Eagle Basin, 

Colorado: A New Example of Thick-Skinned Shortening of Salt Walls and Minibasins: 

Geological Society of London Conference: Salt Tectonics: Understanding Rocks that Flow 

(extended abstract).  

 

Petroleum Experts & Midland Valley, 2019, Move Knowledge Base of Move software. 

 

Rowan, M.G., 1993. A systematic technique for the sequential restoration of salt structures. 

Tectonophysics, 228(3-4), pp.331-348. 

 

Rowan, M.G., Lawton, T.F., Giles, K.A. and Ratliff, R.A., 2003. Near-salt deformation in La Popa 

basin, Mexico, and the northern Gulf of Mexico: A general model for passive diapirism. 

AAPG bulletin, 87(5), pp.733-756. 

 

Rowan, M.G. and Vendeville, B.C., 2006. Foldbelts with early salt withdrawal and diapirism: 

Physical model and examples from the northern Gulf of Mexico and the Flinders Ranges, 

Australia. Marine and Petroleum Geology, 23(9-10), pp.871-891. 

 

Rowan, M.G. and Ratliff, R.A., 2012. Cross-section restoration of salt-related deformation: Best 

practices and potential pitfalls. Journal of Structural Geology, 41, pp.24-37. 

 

Rowan, M.G., Giles, K.A., Hearon IV, T.E. and Fiduk, J.C., 2016. Megaflaps adjacent to salt 

diapirs. AAPG Bulletin, 100(11), pp.1723-1747. 

 

Rowan, M.G., Muñoz, J.A., Giles, K.A., Roca, E., Hearon IV, T.E., Fiduk, J.C., Ferrer, O. and 

Fischer, M.P., 2020. Folding and fracturing of rocks adjacent to salt diapirs. Journal of 

Structural Geology, p.104-187. 

 

Saura, E., Ardèvol i Oró, L., Teixell, A. and Vergés, J., 2016. Rising and falling diapirs, shifting 

depocenters, and flap overturning in the Cretaceous Sopeira and Sant Gervàs subbasins 

(Ribagorça Basin, southern Pyrenees). Tectonics, 35(3), pp.638-662. 

 

Schenk, C. J. 1992. Eagle Valley Evaporite Thesis. (PhD Thesis, University of Colorado, Boulder). 

 

Scott, R. B., B. Bryant, and W. J. Perry, 2002, Late Cenozoic deformation by evaporite  

tectonism in the Grand Hogback monocline, southwest of the White River uplift, Colorado: 

Geological Society of America Special Paper, v. 366, p. 121–147.  

 

Scott, R. B., D. J. Lidke, M. R. Hudson, W. J. Perry, B. Bryant, M. J. Kunk, J. R. Budahn, and F.  

M. Byers, 1999, Active evaporite tectonics and collapse in the Eagle River valley and the  

southwestern flank of the White River uplift, Colorado: Geological Society of America  Field 

Guide, v. 1, p. 97–114. 

 

Steven, T.A., Kirkham, R.M., Scott, R.B. and Judkins, T.W., 2002. Late Cenozoic tectonic and 

geomorphic framework surrounding the evaporite dissolution area in west-central Colorado. 

Geological Society of America Special Papers,, pp.15-30. 



137 

 

Teixell, A., Ruiz, J.C., Teson, E. and Mora, A., 2015. The structure of an inverted back-arc rift: 

Insights from a transect across the Eastern Cordillera of Colombia near Bogotá. 

 

Trudgill, B. D., 2011, Evolution of salt structures in the northern Paradox Basin: Controls on  

evaporite deposition, salt wall growth and supra-salt stratigraphic architecture: Basin  

Research, v. 23, no. 2, p. 208–238. 

 

Tweto, O., 1977, Tectonic History of West-Central Colorado: Rocky Mountain Association of  

Geologists, Exploration Frontiers of Central and Southern Rockies, v. 1977 Symposium p. 

11–22. 

 

Tweto, O., 1975. Laramide (Late Cretaceous-early Tertiary) orogeny in the southern Rocky 

Mountains: GSA Memoir 144, pp.7-38. 

 

Tweto, O., Moench, R.H., and Reed, J.C., 1978. Geologic map of the Leadville 1 degree x 2 degrees 

quadrangle, northwestern Colorado. U.S. Geological Survey: Miscellaneous Investigations 

Series Map I-999. Scale: 1:250,000. 

 

Vendeville, B.C. and Jackson, M.P., 1992. The rise of diapirs during thin-skinned extension. Marine 

and Petroleum Geology, 9(4), pp.331-354. 

 

Yonkee, W.A. and Weil, A.B., 2015. Tectonic evolution of the Sevier and Laramide belts within the 

North American Cordillera orogenic system. Earth-Science Reviews, 150, pp.531-593. 

 

 

 



138 

 

APPENDIX A 

 
Appendix.A. Map showing locations of the following thin sections. 
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Sample ID: RC-1 

Location: 39.70475196, -106.7374666 

Formation: Schoolhouse Tongue of the Weber Sandstone 

     2.5x mag, PPL              2.5x mag, XPL 

 
 

Notes: Mineralogy is comprised of quartz, microcline, biotite, illite, and occasional calcite. This 

sample is poorly sorted with sub-angular to sub-rounded grains. Grains are 1 mm in size to less 

than a micron. In hand sample, clear upward-coarsening laminae are seen. Classified as a poorly 

sorted subarkose sandstone. 

 

 

 

Sample ID: RC-2 

Location: 39.70475196, -106.7374666 

Formation: Schoolhouse Tongue of the Weber Sandstone 

      10x mag, XPL 

 
Notes: Mineralogy is comprised of quartz, microcline, and biotite and muscovite. This sample is 

moderately sorted and consists of sub-angular to sub-rounded grains. Classified as a moderately 

sorted subarkose sandstone. 

 



140 

 

 

Sample ID: RC-3 

Location: 39.70610698, -106.7395423  

Formation: South Canyon Creek Member 

        10x mag, PPL               10x mag, XPL 

 
Notes: Carbonate and sulfur-rich mud with dissolution pores. Calcite and quartz occasionally fill 

the pores. Iron-rich muds are also present and nodules of iron. Classified as a hematite sulfur 

carbonate mudstone. 

 

 

 

 

Sample ID: RC-4 

Location: 39.70648765, -106.7400911 

Formation: Sloane Peak Member of the State Bridge Formation 

         10x mag, XPL     

 
Notes: Mineralogy consists of quartz, mud, feldspar, and muscovite. Some zircon can be seen as 

well Grains are sub-rounded, moderately to well-sorted, and 0.5 to 1 micron in size. Potentially a 

few upward-fining cycles. Classified as a subarkose sandstone. 
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Sample ID: RC-5 

Location: 39.70653524, -106.739997 

Formation: Garta Member/Toner Creek Member 

         4x mag, XPL     

 
Notes: Mineralogy is primarily quartz and lithics. Clast-supported conglomerate with occasional 

silt to clay, iron-rich matrix and pores. Grains are moderately sorted, angular, and range from 

0.75 mm to 1.5 mm in size. Classified as a litharenite conglomerate. 

 

 

 

 

Sample ID: HS-1 

Location: 39.55110368, -106.9378005 

Formation: Maroon Formation 

     10x mag, PPL               

 
Notes: This sample is comprised of very fine-grained mud and carbonate i.e. calcite. Millimeter-

scale fractures are present and seem to be lined with some mud. Very small pores exist as well as 

nodules of opaques. Classified as a mudstone. 
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Sample ID: HS-4 

Location: -106.736461, 39.48150372 

Formation: Lower State Bridge Formation 

     10x mag, PL                            10x mag, XPL 

 
Notes: Mineralogy is comprised of quartz, microcline, lithics, and biotite and muscovite. This 

sample is moderately sorted and consists of sub-angular to sub-rounded grains. Classified as a 

moderately sorted subarkose sandstone. 

 

 

 

Sample ID: HS-11 

Location: 39.5155387, -106.8940277 

Formation: Eagle Valley Formation 

         4x mag, PL                4x mag, XPL 

 
Notes: Mineralogy is comprised of illite and iron-rich silts, quartz, gypsum calcite, microcline, 

and muscovite. This sample is very poorly sorted and grains are subangular, with diffuse grain 

boundaries in the gypsum. The cement looks to be hematite. Classified as a poorly sorted quartz 

gypsiferous siltstone. 
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Sample ID: HS-14 

Location: -106.8905417, 39.51221441 

Formation: Eagle Valley Formation 

        10x mag, PL              10x mag, XPL 

 
Notes: Mineralogy consists of quartz, feldspar, biotite, and occasional calcite. Poorly sorted and 

sub-angular grains. Grains are <0.5mm in size. Iron-bearing muds occasionally cement this 

sample. Calcite litharenite sandstone. 

 

 

 

 

 

Sample ID: HS-15 

Location: -106.8940277, 39.5155387  

Formation: Eagle Valley Formation 

         4x mag, PL                4x mag, XPL 

 
Notes: Mineralogy consists of iron-rich muds, quartz, muscovite and biotite, calcite, and 

microcline. This sample is moderately sorted with rounded to subangular grains. Grains are 

oriented roughly from the right to the left diagonally. Classified as a mica, calcite, subarkose 

sandstone. 
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Sample ID: HS-16 

Location: -106.8900368, 39.51263283 

Formation: Eagle Valley Formation 

     10x mag, PL                    10x mag, XPL 

 
Notes: Mineralogy consists of quartz, iron-rich muds, calcite cement, and some microcline. 

Bedding is graded with 0.5 mm grains to the bottom of the section and <0.1 mm grains to the 

top. Classified as a calcite litharenite sandstone. 

 

 

Sample ID: HS-17 

Location: -106.6385943, 39.65425313 

Formation: Lower State Bridge Formation 

     4x mag, PL                       10x mag, XPL 

 
Notes: Mineralogy consists of quartz, iron-rich mud, biotite and muscovite, and feldspar. Grains 

are sub-rounded to sub-angular, moderately sorted, and have 2 cm wide cross beds with 

intermittent mud layering. Coarse, mica-rich beds of 2 microns in thickness are interbedded with 

finer grained, muddier beds of similar thickness. At the centimeter scale, well-defined cross 

bedding is visible. Classified as a hematite litharenite sandstone. 
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Sample ID: HSW 

Location: 39.55732553, -106.9353139 

Formation: Lower State Bridge Formation 

      10x mag, XPL                         10x mag, XPL 

 
Notes: Quartz, calcite cement, and muscovite. Grains are ~0.2 mm in size and subrounded. This 

sample is fairly well sorted and cement-supported. Classified as a calcite quartz arenite. 

 

 

 

 

 

Sample ID: SCC 

Location: 39.67099335, -106.6425263 

Formation: South Canyon Creek Member of the State Bridge Formation 

         2.5x mag, PL              2.5x mag, XPL 

 
Notes: Carbonate and sulfur-rich mud. Calcite and quartz are present as well as iron-rich muds 

and nodules of iron. Classified as a hematite sulfur limestone. 
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Sample ID: SCC-2 

Location: 39.67099335, -106.6425263 

Formation: South Canyon Creek Member of the State Bridge Formation 

     2.5x mag, PL                     2.5x mag, XPL 

 
Notes: Carbonate and sulfur-rich silts with dissolution pores. Dolomite, calcite, and quartz are 

abundant, and reach 1 mm in size lining dissolution pores. Some of the calcite looks to be 

overgrowth. Classified as a hematite sulfur dolomitic limestone. 

 

 

 

 

Sample ID: GT 

Location: Wolcott Minibasin, 39.67655097, -106.6420573 

Formation: Garta Member/Toner Creek Member 

         10x mag, PL              2.5x mag, XPL 

 
Notes: Clasts of redbeds from 1 mm to 5 mm in size containing lithics: quartz, feldspar, hematite 

cement, and some calcite. Occasional clasts of limestone/calcite overgrowths as well. In outcrop, 

clasts are up to cobble size. Classified as a calcite litharenite conglomerate. 
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Sample ID: G 

Location: Hardscrabble Mountain, 39.49819988, -106.838369 

Formation: Eagle Valley Formation 

      2.5x mag, PL                                    2.5x mag, XPL 

 
Notes: Heavily brecciated sample. Iron-stained carbonate blocks compose some of the clasts 

with a quartz, mud, and calcite matrix. Dissolution-derived pores are lined with coarser (3 

micron roughly) calcite grains. Classified as calcite quartz conglomerate. 

 

 

 

 

Sample ID: SP 

Location: Wolcott Minibasin, 39.67478186, -106.6446102 

Formation: Sloane Peak Member of the State Bridge Formation 

        10x mag, PL                10x mag, XPL 

 
Notes: Mineralogy consists of quartz, muscovite, opaques, and iron-rich mud cements. Grains 

are <10 microns in size and well sorted. Most grains are sub-rounded to sub-angular. Classified 

as a hematite quartz arenite. 
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Sample ID: DT 

Location: Dotsero Minibasin 

Formation: Eagle Valley Formation 

         4x mag, PL                4x mag, XPL 

 
Notes: Mineralogy consists of quartz, mica, microcline, calcite cement, and opaques. This 

sample is very poorly sorted with grains from 0.1 mm to >1 mm in size, and are mostly quite 

angular. Classified as a calcite subarkose conglomerate. 
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APPENDIX B 

 
Figure B.1. Measured section #1 on the south side of Hardscrabble Mountain located on Figure 

5.6, in the Maroon Formation. 
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Figure B.1. continued. 
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Figure B.1. continued. 
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Figure B.1. continued. 
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Figure B.1. continued. 
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Figure B.1. continued. 

 

 



155 

 

Figure B.1. continued. 
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Figure B.1. continued. 
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 APPENDIX C 

 
Figure C.1. Measured section #2 along Bellyache Ridge in the Bellyache Minibasin (see Figure 

5.1 for general location), from the Weber Sandstone through the Chinle Formation. 
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Figure C.1. continued. 
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Figure C.1. continued. 
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APPENDIX D  

SUPPLEMENTAL FILES 

 The supplemental files of this thesis include high-resolution figures that are too large to 

be included in the text of the thesis. The table below shows the file names and descriptions of the 

files. Files are located on the Mines server at Y:\CERSE\GE\Common\Courses\BH203\Savannah 

Eagle Basin Data. 

 

Table D.1. Supplemental file names and descriptions in this thesis. 

 

File Name File Description 

2021_Eagle_Basin_Map.pdf Geologic map of the study area  

Restoration_1.pdf Restoration R1-R1’ in one continuous 

document for reference 

Restoration_2.pdf Restoration R2-R2’ in one continuous 
document for reference 

MS_1.pdf Measured section #1 in a continuous 

document 

MS_2.pdf Measured section #2 in a continuous 

document 

Thin_Section_Locations.pdf Locations of thin section samples 

Folder: Thin_Section_Photos Folder containing high-resolution images of 

thin sections  
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APPENDIX E 

COPYRIGHT PERMISSIONS 

 

 This Appendix provides copyright and fair use permissions for figures used in this thesis 

that are published elsewhere and not created by the author. 

Table E.1. Figure numbers and description of copyright permissions. 

Figure Number and Reference Copyright Permissions 

Figures 1.3. Rowan et al., 2016 AAPG Bulletin Fair Use (Figure E.1) 

Figures 1.4 + 1.5. Giles and Rowan, 2012 Geological Society of London (Figure E.4) 

Figure 1.7. Duffy et al., 2018 Elsevier agreement (Figure E.6) 

Figure 1.8 + 7.6. Duffy et al., 2017 Creative Commons License (Figure E.5) 

Figure 1.9 + 1.12. Rowan and Vendeville, 2006 Elsevier agreement (Figure E.8) 

Figure 1.10 + 1.11. Parravano et al., 2015 SEG Fair Use (Figure E.2) 

Figure 1.13. Hudec and Jackson, 2006 GSA Fair Use (Figure E.3) 

Figures 2.1, 2.3, + 2.6. Blakey, 2009 Permission from RMAG (Figure E.10) 

Figure 2.5. Hite and Buckner, 1981 Permission from RMAG (Figure E.10) 

Figure 2.8. Yonkee and Weil, 2015 Elsevier agreement (Figure E.7) 

Figure 2.9. Granath et al., 2018 AAPG Bulletin Fair Use (Figure E.1) 

Figure 2.10. Scott et al., 2002 GSA Fair Use (Figure E.3) 

Figure 2.12. De Voto et al., 1986 Permission from RMAG (Figure E.10) 

Figure 5.8. Scott et al., 1999 GSA Fair Use (Figure E.3) 

Figure 7.5. Saura et al., 2015 AGU Fair Use (Figure E.9) 
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Figure E.1. AAPG’s fair use policy indicating an author may use 1 figure from an AAPG 

publication without formal permissions. 
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Figure E.2. SEG’s fair use policy indicating an author may use up to 3 figures from a publication 
with no formal permissions. 
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Figure E.3. GSA’s fair use policy indicating authors may use 1 figure from a publication without 

formal permission. 

 

Figure E.4. GSL’s fair use policy indicating authors may use 3 figures from a publication 
without formal permission. 
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Figure E.5. Permission to use figures from Duffy, 2017 in the Journal of Structural Geology. 
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Figure E.6. Permission to use figures from Duffy, 2018 in the Journal of Structural Geology. 
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Licensed Content Date Sep 1, 2018

Licensed Content V olum e 114

Licensed Content Issue n/a

Licensed Content Pages 16

Start Page 206

End Page 221

Type of Use reuse in a thesis/dissertation

Portion figu res/tables/illustrations

Num ber of
fig

u
res/tables/illustrations 1

Form at electronic

Are you the author of this
Elsevier article? No

W ill you be translating? No

Title The Influ

e

nce of Pennsylvani an-T riassic Salt Tectonics on
Laram ide Shortening in Central Colorado: A New Tectonic Model

Institution nam e Colorado School of Mines

Expected presentation
date May 2021

Portions Figure 4

Requestor Location

Savannah Rice 
711 Elm  Cir 

GOLDEN, CO 80401 
United States 
Attn: Savannah Rice

Publisher Tax ID 98-0397604

Total 0.00 USD

Term s and Conditions



167 

 

 
Figure E.7. Permission to use figures from Yonkee and Weil, 2015 in the Earth-Science 

Reviews. 

ELSEV IER LICENSE 
TERMS AND CONDITIONS

May 15, 2021

This Agreem ent between Savannah Rice ("You") and Elsevier ("Elsevier") consists of your
license details and the term s and conditions provided by Elsevier and Copyright Clearance
Center.

License Num ber 5070200288602

License date May 15, 2021

Licensed Content
Publisher Elsevier
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Figure E.8. Permission to use figures from Rowan and Vendeville, 2006 in Marine and 

Petroleum Geology. 
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Figure E.9. Permission to use figures from Saura, 2015 in Tectonophysics (AGU Publication). 

 

 
Figure E.10. Permission to use figures from RMAG. 

 


