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ABSTRACT 

Combined field mapping, measured stratigraphic sections, and balanced cross-sections of 

the Pennsylvanian-aged Eagle Valley Evaporite and overlying Late Pennsylvanian- to Jurassic-

aged strata indicate a long-lived phase of salt tectonics in the Eagle Basin, central Colorado. 

Diapiric salt structures exposed at the surface represent a series of formerly connected, polygonal 

salt walls flanked by deep, elongate minibasins in the southern part of the basin. Previous work 

in this area has interpreted these structures to be the result of the Laramide Orogeny and younger 

tectonism; however, this phase of salt-influenced deformation in the Eagle Basin has a similar 

history as the Paradox Basin to the southwest, and suggests a new paradigm for the tectonic and 

stratigraphic evolution of this region. Structural and stratigraphic analysis of four key regions in 

the Roaring Fork Valley of the Eagle Basin offers compelling evidence for long-term 

deformation compatible with salt tectonics prior to the Laramide Orogeny. This work suggests 

the following interpretation of a prolonged salt tectonic history subsequently overprinted by 

tectonic shortening: (i) over-thickened, unconformity-bound strata contain abundant growth 

structures and represent Permo-Triassic minibasins, which subsided into mobilized Eagle Valley 

Evaporites; (ii) north-northwest trending linear structures cored by evaporites represent former 

diapiric salt walls that grew during Pennsylvanian through Triassic time between minibasins; and 

(iii) Laramide-age shortening resulted in basinal contraction and welded salt walls that were 

reactivated as thrust structures. This work has significant implications for the timing and 

magnitude of both Ancestral Rocky Mountain uplifts and Laramide-age shortening. Additionally, 

diagnostic structural and stratigraphic features present in the Eagle Basin are analogous to salt-

dominated regions that have undergone shortening of pre-existing diapirs and minibasins such as 

the Sivas Basin of Turkey, the Western Gulf of Mexico, and the Pyrenees, Zagros, and Flinders 
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ranges. This study is critical to understanding the evolution of salt basins that have been 

subjected to basement-involved shortening. 
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CHAPTER 1  

INTRODUCTION 

1.1 Project Background and Research Objectives 

 The Eagle Basin is a northwest-southeast trending foreland basin located in west-central 

Colorado that formed initially in Pennsylvanian time due to the uplift of neighboring Ancestral 

Rocky Mountain-related highlands and, at present, is flanked to the west by the Piceance Basin, 

to the north by the Sand Wash Basin, to the south by the Sawatch Uplift, and to the east by the 

Front Range (Figure 1.1) (Blakey, 2009). For over a century this region has been studied in detail 

due to its potential for mineral resources and wealth of excellent outcrop exposures. Such 

previous work includes initial topographic mapping and reconnaissance geology (e.g., Hayden, 

1874; Holmes, 1876; Vanderwilt, 1935), general summaries of the geologic evolution of the area 

(Bass, 1963; Bryant and Freeman, 1977; Tweto, 1977; Bryant, 1979; De Voto et al., 1986; Hoy 

and Ridgeway, 2002; Dickinson and Lawton, 2003; Blakey, 2009), regional stratigraphic studies 

(e.g., Brill, 1942; Brill, 1944; Langenheim, 1952; Bartleson et al., 1968; 1971b; Bartleson, 1972; 

Stewart et al., 1972; Freeman and Bryant, 1977; Johnson et al., 1992), formation-specific 

stratigraphic studies (e.g., Katich, 1958; Lovering et al., 1962; Mallory, 1971; Mallory, 1977; 

Schenk, 1986; Schenk, 1992; Johnson, 1987; Johnson, 1989; Dubiel, 1992; Karachewski, 1992; 

Houck, 1997; Tramp et al., 2004;  Soreghan et al., 2014), characterization of regional structures 

(e.g., Tweto and Sims, 1963; Freeman, 1971a), and studies of late Cenozoic salt tectonics 

involving surficial collapse and geohazard mitigation (e.g., Scott et al., 1999; Kirkham and Scott, 

2002; Kirkham et al., 2002; Lidke, 2002; Perry et al., 2002; Scott, 2002) 
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Figure 1.1: Location maps for the greater Eagle Basin study region. (a) Map of the United 

States with the State of Colorado outlined modified from Perry-Costañeda Library (1998). (b) 

State of Colorado modified from Raynolds and Hagadorn (2016) with the present-day locations 

of major depositional basins, geological provinces, and the greater Eagle Basin study region as 

further detailed in Figure 1.2. 

Due to structural overprinting caused by younger tectonic events such as Laramide-

shortening and related Sawatch Range and Front Range uplifts, Rio Grande rifting, and the uplift 

of the Colorado Plateau, the pre-Laramide tectonic evolution of this region is poorly defined, 

despite the recognition of the following: (1) evaporite-cored north-northwest trending linear 

structures in the center of the Eagle Basin; (2) large variations in Pennsylvanian- through 
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Triassic-aged stratigraphic thicknesses; and (3) the presence of evaporites displaced from their 

original depositional level (Freeman, 1971a; Tweto, 1977) (Figure 1.2). Such features are 

indicative a much more complex tectonic history for the Eagle Basin, specifically in 

Pennsylvanian to Triassic time, prior to Laramide shortening.  

The primary purpose of this study is to investigate and describe a hypothesized period of 

salt tectonics in the Eagle Basin that evolved from Pennsylvanian to Triassic time resulting in a 

complex network of salt walls and Pennsylvanian- to Triassic-aged minibasins, which were 

subsequently deformed and reactivated due to shortening related to the Laramide Orogeny. Due 

to the large area of interest, specific focus is paid to the Aspen region of Figure 1.2 in order to 

complete the following objectives: (1) conduct detailed field mapping of the Aspen region with 

specific focus paid to areas proximal to hypothesized paleo-salt wall locations; (2) collect 

samples of, and attempt to correlate, regionally distinct members of formations across 

quadrangle boundaries mapped by different geologists; (3) record, describe, and photograph 

examples of angular truncations, terminations, or evidence for stratigraphic thickening, thinning, 

and oversteepening adjacent to hypothesized paleo-salt wall locations; (4) document examples of 

structural features including normal faults, thrust faults, and folds particularly those across which 

there are clear variations in stratigraphic thickness of units; (5) record other distinct lithologic or 

geologic features indicative of salt tectonics or a lack thereof; (6) integrate field mapping 

observations, measurements, and interpretations with previously published geologic maps, 

published cross-sections, and unpublished field notes in order to construct a combined geologic 

map for the Aspen region; (7) reconstruct the evolution of the Aspen region using a series of 

restored 2D cross-sections and the Midland Valley Move 2018 software; and (8) extrapolate 

observations and interpretations of the Aspen region to the greater Eagle Basin.  
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Figure 1.2: Figure modified from Tweto et al. (1977) showing  the major geographic and tectonic features in the region of the 

Eagle Basin. Note the location of the Aspen region outlined in red, the primary study area of this thesis.
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1.2 Review of Salt Tectonics 

 Over the past few decades, significant work has been accomplished to both define and 

explain the evolution of salt systems and their associated stratigraphic and structural features. 

Both subsurface and outcrop studies of salt tectonics in a variety of structural settings, such as 

the Flinders and Willouran ranges in South Australia (e.g., Kernen et al., 2012; Hearon, 2013, 

2014, 2015; Rowan et al., 2016, 2019), Mexico’s La Popa Basin (e.g., Rowan et al., 2012), 

Turkey’s Sivas Basin (e.g., Ribes et al., 2017), and the Paradox Basin in southeastern Utah (e.g., 

Matthews et al., 2007; Paz et al., 2009; Trudgill and Paz, 2009; Trudgill, 2011) have developed a 

systematic methodology of identifying characteristic salt-related features such as halokinetic 

sequences, minibasin architecture, and salt diapirs or salt walls and their associated geometries. 

As defined previously, the central hypothesis and research goals of this thesis are based on such 

previous work and, therefore, a synthesis of the theory of salt tectonics and terminology relevant 

to this project is necessary.   

 Of principle importance to understanding the development of characteristic salt-related 

structures and stratigraphic geometries is the development of salt-withdrawal minibasins. 

Minibasins are defined as depositional basins mostly encased by and subsiding into thick 

autochthonous or allochthonous salt (Figure 1.3) (Hudec et al., 2011). Minibasin subsidence may 

be driven by a number of factors, as illustrated in Figure 1.4, including: (1) density-driven 

subsidence due to differential loading (Figure 1.4a); (2) subsidence due to contraction resulting 

in diapir shortening (Figure 1.4b); and (3) extensional diapir fall causing the diapir to stretch and 

sag producing a minibasin above its subsiding crest (Figure 1.4c) (Hudec et al., 2009). The 

relationship between minibasin subsidence and sedimentation has, of late, been a topic of great 

interest and a number of studies have led to a working understanding of the relationships 
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between minibasin subsidence, sedimentation style, characteristic facies distribution and 

architecture in a variety of depositional environments (e.g., Matthews et al., 2007; Andrie et al., 

2012; Banham and Mountney, 2013; Kopriva and Kim, 2015; Ribes et al., 2017).  

 

Figure 1.3: Schematic diagram modified from Rowan et al. (2016) illustrating characteristic 

salt geometries and halokinetic terminology relevant to this study.  

 Associated with the development of minibasin stratigraphy and diapiric movement of salt 

are a number of large-scale structural and stratigraphic features. Large-scale salt structures, 

comprising linear to sinuous diapirs that have a planform axial ratio of two or more are hereafter 

defined as salt walls (Figure 1.3) (Hudec et al., 2011; Escosa et al., 2019). Salt walls are 

important features in salt basins as they typically form the boundaries of minibasins and may 

offer insight into the tectonic evolution of related minibasin (Trudgill, 2011). One endmember of 

the evolution of salt walls, resultant of the mobilization, or evacuation, of evaporites is the 

development of a weld (Figure 1.3). A salt weld is defined as a “surface or zone joining strata 

originally separated by autochthonous or allochthonous salt” (Hudec et al., 2011). Welds 

associated with the shortening of diapiric salt structures are classified as secondary welds in 
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order to distinguish these near vertical features from primary welds that form at the 

autochthonous level (Figure 1.3) (Rowan et al., 1999). The identification of secondary welds, is 

of great significance in this study as they are hypothesized to serve as slip planes reactivated as 

thrust faults (defined as secondary thrust welds by Rowan et al. (1999)), during late-stage 

compression.  

 

Figure 1.4: Diagram modified from Hudec et al. (2009) showing the various driving 

mechanisms of minibasin-subsidence and the criteria used to distinguish them.  

 Of particular importance in defining key halokinetic features in the study region is the 

identification of megaflaps. Megaflaps, as shown in Figure 1.3, are defined as “near vertical 

stratal panels which extend great distances up the flanks of salt diapirs or associated welds, have 

multiple kilometer vertical relief and width of folding, and a maximum bedding attitude ranging 
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from overturned beneath an allochthonous salt sheet to near vertical” (Rowan et al., 2016). These 

large-scale features are proposed to occur more often in contractional tectonic settings, but may 

also be found in passive settings, and represent the oldest minibasin strata that have been thinned 

over an adjacent salt structure and are roughly coeval and stratigraphically conformable with the 

top salt; however, local variations have been observed and further described from the Flinders 

and Willouran ranges (Australia) (Giles and Rowan, 2002; Hearon, 2013) and more importantly 

for this study, the Paradox Basin of southeast Utah and southwest Colorado (Giles and Rowan, 

2012; Hearon, 2013; Rowan et al., 2016; Escosa et al., 2018; Escosa et al., 2019). Where 

minibasin-scale drape-folding is observed but does not fall within the megaflap classification, 

such structures will hereafter be defined as drape folds (Figure 1.3). 

 Lastly, in terms of halokinetic features observed in salt-withdrawal minibasins associated 

with diapir flanking growth strata are halokinetic sequences. Halokinetic sequences, or 

halokinetic folds, typically form during the late-stage evolution of minibasins when the relative 

rate of salt rise and sedimentation becomes more balanced. Halokinetic sequences comprise a 

fairly conformable series of drape-folded growth strata that are influenced by near-surface or 

surface-breaching salt flow and the relationship between sediment accumulation rate and salt rise 

rate under passive, gravitational conditions (Alsop et al., 2000; Giles and Lawton, 2002; Hudec 

et al., 2011; Giles and Rowan, 2012). These sequences are bounded by angular unconformities, 

at both the top and base, which become more conformable away from the diapiric salt body 

(Figures 1.3 and 1.5 ) (Giles and Lawton, 2002; Giles and Rowan, 2012). Additionally, two 

geometrically distinct halokinetic sequence types may occur; these include: (1) hook halokinetic 

sequences, which refer to sequences with basal surfaces dramatically upturned within 50 to 200 

meters of the diapir contact that are unconformable overlain by the base of the next younger 
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sequence (Figure 1.5a); and (2) wedge halokinetic sequences, or sequences in which strata taper 

toward the diapir contact over a distance of 1 to 1.5 km and often terminate against a younger, 

truncating, halokinetic sequence (Figure 1.5b) (Giles and Rowan, 2012). 

Individual hook and wedge halokinetic sequences may also stack to form composite 

halokinetic sequences (CHS), equivalent in scale to third-order depositional sequences bounded 

by angular unconformities (Figure 1.5c and 1.5d) (Giles and Rowan, 2012). Hook and wedge 

stacked halokinetic sequences form tabular and tapered CHS respectively (Figure 1.5c and 1.5d) 

and have been observed on subsurface seismic data (e.g., Hearon et al., 2014) and in outcrop 

(e.g., Giles and Rowan, 2012).  

In addition to the previously mentioned halokinetic features related to the development of 

minibasins, a number of salt-related stratigraphic features (likely identifiable in the study region) 

aid in proving a long-lived phase of salt tectonics and associated salt-influenced sedimentation. 

Of principle importance is the presence, or lack thereof, of diapir-derived detritus within salt-

structure flanking stratigraphic sequences. The identification of diapir-derived detritus deposited 

within diapir-flanking strata indicates the erosion of pre-existing salt structures and overlying 

roof sequences (Lawton and Buck, 2006). Additionally, aiding in proving salt-influenced 

sedimentation in the study region is the identification of cap rock, or a sequence of 

predominantly anhydrite, gypsum, or calcite located above a salt body, which formed at the crest 

of a diapir as the halite dissolved leaving a chemically altered residue (Hudec et al., 2011). 

Exposure of diapiric cap rock coupled with the identification of diapir-derived detritus in 

proximal growth strata sequences will help prove a phase of passive diapirism similar to that 

observed in the Paradox Basin (Lawton and Buck, 2006; Trudgill, 2011).  
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Figure 1.5: Diagram modified from Giles and Rowan (2012) illustrating typical geometries of 

halokinetic sequences (HS) and composite halokinetic sequences (CHS) including: (a) hook HS; 

(b) wedge HS; (c) tabular CHS; and (d) tapered CHS. 

 Of specific relevance to this study is the potential influence of pre-existing salt structures, 

both minibasins and diapirs, on subsequent shortening. Reactivation and shortening of salt 

structures has been identified and described in salt basins globally, driven by a number of 
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mechanisms and tectonic settings including: (1) thin-skinned deformation related to fold and 

thrust belts (2) gravity driven fold and thrust belts (3) thick-skinned deformation related to 

basement-involved inversion of intracratonic basins (Figure 1.6) (e.g., Letouzey et al., 1995). In 

addition to the variability of tectonic setting and associated effects, the results of shortening on 

evaporitic units are highly dependent on the pre-existing configuration of the salt body. For 

example, whether or not diapiric structures exist prior to shortening; and, if diapiric structures do 

exist, the pre-shortening size, planform, profile, and orientation relative to compressive stresses 

all play a significant role on the resulting structural styles (Dooley et al., 2009). This thesis is 

primarily concerned with the role of shortening on pre-existing diapiric structures. As such, these 

settings and resulting structures will be described in greater detail. 

 

Figure 1.6: Map taken from Letouzey et al. (1995) illustrating locations of compressive 

deformation which involve an evaporitic unit. 
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After studies in nearly all of the previously mentioned contractional settings, a number of 

generalizations can be made regarding the effects of shortening on pre-existing diapiric 

structures (Letouzey et al., 1995; Rowan and Vendeville, 2006; Duffy et al., 2017): (1) due to the 

relative weakness of evaporitic units in comparison with encasing sediments, compressive 

stresses are preferentially accommodated by diapiric structures; and, where elongate salt 

structures (salt walls) exist, a strain gradient is developed so that the central portion of the wall is 

commonly shortened more than its ends (Figure 1.7) (2) diapirs shorten initially by displacing 

salt vertically and, where overlying roof strata allow piercement, may form allochthonous salt 

sheets (Figure 1.8) (3) Pre-existing salt structures may be squeezed, thrusted, or welded shut, 

forming secondary welds (Figure 1.8); (4) Minibasins surrounding pre-existing salt structures 

may be rotated on horizontal and vertical axes resulting in complex structures at minibasin 

margins (Figure 1.9); and (5) even where regional compressive stresses are uniform, the resulting 

structures are commonly not.   

 

Figure 1.7: Hypothesized model from Rowan and Vendeville (2006) for the map-view 

evolution of an elongate salt structure under compressive stresses. As shown from (a) to (b), due 

to the weakness of salt in comparison with the relative strength of encasing sediment around the 

tips of the wall, a strain gradient is developed causing the central portion of the wall to be 

shortened more, which may result in a vertical weld linking the two remnant diapiric structures at 

either end. As seen in La Popa Basin, if this weld is then covered by ongoing sedimentation and 

is further shortened, the resulting structure may be an anticline that plunges towards the remnant 

diapirs in either direction. 
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Figure 1.8: Cross-section view of a model developed by Duffy et al. (2018) illustrating the 

effects of increased shortening on a thin-roofed isolated diapir. As shortening increases, the 

diapir accommodates a significant amount of the compressive stresses resulting in secondary 

welding of the diapir (b) and, in some cases, this secondary weld may be locally reactivated as a 

thrust weld or offset by new shortcut thrusts (c) (Duffy et al., 2018). Additionally, as shown in 

the progression from (a) to (b), the previously arched roof sequence may become highly 

deformed owing to the piercement and subsequent breakout of extruded salt.  
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Figure 1.9: Map-view of a model developed by Rowan and Vendeville (2006) using viscous 

silicone polymer as an analog for salt showing two stages of experimentation where (a) is after 

minibasin formation and associated welding and (b) is after shortening of the model. The 

minibasins (white) are initially surrounded by a polygonal network of salt ridges which, after 

shortening, are squeezed significantly while the minibasins simply translate horizontally with 

minor deformation along their flanks.  
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CHAPTER 2  

GEOLOGIC SETTING AND PREVIOUS WORK 

The Eagle Basin, located approximately 320 km west of Denver, Colorado formed 

adjacent to the neighboring Ancestral Rocky Mountain-related uplifts of the Ancestral Sawatch 

Range, Front Range, and Uncompahgre highlands in Pennsylvanian time (Figures 2.1 and 2.2). 

The following chapter serves to outline the research previously conducted in the region first 

through a description of the current hypothesized tectonic evolution of the Eagle Basin and 

followed by a summary of the regional stratigraphy.  

2.1 Eagle Basin Regional Tectonics and Structures 

The Eagle Basin in west-central Colorado displays a complex tectonic evolution spanning 

from the Precambrian to present. For much of the Precambrian through the Jurassic, this 

sedimentary basin was located on the southwest margin of the North American craton (Blakey, 

2008). In the Precambrian, the region of the modern-day Eagle Basin was influenced by two 

major structures; the northeast trending Homestake shear zone in the Sawatch Range (Figure 2.2) 

that extended into both the Gore Range and the Front Range (Tweto and Sims, 1963), and a 

north/northwest trending fault system associated with the younger Gore Fault and the Blue River 

Fault (Figure 2.2) (Tweto, 1977). Tweto (1977) interpreted that both sets of Precambrian 

structures played a significant role in the development of younger structures such as the 

north/northwest trending Williams Range thrust fault, the Castle Creek Fault, and the Grand 

Hogback monocline (Figure 2.2). Additionally, during the Precambrian, 1,430 Ma granitic rocks 

of the Sawatch Range were emplaced and the region experienced little more than minor faulting 
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and significant erosion prior to the deposition of Upper Cambrian sediments (Bryant and 

Freeman, 1977). 

 

Figure 2.1: Location map illustrating the location of the Pennsylvanian-aged ancestral Rocky 

Mountain basins and highlands in Colorado (ancestral Sawatch uplift (ASU)) modified from 

Mallory (1972). Additionally, the location of the following detailed geologic feature map of the 

Eagle Basin (Figure 2.6) is outlined in red.
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Figure 2.2: Figure modified from Tweto (1977) illustrating the principle geographic and tectonic features in the region of the Eagle 

Basin.
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 From the Cambrian through Mississippian time the region is hypothesized to have 

remained tectonically stable aside from late Mississippian-aged faulting, which likely caused 

thickness variations in the Mississippian Leadville Limestone (Bryant, 1979). Continuing into 

the Late Mississippian and Early Pennsylvanian time, the region along the hypothesized 

Transcontinental Arch (Figure 2.3) was subjected to moderate uplift and erosion in addition to 

regional epeirogenic uplift across much of North America (Figure 2.4) (Sloss, 1988; Blakey, 

2009).  

 

Figure 2.3: Map modified from Blakey (2009) illustrating the generalized elements of the 

greater Ancestral Rocky Mountains. Dashed lines show the hypothesized location of the 

Transcontinental Arch. Key to letters on basins (blue) and uplifts (brown): ArB – Arbuckle 

basin, ASU – Apishapa Uplift, BaH – Bannock Highland, BSB – Bird Springs Basin, CaA – 

Cambridge Arch, CBP – Central Basin Platform, CBU – Copper Basin Uplift, CCT – Central 

Colorado Trough, CKU – Central Kansas Uplift, DeB – Deleware Basin, DiP – Diablo Platform, 

DnB – Denver Basin, DZU – Defiance-Zuni Uplift, EB – Eagle Basin, EIB – Ely Basin, FlU – 

Florida Uplift, FRU – Front Range Uplift, FwB – Fort Worth Basin, GCE – Grand Canyon 

Embayment, HoB – Holbrook Basin, MaA – Matador Arch, MaU – Marathon Uplift, MiB – 

Midland Basin, NeR – Nemaha Ridge, OqB – Oquirrh Basin, OrB – Orogrande Basin, PaB – 

Paradox Basin, PaU – Pathfinder Uplift, PeB – Pedregosa Basin, PeU – Pedernal Uplift, PEU – 

Piute-Emery Uplift, SaU – San Luis Uplift, SKA – Sedona-Kaibab Arch, SwU – Sawatch Uplift, 

TaT – Taos Trough, UnU – Uncompahgre Uplift, WAU – Wichita-Amarillo Uplift, WRB – 

Wood River Basin.  
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Figure 2.4: Diagrammatic geologic time-scale modified from Blakey (2009) illustrating the 

tectonic settings and associated features through the Late Paleozoic across the North American 

craton. Note that darker gray shading corresponds to hypothesized magnitude of corresponding 

uplifts. 

 By the Middle Pennsylvanian, specifically Atokan time, uplift of the southern 

Uncompahgre and the Ancestral Front Range increased significantly, indicated by deposition of 

clastic debris into the intervening Paradox and Eagle Basins (Figure 2.4) (Kluth and Coney, 

1981; Casey, 1980; Kluth, 1986; Blakey, 2009). The northwest-southeast trending 

Pennsylvanian-Permian orogenic uplifts of the western Ancestral Rocky Mountains formed 

roughly perpendicular to the trend of the Transcontinental Arch (Figure 2.3) (Mallory, 1972). 

The initiation of this orogeny is still debated and currently hypothesized to be the result of one of 
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three proposed mechanisms including: (1) the transmittal of forces from the Gondwanan-

Laurasian collision to the Greater Ancestral Rocky Mountain region (Kluth and Coney, 1981; 

Kluth, 1986; Dickinson and Lawton, 2003); (2) pull-apart basin generation resultant of wrench 

faulting related to the tectonic settings of southwestern North America (Stephenson and Baars, 

1986); and (3) shallow-slab subduction of the Cordilleran plate from the southwest (Ye et al., 

1996).  

Regardless of the driving mechanism, in the study area, the Late Paleozoic Front Range 

occupied sites of both the modern Gore Range and the Front Range to the east, bounded to the 

west by the ancestral Gore Fault (Figure 2.2) (Tweto, 1977). The present location of the Late 

Paleozoic Uncompahgre highland margin in this region is not known in detail due to thick 

Mesozoic and Cenozoic sedimentary cover (Tweto, 1977). By Desmoinesian and into the Early 

Missourian time, the uplift of the Ancestral Rocky Mountains reached its climax (Figure 2.4); 

however, previous works show that the northwestern portion of the Uncompahgre Uplift was not 

a significant positive feature until Virgilian to Wolfcampian time (Casey, 1980; Johnson et al., 

1992; Karachewski, 1992; Hoy and Ridgeway, 2002; Blakey, 2009 ). These highland and basinal 

conditions persisted through Missourian and Virgilian time, marked by deposition of thick 

sequences of Pennsylvanian- and Permian aged sediments in the intervening Eagle Basin 

(Mallory, 1977; Tweto, 1977; Bryant, 1979). By the Early Permian, uplift of the Greater 

Ancestral Rocky Mountains had ceased and basin subsidence had, in general, greatly slowed 

(Figure 2.4) (Johnson et al., 1992; Blakey, 2009).  

 During the Late Paleozoic and into the Late Triassic, Tweto (1977) and Bryant (1979) 

proposed that the two major highlands bounding the Eagle Basin, the Front Range to the 

northeast and the Uncompahgre to the southwest, were again uplifted as evidenced by regional 
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unconformities below the Late Triassic-aged Chinle and Late Jurassic-aged Morrison formation; 

however, because of the overprinting during the Laramide and younger tectonic events, the 

structural evolution during the Late Paleozoic and Early Mesozoic is currently poorly defined.  

 In addition to the proposed uplift of the neighboring highlands and large-scale deposition 

of detritus in the Late Paleozoic and Early Mesozoic, a long-lived phase of salt movement was 

hypothesized to have influenced depositional trends and regional structures (Tweto, 1977). 

Initially, anticlinal structures cored by evaporites were recognized to be the result of evaporite 

mobilization due to the influence of Permian-aged deformation (Freeman, 1971). This hypothesis 

was furthered through a concise synthesis of stratigraphic relationships, structural features, and 

variations in stratigraphic thicknesses by Tweto (1977). Pre-Laramide salt tectonics and 

associated structures in the Eagle Basin are evident in locations such as the north/northwest 

trending anticline at Red Table Mountain that may be the remnant of a Permian syncline from 

which evaporites have evacuated, an evaporite cored anticline between Red Table Mountain and 

Hardscrabble Mountain, the Cattle Creek diapiric anticline south of Glenwood Springs, and the 

Castle Creek fault along which evaporites are mapped at the surface (Figure 2.2) (Freeman, 

1971; Tweto, 1977). While much of the salt tectonic evolution of the Eagle Basin is proposed to 

have occurred from the Permian through the Triassic, it is important to note that many of the 

resulting structures are hypothesized to have been reactivated by, in addition to influencing, the 

Laramide tectonic evolution of the region (Freeman, 1971; Tweto, 1977).  

 The initiation of the Laramide orogeny in west-central Colorado is marked by the uplift 

of the elongate intrusive dome of the Sawatch Range (Figure 2.2) and the intrusion within the 

Mancos Shale of 69-70 Ma igneous rocks (Tweto, 1977). Additionally, attributed to an early 

Laramide tectonic origin, the Elk Range thrust located along the southwest margin of the Eagle 
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Basin was originally hypothesized to be resultant of a glide sheet originating from the uplift of 

the Sawatch Range (Bryant and Freeman, 1977; Bryant, 1979); however, after the more recent 

work of Tulley (2009), it is more likely that the Elk Range thrust is an eroded up-plunge core of 

the Laramide-related Grand Hogback Monocline (Figure 2.2). This period was also influenced 

by large-scale volcanic and igneous intrusive activity as seen in abundant volcanic detritus in the 

Wasatch Formation in the southern portion of the Piceance basin (Tweto, 1977). At the end of 

the Cretaceous, the Gore and Front Ranges were uplifted, resulting in structures such as the 

Williams Range thrust fault (Figure 2.2) (Tweto, 1977). Lastly, in the Late Eocene, the White 

River Uplift and the Grand Hogback monocline (Figure 2.2) were formed (Tweto, 1977). Other 

Laramide-related fault systems and structures in the Eagle Basin include the Castle Creek Fault 

Zone and the Roaring Fork syncline (Figure 2.2); however, many of these structures are likely 

the locations of deformation resultant from Pennsylvanian- to Triassic-aged salt tectonics in the 

region, subsequently reactivated during the Laramide (Freeman, 1971a; Tweto, 1977; Bryant, 

1979). 

 Following the cessation of Laramide tectonism in the Eocene, a period of intrusion and 

deformation influenced the Eagle Basin (Bryant, 1979). Two major plutons, the Elk Mountains 

and the White Rock pluton, were emplaced along the Elk Range thrust which, in turn, influenced 

the generation of fault systems such as those seen in Snowmass Creek and the Roaring Fork 

syncline (Figure 2.2) (Bryant, 1979). This period of intrusion was followed in the Neogene by 

Rio Grande rift-related extension and block faulting in addition to a period of widespread 

basaltic volcanism dated at 24-10 Ma (Bryant, 1979). Rifting in this region extends northward to 

its termination north of the Leadville, Colorado region where it created the Arkansas Valley and 

Williams Fork grabens and westward to the Burns-Red and White syncline where Lower 
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Miocene basalt flows are synclinally folded (Figure 2.2) (Tweto, 1977; Bryant, 1979). 

Additionally, the adjacent Gore Range was reactivated as a horst block between the Gore and 

Blue River faults as shown in Figure 2.2 (Tweto, 1977).  

Lastly, of importance to the tectonic evolution of the Eagle Basin, is a period of well-

documented late evaporite-related movement in the Late Cenozoic. This period of salt-driven 

deformation is observed in the lower Roaring Fork River valley (Kirkham et al., 2002), the Eagle 

River valley (Scott et al., 1999; Lidke et al., 2002), and along the Grand Hogback monocline 

(Scott et al., 2002) mostly due to surficial collapse of evaporite bodies and associated structural 

features. The majority of these Late Cenozoic structural features have been identified on seismic 

reflection profiles and in deformed exposures of previously flat, overlying basaltic intervals 

dated between 7.5 and 10 Ma (Figure 2.2) (Kirkham and Scott, 2002; Perry et al., 2002). Many 

studies in the region suggested that much of the surficial collapse in the region and anomalous 

localized structures were the result of evaporite tectonism and that incision of the evaporitic unit 

by the Eagle River and lithostatic unloading triggered Late Cenozoic evaporitic flow and 

anticlinal diapirism in the Eagle Basin, similar to that suggested in the Paradox Basin (Kirkham 

and Scott, 2002).  

2.2 Eagle Basin Stratigraphy 

In order to test the hypothesis of a long-lived period of salt tectonics in the Eagle Basin, 

the regional stratigraphy, relationships between stratigraphic units, associated thickness 

variations, paleoenvironments of deposition, and regional unconformities must be fully 

understood (Figures 2.5 and 2.6 and Table 2.1). Previous research in the region defined some of 

these aspects of the Eagle Basin stratigraphy; however, much of this work was not conducted 

within the modern context of salt tectonics. Of principle importance to this study are the 
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Mississippian through Jurassic sedimentary units, so these intervals will be defined in greater 

detail in the following section, with specific interest placed on the stratigraphy of the Aspen 

region defined as the modern drainage basins of the Roaring Fork above Carbondale, the 

Fryingpan River, and the Crystal River (Figure 2.7) (Freeman and Bryant, 1977).  

 

Figure 2.5: Stratigraphic divisions across the Eagle Basin and adjacent areas modified from 

De Voto et al. (1986). Note that the Pennsylvanian- through Permian-aged units are expanded for 

better visualization as illustrated by the red lines. 
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Figure 2.6: Aspen Region stratigraphic column based on Freeman and Bryant (1977), De 

Voto et al. (1986), Johnson (1987), and data collected by author. Unit colors match those on 

geologic maps of this study. 
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Table 2.1: Table modified from Tweto (1977) 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 Upper part missing; eroded by unconformities or faults 

Late Cretaceous Mesaverde Group 6,100 1,859 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 400 122 Frontier SS and Mowry Sh. Equivalents at top; passes 

westward into lower Mancos Sh. 

Late and Early 

Cretaceous  

Mancos Shale 6,000 1,829 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 69 Only present in Aspen-Basalt area  

Late Jurassic Morrison Fm.  500 152 Thins at Gore fault and eastward where it overlaps 

Precambrian rocks 

Middle Jurassic Curtis Fm.  <100 <30 Mainly in CO. River area near McCoy; overstepped 

eastward by Morrison  

Middle Jurassic Entrada 

Sandstone 

100 30 Truncated beneath Morrison near Gore fault and west of 

Aspen 

Early Jurassic and 

Late Triassic 

Glen canyon 

Sandstone 

75 23 Equivalent to Navajo Sandstone; southern limit is near 

New Castle 

Late Triassic Chinle Fm.  1,200 366 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 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 2,012 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 Thins eastward to depositional margin west of Gore fault 

Pennsylvanian Molas 75 23 Discontinuous along pre-Belden unconformity 

Early Mississippian Leadville 

Limestone 

275 84 Truncated beneath belden near Gore Range and at Treasure 

Mountain 

.
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Figure 2.7: Location map modified from Bryant and Freeman (1977) of the Aspen Region showing USGS quadrangle maps, 

important locations, and features referenced in this chapter.  
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 Beginning in the Late Cambrian and into the Mississippian, the western edge of the North 

American craton was episodically flooded by shallow seas (Figure 2.8) (Bryant and Freeman, 

1977; Blakey, 2008; Blakey, 2009). This led to the deposition of thinly-bedded sands and lime 

mud of the Sawatch Quartzite, Peerless Formation, Manitou Dolomite, Chaffee Group, and the 

Leadville Limestone (Figures 2.5 and 2.6 and Table 2.1) (Bryant and Freeman, 1977). Numerous 

unconformities are present in these units as documented initially by Lovering and Johnson 

(1933) and Tweto (1977) potentially related to local uplift in the Late Cambrian and Late 

Devonian. Leadville Limestone of the Aspen region, a dominantly dark-gray thick- to thin-

bedded dolomite and blue-gray thick-bedded limestone, forms large cliff-forming outcrops and is 

interpreted to represent a period of marine incursion deposited in upper intertidal to shallow 

marine environments (Bryant, 1979). Following the deposition of the Leadville Limestone, a 

period of erosion resulted in a regional pre-Pennsylvanian unconformity and heavy karstification 

of the upper Leadville Limestone (Figures 2.5 and 2.6) (Maslyn, 1977).  

Pennsylvanian sedimentation in the Eagle Basin was heavily influenced by neighboring 

uplifts of the Uncompahgre and the Front Range to the southwest and northeast, respectively 

(Bryant and Freeman, 1977; Tweto, 1977; Bryant, 1979). Deposition in the Eagle Basin of Early 

Pennsylvanian age occurred in a shallow marine and nearshore environment (Bryant, 1979). 

Relatively low relief in the neighboring highlands and eustatic variations permitted the 

deposition of the carbonates and shales of the Belden Formation (Figures 2.5 and 2.6 and Table 

2.1) (Bryant, 1979). The Belden Formation likely represents a period of tectonic quiescence, 

where the neighboring Uncompahgre was a significant positive element, deposition occurring in 

the northwest-southeast trending Eagle Basin trough. Analysis of fossils within the formation 

near Glenwood Springs have yielded a likely age of Morrowan to Atokan (Bass and Northrop, 
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1963); however, fossiliferous limestone units within the Belden in the study area are sparse and 

only few brachiopod fossils were recovered at one location south of the Woody Creek-Hunter 

Creek divide (Figure 2.7) (Bryant, 1979).   

As the highlands to the southwest and northeast increased in relief, the coarser clastic 

systems of the Minturn and Gothic formations were deposited along the northeastern and 

southern to southwestern flanks of the basin respectively with the dominantly evaporitic Eagle 

Valley Evaporite deposited in the basin center during the Atokan to Desmonesian epochs 

(Figures 2.5, 2.6, 2.9, 2.10, 2.11, and 2.12) (Tweto, 1977). As illustrated in Figures 2.5 and 2.6, 

regional stratigraphic studies have shown the Gothic Formation, Minturn Formation, and Eagle 

Valley Evaporite to be roughly coeval  (Freeman and Bryant, 1977; De Voto et al., 1986; 

Johnson, 1987; Schenk, 1992); however, due to drastic lithologic variation and lack of basin-

wide correlative surfaces or units each formation is mapped distinctly. Additionally, for the 

purpose of this study, focus is paid to the Gothic Formation and Eagle Valley Evaporite due to 

the lack of occurrence of the Minturn Formation in the Aspen Region (Figure 2.6).  

Previous work outlines two possible depositional environments for the Eagle Valley 

Evaporite: (1) deep-water deposition in four to five isolated basins (Dodge and Bartleson, 1986); 

and (2) cyclic regional sea-level fluctuations, resultant of glacio-eustasy, in a shallow marine 

environment (Schenk, 1986, 1992; Johnson, 1987; Houck, 1997). The latter is favored due to the 

presence of correlative limestone-evaporite-clastic and limestone-clastic cycles in the Eagle 

Valley Evaporite and Minturn Formations, respectively (Schenk, 1992), turbidite deposits in the 

lower portion of the Eagle Valley Evaporite (Schenk, 1986), distinct eolian sandstone units 

within the Eagle Valley Evaporite (Schenk, 1987), and presence of wave-ripple laminations 

(Johnson, 1987).  
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Figure 2.8: Late Devonian paleogeographic map from Blakey (2009) illustrating the early 

Paleozoic shallow marine setting. The location of Figure 2.7 is outlined in red for reference.  



 31 

 

Figure 2.9: Atokan paleogeoraphic map (310 Ma) from Blakey (2009) illustrating relative 

sea-level highstand conditions, approximate locations of relevant basins and uplifts, and 

interpreted paleolatitude of the Eagle Basin (Tramp et al., 2004) . The location of Figure 2.7 is 

outlined in red for reference.  Key to basins and uplifts: DnB – Denver Basin, EB – Eagle Basin, 

FRU – Front Range Uplift, PaB – Paradox Basin, SwU – Sawatch Uplift, UnU – Uncompahgre 

Uplift. 
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Figure 2.10: Atokan paleographic map (310 Ma) from Blakey (2009) illustrating relative sea-

level highstand conditions, approximate locations of relevant basins and uplifts, and interpreted 

paleolatitude of the Eagle Basin (Tramp et al., 2004). The location of Figure 2.7 is outlined in 

red for reference. Key to basins and uplifts: DnB – Denver Basin, EB – Eagle Basin, FRU – 

Front Range Uplift, PaB – Paradox Basin, SwU – Sawatch Uplift; UnU – Uncompahgre Uplift.  
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Figure 2.11: Desmoinesian paleogeographic map (307 Ma) from Blakey (2009) illustrating 

relative sea-level highstand conditions, approximate locations of relevant basins and uplifts, and 

interpreted paleolatitude of the Eagle Basin (Tramp et al., 2004). The location of Figure 2.7 is 

outlined in red for reference. Key to basins and uplifts: DnB – Denver Basin, EB – Eagle Basin, 

FRU – Front Range Uplift, PaB – Paradox Basin, SwU – Sawatch Uplift; UnU – Uncompahgre 

Uplift. Note the hypothesized direct connection between the Paradox and Eagle Basins based on 

the presence of post-salt strata in the Hermosa Group of the Paradox Basin onlap across 

Proterozoic basement rocks on the up-thrown Uncompahgre Uplift (Kluth and Duchene, 2009).  
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Figure 2.12: Desmoinesian paleogeographic map (307 Ma) from Blakey (2009) illustrating 

relative sea-level highstand conditions, approximate locations of relevant basins and uplifts, and 

interpreted paleolatitude of the Eagle Basin (Tramp et al., 2004). The location of Figure 2.7 is 

outlined in red for reference. Key to basins and uplifts: DnB – Denver Basin, EB – Eagle Basin, 

FRU – Front Range Uplift, PaB – Paradox Basin, SwU – Sawatch Uplift; UnU – Uncompahgre 

Uplift.  
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This depositional system and resultant cyclicity observed in the Eagle Valley Evaporite is 

markedly similar to cyclicity observed in the coeval Paradox Formation evaporites of the 

Paradox Basin where, primarily, proposed fluctuations in eustacy and climate produced a 

repetitive sequence of halite, minor clastics, organic shales, and anhydrite (Figure 2.13) (Hite 

and Buckner, 1981; Rasmussen and Rasmussen, 2009; Trudgill, 2011). Likewise, in both 

subsurface well-logging and measured sections of outcrop exposures of the Eagle Valley 

Evaporites, a markedly similar cyclicity is observed (Figure 2.14) (Schenk, 1992). Lastly, 

recognized within both the Paradox and Eagle Valley Evaporite Formations are sandstone units 

with features typically associated with turbidite deposition (Hite and Buckner, 1981; Schenk, 

1986). As shown in Figures 2.9, 2.10, 2.11, and 2.12, the paleogeographic settings during 

deposition of these two evaporitic bodies within the Paradox and Eagle Basins illustrate the role 

of primarily glacio-eustacy in the development of these coeval cyclic and transitional systems. 

This overall transitional setting and lack of distinct disconformity with overlying and underlying 

strata is further evidenced by internal carbonate fossil collection placing the Eagle Valley 

Evaporite somewhere in the early Desmoinesian roughly coeval to the adjacent Gothic and 

Minturn Formations (Brill, 1942; Brill, 1944; Katich, 1958). Continuing from the Late 

Pennsylvanian into the Permian, the Eagle Valley Evaporite transitioned into the clastic-rich 

Eagle Valley Formation, a local transitional unit deposited coevally with the uppermost Gothic 

and Minturn Formations, hypothesized to represent the shift from Eagle Valley Evaporite 

deposition into the overlying red-beds of the Maroon Formation resultant of adjacent highland 

uplift (Figures 2.5 and 2.6 and Table 2.1) (Schenk, 1992).  
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Figure 2.13: Diagrammatic correlations of facies in conceptual carbonate and evaporite cycles 

of the Paradox Formation modified from Hite and Buckner (1981).  

The Maroon Formation is a locally exceptionally thick unit of dominantly fluvial and 

eolian sandstones, siltstones, and conglomerates with an Uncompahgre and Front Range 

highland provenance, as evidenced by the paleocurrent and sedimentological analysis of Johnson 

(1987), deposited under increasingly arid conditions of the waning late Paleozoic icehouse 

(Freeman and Bryant, 1977; Johnson, 1989; Tramp et al., 2004). Of principle importance to this 

study is the observed thickness variations in the Maroon Formation which range from 4,500 m 

west of Aspen to only 300 m near Glenwood Springs, approximately 70 km to the northwest 

(Figure 2.7 and Table 2.1) (Freeman and Bryant, 1997; Johnson, 1987). Previous research in the 
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region has suggested the presence, and implications of, thick loessite deposits in the Maroon 

Formation (Johnson, 1989; Soreghan et al., 2002, 2014; Tramp et al., 2004); however, these 

observations have not been placed in the broader context of salt tectonic influence and, 

furthermore, field observations during this study have shed doubt on the loess interpretation of 

previous studies due to the presence of sedimentary structures indicative of mixed fluvial 

deposition including channel geometries, low-angle cross-stratification, and fining-upward 

sequences. 

 Unconformably overlying the Maroon Formation is the Triassic State Bridge Formation. 

The State Bridge Formation is a mixed fluvial-eolian sandstone, siltstone, and conglomerate unit 

(Figures 2.5 and 2.6 and Table 2.1) (Freeman and Bryant, 1977). Deposition of the State Bridge 

Formation is proposed to have occurred proximal to sea-level due to the presence of marine 

fossils and possible algal structures indicative of supratidal depositional environments, with 

much of the basal portion likely reworked from the underlying Maroon Formation and coeval 

units. Similar to the underlying Maroon Formation, the State Bridge Formation exhibits dramatic 

variations in thickness, ranging from 1,525 m on Hardscrabble Mountain to less than 300 m in 

the Aspen region to zero thickness west of Snowmass (Figure 2.7 and Table 2.1) (Freeman and 

Bryant, 1977).  

 Following the deposition of the State Bridge Formation, the Eagle Basin underwent 

another period of significant erosion, preceding deposition of the Upper Triassic Chinle 

Formation (Figures 2.5 and 2.6). The Chinle Formation unconformably overlies the State Bridge 

and Maroon formations in the Eagle Basin and is also highly variable as seen in the 

overthickened 335 m of Chinle at Hardscrabble Mountain and thinning to the south, west, and 

north (Figure 2.7 and Table 2.1) (Freeman and Bryant, 1977). The depositional environment of 
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the Chinle is hypothesized to have a more tectonically stable origin, likely related to a complex 

fluvial-deltaic-lacustrine-eolian system and relative maturity of the sediment indicates recycling 

from underlying stratigraphic units (Freeman and Bryant, 1977; Dubiel, 1992). In the Eagle 

Basin, two distinct mappable units within the Chinle are defined as the Gartra Member, a basal 

conglomeratic sandstone, and the Red Siltstone Member which overlies the basal unit (Figure 

2.6) (Dubiel, 1992). The significance and depositional environments of specific facies and facies 

associations within the Chinle are described and measured by Dubiel (1992), but the possible 

influence of a salt-controlled basinal environment has not been investigated.  

 At the close of the Triassic and terminating the deposition of the Chinle, arid conditions 

dominated the region which characterized the Jurassic time period (Dubiel, 1992). Jurassic 

sediments of the Eagle Basin consist of the discontinuous basal Entrada Sandstone, the overlying 

thin marine limestones of the Curtis Formation, and the Upper Jurassic Morrison Formation 

dominated by limestones and sandstones (Figures 2.5 and 2.6) (Bryant and Freeman, 1977). 

Overlying the Jurassic formations is the Lower Cretaceous aged Burro Canyon Formation 

consisting of sandstone, siltstone, silty shale, and subordinate chert and conglomeratic 

sandstones, all attributed to terrestrial fluvial depositional environments (Bryant and Freeman, 

1977). Regional transgression of the Western interior seaway in the Cretaceous resulted in the 

deposition of the overlying Dakota Sandstone likely deposited in a shoreline and marginal 

marine environment (Bryant and Freeman, 1977). Subsequently, as sea-level continued to rise, 

the Upper Cretaceous Mancos Shale was deposited, which contains the distinct Fort Hays 

Limestone Member marker bed (Bryant and Freeman, 1977).  
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Figure 2.14: Comparison of the Champlin Black No. 1 well log of the Eagle Basin with a 

generalized stratigraphic column of the Reynolds Gibson Dome No. 1 core of the Paradox Basin 

after Raup and Hite (1996) highlighting halite intervals (blue) within the two evaporitic 

Formations. Note that evaporites of the Eagle Basin contain cyclic units of halite similar to that 

seen in the evaporites of the Paradox Basin. See appendix (Figure A.1) for a detailed well log 

and lithologic descriptions of the Gibson Dome No. 1 well. 
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CHAPTER 3  

METHODOLOGY 

 Modeled after previous halokinetic studies in the Paradox Basin Salt Wall region, South 

Australia (Kernen et al., 2012; Hearon, 2013; Hearon et al., 2014, 2015; Rowan et al., 2016, 

2019), La Popa Basin, Mexico (Giles and Lawton, 2002; Rowan and Vendeville, 2006; Andrie et 

al., 2012; Rowan et al., 2012), and the Sivas Basin, Turkey (Callot et al., 2014; Ribes et al., 

2015, 2017), a systematic methodology was developed to characterize, in the context of modern 

salt tectonic theory, the structural geometries of shortened salt walls (Vendeville and Nilsen, 

1995; Rowan et al., 2004; Rowan and Vendeville, 2006; Callot et al., 2007, 2012; Duffy et al., 

2018), probable overturned megaflaps (Graham et al., 2012; Rowan et al., 2016; Escosa et al., 

2018), and secondary welds reactivated as thrust faults (Claringbould et al., 2013; Heidari et al., 

2016). Interpretations of these structural features, their evolution and timing, and relationship 

with Laramide and younger structures has been developed through the following field- and 

model-based methods.  

3.1 Field Work 

 Stratigraphic and structural data were collected across the southern extent of the Eagle 

Basin, with more detailed field-mapping taking place in the Aspen region in order to address the 

more localized goals of this study. Field work for this report took place from Spring 2018 to Fall 

2018. Field and reconnaissance mapping was conducted using ortho-rectified aerial imagery, the 

Fieldmove Clino iPhone application, and previously published USGS quadrangle maps (Bryant, 

1971, 1972; Freeman, 1972a, 1972b) with associated field notes, plus measured sections, and 

published works. Through the compiling of both previous research and data collected during this 
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field season a final geologic map was constructed using a combination of digitization in Global 

Mapper 14, Move 2018, and Adobe Illustrator CC 2019 (Figure 3.1).  

In addition to structural bedding measurements taken in the field, two measured sections 

were constructed in order to better constrain stratigraphic relationships in the Pennsylvanian-

Permian-aged and Permian-Jurassic-aged strata and provide a better framework for the regional 

evolution of environments of deposition (Figure 3.1 and Appendix Figures A.2 and A.3). 

Stratigraphic sections were measured using a 1.5 meter Jacob Staff, the Fieldmove Clino iPhone 

application, and a Brunton Compass when necessary. Measured sections were logged at a sub-

meter scale with specific focus paid to general grain size, lithologic variations, bedding contacts, 

and stratigraphic features indicative of specific depositional environments.  

 As a result of the cliff-forming nature of the regional stratigraphy and inherent 

topography, supplemental photographs were taken with a DSLR camera and subsequently 

interpreted to illustrate relevant geologic features such as faulting, folding, and both angular and 

stratigraphic relationships. Photo-mosaics were stitched together in Adobe Photoshop CC 2019 

and interpreted in Adobe Illustrator CC 2019.  

 In addition to outcrop-based descriptions, 33 hand samples were collected in order to aid 

in regional correlation of distinct members. Petrographic analysis of seven samples was 

conducted in order to further improve correlations. Thin sections were cut to standard thin 

section size, impregnated with epoxy, and applied with a cover slip. Of the seven thin sections, 

four were cut from distinct eolian units within the Permo-Triassic stratigraphy, two were cut 

from the Toner Creek member of the upper State Bridge Formation, and one was cut from a 

coarse-grained bed in the Maroon Formation at Ruedi Reservoir proximal to the exposed diapiric 

salt structure Gyp Hill.  
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Figure 3.1: Geologic Map of the Aspen region showing cross-section, measured section 

(M.S.), and petrographic sample locations referenced in this thesis. Modified from Bryant (1971, 

1972), Freeman (1972a; 1972b) and Johnson and Tuttle (1977) in combination with field 

mapping completed by the author.  
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3.2 Cross-sections 

 Five geologic cross-sections, the locations of which are shown in Figure 3.1, were 

constructed perpendicular to key structural features in the study region using a combination of 

Global Mapper 14 and Move 2018. In each of the five cross-sections elevation data, previously 

mapped geologic unit outcrop exposures, previously published geologic cross-sections, structural 

measurements, and subsurface line intersections derived from three-dimensional interpretation of 

bedding planes in Move 2018 were utilized to constrain the cross-section interpretations. The 

elevation profiles of the six cross-sections were extracted from the USGS 10 meter resolution 

National Digital Elevation Model (DEM), which was converted to a mesh-surface in Move 2018. 

The geologic unit outcrop data were then digitized in Global Mapper 14 and then projected onto 

the previously created DEM. Similarly, structural measurements taken from previously published 

geologic maps (Bryant, 1971, 1972; Freeman, 1972a, 1972b), field slips (USGS), and data 

collected during the 2018 field season were digitized in Global Mapper 14, assigned elevation 

values using the USGS DEM, and projected onto cross-section lines using both along-strike and 

down-plunge projection where deemed necessary, dependent on the magnitude of Laramide-

related deformation.  

 Both faulting and folding of subsurface units were constructed based on previously 

published geologic mapping and cross-sections in addition to field-based observations; however, 

re-interpretation of previously mapped structures in the context of this study was conducted in 

order to remedy inconsistencies in the subsurface and previously misinterpreted structural 

geometries in the modern context of salt tectonic theory.  
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3.3 Restorations 

 Restorations, the locations of which are shown in Figure 3.2, were conducted in Move 

2018 in order to illustrate the interpreted tectonic history of the Aspen region in addition to 

balancing cross-sections where structural geometries are both restorable and geologically 

feasible (Fossen, 2010). The methodology described in the following sections was based on a 

combination of workflows using the 2016 Midland Valley Move Tutorials and restoration of 

salt-influenced structural settings after Rowan (1993), Rowan and Ratliff (2012), and Rowan et 

al. (2004, 2016). In order to conduct the restoration of sections in the Aspen region, a structural 

setting affected by salt-related deformation, in addition to thick-skinned basement-involved 

shortening (the Ancestral Front Range and Laramide Orogenies), the following workflow, 

illustrated in Figure 3.3, was utilized:  

1) Unfaulting of interpreted Laramide-related deformation 

2) Unfolding of interpreted Laramide-related deformation 

3) Reconstruction of pre-Laramide diapiric salt structure geometries 

4) Decompaction of underlying stratigraphic layers and backstripping of the youngest 

stratigraphic formation 

5) Isostatic adjustment  

6) Model conditioning 

7) Repetition of steps (3) through (6) to reconstruction of the Pennsylvanian-aged 

Gothic Formation 
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Figure 3.2: Geologic Map of the Aspen region showing restoration locations referenced in 

this thesis. Modified from Bryant (1971, 1972), Freeman (1972a; 1972b) and Johnson and Tuttle 

(1977) in combination with field mapping completed by the author. 
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Figure 3.3: Reconstruction R1-R1’ illustrating the workflow conducted in Move 2018: (A) 

Present day construction of horizons and structural geometries; (B) Isolation of structural 

domains; (C) Unfaulting and Unfolding of interpreted Laramide-related deformation; (D) 

Reconstruction of pre-Laramide diapiric salt structure geometries; (E) Decompaction of 

underlying stratigraphic layers, backstripping of the youngest stratigraphic formation, and 

isostatic adjustment; (F) Model conditioning to remove artifacts resultant of decompaction 

process; (G) Continued decompaction, isostatic adjustment, and model conditioning; (H) 

reconstruction of the Pennsylvanian-aged Gothic Formation. Formation units and colors 

correspond to geologic formations listed in Figure 3.1. See Figure 3.1 for restoration location. 

Kmu Kml Kdb Jmc Je Trc TrPsu TrPss TrPsl PPm Pg Pe Pb-Cs pCq

ENE
10000 m

8000 m

6000 m

4000 m

2000 m

0 m

-2000 m

-4000 m

-6000 m

9000 m

-8000 m

-10000 m

-12000 m

WSW B

8000 m

6000 m

4000 m

2000 m

0 m

-2000 m

-4000 m

-6000 m

WSW ENE

9000 m

A



 47 

 

Figure 3.3: Continued. 
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Figure 3.3: Continued 
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3.3.1 Unfaulting 

 Restoration of fault-related displacement was conducted using the 2D Move-On-Fault 

tool in Move 2018. The 2D Move-On-Fault tool allows the user to select from one of three 

unfaulting algorithms: fault parallel flow, simple shear, and trishear. For the purpose of this 

study, simple shear was not used to restore faulting as its primary use is to model deformation 

which occurred throughout the hanging wall in extensional settings, by conserving the area of the 

hanging wall (Midland Valley, 2018).  

 The most commonly used unfaulting algorithm in the restorations of this study was fault 

parallel flow, an algorithm based on the work of Egan et al. (1997), where the particles in the 

hanging wall translate along flow lines that are parallel to the fault plane allowing the footwall to 

remain undeformed and preserve the line lengths of the beds in the hanging wall (Midland 

Valley, 2018). This algorithm is primarily recommended for modeling hanging wall 

displacement on faults in fold and thrust belts; however, the preservation of hanging wall line 

length was specifically useful in the tectonic setting of the Aspen region (Midland Valley, 2018).  

 Also used in the restorations of this study was the trishear unfaulting algorithm which is 

best used for modeling fault-related folds (Midland Valley, 2018). The trishear unfaulting 

algorithm unfolds deformation in a single, or series of, nested triangular zones of shear 

propagating from the tip of a thrust fault (Midland Valley, 2018). This algorithm was particularly 

useful in modelling the deformation resulting from the shortening of diapiric salt structures and 

the resultant deformation of the overlying roof sequence such as the deformation seen above the 

westernmost salt structure in Figure 3.3A.  
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 3.3.2 Unfolding 

 In Move 2018, 2D Unfolding is used to restore geological horizons to a pre-deformation 

target surface with defined geometry or a regional datum (Midland Valley, 2018). Three 

unfolding algorithms exist within the 2D Unfolding tool: flexural slip, line length, and simple 

shear. Because the line length and simple shear algorithms do not preserve original geological 

horizon line lengths, only the flexural slip algorithm was used in the restorations of this study in 

order to quantitatively estimate the amount of shortening restored in each phase of deformation. 

The flexural slip unfolding algorithm is used for the restoration of concentric, layer-parallel folds 

through the rotation of limbs of a fold to a datum or defined template geometry about a user 

defined pin line, corresponding to the axial surface of a fold, and subsequent layer parallel shear 

which accounts for the flexural slip component of folding (Midland Valley, 2018). Its 

recommended use is for the restoration of complex thrust geometries and for unfolding cover 

rocks surrounding intrusive salt structures (Midland Valley, 2018). Due to the highly complex 

and, in some cases, interpretive structural geometries of the restorations in this study, sequential 

unfolding was necessary, wherein domains of each restoration had to be isolated from the whole 

of the section and restored separately using the flexural slip unfolding algorithm (Figure 3.3B 

and 3.3C). These isolated domains were then matched to their correlative horizons to complete a 

single restoration phase as shown in Figure 3.3D.  

3.3.3 Reconstruction of salt structure geometries 

 At present, Move 2018 does not have the capability to directly restore halokinetic 

deformation due to the complex nuances of salt bodies, for example: (1) the inherent ability of 

salt to flow in three-dimensions both into and out of the section of interest; (2) the fact that salt 

may be dissolved by fluids, which results in the loss of volume through time; and (3) the ability 
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of minibasins to rotate about a vertical and horizontal axis during shortening as evidenced in this 

study (Rowan and Ratliff, 2012). Because of this, when restoring sections affected by significant 

salt-related deformation, assumptions are made under the guidelines set forth for such endeavors 

by the previous work of Rowan (1993) and Rowan and Ratliff (2012), in order to reconstruct the 

pre-existing structural geometries of diapiric salt bodies (Figure 3.3D-H). Where possible, when 

removing the influence of Laramide-related deformation, the amount of shortening of both the 

pre- and post-salt section was used to estimate the original width of pre-Laramide diapiric salt 

structures. The geometries of such structures were further constrained using the methodology set 

forth by Hearon (2013, 2014, 2015), where stereonet analysis of halokinetically-folded bedding 

measurements and adjacent minibasin bedding measurements are used to calculate the pre-

deformation orientation of the salt-sediment interface. In order to make these calculations, the 

following steps were used:  

1) Calculate the plane of the minibasin adjacent to the salt body by taking the average 

orientation of regionally tilted strata outside of the zone of drape folding.  

2) Calculate the halokinetic fold axis by using attitudes within the drape fold and 

assuming the fold is locally cylindrical 

3) Calculate the present-day orientation of the plane of the salt-sediment interface by 

using two lines that define the plane: the halokinetic fold axis and the map-view 

azimuth of the edge of salt (the intersection of the salt face with the horizontal).  

4) Determine the original orientation of the plane of the salt-sediment interface by 

removing Laramide-related tilting.  
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 3.3.4 Decompaction 

 The 2D Decompaction module in Move 2018 allows for the sequential removal of the 

youngest unit in a given restoration by backstripping the uppermost unit and adjusting the 

underlying units based on calculations of porosity loss and compaction resulting from burial, 

using user-defined parameters of porosity at the surface and the porosity-depth coefficient (Table  

3.1). This methodology is derived from the work of Sclater and Christie (1980) that assumes a 

porosity decrease in a given unit with increasing depth (compaction) and a porosity increase with 

decreasing depth (decompaction) as represented by the following formula. 

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) 

 3.3.5 Isostatic adjustment 

 Within the 2D Decompaction module and workflow, Move 2018 allows for the user to 

account for isostacy through one of two algorithms: Airy Isostasy or Flexural Isostacy. While 

there is likely a flexural isostatic response within the region of the restorations of this study due 

to flexural isostatic deflection of the lithosphere driven by the adjacent Ancestral Rocky 

Mountain and Laramide Orogenic tectonics, the scale of the restorations herein is below the 

recommended length for the use of the Flexural Isostacy algorithm (Midland Valley, 2018). 

Because of this, the Airy Isostacy algorithm was used exclusively in the restorations of this study 
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to account for the decompaction of a given unit through determining the mean airy isostatic 

response and using this calculated value to conduct a bulk vertical shift on the entire section as 

described in the workflow of restoring salt systems in the Move Tutorial (2016).  

Table 3.1: Formations utilized in restorations of this study with accompanying surface 

porosity and depth coefficient decompaction parameters used when conducting 2D decompaction 

of sections (Midland Valley, 2018). Formation units and colors correspond with geologic 

formations listed in Figure 3.1.  

 

 3.3.6 Model conditioning 

 Following each stage of decompaction and isostatic adjustment, the restoration had to be 

conditioned based on interpretations of geologically feasible geometries and paleo-depositional 
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datums. Artificial deformation of horizons occurs during the decompaction phase in salt systems 

due to the variable thicknesses observed across diapiric salt structure as the 2D Decompaction 

algorithm in Move 2018 does not deal well with variable thicknesses as illustrated in Figure 

3.3E. Horizons were therefore conditioned based on interpretations of structural geometries and 

flattened accordingly, as shown in Figure 3.3F, before proceeding to the following stage of 

decompaction and isostatic adjustment as any artifact generated during the 2D Decompaction 

process would be exponentially compounded.   
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CHAPTER 4  

STRATIGRAPHIC FEATURES 

4.1 Descriptions and Nomenclature 

 The Early Pennsylvanian Belden Formation of the Aspen region is a dominantly thin 

bedded, dark-gray, carbonaceous limestone, dolomite, and limey shale (Figure 4.1). Interbedded 

sandy shales and sandstones occur within the formation with increasing abundance towards its 

upper transition into the overlying Gothic Formation. The Belden Formation contains a number 

of thin- to thick-bedded anhydrite and gypsum units interbedded with dark-gray limy shales well 

exposed on Castle Creek, the Highland Tunnel near the southern edge of the Aspen Quadrangle, 

and east of Ruedi Reservoir along the Fryingpan River (Figure 4.2) (Bryant, 1979). In places 

where affected by metamorphism the Belden Formation consists of carbonate hornfels, hornfels 

quartzites, marbles, and is often pyritized (Bryant, 1954, 1979).  

 At its base, present south of Express Creek and northeast of Lenado, CO, the Belden 

Formation disconformably overlies the Mississippian-aged Leadville Limestone (Figures 4.1and 

4.2) (Bryant, 1979). In general, the lower half of the Belden Formation is more rich in limestone 

and dolomite than the upper half; however, at its base a distinct unit of chert-pebble 

conglomerates and lenticular coarse-grained sandstone is present (Bryant, 1954, 1979). Towards 

its upper contact the Belden Formation is a transitional unit of dark-gray shale and interbedded 

tan to gray calcareous sandstones and siltstones underlying the Pennsylvanian-aged Gothic 

Formation (Bryant, 1979). Because this transitional facies resembles the overlying clastic-rich 

Gothic Formation, the upper contact of the Belden Formation is mapped at the color transition to 

the more light-colored siltstone, sandstone, and limestone of the Gothic Formation. While 
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transitional facies are present within the Belden Formation, the dominantly marine limestone 

component of the formation illustrate general deposition in a shallow-marine type environment.  

 

Figure 4.1: Aspen Region stratigraphic column based on Freeman and Bryant (1977), De 

Voto et al. (1986), and Johnson (1987) and data collected by author. Unit colors match those on 

geologic maps of this study.
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Figure 4.2: Location map modified from Bryant and Freeman (1977) of the Aspen Region showing USGS quadrangle maps, 

important locations, and features referenced in this chapter
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Figure 4.3: Geologic map of the Aspen region from Figure 4.2 with petrographic sample 

locations of this study. Modified from Bryant (1971, 1972), Freeman (1972a, 1972b), and 

Johnson and Tuttle (1977) in combination with field mapping completed by the author.   
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Conformably overlying the Belden Formation is the more clastic-rich middle 

Pennsylvanian-aged Gothic Formation (Figure 4.1). The Gothic formation is composed of 

interbedded green, gray, and light grayish-red calcareous shale, shaly limestone, sandy 

limestone, calcareous siltstone, and interbedded carbonaceous shale and siltstone (Bryant, 1954, 

1979). It is predominantly exposed along the western edge of the Sawatch Range and is well 

exposed along Woody Creek southwest of the town of Lenado (Figure 4.2). Similar to the 

underlying Belden Formation, lenses of gypsum occur within the Gothic Formation as seen in 

Monument Gulch southwest of Aspen (Figure 4.2) where brecciated and highly deformed clastic 

units of the Gothic Formation form large towers, which lie stratigraphically above an evaporitic 

unit, as illustrated in Figure 4.4 (Mallory, 1971).  

Petrographic and X-Ray diffractometry analysis of the Gothic Formation show that the 

Gothic Formation is dominantly composed of clastic grains of quartz, microcline, plagioclase, 

carbonate, muscovite with lesser amounts of biotite and chlorite (Figure  4.5) (Bryant, 1979). 

Compositions range from limestone and dolomite to calcareous sandstone and siltstone and all 

units within the Gothic contain detrital silicate minerals and all sandstones are cemented by 

carbonate. In terms of fossil occurrence and constraints on age of the Gothic Formation, Bryant 

(1954, 1979) observed a localized bed of sandy oolitic limestone containing a number of marine 

fossils directly overlying a siltstone containing sparse plant fragments. The occurrence of 

abundant brachiopods, pelecypods, scaphopods, gastropods, and cephalopods indicate a likely 

age range from the Middle to Late Pennsylvanian. Elsewhere in the basin Langenheim (1952) 

and Bartleson (1972) described the occurrence of Desmoinesian fauna and fusulinid sequences 

respectively in the Gothic Formation of the Crested Butte area.  
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Figure 4.4: Outcrop photographs at Monument Gulch of: (a) towers of brecciated and poorly-

bedded clastic units of the Gothic formation (latitude/longitude: 39.05246/-106.81194)  and (b) 

outcrop of a gypsiferous unit of the Gothic Formation located stratigraphically below the towers 

of image A showing heavily contorted bedding indicative of ductile deformation 

(latitude/longitude: 39.05187/-106.81222) . 
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Figure 4.5: Ternary Plot of the Gothic Formation modified from Bryant (1979) illustrating 

proportions of quartz, carbonate, and feldspar in the Aspen 15-minute quadrangle. 

Similar to its basal transition with the underlying Belden Formation, the upper unit of the 

Gothic formation, as seen in the road cut west of Lenado, consists of transitional clastic facies 

which grades into the slightly coarser-grained and less carbonate-rich overlying Maroon 

Formation (Figure 4.2) (Bryant, 1979; Bryant and Freeman, 1977). This upper contact, as seen in 
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the Ruedi and Aspen Quadrangles, is mapped by Freeman (1972b) at the color transition from 

the more dominantly green, gray, and brown beds of the Gothic Formation to the dominantly 

reddish-gray and pale-red colors of the Maroon formation (Figures 4.2 and 4.3). Bryant (1971) 

maps the Gothic Formation to be in transitional contact vertically with the Eagle Valley 

Formation (Figure 4.1); however, for the purpose of this study, Freeman’s interpretation is 

favored as there is no distinct change in lithology or facies associations between the mapped 

Eagle Valley Formation of Bryant (1971) and the uppermost Gothic Formation of Freeman 

(1972b). The composition, sedimentary structures, and transitional upper, lower, and lateral 

contacts of the Gothic Formation illustrate a fluctuating depositional environment for the Gothic 

Formation ranging from normal-marine conditions to transitional marine and, rarely, fluvial 

paleoenvironments (Bryant, 1979).  

Of significant importance to this study is the evaporite-clastic-carbonate sequence of the 

Eagle Valley Evaporite (Figure 4.1). The Eagle Valley Evaporite is composed of dominantly 

anhydrite and gypsum where exposed in the Aspen Region and contains sequences of minor thin-

bedded limestone, siltstone, dolomite, sandstone, shale, and sedimentary breccia similar to 

typical outcrop evaporitic cycles seen in the Paradox Basin (Figure 4.6) (Hite and Buckner, 

1981; Rasmussen and Rasmussen, 2009; Trudgill, 2011). Shaly sequences in the Eagle Valley 

Evaporite are typically highly carbonaceous and in outcrop have a coaly appearance (Figures 4.6 

and 4.7). Distinct lithologies include tan, fine-grained, dolomitic sandstones commonly found 

near the upper portion of the evaporites owing to caprock development and sedimentary breccias 

composed of dolomitic sandstone, dark shales, dolomites, limestones, and siltstones as illustrated 

in Figure 4.6 (Katich, 1958). As previously described in Chapter 1, the Eagle Valley Evaporite 

was deposited by cyclic flooding and desiccation of the Eagle Basin.  
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Figure 4.6: Photographs of the Eagle Valley Evaporite Formation in the Aspen Region 

showing: (a) contorted and sheared bedding (latitude/longitude: 39.37277/-106.80916); (b) 

gypsiferous breccia with large clasts of gypsum (latitude/longitude: 39.37277/-106.80916); (c) 

fine-grained dolomitic sandstone (latitude/longitude: 39.31694/-106.92555); and (d) caprock 

breccia with incorporated overlying Maroon siltstone (latitude/longitude: 39.37277/-106.80916).  

The present day Eagle Valley Evaporite outcrop extends to the east approximately one 

mile north of the upper limit of Gore Creek near the intersection of U.S. Highway 6-24, south to 

Leadville just south of Mt. Sopris on the western edge of the basin, and west and northwest along 

the line following the Grand Hogback (Figure 4.2) (Katich, 1958). In all directions, the Eagle 

Valley Evaporite grades laterally into the carbonates, shales, siltstones, and sandstones of the 

more proximal facies of the ancestral depositional marine basin and has transitional upper and 
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lower contacts with the overlying Minturn or Gothic and underlying Belden Formation (Figure 

4.1) (Katich, 1958; Lovering and Mallory, 1962; Bartleson, 1968).  

In the Aspen Region the Eagle Valley Evaporite is exposed on Gyp Hill along the 

northern flank of Ruedi Reservoir, in contact with the Maroon at the mouth of Red Canyon, and 

west of Triangle Peak where it is in contact with both Maroon and State Bridge Formations 

(Figures 4.2 and 4.7). At these exposures, the formation appears to be dominantly interbedded 

gypsum and black shales, likely a result of surface weathering of anhydrite. Additionally, 

associated dolomitic sandstones and thin-bedded limestones are common typically in the 

uppermost units of the Eagle Valley Evaporite outcrops (Figure 4.6c). At Gyp Hill the Eagle 

Valley Evaporite is well exposed and accessible, and common features associated with ductile 

deformation of evaporites such as brecciation, contorted bedding, and sheared planes are visible 

as illustrated in Figures 4.6 and 4.7. 

 The Pennsylvanian- to Permian-aged Maroon Formation of the Aspen Region is made up 

of grayish-red to reddish-brown and moderate-red interbedded sandstones, siltstones, 

conglomerates, mudstones, and minor lenticular limestones and associated gypsiferous beds 

(Figure 4.1) (Bryant and Freeman, 1977; Bryant, 1979; Johnson, 1987). In general, the Maroon 

Formation is easily differentiated from the underlying Gothic, Eagle Valley Evaporite and 

Belden Formations by its color, increased grain size, presence of coarse-grained to conglomeratic 

channelized sandstones, and marked decrease in quantity of limestone beds. Stratigraphic work 

conducted by Bryant (1954) and Freeman (1953) illustrate that an overall decrease in grain size 

upward in the Maroon Formation to its uppermost siltstone dominated facies illustrate gradual 

wearing down of the adjacent Uncompahgre source. It is also important to note that despite the 

presence of well-exposed and continuous outcrops in the Aspen region, no correlative or 
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mappable horizon has been identified within the Maroon Formation due to the dramatic along-

strike variation of facies (Freeman and Bryant, 1977; Bryant, 1979). 

 

Figure 4.7: Outcrop photograph at Gyp Hill of the Eagle Valley Evaporite Formation 

showing both wavy and contorted to planar bedding and overlying clastic caprock after gypsum 

(latitude/longitude: 39.37222/-106.80888). 

While lenticular limestone beds are present in the lower portion of the Maroon 

Formation, none of marine origin are exposed in the middle to upper units (Freeman and Bryant, 

1977). The limestone units common in the lower Maroon Formation consist of gray to dark gray 

silty to muddy micritic limestones interbedded with and grading down into siltstones, sandstones, 

and conglomerates. A few stromatolitic limestone units have also been identified and described 

by Bryant (1954, 1979) on the ridge east of Electric Pass (Figure 4.2). Additionally, associated 

with the limestone beds of the lower Maroon Formation, beds of gypsum are described north and 
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west of Hayden Peak where they occur as 7-9 m thick continuous beds, north of Sawyer Creek, 

and north of Electric Pass (Figure 4.2) (Bryant, 1979).  

Conglomeratic units are common throughout the Maroon Formation; however, in the 

lower portion of the Maroon formation a number of conglomeratic lenses have been identified, 

which contain white limestone, quartzite, quartz, dolomite, and Precambrian basement pebbles 

(Bryant, 1979). The presence of intra-conglomerate limestones decreases moving up section, 

where, in the approximate middle of the Maroon they become absent.  

 Common sedimentary structures observed include well-developed cross-bedding on both 

large and small scales, wavy to lenticular laminations typically draped by finer-grained clays, 

and large-scale channel geometries. Commonly observed on bedding planes are desiccation 

cracks, current-ripple marks, raindrop impressions, plant fragment impressions, worm tubes, and 

small-scale blobular lumps that resemble algal Rivularites (Freeman and Bryant, 1977).  

 Petrographic and X-ray diffractometry analysis of the Maroon Formation show it to be 

dominantly well- to poorly-sorted limestone to arkose with siltstones having a greater percentage 

of carbonate and less feldspar in comparison with the sandstones (Figure 4.8) (Bryant, 1979). It 

is composed of angular to subangular grains of primarily quartz, plagioclase, microcline, 

carbonate, and muscovite and biotite with lesser magnetite and fragments of chert, siltstone, and 

limestone (Freeman, 1953; Bryant, 1954, 1979). Biotite is partly to entirely replaced by hematite 

leading to its characteristic maroon color.  

 The Maroon Formation, in general, marks a shift in the depositional system of the Eagle 

Basin to a more terrestrial setting (Freeman and Bryant, 1977; Tweto, 1977; Bryant, 1979; 

Johnson, 1989; Schenk, 1992; Tramp et al., 2004). Evidence for minor episodic flooding of the 

basin in the lower Maroon include thin lenticular micritic limestone beds containing marine 
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fossils, and in some locations, stromatolitic units; however, proportionally the Maroon is 

represented by the characteristic arkosic sandstone and siltstones that were mostly deposited by 

fluvial systems throughout Pennsylvanian to Permian time, likely representing a rapid shift and 

advancement of terrestrial deposition basinward (Langenheim, 1954; Mutschler, 1970; Freeman, 

1971; Freeman and Bryant, 1977). Terrestrial depositional environments observed in the Maroon 

Formation include: 1) alluvial fan deposits on the west side of the Crystal River characterized by 

coarse-grained, conglomeratic, clay-absent sandstones with few interbeds of sandstone or 

siltstone; 2) alluvial plain deposits consisting of interbedded, poorly sorted, sandstones, 

siltstones, and conglomerates; 3) overbank flood-plain and playa deposits of dominantly 

siltstones; and, of particular importance to this study, 4) cross-bedded eolian dune deposits with 

associated plane-laminated interdune deposits of the Sandstone of the Fryingpan River (Freeman, 

1953; Bryant, 1954; Freeman and Bryant, 1977). 

A distinct localized member of Maroon Formation just below its upper contact with the 

overlying State Bridge Formation, the Sandstone of the Fryingpan River has been characterized 

and mapped along the Fryingpan River valley by Freeman (1971a, 1972b) and more recently by 

Johnson (1987) (Figures 4.1 and 4.2). The Sandstone of the Fryingpan River is an eolian 

sandstone composed of cross-bedded sets that typically measure 0.5-2.5 m thick; however, some 

sets are up to 10 meters thick. The sets are composed primarily of grain flow and wind-ripple 

laminae (Figure 4.9) (Freeman, 1972; Freeman and Bryant, 1977; Johnson, 1987). The basal 

contact of the sandstone of the Fryingpan River is described by Freeman (1953, 1971) as a slight 

angular unconformity and the upper contact with the Lower State Bridge is seemingly 

concordant. Laterally the sandstone of the Fryingpan River pinches out approximately 4.9 km to 

the south and southwest, 6.4 km to the west, around 11 km to the northwest of the Fryingpan 
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River valley, and is eroded to the east and northeast of its thickest preserved section 1.6 km west 

of Ruedi Dam (Figure 4.2) (Freeman, 1953, 1971a). 

 

Figure 4.8: Ternary Plot of the Maroon Formation modified from Bryant (1979) illustrating 

proportions of quartz, carbonate, and feldspar in the Aspen 15-minute quadrangle. 
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Figure 4.9: Photo-micrographs of the Sandstone of the Fryingpan River (Sample 34) showing 

coarsening-upward grading characteristic of wind-ripple laminae with opaques concentrated in 

the finer grains. Plain polars on the left, cross polars on the right.  

 At its upper stratigraphic contact, the Maroon Formation is unconformably to 

conformably overlain by the State Bridge Formation (Figure 4.1). The State Bridge Formation is 

a Permian- to Triassic-aged reddish-brown to orange-pink sandstone, siltstone, and 

conglomeratic unit, which forms significant cliff-forming outcrops in the Aspen region making 

up the walls of the Fryingpan River Valley, road cuts along the Roaring Fork River northwest of 

Woody Creek, dip-slope faces on the upper parts of the Highlands Ski area between Castle and 

Maroon Creek, and steeply dipping strata south of Snowmass Creek (Figure 4.2) (Bryant and 

Freeman, 1977; Freeman and Bryant, 1977; Bryant, 1979). For the purpose of this study, the 

State Bridge Formation of the Aspen region is separated into three regionally continuous and 

mappable stratigraphic units: 1) sandstone and siltstones of the lower State Bridge; 2) sandstone 

of the Sloane Peak Member; and 3) sandstones, siltstones, and conglomerates of the upper State 

Bridge (Figure 4.1).  

Forming the bulk of outcrop exposure in the Aspen Region is the lower State Bridge, 

which unconformably to conformably overlies the Maroon Formation and is made up of mostly 
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thin to thick interbedded planar- to ripple-laminated siltstones and sandstones with minor 

mudstones (Figure 4.1) (Bryant and Freeman, 1977; Freeman and Bryant, 1977; Bryant, 1979). 

The majority of the Lower State Bridge is composed of reworked sediment derived from the 

underlying Maroon Formation and is therefore arkosic, mostly micaceous, with rare to abundant 

highly spherical quartz and microcline grains 1 to 2 mm in diameter (Freeman and Bryant, 

1977). The most common sedimentary structures of the lower State Bridge Formation are 

parallel ripple marks with wavelengths between 2 and 5 cm. Additional features identified 

include mud cracks, clay chips, rain prints, rare tool-marks, and Freeman and Bryant (1977) 

describe the presence of salt crystal casts. Sedimentary structures, lithology, and characteristic 

features previously described all indicate deposition of the lower State Bridge Formation in an 

arid and mixed fluvial environment (Stewart et al., 1972; Bryant, 1979).  

Conformably overlying the Lower State Bridge of the Aspen region is the regionally 

mappable Sloane Peak Member (Figure 4.1). The Sloane Peak Member is a tan to pinkish-tan 

very fine-grained, well-sorted, homogeneous sandstone that makes up significant resistant cliff-

forming outcrops and often associated conchoidal fractured debris forming large piles of talus as 

seen along the Roaring Fork River between the towns of Basalt and Snowmass, in cliff-faces of 

the eastern side of the Highlands Ski area, on Red Butte, forming dip-slopes along Snowmass 

Creek, and at its type location on Sloane Peak (Figures 4.2 and 4.10) (Freeman, 1971a; Freeman 

and Bryant, 1977). Similar to the Sandstone of the Fryingpan River, diagnostic sedimentary 

structures of the Sloane Peak Member include medium- to large-scale sweeping cross-beds, 

planar and trough cross-sets (Figure 4.10b and 4.10c). Internally the sets are composed of 

grainflow and coarsening upward wind-ripple laminae typical of eolian deposits.  
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Figure 4.10: Outcrop photographs of the Sloane Peak Member showing: a) the upper contact of 

the Sloane Peak Member with the sandstone and siltstone beds of the upper State Bridge 

Formation (latitude/longitude: 39.35305/-106.98611); and b) (latitude/longitude: 39.35222/-

106.88972) and c) low- to moderate-angle cross-beds typical of eolian deposition and 

characteristic of the Sloane Peak Member (39.24444/-106.97638). 

Petrographically, the Sloane Peak member as mapped by Freeman (1972a, 1972b) is a 

very fine grained, well-sorted, quartz rich sandstone to siltstone composed almost entirely of 

subangular to subrounded quartz 0.05 – 0.1 mm in diameter with an average grain size of 

approximately 0.06 mm at the approximate silt-sand boundary (Figures 4.11 and 4.12). Lesser 

quantities of feldspars, both microcline and plagioclase, form clastic grains and opaque minerals 

such as tourmaline, rutile, and zircon are scattered throughout the samples and, in places, 

concentrated along mineral seams (Figure 4.11). Through a combination of petrographic and 
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outcrop analysis and comparison, it is here concluded that the Sloane Peak Member as mapped 

by Freeman (1972a, 1972b) in the Woody Creek and Ruedi quadrangles is the same formation as 

the Sandstone Member of the State Bridge Formation as mapped by Bryant (1971, 1972) in the 

Aspen and Highland Peak quadrangles as illustrated in the Aspen region geologic map of this 

thesis (Figure 4.3).  

 

Figure 4.11: Photo-micrographs of three samples of the Sloane Peak Member of the State 

Bridge Formation in the Aspen Region. (A) Sample 18 taken from the type-section on Sloane 

Peak; (B) sample 10 taken from Red Butte where originally mapped as the Sandstone Member of 

the State Bridge Formation (Bryant, 1971); (C) Sample 5 taken from the Highlands ski area 

(mapped originally as the Sandstone Member of the State Bridge Formation (Bryant, 1971)). 

Note the markedly similar mineralogy, sorting, and grain size allowing for correlation between 

the two previously distinct mapped units.  



 73 

 

Figure 4.12: Ternary Plot of the State Bridge Formation modified from Bryant (1979) 

illustrating proportions of quartz, carbonate, and feldspar in the Aspen 15-minute quadrangle. 
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Overlying and in sharp contact with the Sloane Peak Member of the State Bridge 

Formation are the sandstones and siltstones of the upper State Bridge illustrating an overall shift 

in depositional environment back to the fluvial conditions of the lower State Bridge Formation 

(Figures 4.1 and 4.10a). Markedly similar to the lower State Bridge, the upper State Bridge is 

dominantly composed of interbedded, planar laminated, sandstones and siltstones; however of 

distinct importance to the Aspen Region is a localized polymictic conglomeratic unit defined by 

Freeman (1971) as the coarse unit of Toner Creek member (Figure 4.1). The Toner Creek 

member of the upper State Bridge in the Aspen region forms thick, easily weathered to resistant 

outcrops of silty and sandy claystones, poorly to moderately sorted sandstones, and 

conglomerates with clasts up to 15 cm long (Figure 4.13) (Freeman, 1971). Common 

sedimentary structures of the Toner Creek member include channelized cross-bedding and 

planar- to low-angle cross-stratification (Figure 4.13e). While the Toner Creek member is locally 

extensive in the Aspen region, a depositional pinch-out of the unit is mapped by Freeman 

(1972a) to the east of its maximum thickness of 120 m along the Roaring Fork about 15 km 

northwest of Aspen and to the north, west, and south the member is typically removed by pre-

Chinle Formation erosion (Figure 4.2) (Freeman, 1971). Because of this, the northern, western, 

and southern extents of this formation remain unknown and the Toner Creek member may have 

originally been much more widespread. Where exposed, the Toner Creek member forms the 

uppermost unit of the State Bridge Formation and is unconformably overlain by the Triassic-

aged Chinle Formation on the southern valley exposure at the confluence of Snowmass Creek 

and the Roaring Fork River (Figures 4.2 and 4.14).  
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Figure 4.13: Outcrop photographs of the coarse unit of Toner Creek illustrating: a) the 

transition between the upper State Bridge Formation and the overlying coarse unit of Toner 

Creek (latitude/longitude: 39.3111/-106.93694); b) a close-up view of the contact between the 

upper State Bridge and the coarse unit of Toner Creek (latitude/longitude: 39.31333/-

106.93222); c) mottling of the coarse unit of Toner Creek (latitude/longitude: 39.36555/-

106.99462); d) close-up view of a well-cemented polymictic conglomerate typical of the coarse 

unit of Toner Creek (latitude/longitude: 39.36555/-106.99462); and e) cross-bedding and, in-

general, fining-upward sequences preserved in the coarse unit of Toner Creek at Red Butte 

(latitude/longitude: 39.20861/-106.84277). 
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In the Aspen region, unconformably overlying the State Bridge Formation, the Chinle 

Formation forms heavily weathered, slope-forming, outcrops exposed in the valley walls of the 

Roaring Fork River, Snowmass Creek, Maroon Creek, and Castle Creek as illustrated in Figure 

4.14 (Figure 4.2). Three distinct members of the Chinle Formation have been mapped and 

described in detail in the Aspen Region: 1) sandstone and conglomerate of the Gartra Member 

(Figure 4.15); 2) siltstone and claystone of the Mottled Member (Figure 4.16); and 3) siltstone 

and sandstone of the Red Siltstone Member (Figures 4.1 and 4.14).  

 

Figure 4.14: Outcrop photograph illustrating the unconformable transition, shown by the solid 

black line, from the lower State Bridge Formation into the overlying Red Siltstone Member of 

the Chinle Formation at the Highlands Ski area (latitude/longitude: 39.17027/-106.91888). Note 

the lenticular deposit of the Gartra Member and large-channel geometry outlined by the red line 

in the lower State Bridge.  
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At the base of the Chinle Formation forming discontinuous lenses of white to light-gray, 

red, and, in some locations, mottled dusky red purple quartz sandstones and conglomerates is the 

Gartra Member (Figures 4.1 and 4.15) (Poole and Stewart, 1964; Stewart et al., 1972; Freeman, 

1971a; Bryant, 1979). The Gartra Member is a dominantly channelized, cross-bedded, coarse-

grained sandstone to conglomerate with granules to pebbles and cobbles of quartzite, chert, and 

quartz up to 15 cm long and lesser quantities of granitic rocks and siltstone (Figure 4.15). In 

most instances, the Gartra member occurs where channelized erosion cut down into the 

underlying State Bridge or Maroon formations.  

 

Figure 4.15: Outcrop photographs of the conglomeratic Gartra Member of the Chinle 

Formation (a): (latitude/longitude: 39.30972/-106.93666); b) latitude/longitude: 39.20916/-

106.84361).  

Overlying and interbedded with the Gartra Member is the Mottled Member (Figure 4.1). 

The Mottled Member, as defined regionally is a dominantly dark red to dusky-red, dusky 

reddish-purple and grayish red siltstone and claystone with stringers and lenses of pale orange to 

light-greenish-gray mottling (Figure 4.16). In some locations mottling occurs across stratigraphic 

boundaries into the underlying State Bridge and Maroon Formations as illustrated in Figure 4.16. 
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Figure 4.16: Outcrop photographs of the Mottled Member of the Chinle Formation showing: a) 

where mottling has occurred along bedding planes exaggerating channel-forms 

(latitude/longitude: 39.30666/-106.93472); b) characteristic purple, red, and white mottling on a 

dip-slope (latitude/longitude: 39.30888/-106.93638); c) mottling of the Chinle Formation which 

has occurred across bedding planes (latitude/longitude: 39.30888/-106.93638); and d) where 

mottling has exaggerated burrows present in the portion of the Chinle Formation at Red Butte 

(latitude/longitude: 39.20916/-106.84361).  

 Forming the majority of the Chinle Formation in both the Aspen region and the 

southwestern United States is the Red Siltstone Member, a reddish-brown to moderate-red 

siltstone and sandstone and, in places, contains beds of mottled pinkish-gray to light-gray 

micritic to silty limestone (Figure 4.1) (Freeman and Bryant, 1977; Bryant, 1979). Bedding in 

this unit is typically poorly preserved (Figure 4.14); however, in coarser-grained sandstones and 

conglomeratic units small-scale cross-bedding and channel geometries are observed.  

Petrographic characterization of the Red Siltstone Member indicate a highly mature source for 
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the majority of the sediment as seen in the lesser feldspar content in comparison with the 

underlying Maroon and State Bridge Formations (Figure 4.17) (Bryant, 1979). In general, the 

sedimentary structures, fossil content, and previously described members indicate that the Chinle 

Formation was deposited in a terrestrial environment characterized by fluvial and playa 

deposition (Stewart et al., 1972; Bryant, 1979).  

 

Figure 4.17: Ternary Plot of the Chinle Formation modified from Bryant (1979) illustrating 

proportions of quartz, carbonate, and feldspar in the Aspen 15-minute quadrangle. It is important 

to note that the siltstones are not represented on this diagram. 
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4.2 Thickness Variations 

 In the Aspen region the exact depositional thickness of the Maroon Formation is difficult 

to measure accurately; however, measured sections constructed by Bryant (1954) and Freeman 

(1953) show a complete stratigraphic thickness to be 3,200 m where exposed in a north-south 

section extending to the Maroon Bells (Figure 4.2) (Freeman and Bryant, 1977). Additionally, a 

complete measured section along Woody Creek northwest of Lenado shows the Maroon 

Formation to be 4,500 m (Figure 4.2) (Bryant, 1979). What complicates the issue is the apparent, 

and abrupt, thinning of the formation away from these maximum thickness sections south of 

Ruedi Dam, along the lower portion of the Crystal River, at Glenwood Springs, and just south of 

the Fryingpan River where the formation is approximately 1,000 m (Figure 4.2). In the 

uppermost Maroon Formation, the Sandstone of the Fryingpan River ranges in thickness from 

120 m west of Ruedi Dam to a depositional pinchout in all directions (Figures 4.2) (Freeman, 

1971a; Bryant, 1979). 

 Similar to the Maroon Formation, the thickness of the State Bridge Formation in the 

Eagle Basin is highly variable, ranging from 1,525 m on Hardscrabble Mountain to about 150 m 

at Kent and entirely absent in in the Highland Peak Quadrangle, thinning across a series of north-

south trending faults in the eastern half of the quadrangle (Figure 4.2). In the Aspen region the 

State Bridge Formation forms large cliff exposures along the Fryingpan River where the 

calculated thickness is 730 m; however, the formation thins rapidly to the west and southwest 

becoming absent west of Snowmass Creek and to the southeast where it forms a dip slope 

approximately 300 m thick on the upper part of the Highlands ski area (Figures 4.2). The Sloane 

Peak member of the State Bridge Formation ranges in thickness from 77 m, where not thinned by 

pre-Chinle erosion, to about 3 m at Kent (Figures 4.2)(Freeman, 1971). Lastly, the Toner Creek 
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member is around 120 m along the Roaring Fork around 15 km northwest of Aspen but thins to a 

depositional pinchout to the south and east (Figures 4.2)(Freeman, 1971; Bryant, 1979). To the 

north, west, and south the Toner Creek member is cut out by pre-Chinle erosion (Freeman, 1971; 

Bryant, 1979).  

 The Chinle Formation in the Aspen region has a maximum thickness of 280 m measured 

along the Roaring Fork River approximately 5 km upstream from Snowmass and thins 

significantly to the south, west, and north (Figures 4.2) (Bryant, 1979). The Chinle is likely 

absent south of the Elk Mountains in the Maroon Bells quadrangle and the formation thins to the 

south to 24 m on the 4,037 m peak on the East Snowmass Creek - Willow Creek divide (Figure 

4.2) (Bryant, 1979). On Maroon Creek and the Highlands ski area the Chinle Formation is 

approximately 122 m thick (4.2). Thickness variations in the Chinle Formation are well defined 

in most of the Aspen region; however, pre-Morrison erosion to the southeast and northwest cause 

accurate interpretations of depositional thickness to be more problematic (Bryant, 1979).  
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CHAPTER 5  

STRUCTURAL FEATURES 

 The structural features of the Aspen region illustrate a highly complex tectonic history 

resulting from multiple orogenic events and, of specific importance to this study, a significant 

phase of long-lived salt tectonics. In the following sections of this chapter, the major tectonic 

periods of the Aspen region and their resulting structural features are described in detail and 

further illustrated by a series of maps, cross-sections, and restorations (Figures 5.1-5.20).  

5.1 Pre-Cambrian Structures 

 Precambrian structural features in the Aspen region are mostly confined to the eastern 

edge of the study region, where Laramide and Ancestral Sawatch uplifts have brought 

Precambrian-aged rocks to the surface in the modern Sawatch Range (Figures 5.1-5.3). Because 

of the significant Laramide overprint, larger-scale Precambrian structures are not easily defined 

and linking of outcrop-scale structures with more regional structures is highly interpretive 

(Bryant, 1979). Minor folding in Precambrian metamorphic rocks occurs as both isoclinal and 

open folds with no discernable age relationship between the two and no distinctive orientation of 

fold axes or axial planes (Bryant, 1979). In his study of the metamorphic rocks of the Aspen 

region, Bryant (1979) observed that lineations typically trend parallel with the axes of minor 

folds; and, the distribution of foliations dip moderately to steeply to the northwest or southeast, 

resembling that of the axial planes of the folds. This evidence indicates that initial 

metamorphism, folding, and the forming of lineations and foliations occurred at the same time, 

related to the collision and suturing of the Yavapai and subsequently Mazatzal provinces along 
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the southeastern border of the Wyoming Province during their respective orogenies between 1.71 

Ga and 1.60 Ga (Bryant, 1979; Shaw et al., 2001; Whitmeyer and Karlstrom, 2007).  

 In addition to minor folding, a number of northeast-southwest trending, Precambrian-

aged, shear zones dissect the Sawatch Range (Bryant, 1979). The most prominent of which is the 

Homestake shear zone that was likely generated shortly after the main period of metamorphism 

at around 1.71 Ga to 1.63 Ga (Tweto and Sims, 1963; Bryant, 1979; Shaw et al., 2001) (Figure 

5.3). Shearing of the metamorphic rocks in the Sawatch Range near Aspen extends just northeast 

of Aspen; however, faulting associated with the Homestake shear zone extends much farther 

northeast (Figure 5.3) (Tweto, 1977; Bryant, 1979). Additionally, the trend of the Homestake 

shear zone likely influenced the location of Laramide-aged faulting as a distinct shift in trend of 

Laramide faulting from approximately north-south to northeast-southwest occurs at the 

intersection of the margin of the Sawatch uplift and the Homestake shear zone (Figure 5.3). In 

addition to this northeast-southwest structural trend resultant of Precambrian-aged features, a 

prominent northwest-southeast trend is visible on the aeromagnetic map of Colorado (Zietz and 

Kirby, 1972) (Bryant, 1979) (Figure 5.4).  

5.2 Pre-Laramide Structures 

 Due to Mesozoic and younger cover and a significant overprinting of Laramide-related 

structural features, pre-Laramide structures in the Eagle Basin are often difficult to discern. On a 

more regional scale, there is significant evidence for Permian-aged deformation along the 

interpreted southwestern margin of the Ancestral Front Range, where Murray (1958) recognized 

an unconformable contact between the Maroon Formation and the overlying State Bridge 

Formation, where the State Bridge Formation lies with angular discordance on progressively 

older beds of the Maroon Formation towards the northeastern flank of the basin (Freeman, 
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1971a). Additionally, Sheridan (1950) described a coarse conglomeratic unit, the Sheephorn 

Graywacke, between the State Bridge and Maroon Formations which the State Bridge Formation 

overlaps and in some locations overlaps directly Precambrian-aged rocks. Such evidence 

suggests uplift of the Ancestral Front Range in Permian time. Important Permian-aged structures 

to this study are the structures in the center of the Eagle Basin away from the major highland 

fronts. As such, these structures will be discussed in further detail in the following sections first 

through an analysis of Permian-aged faulting followed by a description of pre-Laramide 

halokinetic features.  

 5.2.1 Pre-Laramide Faulting 

 From Cambrian to Mississippian time there is little to no evidence of any local folding or 

faulting in the Aspen region; however, in Pennsylvanian to Permian time a period of extensional 

faulting is evidenced by a series of north-south trending faults in the Highland Peak quadrangle, 

across which there are significant variations in stratigraphy of the pre-Jurassic-aged Morrison 

Formation (Figures 5.1, 5.2, and 5.3). One such fault is observed at Eagle Mountain on the 

western margin of the Highland Peak quadrangle (Figure 5.5). On the southeast side of the fault 

the pre-Morrison Entrada, Chinle, and State Bridge Formations are present and on the northwest 

side they are entirely absent (Figures 5.1, 5.2, and 5.5) (Bryant, 1979). The Chinle Formation in 

the eastern fault-block of Eagle Mountain shows little variation from the Chinle Formation 

elsewhere and suggests the fault was primarily active before the deposition of the Chinle 

Formation (Bryant, 1979). It is also hypothesized that the fault bisecting Eagle Mountain extends 

northward to the town of Basalt where a similar trending fault is mapped that separates a block to 

the east with both the State Bridge and Chinle Formations present and to the west where both 

formations are absent beneath a Upper-Jurassic-aged Morrison unconformity (Figure 5.3).  
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Figure 5.1: Location Map modified from Bryant and Freeman (1977) of the Aspen Region showing USGS quadrangle map extents, 

important locations, and key geographic features referenced in this chapter.
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Figure 5.2: Geologic map of the Aspen region from Figure 5.1 with cross-section and 

restoration locations of this study. Modified from Bryant (1971; 1972), Freeman (1972a; 1972b), 

and Johnson and Tuttle (1977) in combination with field mapping completed by the author. 
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Figure 5.3: Regional map of key structural features modified from Bryant (1979) with data 

from Bryant and Freeman (1977), Freeman (1971), and field mapping completed by author. 
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Figure 5.4: Aeromagnetic Map modified from Zietz and Kirby (1972) highlighting major present-day structural features and 

locations of this study. Note the distinct northwest-southeast trending grain in the central portion of the map.
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Figure 5.5: Detailed geologic map modified from Bryant (1972) illustrating the structural 

features of the Snowmass Creek fault zone and Eagle Mountain region described in text. Note 

that in the upthrown fault block of the fault dissecting Eagle Mountain the lower State Bridge, 

Chinle, and Entrada Formations are present, while in the downthrown block they are absent. 

 Similar pre-Morrison faulting is observed across the central part of the Highland Peak 

quadrangle where significant stratigraphic and thickness variations occur across a series of north-

south trending faults (Figures 5.1 and 5.2). One example of such faulting is found on the east 

side of Burnt Mountain, where a fault with upwards of 500 m of throw at the base of the State 
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Bridge Formation juxtaposes approximately 200 m of the State Bridge in the eastern block with 

60 m in the western block (Figures 5.2 and 5.6) (Bryant, 1979). As illustrated in Figures 5.6-5.8, 

to the west of Burnt Mountain the State Bridge formation ends abruptly across another north-

south trending fault. On a more regional scale, this series of faults are likely related to a period of 

pre-Chinle growth faulting that persisted through the deposition of the Maroon and State Bridge 

Formations (Figure 5.9). The resulting faults were then reactivated during the Laramide Orogeny 

as seen by displacement of Triassic and younger units in the center of the Highland Peak and 

south-central Woody Creek quadrangles (Figure 5.2) (Bryant, 1979). 

 5.2.2 Pre-Laramide Halokinetic Structures 

 In addition to faulting which occurred prior to the initiation of Laramide-shortening, a 

number of halokinetic structures were active during the deposition of the Gothic, Maroon, and 

State Bridge Formations in the Aspen region. These structures are readily identified by localized 

angular discordance both within, and at the contacts of, the Maroon, State Bridge, and Chinle 

Formations.  One such structure is found northeast of the present-day Roaring Fork River, 

northwest of Woody Creek where a dramatic oversteepening of the Maroon Formation  from as 

shallow as 24 degrees to up to 52 degrees overturned occurs immediately adjacent to the exposed 

Eagle Valley Evaporite mapped within a fault slice of the Castle Creek fault zone (Figures 5.10-

5.12). At this location there is a significant angular unconformity at the base of the State Bridge 

Formation, which truncates the steeply dipping Maroon Formation and dips to the northeast 

between 20 to 30 degrees, striking roughly parallel to the underlying Maroon Formation (Figure 

5.11). Within a kilometer the northeast the Maroon Formation decreases in dip until it becomes 

approximately parallel to the overlying State Bridge Formation (Figure 5.2) (Freeman, 1971a). 
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Figure 5.6: Detailed geologic map modified from Bryant (1972) of the Burnt Mountain 

region described in text. Note the north-south trending normal faults across which the lower 

State Bridge Formation varies significantly in thickness and the depositional pinch-out of the 

lower State Bridge Formation on the western edge of the map.  
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Figure 5.7: Photomosaic of the cliff face southwest of Burnt Mountain (latitude/longitude: 

39.16861/-106.92666) showing the Triassic-aged Chinle Formation directly overlying the 

Pennsylvanian- to Permian-aged Maroon Formation. Note the lack of the Permian- to Triassic-

aged State Bridge Formation indicating pre-Triassic-aged movement on the faults shown in red 

which are part of the anomalous north-south trending pre-Laramide fault system.  
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Figure 5.8: Geologic cross-section A-A’ from Figure 5.2 modified from Bryant (1972). Note the variations in thickness of the 

lower State Bridge Formation across major faults, which record upwards of 500 m of throw at the base of the lower State Bridge 

Formation bounding the east and west margins of Burnt Mountain. Thin, solid black lines are formation contacts. PPm, Maroon 

Formation; TrPsl, lower State Bridge Formation; Trc, Chinle Formation; Je, Entrada Formation; Jm, Morrison Formation; Kdb, 

Dakota and Burro Canyon Formations; Kml, Lower Mancos Shale.   
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Figure 5.9: Composite geologic cross-section B-B’ from Figure 5.2 modified from Bryant (1971, 1972) illustrating a more regional 

interpretation extended from cross-section A-A’. Thin, solid black lines are formation contacts, thin black dashed lines are form lines 

projected from strike and dip data and black circles indicate salt welds. pCq, Quartz monzonite; Cs, Sawatch Quartzite; Cp, Peerless 

Formation; Om, Manitou Dolomite; Dcp, Parting Member of the Chaffee Formation; Dcd, Dyer Dolomite Member of the Chaffee 

Formation; Ml, Leadville Formation; Pb, Belden Formation; Pg, Gothic Formation; Pe, Eagle Valley Evaporite; PPm, Maroon 

Formation; TrPsl, lower State Bridge Formation; Trc, Chinle Formation; Je, Entrada Formation; Jm, Morrison Formation; Kdb, 

Dakota and Burro Canyon Formations; Kml, Lower Mancos Shale. 
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Figure 5.10: Detailed geologic map modified from Freeman (1972a) illustrating the structural 

features of the woody creek region of the Castle Creek fault zone. Note the dramatic and abrupt 

oversteepening of the Maroon Formation adjacent to the exposed Eagle Valley Evaporite and the 

relatively shallowly dipping overlying lower State Bridge Formation. Black circles indicate 

interpreted secondary weld. 
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Figure 5.11: Photograph taken looking northwest towards the mouth of Red Canyon where the 

Maroon Formation is overturned to steeply dipping adjacent to the exposed Eagle Valley 

Evaporite (taken at latitude/longitude: 37.29222/-106.88000). Note the projected angular 

truncation of the oversteepened Maroon Formation by the overlying, relatively shallowly 

dipping, lower State Bridge Formation. 
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Figure 5.12: Geologic cross-section C-C’ from Figure 5.2. Note the distinct angular discordance at the base of the lower State 

Bridge Formation, which truncates the oversteepened to overturned Maroon Formation on the east-northeastern flank of the salt 

structure. Additionally of importance in this section is the dramatic change in thickness of the lower State Bridge Formation across the 

Salt structure. Thin, solid black lines are formation contacts, short red lines are dip symbols, and thin black dashed lines are form lines 

projected from strike and dip data. Pe, Eagle Valley Evaporite; PPm, Maroon Formation; TrPsl, lower State Bridge Formation; Trc, 

Chinle Formation; Je, Entrada Formation; Jm, Morrison Formation; Kdb, Dakota and Burro Canyon Formations.
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 A similar Pennsylvanian to Permian-aged structure is found along the southwest bank of 

Ruedi Reservoir where the Maroon Formation oversteepens from approximately 19 degrees to 73 

degrees within 2 km of the dominantly evaporitic outcrop of Eagle Valley Evaporites at Gyp Hill 

(Figures 5.2, 5.13, and 5.14). Here the State Bridge Formation has been eroded away, but there is 

potential that a similar stratigraphic relationship observed at the structure near Woody Creek 

would be present here as the Maroon Formation decreases in dip up section and away from its 

contact with the Eagle Valley Evaporite. A close examination of the angular relationships of 

bedding in the Maroon Formation at this location determined internal angular discordances 

typical of halokinetic fold geometries adjacent to diapiric salt structures (Giles and Lawton, 

2002; Giles and Lawton, 2012) (Figure 5.14b). On the northeast flank of Ruedi Reservoir, 

localized fold geometries are seen in the Gothic Formation which form a tight asymmetrical 

syncline and anticline (Figure 5.14a).  

 Lastly, a distinct Permo-Triassic-aged angular unconformity is evident southwest of 

Aspen on the eastern slope of the Highlands ski area mountain (Figures 5.1 and 5.2). At this 

location, the Sloane Peak Member of the State Bridge Formation truncates steeply dipping to 

overturned strata of the lower State Bridge and Maroon Formations (Figure 5.15). Moving to the 

west and southwest, however, the angular discordance observed here rapidly decreases in 

magnitude in less than a kilometer from overturned at up to 62 degrees to relatively shallowly 

dipping at 20 degrees until the entire Maroon and younger units lie roughly parallel to one 

another. This structure is located just west of the interpreted secondary weld of a pre-existing salt 

structure along Castle Creek (Figures 5.1 and 5.3) 
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Figure 5.13: Detailed geologic map of the Ruedi Reservoir region modified after Freeman 

(1972b) and Johnson and Tuttle (1977). Note the oversteepening of the Maroon Formation from 

as shallow as 17 degrees to 72 degrees proximal to the outcrop exposures of the Eagle Valley 

Evaporite as seen on Gyp Hill. To the northeast of Gyp Hill it is also important to note the tight 

and localized folds mapped in the Gothic Formation as described in text and illustrated in cross-

section D-D’.
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Figure 5.14: Cross-section D-D’ from Figure 5.2. (A) Regional section across the dominantly evaporitic outcrop at Gyp Hill where 

to the northeast the Gothic Formation is deformed by localized folding over the salt structure and to the southwest the Maroon 

Formation increases in dip to becoming roughly vertical at its contact with the Eagle Valley Evaporite. (B) Enlarged view of  (A) 

illustrating the complex halokinetic fold geometries occurring in the Maroon Formation adjacent to the salt structure. Thin, solid black 

lines are formation contacts, short red lines are dip symbols, and thin black dashed lines are form lines projected from strike and dip 

data. Pe, Eagle Valley Evaporite; Pg, Gothic Formation; PPm, Maroon Formation; Psf; Sandstone of the Fryingpan River; TrPsl, 

lower State Bridge Formation.
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Figure 5.15: Geologic cross-section E-E’ from Figure 5.2 modified from Bryant (1972). Note the dramatic oversteepening of the 

Maroon and lower State Bridge Formations adjacent to the interpreted secondary weld reactivated as a major Laramide-aged thrust 

fault. Also of importance is the apparent thickening of the lower State Bridge Formation. Thin, solid black lines are formation 

contacts, short red lines are dip symbols, and thin black dashed lines are form lines projected from strike and dip data. pCq, Quartz 

monzonite; Cs, Sawatch Quartzite; Cp, Peerless Formation; Om, Manitou Dolomite; Dcp, Parting Member of the Chaffee Formation; 

Dcd, Dyer Dolomite Member of the Chaffee Formation; Ml, Leadville Formation; Pb, Belden Formation; Pg, Gothic Formation; Pe, 

Eagle Valley Evaporite; PPm, Maroon Formation; TrPsl, lower State Bridge Formation; TrPss, Sloane Peak Member; Trc, Chinle 

Formation; Je, Entrada Formation; Jm, Morrison Formation; Kdb, Dakota and Burro Canyon Formations; Kml, Lower Mancos Shale.
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5.3 Laramide Structures 

 The initiation of the Laramide Orogeny in the Eagle Basin is dated at approximately 75.2 

+/- 2.3  to 72.7 +/-  2.2 Ma through dating of sanidine from tuff in a zone of Exiteloceras jenneyi, 

a prolific ammonite zone, within the Mancos Shale, deposited just prior to Laramide shortening 

in the area (Dickinson et al., 1968; Bryant, 1979). Further work in the Woody Creek quadrangle 

identified roughly 150 m of rocks that overlie the Exiteloceras jenneyi zone in the Mancos Shale, 

which contains fossils correlative to Baculites compressus dated at 71.5 Ma or potentially 

younger (Freeman, 1972a; Obradovich and Cobban, 1975). Stratigraphically, the first unit 

indicative of the Laramide Orogeny in the Eagle Basin is present in the Ohio Creek Formation 

approximately 40 km southwest of Aspen (Gaskill et al., 1967; Bryant, 1979). Regardless of 

timing, the Laramide Orogeny in the Aspen region highlights the role of pre-existing structures, 

including Precambrian zones of weakness and incipient salt structures, in the evolution and 

structural styles of resulting features. As such, Laramide-aged structures including faulting and 

folding are described in detail in the following sections. 

 5.3.1 Laramide Faulting 

 One of the major Laramide-aged faults in the Aspen region is the Elk Range thrust zone 

described in detail by Hayden (1874), Holmes (1876), Vanderwilt (1935), and Bryant (1979) 

(Figure 5.3). Previous interpretation of the Elk Range thrust zone is highly interpretive due to the 

large variations in stratigraphic thickness observed in the upper Paleozoic rocks of the region and 

the more general role of antecedent salt structures; however, Bryant (1979) speculates the Elk 

Range thrust to represent a thick sheet of Paleozoic to Mesozoic rocks which slid southwest off 

the Sawatch Uplift early in the Laramide Orogeny (Bryant, 1979). More recent work by Tully 

(2009) interpreted the Elk Range thrust to be a basement-rooted structure representing the eroded 



 103 

up-plunge core of the Grand Hogback monocline. Barring interpretation of the mechanism, the 

Elk Range thrust zone is mapped to terminate in the Mancos Shale west of the Crystal River, 

where structures have been interpreted to be potentially related to halokinetic deformation 

(Mallory, 1966; Bryant, 1979).  

 Another major fault zone in the Aspen region is the Castle Creek fault zone mapped by 

Bryant (1971; 1972) and Freeman (1972a, 1972b) (Figure 5.3). The Castle Creek fault zone 

bisects the entire Aspen region and forms the western margin of the Sawatch Uplift along Castle 

Creek (Figures 5.1 and 5.3) (Zoerner, 1973; Cunningham, 1976; Bryant, 1979). Maximum throw 

of approximately 4,300 m across the major Castle Creek fault, as measured in the Midland 

Valley Move software, is found along the west side of Aspen Mountain, placing Precambrian 

rocks adjacent to the Maroon Formation (Figure 5.15). At Red Butte 2,800 m of throw has 

uplifted the Gothic Formation to the same elevation as the State Bridge Formation (Figures 5.1, 

5.2, 5.9, 5.15, 5.16, and 5.17) (Bryant, 1979). To the northwest throw across the main Castle 

Creek fault decreases, and at Snowmass in the Woody Creek quadrangle, it is interpreted to 

either largely die-out (Freeman, 1972a) or relay northward at the town of Basalt eventually 

connecting with the Red Table Mountain fault (Welder, 1954; Tweto et al., 1978; Bryant, 1979) 

(Figures 5.1 and 5.3). North of Basalt it appears that the eastern fault block moved down relative 

to the western block, opposite of the movement in the Aspen region, making the latter 

interpretation somewhat speculative (Bryant, 1979).  

Of particular importance to this study is the distinct change in trend of the main fault of 

the Castle Creek fault zone from roughly north-south (subparallel to the margin of the Sawatch 

uplift) to west-northwest at its intersection with the interpreted location of a pre-existing diapiric 

salt structure, following a distinct northwest trending grain in the region, further illustrated in the 



 104 

aeromagnetic map of Zietz and Kirby (1972) (Figures 5.2, 5.3, and 5.4). The northwestward 

extension of the Castle Creek fault zone is exposed in a roadcut northwest of Red Butte where 

shallowly north dipping Mancos Shale in the western fault block are juxtaposed against nearly 

vertical Mancos Shale (Figures 5.1, and 5.2). Additionally, northeast-southwest trending cross-

faults displace the overturned Mesozoic sequence found at Red Butte (Figures 5.1, 5.2, and 

5.16).  

 5.3.2 Laramide Folding 

 In addition to the major faulting that resulted from Laramide shortening and associated 

uplifts in the Aspen region, a number of large-scale folds were generated. One of which is easily 

identified south of the town of Aspen on Aspen Mountain where a steeply plunging, tight, 

faulted syncline contains lower Paleozoic sedimentary rocks at the approximate location where 

the Sawatch Uplift diverges from the Castle Creek fault zone (Figures 5.1, 5.2, 5.3, and 5.9) 

(Bryant, 1979). To the north the syncline widens significantly beneath the folded Maroon and 

Gothic formations and is cut by the Castle Creek fault zone (Figures 5.2 and 5.3). A similar 

trending doubly-plunging syncline, which may be a continuation of the Aspen Mountain 

syncline, swings further northwest and trends subparallel to the Castle Creek fault zone in the 

Ruedi and Woody Creek quadrangles (Figures 5.1-5.3).  

 A second large-scale fold found in the Aspen region is the Roaring Fork syncline 

described by Freeman (1971a), Bryant and Freeman (1977), and Bryant (1979) (Figure 5.3). The 

Roaring Fork Syncline is a broad fold roughly 30 km in length trending northwest-southeast just 

south of the Castle Creek fault zone (Figure 5.3). At its southeastern extent, the syncline 

terminates against the Castle Creek fault zone, where the Eagle Valley Evaporites are exposed at 

the surface (Figures 5.2 and 5.3). The trough of the Roaring Fork syncline is deepest in the 
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southeastern portion of the Woody Creek quadrangle where over 1,500 m of Mancos Shale is 

present (Figures 5.1 and 5.2) (Bryant and Freeman, 1977). The northeast limb of the syncline is 

bisected by the Castle Creek fault zone and the southwest limb of the syncline has a maximum 

dip of approximately 40 degrees in the west-central portion of the Woody Creek Quadrangle 

(Figures 5.1 and 5.2) (Bryant and Freeman, 1977).  

5.4 Tertiary Intrusions and Structural Features 

 In the middle Tertiary, the sedimentary units of the Aspen region west of the Sawatch 

Range were intruded by magmatic bodies as dikes, laccoliths, sills, and plutons (Bryant and 

Freeman, 1977). Such intrusive bodies are shown on Figure 5.3, dominantly along trend of the 

Elk Range thrust zone. These intrusives, including the Snowmass pluton, White Rock pluton, 

and Mount Sopris caused extensive contact metamorphism, uplift, and faulting of their host 

rocks. Bryant (1979) observed that the emplacement of the previously mentioned plutons 

resulted in the warping and folding of the overlying units, as evidenced by a slight eastward tilt 

of the regionally northward dipping Maroon Formation in the southern Highland Peak 

quadrangle, likely owing to the intrusion of the Snowmass pluton and a tight syncline divergent 

from the margin of the Sawatch uplift along the eastern flank of the White Rock pluton.  

 Late Tertiary time in the Aspen region was marked by regional uplift and deposition of 

basalts aged between 10 to 24 Ma. Additionally, related to Rio Grande rifting, the eastern margin 

of the Sawatch Range was dissected by normal faulting resulting in the present day Arkansas 

Valley graben and a few faults cutting the western Sawatch Range east of Aspen have been 

hypothesized to have occurred at a similar time; however, it is unlikely that these Late Tertiary 

features or resulting structures have played a significant role in the development of structures in 

the immediate Aspen Region (Figure 2.2) (Bryant, 1979).  
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Figure 5.16: Detailed geologic map of the Red Butte region modified from Bryant (1971). 

Note the dramatically overturned (up to 40 degrees overturned) Mesozoic and younger sequence 

exposed on Red Butte adjacent to the main Castle Creek fault. To the east of the major 

Laramide-aged fault the Gothic Formation is exposed at the surface dipping steeply and 

juxtaposed against the Permo-Triassic-aged State Bridge Formation. 
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Figure 5.17: Geologic cross-section E-E’ from Figure 5.2 modified from Bryant (1971) illustrating the structural geometries 

observed at Red Butte. Note the dramatically overturned Mesozoic and younger sequence to the west-northwest of the major 

Laramide-aged thrust fault that has reactivated a secondary weld. Also of importance in this section is the structural geometry of the 

Gothic formation which  is folded relatively sharply (approximately a Kilometer in width) and may potentially be an uplifted 

megaflap. Thin, solid black lines are formation contacts, short red lines are dip symbols, thin black dashed lines represent form lines 

projected from strike and dip data. pCq, Quartz monzonite; Cs, Sawatch Quartzite; Cp, Peerless Formation; Om, Manitou Dolomite; 

Dcp, Parting Member of the Chaffee Formation; Dcd, Dyer Dolomite Member of the Chaffee Formation; Ml, Leadville Formation; 

Pb, Belden Formation; Pg, Gothic Formation; Pe, Eagle Valley Evaporite; PPm, Maroon Formation; TrPsl, lower State Bridge 

Formation; Trc, Chinle Formation; Je, Entrada Formation; Jm, Morrison Formation; Kdb, Dakota and Burro Canyon Formations; 

Kml, Lower Mancos Shale.
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5.5 Restorations 

 In order to further illustrate the structural evolution of the Aspen region and highlight the 

proposed period of pre-Laramide salt tectonics, a series of geologic restorations were constructed 

based on the workflow outlined in Chapter 3, Section 3.3, at locations previously described as 

locations of evident salt-related structures. Due to lack of significant subsurface information in 

the Aspen region, structural and stratigraphic data collected in the field were combined with the 

previously described key cross-sections and assumptions in line with salt tectonic theory in order 

to constrain each restoration. For each restored section, key knowns and assumptions are listed in 

the following sections prior to descriptions of the structural evolution evidenced by the 

restoration process.  

 5.5.1 Restoration R1-R1’ 

Restoration R1-R1’ of Figure 5.2 is a northeast-southwest striking section which crosses 

both the Woody Creek and Gyp Hill salt-related structures. The restoration is built on the 

interpretations of cross-sections C-C’ (Figure 5.12) and D-D’ (Figure 5.14). The following 

restoration description refers to Figure 5.18. 

Key knowns: 

1) Angular discordance at the lower State Bridge (TrPsl) and Maroon Formation (PPm) 

contact on the northeastern flank of the western proposed salt structure 

2) Thickness variations of the lower State Bridge Formation (TrPsl) on either side of the 

western salt structure 
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3) Calculated present-day and pre-rotation orientation of the near-surface salt sediment 

interface on the eastern flank of the western salt structure and western flank of the 

eastern salt structure 

4) Subsurface elevation of the pre-salt (Pe) section beneath the eastern salt structure 

Key assumptions: 

1) Subsurface elevation of the contact of the Maroon (PPm) and Gothic (Pg) Formations 

projected along strike 

2) Subsurface elevation of the pre-salt (Pe) section in the central and western fault 

blocks 

3) Amount and subsurface geometry of present-day salt structures 

4) Orientation and location of basement faults 

5) Geometry and thickness of the State Bridge Formation (TrPsl) and younger units 

above the eastern salt structure 

6) Amount of flexural subsidence resulting from both the Ancestral Sawatch and Front 

Range uplifts and the Laramide Orogeny. 

 310 Ma restoration – Gothic Formation: in the Early Pennsylvanian, for the purpose of 

this restoration, the Gothic Formation is assumed to have been deposited uniformly across the 

locally flat Eagle Valley Evaporite, despite regional observations of the intertonguing and, in 

part, coeval deposition of the two units. Conceptual basement structures are illustrated here with 

normal displacement prior to potential reactivation during the uplift of the Ancestral Rocky 

Mountain-related structures.  
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 275 Ma restoration – Maroon Formation: by the end of the deposition of the 

Pennsylvanian-Permian-aged Maroon Formation, diapiric movement of salt initiated by both 

sediment loading, and possibly Ancestral Rocky Mountain-related shortening led to the 

development of multiple overthickened minibasins on either side of the progressively growing 

salt structures. Bedding measurements showing progressive over-steepening within the Maroon 

Formation on the eastern flank of the western-most diapiric structure and on the western flank of 

the eastern-most diapiric structure suggest passive growth of the salt structures typical of 

minibasin development (Figures 5.12 and 5.14). Field-based observations, such as the lack of 

diapir-derived detritus, suggest it is unlikely that the diapiric salt structures were subaerially 

exposed for a significant duration of time. Additionally, the thickness of the Maroon Formation 

decreases progressively from the western-most minibasin to the east suggesting a progradational 

character of this unit and timing of minibasin development younging to the east. 

 245 Ma restoration – Sloane Peak Member of the State Bridge Formation: The Sloane 

Peak Member (TrPss), a distinct eolian unit within the upper portion of the State Bridge 

Formation overlying the lower State Bridge Formation (TrPsl) of the Aspen region, is assumed 

in this restoration to have been deposited across a regionally uniform surface and to have been 

fairly isopachous, where not removed by pre-Triassic-aged erosion. Below the Sloane Peak 

Member (TrPss), a significant thickness change in the lower State Bridge Formation (TrPsl) 

across the western-most diapiric salt structure suggests a similar east-northeast progression of 

minibasin development, as illustrated in the previous restoration step and the continued 

evacuation of underlying evaporites beneath the central minibasin through the Permian time 

period.  
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 75 Ma restoration – Upper Mancos Shale: by the Upper Cretaceous, it is here assumed 

that the previously passively growing diapiric structures had been deeply buried beneath a 

roughly 2 km thick sequence of Mesozoic rocks. The period between the 245 Ma and 75 Ma 

restorations is interpreted to have been tectonically quiescent; however, the lack of constraint in 

any units younger than the Lower Triassic-aged upper State Bridge Formation (TrPsu) on the 

east-northeast side of the western diapiric salt structure detract significantly from further 

interpretation of the development of these hypothesized salt-related structures and Tertiary 

structural evolution of the Aspen region.  

 Present: beginning in the upper Cretaceous, the Eagle Basin was subjected to shortening 

related to the Laramide orogeny, resulting in both reactivation of basement-involved structures 

and the pre-existing diapiric salt structures. Field observations and measurements were used to 

constrain the present day exposed structures and thickness variations; however, lack of 

subsurface control significantly hinders the interpretation of subsurface halokinetic geometries 

such as the potential for welding of pre-existing diapiric salt structures and complex structural 

geometries associated with thick-skin reactivation of salt structures.  

5.5.2 Restoration R2-R2’ 

Restoration R2-R2’ of Figure 5.2 is a northwest-southeast striking section which cuts the 

overturned strata exposed on Red Butte just north of Aspen in the Aspen quadrangle. The 

restoration is built on the interpretations of cross-section F-F’ (Figure 5.17). The following 

restoration description refers to Figure 5.19. 

Key knowns: 

1) Geometry of the Triassic to Cretaceous-aged units as exposed on Red Butte and in the 

Roaring Fork valley 
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2) Contact and geometry of the contact of the Maroon (PPm) and Gothic (Pg) units on 

the northeastern flank of the present-day secondary weld  

Key assumptions: 

1) Geometry of the lower State Bridge (TrPsl) and younger units northeast of the 

present-day secondary weld 

2) Subsurface elevation of the contact of the Maroon (PPm) and Gothic (Pg) Formations 

and pre-salt (Pe) section projected in along strike assuming relatively constant 

thickness southwest of the present day secondary weld 

3) Amount and geometry of the present-day subsurface salt structure 

4) Amount of flexural subsidence resulting from both the Ancestral Sawatch and Front 

Range uplifts and the Laramide Orogeny. 

5) Projected megaflap geometry of the Gothic Formation (Pg)  

310 Ma restoration – Gothic Formation: for the purpose of this restoration, in the Early 

Pennsylvanian, the Gothic Formation (Pg) is here assumed to have been deposited relatively 

uniformly over the Eagle Valley Evaporites (Pe) with minor diapiric movement of the evaporites 

having nucleated above a conceptual basement fault showing normal displacement triggered by 

sediment loading or flexural subsidence. The location and orientation of this basement-fault has 

been interpreted based on the present day Laramide-aged major thrust fault and interpreted 

secondary weld.  

 275 Ma restoration – Maroon Formation: by the end of the deposition of the 

Pennsylvanian-Permian-aged Maroon Formation (PPm), diapiric movement of salt triggered by 

primarily sediment loading and potentially Ancestral Rocky Mountain-related shortening (as 
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shown in the inversion of the pre-existing basement normal fault) led to the development of 

overthickened Pennsylvanian-Permian-aged minibasins on either side of the progressively 

growing salt structure over which the Maroon Formation (PPm) thins. During the deposition of 

the Maroon Formation (PPm) and Pennsylvanian-aged growth of the salt structure, the Gothic 

Formation (Pg) on the east-northeast flank of the salt structure developed a megaflap geometry, 

extending far up the side of the steep salt structure likely following the welding of the 

southwestern minibasin.   

 240 Ma restoration –upper State Bridge Formation: The Sloane Peak Member (TrPss) 

and overlying upper State Bridge Formation (TrPsu) are assumed in this restoration to have been 

deposited across a regionally uniform surface and to have been isopachous where not removed 

by pre-Triassic erosion. Below the Sloane Peak Member (TrPss), the lower State Bridge 

Formation (TrPsl) shows variable thickness as it thins over the pre-existing salt structure; 

however, lack of control in the geometry of the lower State Bridge (TrPsl) and Maroon (PPm) 

Formations adjacent to the salt structure in addition to the significant Laramide overprint in this 

location make this interpretation highly conceptual.  

 75 Ma restoration – Upper Mancos Shale: by the Upper Cretaceous, it is assumed that 

the previously passively growing diapiric structures were deeply buried beneath a roughly 2 km 

thick sequence of Mesozoic rocks. The period between the 245 Ma and 75 Ma restorations is 

interpreted to have been fairly tectonically quiescent.  

 Present: beginning in the Upper Cretaceous, Laramide-related shortening of the Eagle 

Basin resulted in the shortening of the pre-existing salt structure ultimately generating a 

secondary weld reactivated as a major Laramide-aged thrust fault (secondary thrust weld) in 

addition to thick-skinned reactivation of the pre-existing basement fault and subsequent rotation 
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of the eastern fault block. This phase of deformation resulted in significant rotation of the 

relatively thick roof sequence as shown in the overturning of the roof sequence on the west-

southwestern side of the major Laramide thrust further illustrated in detail in Figures 5.16 and 

5.17.  

5.5.3 Restoration R3-R3’ 

Restoration R3-R3’ of Figure 5.2 is a northwest-southeast striking section which crosses 

the Castle Creek fault and faulted monocline at Aspen Mountain in the center of the Aspen 

quadrangle. The restoration is built on the interpretations of cross-section E-E’ (Figure 5.15). 

The following restoration description refers to Figure 5.20. 

Key knowns: 

1) Permo-Triassic angular unconformity west of the present-day secondary weld 

2) Overthickening of the lower State Bridge Formation (TrPsl) west of the present-day 

secondary weld 

3) Location and presence of tight fold east of the present-day secondary weld 

4) Calculated present-day and pre-rotation orientation of the near-surface salt sediment 

interface on the western flank of the present-day secondary weld 

Key assumptions: 

1) Subsurface elevation and geometry of the contact of the Maroon (PPm) and Gothic 

(Pg) Formations and pre-salt section west of the present-day secondary weld  

2) Amount and geometry of the present-day subsurface salt structure 
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3) Amount of flexural subsidence resulting from both the Ancestral Sawatch and Front 

Range uplifts and the Laramide Orogeny. 

310 Ma restoration – Gothic Formation: in the Early Pennsylvanian, the Gothic 

Formation (Pg) is assumed to have been deposited relatively uniformly over the Eagle Valley 

Evaporites (Pe) with minor initial pillowing of the incipient diapiric structure above a pre-

existing normal basement fault. A pre-existing basement-involved normal fault is interpreted at 

this location based on the present day location and orientation of major Laramide-aged thrust 

fault which places basement rocks against the overturned Permian-aged Maroon Formation 

(PPm) (Figure 5.9).  

230 Ma restoration – lower State Bridge Formation: by the end of the deposition of the 

Pennsylvanian-Permian-aged Maroon Formation (PPm) and Permian-Triassic-aged lower State 

Bridge Formation (TrPsl), diapiric movement of salt triggered by primarily sediment loading and 

potentially Ancestral Rocky Mountain-related shortening (as shown in the inversion of the pre-

existing basement normal fault) led to the development of overthickened minibasins on either 

side of the progressively growing salt structure. During the deposition of the Maroon (PPm) and 

lower State Bridge Formations (TrPsl) and Pennsylvanian- to Triassic-aged growth of the salt 

structure, the Gothic Formation (Pg) on the eastern flank of the salt structure is interpreted here 

to have developed a megaflap geometry, extending up the side of the steep salt structure likely 

following the welding of the west-southwestern minibasin as seen along strike in Restoration R1-

R1’ (Figure 5.18).  Both the Maroon (PPm) and lower State Bridge Formations (TrPsl) are 

shown to oversteepen on the flanks and thin over the crest of the salt structure.   

 75 Ma restoration – Upper Mancos Shale: by the Upper Cretaceous, it is assumed that 

the previously passively growing diapiric structure has been deeply buried beneath a roughly 2 
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km thick sequence of Mesozoic rocks. The period between the 230 Ma and 75 Ma restorations is 

interpreted to have been fairly tectonically quiescent with multiple periods of erosion marked by 

regional unconformities, one of which, of particular importance to this study, is shown at the 

base of the Sloane Peak member (TrPss) of the State Bridge Formation where an angular 

unconformity exists in proximity to the diapiric structure and decreases in angular magnitude 

away from the structure (Figures 5.2 and 5.9).  

 Present: beginning in the upper Cretaceous, Laramide-related shortening of the Eagle 

Basin resulted in significant contraction of the pre-existing diapiric structure, ultimately resulting 

in a secondary thrust weld associated with thick-skinned reactivation of the pre-existing 

basement fault and subsequent rotation and deformation of the eastern fault block. This phase of 

deformation resulted in significant uplift of the eastern fault block shown here placing 

Precambrian basement rocks in contact with the Pennsylvanian-Permian-aged Maroon 

Formation, welding of the pre-existing salt structure, and thrusting of the relatively thick roof 

sequence.  
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Figure 5.18: Restoration R1-R1’ from Figure 5.2. See text for detailed description of each restoration. 
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Figure 5.19: Restoration R2-R2’ from Figure 5.2. See text for detailed description of each restoration. 
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Figure 5.20: Restoration R3-R3’ from Figure 5.2. See text for detailed description of each restoration. 
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CHAPTER 6  

DISCUSSION 

 The evolution of the Eagle Basin in west-central Colorado is one characterized by 

cyclical shifts in depositional environments and multiple phases of complex tectonics. To better 

constrain the evolution of the proposed long-lived phase of salt tectonics of this study, a more 

regional interpretation and discussion, concerning both the stratigraphic units affected by salt 

tectonics and related structures is necessary as discussed in the following sections. The structural 

and stratigraphic evolution of the Eagle Basin will be placed in a regional context through 

comparison of characteristics of the Aspen region of this study with the coevally developing 

Paradox Basin and both models and field-based studies of shortened salt systems.  

6.1 Structural Evolution of the Aspen Region 

 6.1.1 Basement Architecture 

 Due to the lack of subsurface control in the Aspen region, interpretation of the basement 

architecture is conceptual at best; however, it is assumed that pre-existing basement structures 

played a significant role in the location and evolution of subsequent tectonics and structures due 

to the complex nature and variable trends of observed structures. As seen on the aeromagnetic 

map of Figure 5.4, a distinct northwest-southeast grain, roughly perpendicular to the general 

northwest-southeast grain marking the edge of the Sawatch Uplift, is observed in the Aspen 

region, which suggests that salt structures in the Aspen region were likely localized over pre-

existing basement faults (Baars, 1966; Ge, 1996; Doelling, 2001; Trudgill et al., 2004; Trudgill, 

2011). What is even more speculative in this study is the magnitude and style of movement along 

the hypothesized basement faults during Ancestral Rocky Mountain-related uplift in this region. 
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Because of this, such speculation may have a significant impact on the amounts of flexural 

subsidence, accommodation generated, original depositional thickness of evaporites, and 

deformation of Pennsylvanian- to Permian-aged strata during Maroon to early State Bridge 

deposition.  

 The assumption that basement architecture played a significant role in the location of salt 

structures in the Aspen region is based on work in Paradox Basin where the location and 

evolution of salt walls are directly related to underlying, pre-existing northwest-southeast 

trending basement-involved normal faults (Baars, 1966; Ge, 1996; Doelling, 2001; Trudgill et 

al., 2004; Trudgill, 2011). In the Paradox Basin, basement-involved structures are interpreted to 

be the result of crustal flexure due to foredeep and forebulge development related to the parallel 

Uncompahgre Thrust Front (Trudgill et al., 2004; Trudgill, 2011). In the Aspen region, the 

basement architecture is likely more complex than as portrayed in the restorations of this study, 

due to its respective location proximal to three major ancestral uplifts. However, a general west-

northwest–south-southeast and north-northeast–south-southwest trend of proposed pre-existing 

salt structures is evident as shown in the interpreted polygonal network of paleo-salt walls in 

Figure 6.1. Polygonal salt structures and associated minibasins are also observed globally and in 

analog models, as shown in Figure 6.2a where a polygonal network of interconnected salt 

structures created by the downbuilding of minibasins into a layer of salt and the subsequent 

radial or multidirectional spreading of the salt and its overburden (Rowan et al., 1999; Jackson 

and Vendeville, 1995; Rowan and Vendeville, 2006).  

 6.1.2 Salt System Evolution 

A key result of this study is that the Eagle Basin at one time was dissected by a series of 

polygonal salt walls, diapiric structures, and associated minibasins, the remnants of which seen 
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in the Aspen region are evidenced by the presence of outcrops of the Eagle Valley Evaporite at 

locations along the Castle Creek fault zone and Gyp Hill both stratigraphically and structurally 

well above their original depositional level (Figures 5.2, 5.3, and 6.1). The major north-south and 

northwest-southeast trending fault system of the Castle Creek fault zone is here interpreted as a 

secondary weld,  reactivated as a thrust weld during Laramide shortening (Figures 5.2 and 5.3). 

Previous mapping of the Aspen region by Bryant (1971; 1972; 1979) and Freeman (1972a; 

1972b) interpreted the evaporite outcrops as fault slices of the Eagle Valley Evaporite brought to 

their present-day elevation by reverse faulting along the Castle Creek fault zone; however, this 

interpretation does not explain the presence of highly variable thicknesses of Pennsylvanian- to 

Triassic-aged strata and halokinetic folding characterized by inter-formational oversteepening, 

angular unconformities, and growth strata on either side of the fault zone as described in detail in 

Chapter 5.  

Similarly, to the northeast at Ruedi Reservoir, halokinetic folding and potential 

composite halokinetic sequences within a regionally thin unit of the Maroon Formation and 

small wavelength localized folding in the Gothic Formation are observed adjacent to the Eagle 

Valley Evaporite outcrop at Gyp Hill (as illustrated in Figures 5.13 and 5.14). This observation 

renders a similar conclusion that the Aspen region was affected by an extensive period of salt 

tectonics prior to the initiation of Laramide shortening. It is important to note that no halite was 

observed at the surface along the Castle Creek structure or at Gyp hill. This does not preclude the 

diapiric movement of salt as approximately 430 m of halite was recorded in the Champlin Black 

No. 1 well out of a 1000 m section of evaporites to the northeast of the Aspen region. 

Additionally, the Rose No. 1 well south of Glenwood Springs, a significant thickness of halite 

was recorded as salt to its total depth (for locations of wells see Figure 6.1).  
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Figure 6.1: Paleotectonic features of the Late Paleozoic in west-central Colorado modified after Tweto et al. (1977) with input 

from interpretations of this study and Lawton et al. (2015). Note the conceptual locations of a polygonal network of paleo-salt 

structures (likely salt walls) which dissect the Eagle Basin based on locations where evaporites are located at the surface and proximal 

strata indicate halokinetic deformation. The location of the present day White River Uplift has been included as all relevant 

stratigraphy in that region has been eroded preventing interpretation. MC, Mississippian to Cambrian-aged rocks; Penn-Perm, 

Pennsylvanian to Permian-aged rocks.  
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Figure 6.2: Map-view of a model developed by Rowan and Vendeville (2006) using viscous silicone polymer as an analog for salt 

showing two stages of experimentation where (a) is after minibasin formation and associated primary welding and (b) is after 

shortening of the model. The minibasins (white) are initially surrounded by a polygonal network of salt ridges which, after shortening, 

are squeezed significantly, while the minibasins simply translate horizontally with minor deformation along their flanks.
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Due to the lack of subsurface data, it is difficult to determine the mechanism and exact 

timing of the initiation of halokinesis in the area. Regional tectonics and sedimentation patterns 

point to three possible mechanisms. First, salt movement may have been triggered by Ancestral 

Rocky Mountain-related shortening during the early deposition of the lower Maroon Formation. 

However, there is little to no evidence for significant highland uplift along the margins of the 

Ancestral Sawatch or Uncompahgre uplifts in the lowermost Maroon, aside from a few 

conglomeratic lenses containing clasts of white limestone and localized alluvial fan facies 

respectively.  

Second, differential thermal and loading subsidence of the interpreted basement blocks 

may have resulted in tilting of the Eagle Valley Evaporites and subsequent gravitationally driven 

sliding toward the potentially inverted block of the Sawatch Uplift which would have acted as a 

downdip barrier or backstop to salt migration and a trigger for diapiric growth of the paleo-salt 

structures evident along Castle Creek as illustrated in Figure 6.3. This interpretation is supported 

by the north-south trending growth faults of Figures 5.6 and 5.8, which show growth in the lower 

State Bridge Formation, and are hypothesized in this thesis to detach on salt rollers, or pillows, 

of the Eagle Valley Evaporite. Such growth faulting and related fault systems have been 

observed in salt systems globally (e.g., Demercian et al., 1993; McBride et al., 1998; Rowan et 

al., 1999; Dutton et al., 2004; Dutton and Trudgill, 2009) and further investigated in the 

laboratory (e.g., Childs et al., 1993; Rowan, 1993). Based on this previous work, it is likely that 

throw across these growth faults would increase down section and likely result in an 

overthickened sequence of the Maroon Formation, due to syndepositional growth of the major 

listric faults, similar to those seen in the Gulf of Mexico (Figure 6.4). However, this 

interpretation is poorly constrained and, due to the lack of subsurface data, highly conceptual; 
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however, what cannot be ignored is the evident pre-Chinle movement on these structures during 

a period of speculated tectonic quiescence.  

Lastly, differential loading caused by the progradation of the Maroon, State Bridge, and 

Chinle Formations in the basin may have triggered diapiric growth of the salt structures over 

basement steps as observed in the neighboring Paradox Basin (e.g., Trudgill, 2011). Evidence for 

this mechanism is seen in the seemingly time transgressive character of minibasin development 

from the southwest to the northeast where, at Hardscrabble Mountain, it appears minibasin 

development occurred primarily in the Late Permian to Triassic time, due to the relative shift in 

depocenters of the basin north-northeastward from Pennsylvanian-Permian to Permian-Triassic 

times (Figures 6.5 and 6.6) (Tweto, 1977). Additionally, interpreted megaflap geometries in the 

Aspen region show that megaflap development occurred on the northeast side of the proposed 

salt structures indicating passive growth of the structures driven by sediment progradation to the 

northeast similar to the nature of megaflap geometries and locations seen in the Paradox Basin 

(e.g., Trudgill, 2011; Rowan et al., 2016). In the Aspen region, specifically at the Highlands ski 

area, halokinetic folding and localized truncation within the State Bridge Formation indicate that 

primary growth of the salt structure concluded prior to the deposition of the Sloane Peak 

Member. Initial growth may have been a result of Ancestral Rocky Mountain and Sawatch-

related shortening sometime in the Early Pennsylvanian; however, continued growth of the salt 

structures well into the Permian to Triassic of the region indicate an extensive period of salt wall 

growth likely driven by passive downbuilding due to the progradation of clastics of the Maroon, 

State Bridge, and potentially Chinle Formation. Syn-depositional growth faulting of the State 

Bridge Formation may complicate the story further by indicating a gravitational gliding or 

evacuation of salt down-slope component of salt growth. 
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Figure 6.3: Composite geologic cross-section B-B’ from Figure 5.2 modified from Bryant (1971, 1972) illustrating a more regional 

interpretation extended from cross-section A-A’. It is important to note that the lower half of the cross-section is highly conceptual, 

specifically the interpreted topography of Eagle Valley Evaporites (Pe) at depth; however, the Maroon (PPm) and Gothic (Pg) 

Formations contact is constrained using regional projections of their contact to the southwest. Interpretation of the pre-Laramide 

normal faults, as described in text, is based on the assumption that such structures are large-scale growth faults detached on salt 

rollers. It is also interpreted here that the oversteepened Maroon Formation observed at the surface beneath a Permo-Triassic 

unconformity is a potential megaflap extending up the flank of the interpreted secondary weld from deep in the subsurface. Thin, solid 

black lines are formation contacts, thin black dashed lines are form lines projected from strike and dip data and black circles indicate 

salt welds. pCq, Quartz monzonite; Cs, Sawatch Quartzite; Cp, Peerless Formation; Om, Manitou Dolomite; Dcp, Parting Member of 

the Chaffee Formation; Dcd, Dyer Dolomite Member of the Chaffee Formation; Ml, Leadville Formation; Pb, Belden Formation; Pg, 

Gothic Formation; Pe, Eagle Valley Evaporite; PPm, Maroon Formation; TrPsl, lower State Bridge Formation; Trc, Chinle Formation; 

Je, Entrada Formation; Jm, Morrison Formation; Kdb, Dakota and Burro Canyon Formations; Kml, Lower Mancos Shale. 
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Figure 6.4: Seismic line modified from Rowan et al. (1999) showing roller fault family detaching on a subhorizontal allochthonous 

roho weld with remnant salt rollers (dark gray) in the footwalls of the major growth faults.
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Figure 6.5: Seismic line S-N modified from Scott et al. (1999) showing the Permo-Triassic-

aged minibasin at Hardscrabble Mountain. 
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Figure 6.6: Paleotectonic map of the Eagle Basin modified from Tweto (1977) illustrating the hypothesized locations of primary 

Pennsylvanian- to Triassic-aged depocenters. Note the north-northeastward shift of the depocenter from Pennsylvanian to Triassic 

time. The location of the present day White River Uplift has been included as all relevant stratigraphy in that region has been eroded 

preventing interpretation. MC, Mississippian to Cambrian-aged rocks; Penn-Perm, Pennsylvanian to Permian-aged rocks.
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Regardless of the initial driving mechanisms for the growth of the previously discussed 

salt structures, a number of comparisons concerning interpreted paleo-salt structure geometries 

can be made with the neighboring and coevally evolving Paradox Basin. In the Paradox Basin, 

progressive evacuation of underlying evaporites of the Paradox Formation driven by sediment 

loading led to the development of a series of linear salt walls and minibasins trending subparallel 

to the growing Ancestral Uncompahgre structural front and likely nucleated over pre-existing 

basement structures (Paz, 2006; Trudgill and Paz, 2009; Trudgill, 2011). These salt walls range 

in length from approximately 40 km to 3.75 km, height from 4500 m to 2700 m, and width from 

3.5 to 1.75 km (Banbury, 2005; Trudgill, 2011). Significant subsurface information including 

well and seismic data have allowed for interpretation of the associated structural geometries of 

salt wall flanking strata which show significant along strike variability in halokinetic geometries 

(Trudgill, 2011). In the Aspen region, restored salt structures show similar geometries. The Gyp 

Hill salt wall is hypothesized to have been roughly 15-20 km in length, 3,500 m in height, and 2 

km in width (Figure 5.18). Likewise, the Castle Valley salt wall was likely 50 km or greater in 

length, 4,000 m in height, and 1.5-2 km in width (Figures 5.18-5.20). Additionally, along strike 

at both the Gyp Hill and Castle Creek salt structures, halokinetic folding and associated 

stratigraphic and megaflap geometries vary significantly, as detailed in Chapter 5.  

 6.1.3 Laramide Shortening 

 Where evaporites are not exposed at the surface, as seen along margin of the Sawatch 

uplift and southern end of the Castle Creek fault zone, the major Laramide-aged thrust is 

interpreted as a reactivated thrust weld. This secondary weld is interpreted to have formed 

primarily as a result of Laramide-aged shortening as there is little to no evidence of significant 

progressive salt expulsion or collapse of flanking strata. Secondary welding of diapiric salt 
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structures has been described globally (e.g., Rowan et al., 2001; Jackson et al., 2003; Jahani et 

al., 2009; Rowan et al., 2018) and modeled by (Vendeville and Nilsen, 1995; Rowan and 

Vendeville, 2006; Dooley et al., 2009) and such work has described the potential for the 

interpreted inclined thrust welds as evidenced in the Aspen region. Additional evidence for this 

localized shortening of the salt wall include the abundance of Laramide-related shortening 

structures across the Eagle Basin, vertical to overturned roof strata that were likely significantly 

folded and faulted during Laramide shortening, as seen along the Castle Creek fault zone at 

locations such as Red Butte and regional uplift of Pre-Cambrian rocks to the east and northeast 

of the major salt wall resulting in large-scale rotation of overlying units (Figures 5.16, 5.17, and 

5.19).  

 Additionally of note regarding Laramide-aged deformation is the variation in deformation 

styles both along strike of the northwest trending Castle Creek salt wall and the amount and 

forms of deformation to the east and northeast of the salt wall versus that of the west and 

southwest (Figure 5.2). While there are apparent fold structures generated and faults reactivated 

in Laramide time to the south and southwest of the salt wall, the significant rotation and uplift of 

strata to the east and northeast of the salt wall, placing Precambrian-aged rocks against 

halokinetically folded Pennsylvanian rocks (as seen along Castle Creek) illustrate the thick-

skinned nature of shortening in the region (Figures 5.1, 5.2, 5.15). This thick-skinned mechanism 

of shortening salt structures has not been studied in detail; however, model and seismic-based 

studies including Dooley et al. (2008) and Duffy et al. (2017) respectively outline the potential 

for minibasins and associated strata to be translated resulting in complex structures along 

minibasin margins. In the restorations of Figures 5.19 and 5.20 it is interpreted that significant 

uplift and rotation of the pre-existing Pennsylvanian to Triassic-aged minibasin on the east and 
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northeast of the salt wall occurred. The relative timing of this movement is unknown, however, 

based on previous studies of shortened salt systems it is likely that a significant amount of 

shortening was accommodated by the incipient salt structure, which, upon becoming entirely 

welded along the major thrust front, was reactivated as a slip plane (thrust weld) along which the 

major thrust front of the Sawatch uplift moved. It is important to note that the horizontal 

translation of minibasins in shortened salt systems (after the work of Rowan and Vendeville 

(2006) and Duffy et al. (2017)) is not capable of being modeled with significant confidence, and 

may result in alternative restored salt and minibasin geometries (Figure 6.2). This is a likely 

source of error in the study region particularly in proximity to the Laramide-aged Sawatch uplift. 

 In line with previous work concerning shortened salt walls, there is also significant along 

strike variability in deformation (Letouzy et al., 1995; Rowan and Vendeville, 2006; Rowan et 

al., 2012; Duffy, 2017). Lateral strain gradients as described by Rowan and Vendeville (2006) 

result in “Q-tip” structures, where ends of a salt wall may be preserved, while the central 

portions become welded out (Figure 1.7). In addition to such lateral strain gradients, the 

orientation of the salt wall in relation to shortening direction, the original width of the salt wall, 

and the geometry of the structure all play a significant role in the resulting deformation features; 

however, calling on examples generated from model development and field studies of shortened 

salt walls, the highly complex structural geometries along the Castle Creek fault zone point to the 

somewhat typical evolution of deeply buried salt structures when subjected to significant 

shortening (Dooley et al., 2009). These characteristics, in summary, include: 1) Q-Tip 

geometries; 2) subparallel synclines in minibasin strata flanking the shortened salt wall; 3) 

rotation and potential translation of minibasin sequences; and 4) deformation along strike and at 

various angles to shortening direction.  
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 These structures are comparable to those along the welded salt wall described by Rowan 

et al. (2012) in La Popa Basin. In this location, a previously mapped high-angle reverse fault, 

along which evaporites are exposed at the surface has been reinterpreted as a preexisting salt 

wall that was subsequently welded due to shortening during which it reactivated as a thrust weld 

(Rowan et al., 2012). The weld and thrust weld show a number of characteristics similar to that 

of the weld along Castle Creek including halokinetic fold geometries in weld-flanking strata, 

local unconformities, Q-tip structures, highly variable along strike structural geometries and 

deformation features, and subparallel synclines in minibasin strata on either side of the weld 

(Figure 6.7) (Rowan et al., 2012).  

 

Figure 6.7: Conceptual model of the development of a salt weld in La Popa Basin modified 

from Rowan et al. (2012) where red arrows illustrate the degree of shortening, red circles are 

lateral pins with zero shortening, and block dots represent salt welds: (a) pre-shortening salt wall 

geometry; (b) geometry of the salt wall after one degree of shortening; and (c) present day 

geometry of the welded salt wall. Note that in (c) the previously linear, relatively wide, salt wall 

has become entirely welded and reactivated as a thrust weld in some locations while in others 

salt is exposed at the surface in isolated pods labeled as remnant diapir showing the typical Q-tip 

structure.
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 6.1.4 Setting the Regional Framework 

 Within the Eagle Basin, in addition to the salt structures in the Aspen region of this study, 

anomalous Paleozoic to Early Mesozoic structural features away from the structural fronts of the 

neighboring highlands and associated Ancestral Rocky Mountain-related structures have been 

previously described by Freeman (1971), Bryant and Freeman (1977), and Tweto (1977). Pre-

Laramide aged salt structures include: 1) the Cattle Creek anticline south of Glenwood Springs 

(where the Shannon Oil Company Rose No. 1 well drilled through evaporites at the surface to a 

total depth of 933 m, the last 275 m being mainly halite) that has been hypothesized by Mallory 

(1966) to represent a diapiric salt structure, which may have started moving as early as Permian 

time; 2) the Eagle River salt wall, where the American Stratigraphic Company Champlin Black 

No. 1 well drilled through 1,000 m of evaporites comprising 13 intervals of halite making up 

approximately 430m of the overall section (Figure 2.14); 3) the Gypsum Creek salt wall where, 

along Gypsum Creek, evaporites are unconformably overlain by the Triassic State Bridge, which 

lies at angular discordance with the oversteepened underlying Maroon Formation (Tweto, 1977); 

and 4) a potential salt wall or structure between the towns of Wolcott and Edwards, where a 

roadcut of the Gothic Formation (Eagle Valley Formation as presently mapped) oversteepens 

from dipping westward at approximately 30 degrees to near vertical within a kilometer against an 

interpreted salt structure, as evidenced by outcrops of gypsum immediately flanking the vertical 

strata (Figure 6.1).  

 Further evidence for mobilization of evaporites includes the Pan American No. 1 Tully 

well drilled at Red Table Mountain, well within the interpreted extent of evaporite deposition, 

that penetrated at depth roughly 150 m of Gothic, Minturn or transitional uppermost Eagle 

Valley Evaporites, but encountered no significant section of evaporitic rocks (Figure 6.1). 
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Additionally, a seismic profile (interpreted in Figure 6.5) acquired across Hardscrabble Mountain 

further aids in interpreting the presence of an overthickened minibasin fill of dominantly State 

Bridge and Chinle Formations, discussed in the following section, with a significantly thin 

section of the Maroon Formation bordered by the Gypsum Creek salt structure to the south and 

the Eagle River salt structure to the north (Figure 6.1).  

 While most of the proposed tectonic evolution of the salt system of the Eagle Basin 

occurred from Pennsylvanian to Triassic time (with reactivation occurring during the Laramide 

Orogeny) a period of late evaporite movement is also recorded in the Late Cenozoic along the 

lower Roaring Fork and Eagle River valleys and along the Grand Hogback Monocline as 

evidenced by seismic data and in deformation of previously flat overlying basaltic units 

(Kirkham et al., 2002; Scott et al., 1999; Lidke et al., 2002; Scott et al., 2002). It is interpreted 

that much of this late-stage evaporitic movement was triggered by the incision and resultant 

unloading of a significant overburden by the Eagle and Roaring Fork rivers, in a process similar 

to that in the Paradox Basin; however, what is not fully understood is whether antecedent salt 

structures or early movement of evaporites (as proposed in this thesis) contributed significantly  

to the presence of overthickened to the presence of overthickened bodies of salt at such locations  

(Kirkham and Scott, 2002).  

6.3 Stratigraphic Evolution of the Aspen Region 

 6.3.1 Pennsylvanian-Triassic Paleoenvironments of Deposition 

 For the purpose of this study, the stratigraphic units of the Eagle Basin directly affected 

by and controlling the evolution of the proposed Pennsylvanian to Triassic-aged salt system 

include the Pennsylvanian aged Gothic Formation through the Triassic-aged Chinle Formation. 

These formations will therefore be discussed in further detail in this section. Beginning in the 
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Early Pennsylvanian, the depositional systems of the Eagle Basin were characterized by the 

cyclical deposition of marine to transitional clastic units of the Gothic Formation, Eagle Valley 

Evaporite, and Minturn Formation resulting from both episodic flooding of the Eagle Basin 

during relative sea-level highstand conditions and the uplift of the neighboring highlands of the 

ancestral Uncompahgre, Sawatch, and Front Range Uplifts (Figures 2.8-2.12) (Mallory, 1977; 

Tweto, 1977; Freeman and Bryant, 1977; Bryant, 1979). Following deposition of the dominantly 

marine Belden Formation, episodic flooding of the intervening basin during Atokan and 

Desmoinesian time led to the deposition in the center of the basin of a repetitive sequences of 

halite, limestone, minor clastics, organic shales, and anhydrite of the Eagle Valley Evaporite 

(Bryant, 1979; Tweto, 1977; De voto et al., 1986; Johnson, 1987; Schenk, 1992; Houck, 1997). 

Laterally, towards the margins of Ancestral Rocky Mountain-related uplifts, the Eagle Valley 

Evaporite is interpreted here to grade into the basin margin units of the previously defined Eagle 

Valley, Gothic, and Minturn Formations, which, where present, also overly the evaporite 

dominated-unit (Freeman and Bryant, 1977; Tweto, 1977; De voto et al., 1986; Johnson, 1987; 

Schenk, 1992) (Figure 6.8).  

 As illustrated in Figure 6.1, the west-southwestern interpreted extent of evaporite 

deposition roughly parallels the neighboring highlands and well data in the Piceance basin 

summarized by Wilson et al. (2003) show a potential thinning of the Eagle Valley Evaporite onto 

the relatively low relief Ancestral Uncompahgre highland. Similarly, and coevally evolving, in 

the Paradox Basin the Paradox Formation, characterized by cycles of dolostone, black shale, 

anhydrite, and halite were deposited (Hite and Buckner, 1981; Rasmussen and Rasmussen, 2009; 

Trudgill, 2011). Whether or not such cycles can be correlated across basins is yet to be 

determined. Additionally worth noting, on the southwestern margin of the Uncompahgre uplift, 
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the dominantly evaporitic rocks of the Paradox Formation transition into an undifferentiated 

sequence of dominantly clastic material similar to that of the Gothic and Minturn Formations 

(Franczyk, 1992; Trudgill, 2011).  

 Transitional with the underlying Gothic Formation (and, where the Gothic is absent, the 

Eagle Valley Evaporite) the Maroon Formation marks a shift in the depositional system of the 

Eagle Basin to a more terrestrial setting dominated by transitional marine to fluvial facies and 

localized eolian members (Freeman and Bryant, 1977; Tweto, 1977; Bryant, 1979; Johnson, 

1989; Schenk, 1992; Tramp et al., 2004). The relationship between the preservation potential of 

eolianite deposits and salt tectonics has been observed globally, and is particularly evident in the 

White Rim erg of Lawton et al. (2015) in the neighboring Paradox Basin. In the Paradox Basin 

the rapid subsidence rates associated with evolving salt-withdrawal minibasins provided 

adequate accommodation for the accumulation of eolian sands (Lawton et al., 2015). 

Additionally, the topographic relief generated by the diapiric salt bodies created protected 

leeward sites for sand accumulation (Lawton et al., 2015). Based on these assumptions, the 

occurrence of the Sandstone of the Fryingpan River at Ruedi Reservoir along the southwestern 

flank of an observed diapiric salt structure at Gyp Hill may have a significant relationship to the 

evolving salt system. Paleowind indicators in the Sandstone of the Fryingpan River show a 

general southwest trend, which would imply a leeward deposition on the southwestern side of the 

Gyp Hill salt structure and concurrent minibasin subsidence allowed the accommodation for 

adequate preservation of the lenticular eolianite in this location (Johnson, 1989). Previous work 

suggests its limited occurrence of roughly 80 square kilometers at this location is the result of its  

proximity to an uplifted flank of the Ancestral Sawatch uplift; however, no stratigraphic 

evidence for the Ancestral Sawatch uplift being a positive feature at this time and location exists.  
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Figure 6.8: Atokan-Desmoinesian paleotectonic map illustrating the conceptual depositional extents of the basin margin facies of 

the Gothic and Minturn Formations modified after De Voto et al. (1986) and data collected by author. Note that that the 

Pennsylvanian-aged Gothic and Minturn Formations directly overly the Eagle Valley Evaporites where proximal to ancestral 

highlands. MC, Mississippian to Cambrian-aged rocks; Penn-Perm, Pennsylvanian to Permian-aged rocks.
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 Unconformably to conformably overlying the Maroon Formation in the Eagle Basin is 

the State Bridge Formation. As subdivided in this study, the lower State Bridge Formation of the 

Aspen region, characterized by arkosic, mostly micaceous, and calcareous siltstones and 

sandstones with abundant ripple marks, clay chips, rain prints, and rare tool-marks, illustrates the 

continued fluvial and floodplain dominated depositional system as seen in the upper portion of 

the Maroon Formation (Freeman and Bryant, 1977; Bryant, 1979). Minor flooding of the basin is 

recorded in the presence of a distinct limestone unit, the South Canyon Creek Member; however, 

overall depositional patterns evidenced by sedimentary structures and lithologies indicate a long-

lived period of terrestrial deposition, with the majority of the lower State Bridge Formation being 

composed of reworked sediment from the underlying Maroon Formation (Freeman and Bryant, 

1977).  

 Similar to the Sandstone of the Fryingpan River, a regionally distinct eolian deposit, the 

Sloane Peak Member, conformably overlies the lower State Bridge Formation in the Aspen 

Region (Freeman, 1971; Freeman and Bryant, 1977; Bryant, 1979). Both the lower and upper 

contacts of the Sloane Peak Member with the lower and upper State Bridge Formation 

respectively indicate a distinct shift in depositional environment, potentially related to a period of 

significant aridity leading to the cessation of active fluvial systems. Whether or not this eolianite 

is related to the evolving salt system is unknown, as it has a fairly regional extent as a north-

northeast trending body approximately 60 km long and 30 km wide; however, the Sloane Peak 

Member serves as a marker unit in an otherwise homogeneous mass of sandstone and siltstone 

(Freeman and Bryant, 1977).  

 Overlying the Sloane Peak Member in the Aspen region and greater Eagle Basin is the 

upper State Bridge Formation of this study. Although mostly unremarkable and entirely 
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comparable in terms of paleoenvironment of deposition with the lower State Bridge Formation, 

at its upper contact in the Aspen region the upper State Bridge Formation is capped by the coarse 

unit of Toner Creek (Freeman, 1971; Freeman and Bryant, 1977). The coarse unit of Toner 

Creek has previously been interpreted as an alluvial fan complex originating from an exposed 

Uncompahgre highland potentially related to renewed uplift (Freeman, 1971; Freeman and 

Bryant, 1977); however, detailed petrographic work is required to further constrain this 

interpretation.  

 Following deposition and erosion of the upper State Bridge Formation, terrestrial 

deposition of the Chinle Formation evidenced by fossil content and sedimentary structures 

including small-scale cross-bedding and channel geometries defined the Upper Triassic-age 

paleoenvironment of the Eagle Basin (Freeman and Bryant, 1977; Dubiel, 1992). Three distinct 

members of the Chinle Formation are found in the Aspen region including the Gartra Member, a 

distinct quartz sandstone conglomerate, the Mottled Member, a dark-red siltstone and claystone 

with mottling occurring in stringers and lenses, and the Red Siltstone Member. Regionally, the 

Mottled Member is correlated across the basin and into the adjacent Paradox basin indicating the 

lack of an intervening Uncompahgre highland at this time (Dubiel, 1999).  

 6.3.2 Pennsylvanian-Triassic Thickness Variations 

Of specific importance to this study are the large variations in thickness of the 

Pennsylvanian- to Triassic-aged units across the Eagle Basin. As outlined in Chapter 4: 1) 

Maroon Formation varies in thickness from upwards of 4,500 m along Woody Creek to less than 

1,000 m south of Ruedi Reservoir, at Glenwood Springs, and along the lower portion of the 

Crystal River; 2) the State Bridge ranges from 1,525 m on Hardscrabble Mountain to 

approximately 150 m at Kent and is entirely absent in locations along a series of north-south 
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trending faults in the eastern half of the quadrangle (Figures 5.6, 5.8, and 6.9); and 3) the Chinle 

Formation has a maximum thickness of 335 m on Hardscrabble Mountain and 280 m along the 

roaring Fork River but thins to less than 30 m on the East Snowmass Creek – Willow Creek 

divide (Bryant and Freeman, 1977; Freeman and Bryant, 1977; Bryant, 1979). Such thickness 

variations have been noted previously but not placed in the modern context of salt tectonics.  

Tweto (1977) hypothesized the variability in thickness of the above units as having a 

relation to the potential large-scale flowage of evaporites, where a north-northeastward shift in 

depocenters occurred from the Pennsylvanian to Triassic as evaporites evacuated northward 

(Figure 6.6). Additionally, Tweto (1977) notes that while some variability in thicknesses within 

the Pennsylvanian to Triassic section may be the result of erosion (as evidenced by local 

unconformities) in the Maroon Formation these unconformities occurs where the formation is at 

its thickest and in the State Bridge Formation the Sloane Peak Member occurs regionally capping 

the thinned, normal, and overthickened regions. In line with Tweto’s (1977) interpretation, it is 

proposed that the Eagle Basin in the Pennsylvanian to Triassic time periods was composed of a 

series of salt-withdrawal minibasins, which developed throughout the deposition of the Maroon 

to Chinle Formations. The minibasins were progressively filled in a north-northeastward 

direction driven by the progradation of clastic deposition from the neighboring highlands 

resulting in progressively younger overthickened sequences to the north-northeast (Figures 6.1 

and 6.6).  

A similar progradation of minibasins is observed in the Paradox Basin where successive 

development of minibasins and related growth of salt walls occurred as a result of the 

progradation of clastic units to the southwest, as evidenced by the younging southwest nature of 

the Fisher Valley, Castle Valley, and Moab salt walls (Paz, 2006; Trudgill and Paz, 2009; Kluth 
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and DuChene, 2009; Trudgill, 2011). Because of this, it is important to understand that due to the 

progressive development of salt structures and their associated minibasins, correlation of 

stratigraphic units from one minibasin to the next must be done with extreme caution as units 

within one minibasin fill may have no correlation chronostratigraphically to those in another 

(Trudgill, 2011). This is of particular importance in the Aspen region as, to date, no basin-wide 

correlatable surfaces in the Maroon Formation or the lower State Bridge Formation have been 

identified, and any related future work into regional stratigraphy must take this into account.
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Figure 6.9: Conceptual isopach map of the State Bridge Formation (gross thickness) across the Eagle Basin, constructed using data 

acquired from Freeman (1953) and data collected by the author. Note the distinct overthickening north of Woody Creek in the Aspen 

region and at Hardscrabble Mountain interpreted as locations of likely Permo-Triassic minibasins. The location of the present day 

White River Uplift has been included as all relevant stratigraphy in that region has been eroded preventing interpretation.
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CHAPTER 7  

CONCLUSIONS 

  Detailed field mapping, construction of 2D cross-sections, structural restorations, and 

reinterpretation of previously mapped structural features in the Aspen region of the Eagle Basin 

provide significant insight into the pre-Laramide structural and stratigraphic evolution of the 

region, including a long-lived phase of salt tectonics. The main conclusions of this thesis are as 

follows: 

1) The late Paleozoic Eagle Basin formed as a flexural foreland basin, primarily in 

Pennsylvanian to Permian time, associated with the neighboring uplifts of the Ancestral Rocky 

Mountains, i.e. the Front Range, Sawatch, and Uncompahgre highlands. 

2) Cyclic flooding and desiccation of the Eagle Basin during Atokan-Desmoinesian time, 

resulting from glacio-eustatic sea-level cycles led to the deposition of a thick sequence of 

evaporites containing cyclic deposits of halite, other salts, carbonates, and clastics of the Eagle 

Valley Evaporites, markedly similar to those of the coevally deposited Paradox Formation in the 

neighboring Paradox Basin to the southwest.  

3) Growth of a polygonal network of salt walls and associated minibasins occurred from 

late Pennsylvanian to Triassic time. The locations of such structures were influenced by a 

complex system of basement-involved fault structures, related to the development of the 

neighboring uplifts and preexisting Precambrian-aged features. 

4) Significant variations in thickness of the Maroon, State Bridge, and Chinle Formations 

across the Eagle Basin are representative of a prograding system of north-northeastward 

younging minibasins, which formed by the passive downbuilding of the clastic systems into the 

mobilized Eagle Valley Evaporites. 
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5) Inter-formational angular unconformities and high-angle truncation surfaces in 

Pennsylvanian- to Triassic-aged units adjacent to interpreted paleo-salt wall locations represent 

halokinetic folds and potentially composite halokinetic sequences. Additionally, near vertical 

dipping strata of the Gothic and Maroon Formation with interpreted multiple kilometer-scale 

vertical relief and width of folding as mapped along the Castle Creek fault zone are evidence for 

megaflap geometries.  

6) Initially pre-Chinle north-south trending normal faults in the Aspen region, across 

which the underlying strata thicken and thin, are interpreted as potentially Pennsylvanian- to 

Triassic-aged growth faults detached on salt rollers that were subsequently reactivated during the 

Laramide Orogeny.  

7) Thrust faults in the Eagle Basin, along which evaporitic rocks are exposed in isolated 

pods, represent reactivated thrust welds, the result of shortening during the Laramide Orogeny, 

generated initially by the expulsion of evaporites and subsequent welding of antecedent salt 

walls. 

7.1 Recommendations for Future Work 

 1) In order to better describe the syndepositional evolution of the proposed salt structures 

and how such structures may have impacted sediment distribution or routing patterns, a detailed 

study of facies and facies associations through a series of measured sections and the analysis of 

paleocurrent data taken in Pennsylvanian- to Triassic-aged strata of the Eagle Basin in the 

context of salt tectonics is required. Such an undertaking would require work to be conducted 

both within and across the proposed minibasin locations of this thesis. However, as mentioned in 

Chapter 6, it is important to recognize that surfaces or units, particularly in the lower State 
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Bridge Formation and the Maroon Formation, may have no chronostratigraphically equivalent 

strata across the proposed salt walls.  

 2) Detailed structural mapping across the Eagle Basin of exposed Pennsylvanian to 

Triassic-aged strata flanking proposed paleo-salt walls should be conducted to confirm the more 

regional interpretations of Chapter 6. A comparative study to this thesis would potentially shed 

more light on the timing of initiation of diapiric salt rise across the basin, the initial trigger(s) for 

halokinesis, and the role of Laramide-shortening in deforming interpreted salt structures. 

 3) In line with recent work being conducted in the Paradox Basin (e.g., Giles et al., 2012; 

Mast, 2016; Poe, 2018) a detailed outcrop study of the Eagle Valley Evaporite and associated 

caprock exposures, both across the Eagle Basin and in locations such as Monument Gulch and 

Gyp Hill, would aid significantly in constraining the timing and evolution of diapirism.  
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APPENDIX A 

 

 

Figure A.1: Composite well log and lithologic descriptions of the Reynolds Mining Corp. 

Gibson Dome No. 1 well.  
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Figure A.1: Continued. 
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Figure A.1: Continued. 
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Figure A.1: Continued. 
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Figure A.1: Continued. 
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Figure A.2: Stratigraphic measured section (M.S. 1) of the Gothic and Maroon Formations at 

Lenado, CO illustrating the transition from the marine-clastic Gothic Formation into the more 

terrestrial and coarser-grained Maroon Formation. 
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Figure A.2: Continued. 
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Figure A.2: Continued. 
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Figure A.2: Continued. 
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Figure A.2: Continued. 
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Figure A.3: Stratigraphic measured section (M.S. 2) of the overturned Chinle and State Bridge 

Formations and their respective members at Red Butte.  
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Figure A.3: Continued.  
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Figure A.3: Continued.  
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APPENDIX B 

SUPPLEMENTAL FILES 

 The supplemental files of this thesis include oversized figures that could not be included 

in the main body of this thesis in addition to documentation of the locations where rocks were 

sampled across the study region. In the table below, the name of each file within the 

supplemental file folder and a brief description of each file are found in the left and right 

columns respectively.  

Table B.1: File names and descriptions of supplemental files of this thesis. 

File Name File Description 

Geo_Map_Blank.pdf Basic geologic map of this study including 

minimal locations for reference 

Geo_Map_Sections_Restorations.pdf Geologic map of this study with locations of 

cross-sections and restorations 

R1_With_Sections.pdf Restoration R1-R1’ of this study with relevant 

cross-sections on the same artboard for easy 

comparison 

R2_With_Sections.pdf Restoration R2-R2’ of this study with relevant 

cross-sections on the same artboard for easy 

comparison 

R3_With_Sections.pdf Restoration R3-R3’ of this study with relevant 

cross-sections on the same artboard for easy 

comparison 

M_S_1.pdf Continuous measured section (M.S. 1) 

referenced in this thesis 

M_S_2.pdf Continuous measured section (M.S. 2) 

referenced in this thesis 

Sample_Locations.xlsx Formations, lithology, and locations of rocks 

sampled across the study region 
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