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ABSTRACT

 Seismic, well, field and gravity data are used to further understand the Uncompahgre 

fault near Nucla, Colorado, Paradox Basin, USA. The data help explain the complex sedimen-

tary and structural history associated with faulting and salt flowage along the eastern margin of 

the Paradox Basin.  Near Nucla, Colorado, 2D seismic lines document several episodes of thrust 

tectonics, sedimentation, and salt flowage associated with the late Paleozoic-age Uncompahgre 

Thrust. Prominent unconformities and disconformities within the Permian Cutler Group are vis-

ible in the study area. Faults and unconformities seen on seismic data give an indication for the 

timing of salt flow caused by episodic sedimentation triggered by Uncompahgre fault movement. 

In addition, along-strike variability of Uncompahgre fault is evident in the seismic data. Along-

strike Uncompahgre fault structural variation has been a subject of scientific debate, and the data 

collection near Nucla, Colorado reveal two end member structural styles of the Uncompahgre 

fault. A gravity (Bouger Anomaly) study in the area shows an anomalous low-gravity zone to the 

northeast (hinterland) side of the Uncompahgre fault. These gravity data suggest the presence of 

an allochtonous block in the hanging wall of the Uncompahgre fault, overriding evaporitic (Her-

mosa Group) sediments. Integrated, these data offer a more complete analysis of Uncompahgre 

fault character in southwest Colorado than previously documented.
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CHAPTER 1. INTRODUCTION

 The purpose of this thesis is to contribute to the understanding of the late Paleozoic-age 

Uncompahgre fault system at the northeast margin of the Paradox Basin in Colorado and Utah in 

the interior United States of America. There are unanswered questions about the Uncompahgre 

fault that this thesis will attempt to help resolve. These questions are:

• To what extent does the Uncompahgre fault override evaporitic sediments 

in the Paradox Basin? Bouger anomaly gravity data acquired by Redwine 

Resources Inc. in 2007 suggest a stranded body of evaporitic sediment trapped 

in the hinterland of the leading edge of the Uncompahgre fault within this study 

area near Nucla, Colorado.

• What is the character of the Uncompahgre fault system where crystalline 

basement rocks abut sedimentary Paradox Basin facies in the study area? Using 

seismic data acquired by Redwine Exploration inc. in 2007, this study can 

make a qualitative comparison between structural characteristics of the Uncom-

pahgre fault varies between study locations northwestward along the strike of 

the Uncompahgre fault.

• What evidence is present in the study area for multiple-stage Pennsylva-

nian-Permian Ancestral Rocky Mountain tectonism along the Uncompahgre 

fault? In areas along the Uncompahgre fault, later tectonism associated with 

the Laramide Orogeny has obstructed detailed interpretation of systematic 

compressive events along the Uncompahgre Fault bounding the Paradox Basin 

(Huffman & Taylor, 2003).

• To what extent does this dataset show evidence that the structural style of 

the Uncompahgre fault is controlled by local variations in the depositional 

framework of evaporitic sediments during early Pennsylvanian time?
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• To what extent do northeast-trending basement lineaments in the Paradox 

Basin control or partition the Uncompahgre fault geometry along strike in the 

study area?

• What comparisons can be made between the seismic expression of Paradox 

Formation-and-younger growth packages of sediment when compared with 

other studies of the Uncompahgre fault (Frahme & Vaughn, 1983).

 This study will be able to offer helpful conclusions regarding the geological development 

of the Paradox Basin in the study area. Conclusions from this thesis will also be helpful to geol-

ogists working in other areas of the Paradox Basin, and for geologists who seek further under-

standing of the mechanics of salt-involved compressional systems elsewhere in the world.

1.1 Geology:

 The study area is located in the Paradox Basin, an ovate-shaped basin in the interior of 

the United States. The Paradox Basin lies in the Four Corners region of the United States of 

America and occupies parts of Utah, Colorado, and minor areas of northern New Mexico and 

Arizona (Figure 1). 
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Figure 1 1: Location map of the Paradox Basin, United States of America 

 The Paradox Basin is bounded to the northeast by the Uncompahgre Uplift (Figure 1.2), 

an area within the Colorado Plateau uplifted during the late Paleozoic Era (Wengerd & Strick-

land, 1954; Elston & Landis, 1960; Elston et al., 1962; Stone, 1977; DeVoto, 1980a+b; Kluth & 

Coney, 1981; Mack & Rasmussen, 1984; Stevenson & Baars, 1986; Kluth, 1986; Peterson, 1989; 

Barbeau, 2003; Kluth & Duschene, 2009). Uncompaghre Uplift-derived sediments of Pennsylva-

nian-Permian age are preserved in the Central Colorado Trough and in the Paradox Basin (Camp-

bell, 1981). However, Pennsylvanian-Permian sedimentary packages outside the Paradox Basin 

are beyond the scope of this thesis. 
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Figure 1 2: Overview map of the Paradox Basin, modified from Baars & Stevenson (1982).
Extent of Figure 1 4 marked by red square  Cross section A-A’ refers to Figure 1 3 

Figure 1 3: 

A

A’

Schematic cross section across the Paradox Basin from southwest to northeast  
After: Trudgill & Paz (2009), modified from Barbeau (2003). Red square indicates the 
general study area within the context of the Paradox Basin  See Figure 1 2 for location of 
cross section 

 The Paradox Basin has been called a flexural foreland basin (Barbeau, 2003). This study 

area lies within the proximal and medial areas of the foredeep of the Paradox Basin (Figure 1.3). 

The study area also contains the basin-bounding fault on the northeast margin of the Paradox 

Basin. For this study, the fault zone between the Uncompahgre Uplift and the Paradox Basin is 

called the Uncompahgre Fault.

Study Area:

 Structural grain in the study area (Figure 1.4) runs generally northwest/southeast. This 

structural trend is expressed in the general strike of structures and the geographic trends of salt-

cored anticlines in the region.

 Figure 1.4 shows many of the important features that will be discussed in the thesis. The 

study area is outlined in red, filled with light green, and represents the area covered by 2D seis-

mic surveys addressed in this study. The study area interacts with several major nearby physio-

graphic features--especially relevant are the Uncompahgre Uplift and the Paradox Salt Wall.

Field Study:

 Field studies took place at the Dry Creek Structure (Figure 1.4). The Dry Creek Struc-

ture overlies the Montrose Dome Field (Krivanek, 1978). The Dry Creek Structure is ~1.5 miles 
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southeast of the termination of the Paradox Valley, along the Dry Creek Anticline (Williams, 

1964).

Figure 1 4: 
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 The goal of the field study is to characterize the structural and stratigraphic relationships 

found at the Dry Creek Structure (Figure 1.4 & Figure 1.5), and use these structural and strati-

graphic relationships to draw conclusions about the geology seen in well-logs and seismic data 

nearby. Outcrops at the Dry Creek Structure will serve as an analog for structures seen in the 

seismic dataset along-strike 10 miles to the southeast at Hamilton Creek Field (Young, 1978).

 Data gathered at the Dry Creek Structure is focused along the center of the structure, 

where dips of bedding steepen toward sub-vertical angles. Data gathered in the area is shown on 

Figure 1.5 for reference, overlaid on the basemap used for the field study: the geologic map for 

the area created by Cater (1955).

 The field study area (Figure 1.5) contains formations stratigraphically above formations 
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discussed in the seismic section. The formations discussed in the field study are: Jurassic Win-

gate Sandstone (fine-grained reddish-brown, cliff-former); Jurassic Kayenta (irregularly

Figure 1 5: 
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7

bedded, red, gray and lavender shale, siltstone, and fine grained sandstone); Jurassic Entrada and 

Carmel formations, undivided (orange and white massive and cross-bedded Entrada sandstone on 

the top, reddish sandstone and mudstone of Carmel formation at the base); Jurassic Summerville 

formation (Thin-bedded, red, gray, green and brown sandy shale and mudstone); Jurassic Morri-

son formation (shale and mudstone, white gray, rust-red, and buff sandstone, conglomeratic and 

local limestone layers); Jurassic Morrison/ (top) brushy basin (consisting of bentonite shale, with 

some sandstone and conglomerate lenses); Cretaceous Burro Canyon formation (white, gray, and 

red sandstone and conglomerate with inter-bedded green and purplish shale); Cretaceous Dakota 

sandstone (yellowish, lenticular sandstone and conglomerate with inter-bedded carbonaceous 

shale and impure coal) (Cater, 1955).

Seismic Study:

 The seismic study (Figure 1.6) focuses on description of the Paradox Basin proximal 

trough and the Uncompahgre Thrust near Nucla, CO using 2D seismic lines acquired by Red-

wine Resources, inc. tied to well control, with the addition of a gravity study, well data, and 

nearby field studies. 

Figure 1 6: 
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 Interpretation of unconformities and faults within this area will aid further understanding 

of the subsurface geology, especially related to possible hydrocarbon trapping mechanisms. In 

addition, by linking subsurface data (2D seismic) with outcrop data from the Dry Creek Struc-

ture, this study provides further information about the character of the termination of the Paradox 

salt wall and the subsurface expression of Montrose Dome Field (Krivaneck, 1978).

 The seismic data reveal units from Precambrian-age to surface sediments. For an over-

view of these sediments and their characteristics, see Chapter 3. The uppermost units that are 

resolvable on seismic data are lower-Triassic in age. For reference regarding Triassic through 

Cretaceous-age sediments, see Figure 1.5 and the associated text. Outcrop stratigraphy and struc-

ture are discussed in-depth for the Dry Creek Structure area (Figure 1.6) in Chapter 6.

Gravity Study:

 This study links the Redwine Resources Inc. gravity data (Figure 1.7) with regional inter-

pretation gleaned from outcrop and seismic data. The gravity data show a density low to the

Figure 1 7: 
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northeast of a crystalline basement uplift, and could be useful for determining horizontal short-

ening due to ancestral Uncompahgre uplift-age faulting. Studies of uplift and shortening (heave 

and throw) are crucial to comparisons between the Uncompahgre fault near Nucla, CO and study 

areas to the northwest along strike (Frahme & Vaughn, 1983; White & Jacobsen, 1983; Kluth & 

Duchene, 2009; Rasmussen, 2014).

Well Data:

 All known wells within the study area as of December, 2014 have been incorporated in 

a Kingdom Suite (IHS) project, and tops are used from both COGCC, personal interpretation, 

and Bob Grundy (pers. comm, 2014). Currently, seven wells have been tied to the seismic using 

synthetic seismograms derived from density and sonic logs (Figure 1.8). In addition, raster well 

logs available through the COGCC are used to confirm well formation tops, 

Figure 1 8: 
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1.2 Previous Research of Record:

Paradox Basin Overview and Classification:

 The Paradox Basin was first mapped as a taphrogeosyncline by Wengerd & Matheny 

(1958). These authors recognized a sediment-filled, “deeply depressed rift block,” using the ter-
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minology of Kay (1951). Later authors would call the basin an aulacogen (Baars, 1966; Gorham, 

1975). However, drawing upon increased geophysical and well-data-driven mapping, Steven-

son and Baars (1986) proclaimed the Paradox Basin, “a pull-apart basin of Pennsylvanian age.” 

These authors invoked releasing bend tectonics to explain the system of apparent normal faults 

trending NW, which step down toward the Uncompahgre Uplift (Stevenson & Baars, 1986). The 

hypothesis of Stevenson and Baars (1986) runs counter to studies by Lemke (1985a&b). Lemke 

(1985a&b) found that the proximal area of the basin—termed the proximal trough herein after 

Rasmussen (2014)—showed subsidence rates too high to be only explained by thermal relaxation 

of the crust. Lemke (1985a&b) suggested that perhaps the high rate of subsidence implied crustal 

loading as a result of reverse faulting at the Paradox Basin margins. The conclusions of Lemke 

(1985a+b) were not published in a peer reviewed journal.

 Drawing upon the work of Aydin & Nur (1982), who characterized worldwide pull-apart 

basins, Barbeau (2003) points out that the Paradox Basin does not share the same geometric 

characteristics as other releasing bend pull-apart basins in the world. The Paradox Basin is more 

geometrically similar to isolated flexural basins than typical pull-apart basins (Barbeau, 2003).  

Furthermore, Barbeau (2003) uses a combination of facies characterization, and literature on 

flexure of the Paradox basin (e.g.,Wengerd, 1962; Ohlen & McIntyre, 1965; Szabo & Wengerd, 

1975; Lemke, 1985a+b; Jackson et al., 1998) to characterize the Paradox Basin as a flexural fore-

land basin of the type defined by DeCelles and Giles (1996), who describe the prerequisites of a 

foreland basin as having a foredeep depozone, forebulge, and a back bulge area. Barbeau (2003) 

recognizes each of these zones in a NE/SW structural cross section of the basin, and in facies 

characterization across the same cross section.

 It is possible that the cross section chosen by Barbeau (2003) (Figure 1.3) represents an 

oversimplification of the structural heterogeneity present in the Paradox Basin. The Paradox Ba-

sin is an ovate basin, approximately 360 miles long in a northwesterly trend, and 180 miles wide 

(Wengerd, 1962) (Figure 1.2). It is possible that the basin-scale overview presented by Barbeau 

(2003) takes too wide a view of the Paradox Basin to fully understand the complexity present, 
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and therefore a structural model based on the flexural foreland basin hypothesis alone may in-

completely explain geologic structure in the Paradox Basin (Stevenson & Baars, 1986; Huffman 

& Potter, 1993).

The Paradox Basin / Uncompahgre Uplift fault:

 Along with the debate over how the Paradox Basin developed (discussed above) there 

is an historic debate over the genesis of the Uncompahgre Uplift, which supplied much of the 

Pennsylvanian and younger sediment to the Paradox Basin. The Paradox Basin-bounding fault 

that borders the present-day Uncompahgre Uplift, also called the Uncompaghre fault, is key to 

understanding the genesis and kinematics of the late-Paleozoic Uncompaghre Uplift. Notable 

interpretations of the Uncompahgre fault include a seismic and well data study by Frahme & 

Vaughn (1983) that illustrates a late-Paleozoic-age reverse fault bounding the Uncompahgre 

Uplift with approximately 6.2 miles lateral translation. These seismic data presented by Frahme 

& Vaughn (1983) are corroborated by well-bore data in the same study and in White and Jacob-

son (1983). Following these studies, Stevenson & Baars (1986) put forth an interpretation of the 

Uncompahgre Fault and Uplift as a strike-slip wrench fault system. The wrench fault interpreta-

tion of Stevenson & Baars (1986) has subsequently been questioned, but not eliminated due to 

un-measured evidence of left-lateral translation of the Uncompahgre Fault (Huffman & Potter, 

1993). Isopach maps of Cambrian and Mississippian rocks on either side of the Uncompahgre 

Uplift indicate possible left lateral movement of less than 4.2 miles (Baars, 1988). These data 

are corroborated by nearby left lateral kinematics observed in the southern Uinta basin, at the 

northern end of the Uncompahgre Uplift (Huffman & Potter, 1993). Combining these observa-

tions leads Huffman & Potter (1993) to call the Uncompahgre/ Paradox Basin bounding fault 

an “oblique left-lateral southwest-verging reverse fault.” At present, the northwestern portion of 

Uncompahgre Fault in Utah has been characterized as a reverse fault with one shear plane, or 

perhaps two shear planes (Frahme & Vaughn, 1983; Rasmussen (pers. comn, 2014)). The char-

acter of the Uncompahgre Fault is markedly different at the southeastern end of the fault system: 

In the area near Nucla, Colorado, the Uncompahgre Fault has at least five separate fault planes, 
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some of which appear sub-horizontal on seismic data (White and Jacobsen, 1983; Rasmussen, 

2014; Bob Grundy (pers comn, 2014); Ned Sterne (pers comn, 2014)).

 Late Paleozoic uplift along the Uncompahgre Fault zone is understood to have occurred 

in two main phases (Huffman & Taylor, 2003). First, the middle-to-late Pennsylvanian phase; 

and second, a Wolfcampian-age (Permian) phase of shortening is recognized (Huffman & Potter, 

1993).

 Laramide-age reactivation is recognized along the Uncompahgre Front (Heyman et al., 

1986; Stone, 1977), but Laramide-age deformation is characterized as a minimal disturbance to 

regional structure and stratigraphy nearby the study area (Mankowski et al., 2002).
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CHAPTER 2. DATA AND METHODS

 Seismic, well, field, and gravity data are used in this study to characterize the area near 

Nucla, Colorado. Each data type has specific utility for understanding geology in the study area. 

The various forms of data described and interpreted here interact with each other, and aid geolog-

ical understanding when used together.

2.1 Seismic Data

 Seismic data for this project were acquired by Redwine Resources Inc. during 2007. In 

addition to a seismic survey, the company collected an original Bouger Anomaly gravity study 

(Grundy, pers comm., 2014). The exploration program resulted in the drilling of two wells in the 

South Nucla Unit, and the application of Redwine Resources, Inc. to fully develop the 32,000 

acre South Nucla Gas Field adjacent to San Miguel Canyon, 6 Miles east of Nucla, Colorado. 

This application was not granted.

 The seismic data associated with this project are used and reproduced with the permis-

sion of Gary Redwine, and may be modified to preserve certain proprietary value of the data for 

potential resale in the future. The goal of distributing these data for interpretation and discussion 

in this thesis format is to further geologic understanding of the Paradox Basin-bounding Uncom-

pahgre fault in Colorado and Utah and to encourage oil and gas exploration efforts near the thrust 

in a large, historically very productive hydrocarbon basin with rich source rocks (Grundy, pers 

comm, 2014).

 The South Nucla 2D Seismic Survey consists of 37 two dimensional seismic lines (Fig-

ure 2.1). These lines have been supplied to the author in the form of original, migrated, and final 

versions. Unless otherwise noted, the lines interpreted and included herein are the final version.

 All lines are projected in the state plane zone 503 Colorado South with the unit of mea-

surement in feet. Seismic datum of 0 seconds is at 7000 ft. elevation. Geophysical processing on 

all lines was completed between 2006 and 2007 by Excel Geophysical Services, Inc., Greenwood 

Village, Colorado. In-depth discussion of the specific processing methods applied to this dataset 
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is beyond the scope of this thesis.
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 The South Nucla 2D Seisimic Survey has been distributed in .sgy file type. Visualization 

of these .sgy files has been carried out in a variety of methods: 1) 3D visualization in Petrel, 

a Schlumberger software product; 2) Kingdom Suite software, an IHS software product, was 

used to create seismic synthetics in order to establish a time/depth relationship nearby each well 

used for seismic/well-tie (Figure 1.8). the dataset (Rekoske & Hicks, 1992). 3) Opendtect, a free 

seismic visualization software package that was used to capture very high resolution images of 

seismic data. 4) Adobe Illustrator was used to annotate and display the high-resolution seismic 

images published herein.
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Seismic Interpretation:

 The South Nucla 2D Seismic Survey covers a structurally complex area with many faults 

and dramatic sediment thickness changes due to salt flowage within and beyond the boundary of 

the seismic survey. For this reason, it was key to print several 2D seismic lines, and interpret the 

paper versions by hand to become familiar with common structural and stratigraphic patterns of 

faulting and growth without the bias of well-tie and formation top picks.

 Knowledge of the various sediment package geometries, in concert with seismic facies 

identification aided interpretation greatly once well-ties were established by synthetic generation 

in Kingdom Suite software (Reskoke & Hicks, 1992). After tying the seismic data to well data 

in Kingdom Suite, each well that intersected a nearby line was transferred to a same-scale line 

snipped in high-resolution from Opendtect. Using Adobe Illustrator, identical lines were layered 

on each other to selectively transfer data from Kingdom Suite to the final product for proprietary 

document display. Interpreted horizons and faults from Kingdom and Petrel were also traced into 

the Adobe Illustrator final product.

 Important map view spatial relationships between 2D lines involving faults and horizons 

were interpreted in Schlumberger’s Petrel to maintain 3D spatial consistiency. The the plan view 

trace of these features has been transferred to the map view representations of regional fault 

frameworks and structural geology contained in this study.

2.2 Field data

 Data gathered in the field consisted of strike and dip measurements on exposed outcrop 

bedding surfaces, and notation of trend, plunge, rake, etc of any linear features associated with 

faulting in the area. In addition, oriented photos and georeferenced notes were taken using the 

Midland Valley 3d Move Field Clino for iPhone app. See Figure 1.5 for locations of data collec-

tion within the Dry Creek Structure field area.

 Field data were gathered during two separate field excursions to the Dry Creek Struc-

ture. The first outing was during October 2014, and the second during December, 2014. Data 

collected in the field was checked for accuracy using printed topographic maps, geologic maps, 
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and screenshots from Google Earth Pro for terrain and vegetation reconnaissance. Field mapping 

included a traverse of the Dry Creek Structure (Figure 2.1) from northeast to southwest, and then 

a patrol to the northwest end of the Dry Creek Structure to the northwestern rim. The field party 

then traversed out of the structure along the Jurassic Entrada sandstone cliff on the northeast side 

of the Dry Creek Structure back to Dry Creek and out to the northeast (Figure 1.5). The geologic 

map my Cater (1955) (Figure 1.5) was used as a basemap for these excursions.

Field Data Interpretation:

 Using data gathered at outcrop using Field Move Clino (Midland Valley Software Prod-

uct). An annotated cross section from northeast to southwest is drawn through the structure, fo-

cusing on the differences and similarities between interpretation of the Dry Creek Structure, the 

published map (Cater, 1955), and the cross section by Krivanek (1978) across Montrose Dome 

Field (Chapter 6). The structural cross section of the Dry Creek Structure utilizes well data in the 

study area to constrain subsurface interpretations.

2.3 Well data

 Well data were gathered: 1) from a database provided along with the .sgy seismic files 

(Grundy, pers comm, 2015). This well database included tops and digital sonic and density logs 

for several wells within the survey that lie along seismic surveys. These wells are key for estab-

lishing a time/depth relationship within the seismic dataset for well-to-seismic correlation, as 

well as for picking stratigraphic intervals on each seismic profile.

 2. The Colorado Oil and Gas Conservation Commission’s online database was used to 

profide quality assurance for the well data provided as a part of this project. Crucial data such as 

elevations and well tops has been checked where necessary within the dataset.

2.4 Gravity data

 Gravity data were collected by Redwine Resources Inc. during 2007 (Figure 1.7). The 

gravity data were processed by William Pearson in 2009, who also modelled a cross section from 

southwest to northeast across the study area to predict the structural arrangement at the mountain 

front. For this study, the same 2D gravity profile has been re-modelled and reinterpreted consid-
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ering seismic interpretations included in this study. 

Gravity Data Interpretation:

 The Redwine gravity study is integral to this thesis because of the low-gravity anomaly 

behind the leading edge of the Uncompahgre Fault (see: Chapter 5). It is a characteristic of grav-

ity models that each is a working hypothesis, and it is crucial to proceed under the guidelines for 

working with multiple working hypotheses when testing the validity of different gravity models 

(Chamberlin, 1897). This thesis focuses on two gravity models that solve for the same observed 

anomaly. It is crucial, therefore, to be sure of the best interpretation on seismic before approach-

ing a gravity model, and to be sure what implications for late- Paleozoic-age Uncompahgre 

Uplift timing and stratigraphic arrangement is implied. The implications of each gravity model 

solution will be discussed in Chapter 5.

2.5 Integration and synthesis

Basemaps:

 Basemaps are generaged using georeferenced images imported into Adobe llustrator and 

layered on top of one-another. This method allows greater ability to trace and change maps as 

Necessary. By using referenced Google Earth Pro overlays and maps snipped from a variety of 

sources and checking the location of these prominent topographic collapse features, the locations 

of physiographic elements within figures are made more accurate.

Discussion:

 The discussion section (Chapter 7) addresses my interpretations of the data presented in 

this thesis, and puts forward hypotheses for the geologic structural history of the region. I will 

discuss how and why my observations agree or disagree with prior interpretations of the region.

Publications:

 This research has been presented in a preliminary version at the Colorado School of 

Mines Research Fair, 2015; and has been accepted, in poster format, at both the American Asso-

ciation of Petroleum Geologists Conference, 2015 in Denver, Colorado, and also at the Geologi-

cal Society of America’s Rocky Mountain Section Conference in Casper, Wyoming, 2015.
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CHAPTER 3. STRATIGRAPHY

 First, the general stratigraphy will be introduced, then the key stratigraphy for this study 

will be outlined with emphasis toward this chapter’s utility in seismic interpretation. This will be 

accomplished by the study of the Paradox Valley Unit #1 core, which provides an extensive rock 

record, for a study area that does not contain outcrops of many of the drilled and seismically-im-

aged units.

3.1 Stratigraphy and Nomenclature

 The study area is ~20 miles northwest from the western San Juan Mountains (Figure 1.4). 

Prior studies of the pre-Pennsylvanian stratigraphy and structural history in the western San Juan 

mountains aided greatly in understanding the pre-Pennsylvanian tectonic and sedimentary history 

of the study area. Pre-Pennsylvanian  paleotectonics and associated stratigraphy of the western 

San Juan Mountains has been studied by Baars (1965, 1966, 1984), Weimer (1980), Weimer 

(1981), Baars & Stevenson (1984), and Baars & Ellingson (1984) among others.

 The Precambrian to late-Permian stratigraphy is shown in Figure 3.1. This is the time-pe-

riod that dominates the field of view within this seismic dataset. Not all wells or outcrops show 

the same stratigraphic section as shown in Figure 3.1. Unconformities are common in the study 

area, particularly in the vicinity of the Uncompahgre Uplift. The magnitude of Unconformities 

present in the study area is expressed in surface geology recorded by Williams (1964) where 

Precambrian rock is shown in the Uncompahgre Uplift area unconformably overlain by Triassic 

rock--a time gap in the rock record of more than 1 billion years. In addition, the Pure Oil #1 well 

near Gateway, Colorado (Section 15, T15S, R104W) (~30 miles northwest of the study area) 

shows Pennsylvanian sediments unconformably overlying Precambrian rock (White & Jacobson, 

1983). Several of these unconformities are represented by schematic zig-zags in Figure 3.1.

Pennsylvanian to Permian strata of the Paradox Basin exhibit dramatic changes in depositonal 

patterns associated with late Paleozoic orogeny unroofing the ancestral Uncompahgre Uplift, 

while Permian-to-present day sediment distribution is strongly influenced by subsurface salt 
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flowage acting to change depositional landscapes within the Paradox Basin (Rasmussen, 2014).

Figure 3 1 : 
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 Figure 3.1 includes the distal/medial, proximal and Uncompahgre-region stratigraphy of 

the Paradox Basin. Across these regions, Pennsylvanian and Permian-age sediments preserved in 

the Paradox Basin exhibit distinct facies changes dependent upon their spatial orientation within 

the Paradox Basin. This study area includes sediments within the proximal basin and Uncompah-

gre Uplift areas of the Paradox Basin. Sediments deposited prior to the early Pennsylvanian-age 

onset of ancestral Uncompahgre Uplift are generally thought to be widespread across the Para-

dox Basin and the study area.

 Precambrian crystalline rocks form the base of the stratigraphic column for this study 

(Figure 3.1). These ‘basement’ rocks are complex and record faulting and sedimentation of late 

Precambrian-age (Weimer, 1980; Weimer, 1981).

 Rock units in the study area of early Paleozoic age are shown in Figure 3.1 and represent 

widespread Cambrian, Devonian, and Mississippian-age depositional systems in the eastern Par-

adox Basin. The lower portion of Figure 3.1 is schematic in the sense that local unconformities 

exist within this sequence, dependent on location within the Paradox Basin. Erosional unconfo-

mities within this system are predominantly due to basement-involved normal faulting (Weimer, 

1980; Weimer, 1981). Ordovician rocks are absent in the stratigraphic column of Mahrer et al. 

(2012) nor that of Baars & See (1962), and are, thus, not included in Figure 3.1. However, rocks 

of Ordovician age are present in other parts of the Paradox Basin (Elston & Schoemaker, 1960).

 At early Pennsylvanian time, there is a depositional hiatus during Morrowan time (Fig-

ure 3.1), followed by Pinkerton Trail Formation deposition, and then the lowermost members of 

the Paradox Formation evaporites are deposited. At an equivalent time in the Paradox Basin, the 

southwestern margins of the basin experienced favorable carbonate deposition conditions. These 

conditions are recorded in the Paradox Bioherms (Figure 3.1). Around Barker Creek-time during 

the deposition of the Paradox Formation, a clastic input from the northeast was preserved. For 

this study, these clastic units are called the “Cutler Facies.” These sediments are time-equivalent 

to the Hermosa Group, yet have similar characteristics on seismic to the overlying Cutler Forma-

tion (Figure 3.1). 
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 The late-Pennsylvanian/early-Permian-age Cutler Formation (Figure 3.1) is an arkosic 

package of sediment shed from the nearby ancestral Uncompahgre Mountain Range during 

and following uplift to the northeast of the study area. The Cutler Formation undergoes a facies 

change to the southwest, away from the Uncompahgre Uplift. At differing locations and times 

throughout the Permian period, various Cutler Formation-equivalent sediments were deposited 

throughout the Paradox Basin (Condon, 1997). These sediments comprise the Cutler Group, and 

are shown in the medial/distal region of the Paradox Basin during Permian time.

3.2 Select stratigraphic units referenced from Paradox Valley Injection Test #1 core

 Several units are described in greater detail using core from the Paradox Valley Injection 

Test #1 well. Facies description and depositional environment inferences will improve under-

standing of the seismic data included in Chapter 4.

Core and Well Introduction:

 The Paradox Valley Injection Test #1 (PVU #1) well is located approximately 19 miles 

WNW of Nucla, Colorado (Figure 1.4) in Montrose County, Colorado, in the Paradox Valley 

Unit. The ground level elevation at location was surveyed at 4996.0 ft. The well reaches a total 

depth of 16,000 feet from the rotary kelly bushing. Drill depth indicated by RKB is 31.70 feet 

above the ground level. Drilling of the PVU #1 well took place during the years of 1986-1987. 

During that time, 23 cores were cut from selected formations for a gross cored thickness of 

2,452.5 feet.

 The PVU #1 is an ideal core from which to observe the physical characteristics of the 

rock units appearing in the subsurface in this area. Due to topography, several of these units do 

not crop out nearby the study area, or the units may crop out (as is the case with some Paradox 

Formation-equivalent units), but have undergone a facies change laterally and observation at 

outcrop would be misleading. This is especially relevant for the lower Paradox Formation cycles, 

which vary in character throughout the basin.  (Hite & Buckner, 1981; Baars & Stevenson, 1981; 

Rasmussen & Rasmussen, 2009; Rasmussen, 2014).
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 In addition to describing the characteristics of several identifiable formations in the cored 

intervals, core viewing with regard to a seismic-focused thesis project is important because of 

the scale-dependent relationships present when many modes of geologic observation are used. 

Seismic wavelets often have a maximum confident resolution of 40 ft (Lillie, 1999), while 

viewing in core handsamples with a hand lens can lend the investigator a view of sub-millimeter 

diameter grains. An important, yet more esoteric utility of observations derived from core for a 

seismic-based study is the ability of a physical core to connect the seismic interpreter to phys-

ical rock and the mechanical properties present in the section of core under focus, and thus the 

viewer can make inferences regarding how a formation would deform under stress. For example, 

the PVU #1 core sections analyzed range in consistiency from very hard grano-diorite crystal-

line rock to fissile shales, blocky dolomitized limestones, and to fine-grained halite sections of 

two feet thickness (or more). Rock units such as these will deform differently, react differently 

to overburden pressures, and accommodate faulting and mountain range uplift in different ways. 

In a study area nearby the Uncompahgre Uplift, it is important that the seismic interpreter have 

a personal, physical model of how different units and surfaces between them will interact under 

stress.

 All photographs of core hand samples were taken by the author on location at the USGS 

Core Research Center in Lakewood, CO. 

3.2.1 Precambrian crystalline basement

 In gross thickness, the PVU #1 retrieved a total of 22.4 feet of Precambrian rock. Due 

to difficulty of retrieving crystalline rock at over 15,000 ft measured depth, the net thickness of 

Precambrian rock available to view is slightly less than 22.4 ft.

 Precambrian rock in the PVU #1 is generally dark grey to green, and shows foliation (s1) 

due to differential shearing, as well as prominent red mineralized bands that run paralled to and 

mark the S1 fabric (Figure 3.2). 
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Figure 3 2 : 
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Precambrian schist recovered from measured depth 15630 ft  in PVU #1 core  
Regionally identified as granitic, shows orthogonal northwest and northeast trending 
fracture sets. Brekamp & Harr (1988) identify this rock as “moderately metamorphosed 
diorite-gabbro schist ”

3.2.2 Cambrian Lynch Formation

 Well PVU #1 contains a gross thickness of 225 ft of Cambrian-age Lynch Formation 

(Mahrer et al., 2012). This formation consists of varied lithologies including sandstone with in-

terbedded shales, dolomite and limestones. The displayed hand sample (Figure 3.3) is not repre-

sentative of the total diversity present within the Lynch Formation. However, the hand sample is 

indicative of a carbonate system influenced by an active, fault driven, clastic sedimentary system 

depositing relatively small, but noticeable amounts of sand adjacent to faults (Baars & See, 1968; 

Weimer, 1980; Weimer, 1981+1982; Block, 1986).

 The handsample in Figure 3.3 is a view of the bottom of a core section and gives a sense 

of the oxygenated carbonate/clastic system present in the area of Paradox Valley during Cambri-

an time. Bioturbation of sandstone and limestone beds in core cross section (not pictured) gives 

an indication of the amount of biologic productivity active during deposition of these units. 
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Figure 3 3 : 
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Handsample view of Lynch Formation, Cambrian age. Recovered from MD 
14825 ft  in PVU #1, Montrose County, Colorado 

3.2.3 Mississippian Leadville Formation

 The Mississippian Leadville Formation is a reservoir rock for nearby oil and gas fields-

-most notably at that nearby Lisbon Field, where petroleum trapping geometries are determined 

by a cominbation of structural timing, depositional environment, and structural trap and seal in 

the modern day geological configuration (Bradley, 1975).

 Mississippian limestones within the upper 200 feet of the Leadville formation in PVU #1 

show the moldic porosity present in Figure 3.4. However, within the upper 70 feet of the top of 

the Leadville Formation, the limestones begin to show fractures filled by bright red “terra rosa.” 

Terra rosa refers to red beds developed in a sub-aerial depositional setting (Mahrer et al., 2012). 

In this case, sediments migrated downward and filled fractures (Figure 3.5).
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Figure 3 4 : 
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“moldic porosity”

Microscope view of Mississippian Leadville Formation handsample (10x 
magnification) recovered from MD 14104 ft. Moldic porosity is evident in this sample, a 
dissolution texture responsible for producing porosity in this sample  Similar textures are 
present in the upper portions of the Mississippian Leadville Formation in PVU #1 

3.2.4 Karst landscape developed at top of Leadville Formation

 From measured depth 14054 feet to 13984 feet in the core of PVU #1, the upper zones of 

the Mississippian-age limestones show dissolution textures that indicate the presence of a karst 

landscape in the area of the wellbore after deposition of the Mississippian limestones. This Karst 

landscape was presumably caused by a relative sea level fall that would have resulted in expo-

sure of the ground surface in regions nearby PVU #1. In literature, Baars and See (1968) remark 

that at the end of Mississippian time, areas of interior North America that had been covered by 

shallow seas for many millions of years became subaerially exposed and began to experience 

intense mechanical and chemical weathering. These processes are evident in hand sample (Figure 

3.5). Figure 3.5 shows the interaction of Upper Mississippian-age limestones with the down-

wardly-percolating fluids bearing red-colored sediment that appears to have both dissolved and 

filled dissolution textures within the limestone/dolostone host rock..
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Figure 3 5 : 

A B

C

2 cm

Fr
ac

tu
re

/d
is

so
lu

tio
n

“t
er

ra
 ro

sa
”

Mississippian 
limestone & 
dolomite

Field of view in “B”
Field of view in “C”

Lst/dolo

terra rosa

5 mm

2 mm

Hand sample view of Mississippian limestone unit with fracture -filling 
“terra rosa ” The widespread vertical distribution of fractures and openings in the lime-
stone filled by bright red sediment indicates a persistent and active karst surface was active 
after Mississippian limestone deposition and before the onset of “Molas Formation” deposi-
tion  Sample is taken from measured depth 14046 feet and tick-marks for scale are 1 mm 
across  Field of view of B is indicated by a red circle on A; Field of view of C is indicated by 
a red circle on B 



27

3.2.5 Pennsylvanian Molas Formation

 The Pennsylvanian Molas Formation is identified by Mahrer et al. (2012) as a shaley, 

silty claystone, formed as a soil on the surface of the Early Pennsylvanian karst topography cre-

ated by the weathering of the underlying Mississippian limestone. The Molas Formation in PVU 

#1 is approximately 40 feet thick, highly fractured, and has a characteristic dark red appearance 

which can be difficult to distinguish from the overlying Pinkerton Trail without extensive core 

washing.

3.2.6 Pennsylvanian Pinkerton Trail Formation

 In the PVU #1 core, the Pinkerton Trail Formation is a cyclic unit composed of alternat-

ing beds of massive dark grey mudrock that averages three feet thickness and 1-2 feet sections of 

nodular anhydrite.

Figure 3 6 : 
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Whole-core handsample view of the Pinkerton Trail Formation  Nodular 
anhydrite facies, an indication of a shallower-water depositional environment  Areas of the 
Paradox Basin experienced hyper-saline conditions at periods during Pinkerton Trail 
deposition, due to restricted basin circulation, resulting in evaporitic deposits  This sample 
was recovered from MD 13714 ft 
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 The Pinkerton Trail Formation in PVU #1 represents the beginning of the cyclic pattern 

of sedimentation that would continue to dominate the Paradox Basin throughout Pennsylvanian 

time. The intermittent nodular anhydrite deposition with dark mudstone and claystone indicates 

an early Pennsylvanian arrangement of restricted basins experiencing cycles of flooding and 

evaporation resulting in the now widely recognized cyclic facies of mudrocks alternating with 

evaporites (Hite & Buckner, 1981).

3.2.7 Pennsylvanian Paradox Formation

 The Paradox Formation overlies the Pinkerton Trail Formation in the PVU #1 core. The 

mudstone and anhydrite of the Pinkerton Trail gradually transition to limestone over a 6 inch 

interval, and then the limestone unit (about 8 inches thick) is overlain by fine grained, in-situ 

Halite. This transition between limestone and halite marks the beginning of a restricted basin en-

vironment in the Paradox Basin in the early Pennsylvanian, when sedimentation in the proximal 

area of the basin began to be dominated by evaporitic facies.

 In the next three feet above the base of the Paradox Formation, there are two cyclic sedi-

mentation packages from the lower Paradox Formation (Figure 3.7). These cycles are believed to 

represent large-scale climactic variation during the Pennsylvanian (Hite & Buckner, 1981). These 

cycles are called “Milankovitch Cycles” and are thought to be the result of changes in the Earth’s 

obliquity in relation to the Sun (Trudgill & Arbuckle, 2009). These cycles in the Pennsylvanian 

Paradox Formation are recorded as relative sea level transgressions and regressions through time 

(Hite & Buckner, 1981). Due to the paleogeoraphic arrangement of the Paradox Basin during the 

Pennsylvanian, a low relative sea level is represented toward the center of the basin by a thick 

accumulation of evaporites, while the margins of the basin experience exposure or erosion (Hite 

& Buckner, 1981). This temporal and spatial relationship is evident in the core (Figure 3.7), and 

is represented by the schematic sea level curve at the left hand of Figure 3.7.

 In the core sample, the first two basal cycles of the Paradox Formation appear to have 

similar characteristics: The lower cycle begins (“Start” with medium grained halite crystals, and 

grades to coarse and then very coarse halite crystals over the next 8 inches up-section in the core 
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(Figure 3.7). There is an abrupt transition in core from pebble-sized mudstone rip-ups and very 

coarse to pebble-sized halite grains. This transition occurs about 10 inches from the base of the 

core sample. About 6 inches about this, the fine-grained halite facies returns. Fine grained halite 

deposition continues for about 8 inches, before a 4 inch bed of nodular anhydrite appears with 

inter-granular medium-grained halite. At the top of the halite/anhydrite bed, pebble-sized clasts 

of mudstone appear, similar to the mudstone/halite rip-up facies identified before in the core.

 This succession of coarsening-upward halite crystals in core, grading to pebble-sized 

mudstone and halite clasts, capped by a return to fine grained halite crystals represents one cycle 

of basin restriction, evaporite deposition, and exposure associated with regression in this area. 

It is likely that there is gypsum present in this core section that has been mis-identified as halite, 

and this interpretation of depositional environments and process-driven sedimentation fits with 

prior interpretation of this facies assemblage (Hite & Buckner, 1981). The occurances of peb-

ble-sized grains in this core sample represent transport of both halite clasts and shale clasts from 

exposed terranes nearby due to a local sea level regression. The core region marked by “flooding 

surface” in Figure 3.7 shows fine-grained halite deposition as a result of relative deepening of the 

water depth and the continuation of restricted basin sedimentation. Another cycle begins above 

the flooding surface marked in Figure 3.7 and this cyclic pattern continues up-section through the 

Pennsylvanian Paradox Formation (Hite & Bucker, 1981).

 The Pennsylvanian Paradox Formation viewed in Figure 3.7 reveals many of the char-

acterisitcs of the Paradox Formation interpreted by Hite & Buckner (1981) and Rasmussen & 

Rasmussen (2009) throughout the structurally deepest sections of the Paradox Formation in the 

Paradox Basin. It is important to note that Figure 3.7 shows an example of early Paradox For-

mation cycles. To the Northwest of PVU #1 and further up-section in the Paradox Formation 

within PVU #1, the evaporitic cycles reveal a greater percentage of non-halite facies (mudstones 

and gypsum/anhydrite), and inter-halite exposure surfaces are not as pronounced as in PVU #1, 

suggesting a deeper depositional setting within the Paradox Basin, less prone to exposure.
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Figure 3 7 : 
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 The Pennsylvanian Paradox Formation is responsible for many of the characteristics that 

make the Paradox Basin structurally complex. The Paradox Formation contains thick accumula-

tions of evaporitic sediments that have been deformed into large, elongate (20 miles long), salt 

walls that were later truncated and eroded through dissolution processes to form the distinctive 

‘paradoxical’ valleys that cross-cut the regional drainage patterns and give the Paradox Basin its 

name (Elston et al., 1962). The Paradox Valley is one-such salt dissolution valley, and the val-

ley-bounding cliffs rise at least 800 feet above the present day valley floor in some areas.

 The Paradox Formation is an extensive oil and gas reservoir, most productive on the 

southwestern margin of the Paradox Basin, where shelf facies of the Paradox Formation (Des-

ert Creek cycle, for example) are characterized as biohermal carbonates with extensive primary 

and secondary porosity responsible for such oil accumulations as the Aneth Oil Field (Peterson, 

1992).

 Today, the Paradox Formation is also the target of unconventional oil and gas exploration 

and development. The target intervals are the inter-evaporite organic-rich black lime mud layers 

that are interpreted to be the deposits of flooding sequences within the deeper portions of the 

Paradox Basin (Hite & Buckner, 1981).

Post-Paradox Formation sedimentation:

3.2.8 Honaker Trail Formation

 The Honaker Trail Formation in the study area is characterized on seismic data as a 

period of sedimentation post-evaporite deposition that appears to retain constant thickness along 

most seismic profiles. It is an indication of early salt flow initiation when the Honaker Trail 

Formation thickens away from or thins toward a diapiric salt feature. The base of the Honaker 

Trail formation is identified by the Ismay cycle, which is the stratigraphically highest cycle of 

the evaporite-bearing Paradox Formation (Figure 3.1). The top of the Honaker Trail Formation 

is interpreted on seismic in the study area to bound the lowermost growth strata of the overlying 

Cutler formation.
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 The Honaker Trail formation in subsurface and outcrop varies laterally, but is character-

ized as intertonguing biohermal shoals and coastal channels that represent marine shelf deposits 

and nearshore depositional environments.  At locations nearby salt walls, and within alluvial fan 

systems derived from the Uncompahgre Fault system, the Honaker Trail formation shows more 

continental-derived facies assemblages (Trudgill & Paz, 2009).

3.2.9 Cutler Formation

 The Cutler Formation has been extensively studied 20 miles to the northwest of this 

study area, in Gateway, Colorado, by Mack & Rasmussen (1984) who characterized the Cutler 

Formation as a system of stacked alluvial fan deposits that included the associated facies assem-

blages of debris flows, streamflood, braided stream, sheetfloot, playa and brief eolian episodes 

of sedimentation. Moore and others (2008) have studied the Cutler Formation’s interaction with 

Precambrian basement, as well as an extensive regional study of the Cutler Group and Cutler 

Formation by Condon (1997).

 In this study area, and within the seismic dataset, the Cutler Formation is defined as late 

Pennsylvanian and early-to-middle Permian-age strata shed from the newly emergent ancestral 

Uncompahgre Uplift into the Paradox Formation.

 The seismic data demonstrates that the Cutler Formation represents the first stage of 

significant and widespread sedimentation that included a sufficient mass and rate of deposition to 

initiate evacuation of underlying mobile Paradox Formation evaporitic sediments into adjacent 

incipient salt wall structures in a process known as “downbuilding” (Kluth & Duchene, 2009). 

On seismic data, this change in subsurface dynamics is represented by visible thinning and thick-

ening of strata within the lower Cutler units.

3.3 Triassic-and-later sedimentation

 Within the seismic study area, the data reveal a regional unconformity at the base of Tri-

assic sediments (Molenaar, 1981). This unconformity is visible on seismic data as sediments of 

Triassic-age drape over older, partially-eroded Sediments from lower in the stratigraphic Col-

umn.
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 Triassic-aged sediments in the study area also provide a latest possible timing on orogeny 

associated with the Pennsylvanian-Permian-age upheaval of the ancestral Uncompahgre Moun-

tains. Where Triassic sediments drape sediments above a basement-involved reverse fault, the 

fault is interpreted to have been dormant throughout Permian-to-present time. In some cases, this 

is not the case, and Triassic-aged sediments above a basement-involved reverse fault show defor-

mation. This is an indication that the underlying fault has been reactivated in the time between 

Triassic sediment deposition and the present day (Mankowski et al., 2002).
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CHAPTER 4. SEISMIC

Overview:

 The seismic data discussed in this thesis is part of the South Nucla 2D Seismic shoot col-

lected or purchased by Redwine Resources Inc. during 2007 and 2008 (Figure 1.6).

 Seismic interpretation was carried out in several stages. First, seismic line profiles were 

interpreted on paper. Then, horizon interpretations were transferred into the software packages 

Petrel (Schlumberger), Kingdom Suite (IHS), and Opendtect (dGB Earth Sciences). The results 

of these multi-stage interpretations are contained in this section. Finalized interpreted seismic 

lines were created by importing each 2D profile from Opendtect into Adobe Illustrator to create a 

final draft interpretation.

 For the discussion of seismic interpretations, each line will be displayed, followed by a 

short section that discusses the defining characteristics of each seismic profile. At the end of the 

seismic discussion, there will be a conclusion to integrate the previously discussed seismic inter-

pretations into a coherent unit. Please refer to Figure 4.1 for spatial reference of seismic lines in 

the dataset.

4.1 Seismic stratigraphic framework

 The seismic stratigraphy has been identified from handsample, core and literature dis-

cussed in Chapter 3. For clarity, the structural history of these units will now be discussed in rela-

tion to profile -028 (Figure 4.2), which serves as a proxy for the lines that will follow. With varia-

tions, the seismic lines all include generally the same units in different structural arrangements. 

Hypotheses behind the origin of the structural arrangement of these units will be discussed in 

Chapter 7.

 The base of the seismically resolvable portion of profile -028 starts at the Precambrian 

crystalline basement. The Precambrian basement shows extensive normal-fault offsets at the top 

of the unit. The upper zones of the Precambrian basement may appear bedded with higher seis-

mic amplitudes. This is due to the stratified nature of the quartzites and conglomerates that
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compose the uppermost portion of the Precambrian in the study area (Weimer, 1980; Weimer, 

1981; Mahrer et al., 2012). There is also a relatively uniform thickness of carbonates and fine-

grained sandstones of early Paleozoic-age (Cambrian to Mississippian) that fill topographic 

irregularities at the top of the Precambrian basement (Weimer, 1980; Weimer, 1981).

 Where blocks of Precambrian basement are reverse faulted into a relative high, interpre-

tations on profile -028 and other profiles indicate a variable amount of weathering at the top of 

the Mississippian level. Every attempt has been made to represent progressive erosion related 

to structural superposition--e.g. ceteris parabis, higher structural elevations are subject to more 

erosion, so more erosion is accounted for from the tops of basement blocks in the interpreted pro-

files. This erosion is also interpreted to be associated with a more rounded character on the top-

front of a hanging-wall block. In reality, it is unlikely that Mississippian sediments are present on 

the top of all upthrown basement blocks in the seismic dataset (as shown in the case of the Pure 

Oil #1 well in White and Jacobson (1983)). However, due to a lack of well control for many of 

these hanging-wall blocks, it is more practical to lump the Cambrian-Mississippian time through-

out interpretation of these profiles.

 The character of the top of the Mississippian unit in profile -028 is common throughout 

the seismic data and is characterized by higher amplitude seismic reflections, and well-developed 

bedding that indicate layered sediments. These sediments are, in many cases, carbonaceous and 

the acoustic impedence is correspondingly high. This high-contrast, bedded character on seis-

mic disappears at the evaporite-rich lower Paradox Formation. The lower Paradox Formation is 

marked by low contrast, poor bedding, discontinuous reflectors, and indications of plastic defor-

mation due to flowage. This unit does not maintain thickness along the profile.

 The next stratigraphic unit is the Akah cycle (Figure 3.1). This cycle is characterized as 

a high-amplitude reflector in the Hermosa Group, but would be difficult to distinguish without 

ties from nearby well-control. In the case of -028, the Akah cycle has been picked from line -003 

(Figure 4.4) and interpreted into profile -028. The Akah cycle is a distinctive Paradox Formation 

cycle that is visible in several lines throughout the dataset and therefore has been picked.
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 The Ismay cycle (Figure 3.1) marks the stratigraphic top of the Paradox Formation, and 

is characterized on seismic data as a high amplitude reflector, visible on many of the seismic pro-

files in this dataset, likely due to the acoustic contrast between the shales and carbonates at the 

top of the Ismay cycle (pers. comn., Bob Grundy).

 Above the Ismay cycle, the group of strongly reflecting, continuous reflectors mark the 

top of the Hermosa Group. The zone between Ismay cycle and Top Hermosa Group is known 

as the Honaker Trail formation (Figure 3.1) and is characterized as near-constant thickness 

across profiles, except lines adjacent to the Paradox Salt Wall, where thickness changes within 

the Honaker Trail Formation in this dataset indicate growth of the Paradox Salt Wall during late 

Pennsylvanian time.

 Above the Honaker Trail/Top Hermosa, the Cutler Formation (Figure 3.1) is recognized 

on seismic by its distinctive growth sediment packages. On seismic data, the Cutler Formation 

usually thins onto the ancestral Uncompahgre mountain front toward the northeast, and thickens 

toward the southwest. Thickness changes within the Cutler Formation in the Paradox Basin have 

been interpreted to represent filling of accommodation space in the Paradox Basin created by 

sub-surface salt evacuation and flowage due to prior sediment accumulation in a circular feed-

back loop known as downbuilding (Kluth & Duchene, 2009).

 The Cutler Formation is separated from the overlying Triassic sediments by an uncon-

formity. On many profiles in the seismic dataset, the basal Triassic unconformity is visible as a 

blanket across the stratigraphy, and is only disturbed by post-Triassic-age tectonism in few areas 

within the dataset (this study; Mankowski et al., 2002).

 Several of the northeast/southwest oriented seismic lines exhibit a lateral facies change 

between either Hermosa Group or Cutler formation in the distal margin of a line, grading toward 

what I have called “Cutler facies” in close proximity to faulted basement blocks. This lateral 

variability is recognized on seismic data as a loss in impedence contrast between layers, a loss 

of apparent bedding, and a loss of stratigraphic connectedness to units more distal in the profile. 

For example, in profile -028, the Cutler facies are identified adjacent to fault B along the north-
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east end of profile -028. In this area, the topographically high ancestral Uncompahgre Uplift shed 

thick, poorly sorted, arkosic sediments similar to outcrops of the Cutler formation near Gateway, 

Colorado. As shown on the stratigraphic column of Figure 11, the Cutler facies can be laterally 

correlative with Paradox Formation sediments; However, the Cutler facies do not associate with 

the bottom of the Paradox Formation in this dataset. Therefore, there is not evidence in this data-

set that would rule out a connection between the lowermost Pennsylvanian Eagle Basin evapo-

rites and the Lowermost Paradox Formation evaporites in the Paradox Basin (Szabo & Wengerd, 

1975; Campbell, 1981; Trudgill & Arbuckle, 2009; Rassmussen, 2014).

 When discussing clastics that interfinger with the evaporites of the Paradox Basin similar 

to the Cutler facies identified in these seismic profiles, it is also important to note that this study 

area is identified as a zone of “San Luis facies” deposition (Baars & Stevenson, 1984). However, 

these seismic data do not show San Luis facies interacting with the Paradox Formation evapo-

rites as is represented in stratigraphic columns in Wengerd & Matheny (1958) and reproduced in 

Barbeau (2003).

4.1.1 Pennsylvanian-to-present structural history of profile -028

 During Pennsylvanian time, tectonism caused reverse faulting in this area to upthrow sev-

eral blocks of Precambrian rock. These faults are represented as reverse faults in Figure 4.2. The 

fault with the most heave in profile -028 is marked with the label “basement thrust” in the hang-

ing wall of the fault. This fault is significant because it detaches along the top of the lower Para-

dox Formation halite sequences that had already been deposited. This detatchment is inferred by 

the change in steepness of the fault where the hanging-wall overrides evaporites. The evaporitic 

detachment is reasonable because once a hanging-wall block is uplifted into the salt, the ductile 

material serves as an effective sliding surface. This is the case in compressional tectonic regimes 

with salt-involved detachment surfaces elsewhere in the world (Mount, 2014).

 Structurally higher in this profile, the northeastern-most reverse fault upthrows a Precam-

brian basement-cored block in the hanging-wall. This is the wedge of rock that the Kirby Gov. #1 

encountered (Figure 4.2) in the White & Jacobsen (1983) study.
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 Salt evacuation, driven by the overburden pressure associated with upper Hermosa Group 

and Cutler Formation sediments, is evident on profile -028 and other profiles where a weld is 

indicated by two dots, and by the dramatic thickening within the overlying Cutler formation. 

This dramatic increase in sediment thickness toward the southwest of this profile indicates steady 

evacuation of salt from beneath the Cutler formation.

4.1.2 Hermosa Group thickness patterns in -028

 An interesting, yet subtle, characteristic of profile -028 involves thickness changes within 

the Hermosa Group. There is a subtle thickening between Top Hermosa Group and the base of 

the Akah cycle where the Hermosa Group onlaps the top Mississippian unconformity (Figure 

4.2). Instead of thickening toward the southwest as would be expected, and as seen in the Cutler 

formation (thickening toward the basin depocenter), the Hermosa Group thickens toward the 

northeast. This sediment geometry indicates greater accommodation space toward the northeast 

of profile -028 during upper Hermosa Group deposition in this area.

 Discussion of sediment thickness geometry in a 2D cross-section is complicated by the 

uncertainty in diagnosing paleocurrent directions. Axial flow indicates sediment distribution 

parallel to the long axis of the Paradox Basin salt walls. Axial flow is a recognized element of 

sedimentation in this area of the proximal trough of the Paradox Basin (Rasmussen, 2014).

 Considering these hypotheses, the changing growth geometries between Hermosa Group 

and Cutler Formation could be caused by a combination of these sediment-forcing factors: Salt 

movement, axial flow of river drainages, and Uncompahgre fault tectonism. These factors likely 

all play an active role in shaping the Hermosa Group and Cutler formation sediment geometries 

of this seismic profile.

 Profile -028 shows an example of mobile evaporites stranded and prevented from evacu-

ating from beneath the overlying sediments due to being “welded-out” (labeled “Lower Paradox 

Formation”, Figure 4.2). Kluth and Duchene (2009) recognize a similar salt geometry 20 miles 

to the northwest. Stranded evaporites against the mountain front were also detected in well-cross 

sections in the study area by White and Jacobson (1983). The welded salt body is separate from 
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the salt body at the southwest of profile -028, which is the base of the Paradox Salt Wall. The 

Paradox Salt Wall lies to the southwest of this profile (see: Figure 4.1).

 The upper cutler units show relatively uniform thickness across the area indicating the 

end of significant uplift on the Uncompahgre fault system. This is in contrast to the older units 

that show distinct rotated thickening packages into areas of salt evacuation. At the top of the 

Cutler formation, the Triassic base-Chinle unconformity truncates the section. Sub-parallel units 

within the Chinle  visible at the top of this profile indicate the quiesence of the Uncompahgre 

Thrust at the beginning of Triassic time--successfully bracketing gross movement on the Uncom-

pahgre Thrust between early Pennsylvanian to late Permian-time, in agreement with observations 

made by Huffman and Potter (1993).

 Faults like “fault A” (Figure 4.2) to the southwest of the surface trace of the Uncompah-

gre fault lose heave (die) lower in the stratigraphic section than faults further to the northeast, 

and can therefore be termed “older.” Otherwise, these faults do not cut the overlying strata, 

but are, in-fact younger. In order to achieve a younger fault that does not cut the overburden, a 

ductile material must accommodate the strain. Mobile halite of the lower Paradox Formation is 

present in this seismic profile. In order for fault A to be younger than fault B in profile -028, fault 

A would need to ‘underthrust’ into the lower Paradox Formation evaporites, which would accom-

modate the intrusion of the basement body by ductile deformation.

 The tilted Hermosa Formation and Cutler Formation in profile -028 raise questions re-

garding the age relationship between faults A & B (Figure 4.2). One such question is the origin of 

the tilted strata above the hanging-wall of fault A. 1) The strata could be tilted due to the nearby 

downbuilding of the Cutler Formation into the proximal trough, or 2) they could be tilted upward 

in response to underthrusting uplift associated with potential later movement on fault A (Figure 

4.2).

 It is difficult to determine the relative age of movement between these two faults (A & B, 

Figure 4.2), but if fault A is more recent than fault B, there should be more signs of compression 

toward the southwest of this profile due to the demonstrated lateral translation of fault A over 
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4.5 miles. It seems unlikely that a subsurface body could be translated to such an extent without 

deforming sediment adjacent to the viscous salt nearby.

 With continued ambiguity regarding the relative timing of faults A & B, profile -028, it 

should be noted that faults cutting younger strata in this dataset are not necessarily younger than 

adjacent faults that die in Lower Paradox Formation mobile sediments.

4.2 Interpretation and discussion of Seismic Line 78-120-026.

Seismic profile 78-120-026 (Figure 4.3) is an important line in the dataset because it shares a 

similar orientation with 78-120-028, but -026 is offset to the southeast by approximately 5 miles. 

There are several important similarities to note between this profile and 78-120-028 (Figure 4.2).

4.2.1 Increased apparent throw on Mississippian-level faults

 A preliminary observation of the structural arrangement present in profile -026 includes 

the increased apparent throw on basement normal faults that cut the top Mississippian level 

(green in Figure 4.3) and die out in the salt (blue in Figure 4.3). This could be evidence of an 

active basement fault zone developed in late Precambrian time and active in this area until early 

Pennsylvanian time. 

4.2.2 Decreased apparent heave on basement-involved reverse faults

 A primary distinction between -026 and -028 is the extent of lateral thrust translation evi-

dent on the seismic data. The heave of fault A (Figure 4.3) on the salt detachment in profile -026 

is not as large as the heave of fault A (the same fault) in profile -028 (Figure 4.2). These two seis-

mic profiles are oriented sub-parallel to each other, so the angle of the fault could not be changed 

drastically due to the principles of differing apparent dip of a plane dependent on the angle of 

view. In profiles -028 and -026 (Figure 4.3), Fault A is toward the northeast side of the line, but 

the foot-wall cutoff of the top Mississippian loses definition and likely is folded and truncated 

at the reverse fault (Berg, 1961). Therefore, with both cutoffs in view, Fault A’s location on the 

seismic line has no bearing on the determination of apparent heave for the fault in question.
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4.2.3 Post-Mississippian sediment geometries in profile -026

 The post-evaporite sediment geometry in line 78-120-026 is also distinct from -028. As in 

profile -028 (Figure 4.2) Cutler formation sediments in profile -026 (Figure 4.3) thicken toward 

the Paradox Salt Wall. The upper Hermosa Group and the Cutler Formation change to Cutler fa-

cies in areas of the profile proximal to the mountain front. Profile -026 also shows trapped mobile 

lower Paradox Formation sediments to the northeast of the proximal trough due to the continu-

ation of the weld from in profile -028. The same weld is marked by two dots and now visible in 

profile -026 (Figure 4.3).

 The sediment geometry in profile -026 (Figure 4.3) is similar to line -028 (Figure 4.2) and 

represents the uniform downbuilding observed in the proximal trough of the Paradox Basin (Ras-

mussen, 2014) to produce the downbuilding effect (Kluth & Duchene, 2009) necessary to drive 

the growth of the Paradox Salt Wall. Downbuilding is expressed as the local structural feature 

called the Nucla Syncline (Figure 4.1).

4.2.4 Profile -026 conclusions

 Overall, profile -026 represents decreasing throw southeastward on the most basinward 

large reverse fault in this area (Fault A, profiles -028 & -026). Trapped salt beneath the northeast 

limb of the Nucla Syncline also corroborates interpretations by Rasmussen (2014) and Kluth & 

Duchene (2009).

4.3 Seismic Discussion and Interpretation of Profile 78-120-003.

Profile 78-120-003 (Figure 4.4) offers a strike-line view of the local variability in structure and 

stratigraphic arrangement in the study area (Figure 4.1). Line -003 intersects with other lines in 

the dataset, and helps to provide a more three-dimensional view of the subsurface near Nucla, 

Colorado.

4.3.1 Precambrian Basement

 The top of the crystalline Precambrian basement is at three seconds two-way-time on the 

northwest end of the profile. From left to right of this profile, the surface of the top basement var-

ies in two-way-travel-time by almost one second. This variation in structure of the top basement 
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pick indicates that geology between lines oriented northeast and southwest (see: profiles -026 & 

-028) is not uniform. From this line, we have a view of geologic structural change along-trend 

within the proximal trough. Variation along this line indicates domains of distinct geology in this 

area, partitioned along northeast/southwest trending geologic features. Further interpretation of 

the dataset will investigate deformation along northeast/southwesterly trends.

4.3.2 Cambrian-Mississippian

 The Cambrian-Mississippian units of profile -003 change thickness along the profile, and 

appear to thicken in the downthrown side of normal faults at basement level. In addition, the 

top-Mississippian horizon of profile -003 (Figure 4.4) is qualitatively more undulatory than the 

same surface on profiles -028 or -026. Lateral thickness changes and variation in structure along 

the top of the  Cambrian-Mississippian sediments indicates that Cambrian-Mississippian deposi-

tion in this profile was influenced by faults trending normal to profile -003.

 Of further interest in profile -003 are the locations of the thickest accumulations of 

evaporites in profile -003. The evaporites are thicker in the areas between relative highs in the 

structure at the top Mississippian. This sediment geometry indicates two proceses that may have 

controlled evaporite deposit preservation:

• Greater depositional accumulation in pre-existing topographic lows.

• Selective downbuilding: Evaporite preservation in structural lows due to 

different zones of salt flow.

 Evaporite accumulations in this area could be significantly controlled by paleo-deposition 

location, rather than completely dominated by later downbuilding and salt flowage. However, 

this concept could be too simplistic and paleotopography during deposition of the lower Paradox 

Formation should be taken into account. As mentioned before, the top-Mississippian horizon of 

profile -003 (Figure 4.4) is faulted, and therefore, faulting may have controlled surface topog-

raphy during the time of lower Paradox Formation deposition. In this way, uneven thickness 

of lower Paradox Formation evaporites could have been deposited in this area, and the original 

thickness trends could be preserved in profile -003.
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 There is a weld between sedimentary sequences of Hermosa Group and top Mississippian 

rocks at the southeast end of profile -003. This weld is associated with a poorly imaged down-

dropped graben structurally located above a large throw, sub-vertical fault that cuts through 

Precambrian basement up through the top Mississippian. On profile -003, much of the faulting 

and structural movement takes place into and out of the plane of view. 

4.3.3 Basement fault block

 At the northwest side of profile -003, between 1.5 and 2.25 seconds, there is a crystalline 

basement feature overriding mobile evaporites in a similar  arrangement to the basement-over-

salt configuration seen in lines -028 and -026. This basement block is riding on fault A, imaged 

in Figure 4.2 and Figure 4.3. Profiles -028 and -026 gave a dip sense of the basement body over-

riding salt, and profile -003 (Figure 4.4) gives a strike-sense view of the basement block (Fig-

ure 4.1). The basement fault block is discontinuous in profile -003 and the Federal #1p-35 well 

(Figure 4.4) does not encounter the basement block. Between the intersection of -026 and -003 

and the well-bore of Federal 1P-35, the basement block ends in the subsurface trace of -003.

 Heave investigation of fault A shows that fault A decreases in heave from northwest to 

southeast in the study area. In addition, investigation of the basemap (Figure 4.1) shows that the 

Federal 1P-35 well is projected into the line from about one mile northeast of profile -003. It is 

likely that fault A terminates along strike to the southeast before intersecting with the Federal 

1P-35 well. It is likely that the stress accommodated by strain on this fault plane was transferred 

to another nearby fault in the Uncompahgre fault system in this area. It should be noted in this 

structural arrangement that the basement detachment appears to reside in a structural low de-

fined by a dip in the top Mississippian layer. Therefore, considering the evidence (Figure 4.4) 

for northeast/southwest trending basement control on structural arrangement in profile -003, it 

cannot be ruled out that northeast/southwest-trending basement structures played a role in parti-

tioning strain along the fault in question, such that the fault dies just before reaching a structural 

high.
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 Profile -003 serves as a link to display seismic data from the more southeasterly portion 

of this dataset.

4.4 Seismic interpretation and discussion of line PB-88a.

 PB-88a (Figure 4.5) shows a distinct structural arrangement from the previously dis-

played seismic profiles. In general, this line displays a monoclinal feature that has been folded to 

create 2 seconds of vertical structural relief (in two-way-time) in the subsurface and there are no 

indications in this line of a thick Precambrian basement block riding on a salt detachment as in 

profiles -028 and -026. This line is not as linear as the previous lines. The portion of PB-88a to 

the southwest of the “South Nucla Federal” well (Figure 4.5) is oriented in a dip-sense, northeast 

and southwest. The northeastern side of PB-88a from the surface trace of R1 to the northeastern 

end is oriented northeast/southwest too. The central portion of the line from the South Nucla 

Federal well to the surface trace of fault R1 is oriented generally east/west.

 The attitude of the top of the crystalline basement horizon is a key feature of this line. 

The basement appears to have undergone similar normal faulting compared to the other lines 

in this dataset, however, the basement in this area was folded into a monocline, preserving the 

faulted appearance of the top basement layer, though several of the faults now exhibit an appar-

ent reverse sense of slip, or are rotated normal faults. It seems likely from this seismic profile 

(Figure 4.5) that uplift and folding was gradual in this area and that if uplift had been dramatic 

at one particular time during the Pennsylvanian-Permian Greater Ancestral Rockies orogeny, the 

mountain front in this area would exhibit a unified thrust plane that would accommodate the bulk 

of offset along the Uncompahgre fault system. Instead, this profile shows several reverse faults 

cutting the upwarped basement surface, shedding sediments into the Paradox Basin.

 Another feature that is distinct to this profile is the near-vertical fault on the southwest 

side of the line. This fault is a continuation of a basement fault present at Hamilton Creek Field, 

which is imaged on profile -mpi (see Figure 4.1 for location). This fault is not a typical back-

thrust as is found in Erslev’s (1993) interpretation detailing structural style of the Rocky Moun-

tain Laramide Orogeny. Instead, this fault is a continuation of a northeast/southwest basement-
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involved wrench fault trend in the study area, which is captured in profile PB-88a. At Hamilton 

Creek Field, this fault appears offset down-to-the-southeast. The same relative sense of motion is 

present on this part of the fault system. Prior authors have interpreted a sinistral sense of move-

ment on this wrench fault trend in the study area (Stevenson & Baars, 1986). 

 The portion of this basement feature across PB-88a appears to have been active more 

recently than the portion of this feature that is imaged in profile -mpi (Figure 4.6). This obser-

vation comes from the fact that the basement fault deforms the sediments at the Top Hermosa 

Group time. This fault influence on sedimentation is also visible in the thickened Paradox Forma-

tion visible at total depth of the South Nucla Federal well (Figure 4.5). It is reasonable to expect 

this section of the basement feature to remain active further in time because of its proximity to a 

mountain-building zone active throughout the Pennsylvanian and Permian.

 Similar to the conclusion regarding the termination of an overriding basement block in 

profile -003 (Figure 4.4), the basement feature in Pb-88a is large, pervasive through time, and 

clearly influences sedimentation in the area. This basement-involved feature potentially further 

partitions structural domains in this study area by compartmentalizing strain locally.

 Faulting along the Ancestral Uncompahgre monocline in Pb-88a appears in the backstep-

ping arrangment described by Elston et al. (1962). The structural styles present in profile Pb-88a 

would not be possible without faults along the monocline activating through time from southwest 

to northeast. The northeastern-most fault in Pb-88a is a large-offset fault with more offset than 

any of the other faults on this profile. For this reason, the  most northeasterly fault is identified as 

the main Uncompahgre Thrust, represented as the margin of the Uncompahgre Uplift in Fig-

ure 4.1. The same northeastward fault can be correlated to the largest displacement fault on the 

northeastern side of Composite 1 (Figure 4.7).

 In profile Pb-88a, Triassic sedimentats drape the buried Ancestral Uncompahgre mono-

cline and are slightly deformed by a (reactivated post Greater Ancestral Rocky Mountains Orog-

eny-time) reverse fault (Bump et al., 2004). 
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4.5 Interpretation and discussion of Mpi-nc1pa

 Seismic profile Mpi-nc1pa (Figure 4.6), also called MPI, has a complicated geological 

history and exhibits many of the structural elements present in this study area. Seismic data for 

this line is available to 4 seconds, however, the 3-4 second time period has been snipped out for 

display purposes in Figure 4.6.

 The structural and geologic history of MPI begins with faulting along wrench faults 

developed at the land surface during late Precambrian time, similar to the observed geometries in 

the previously displayed profiles (Weimer, 1980; Baars & Stevenson, 1986). Many of the Missis-

sippian-level faults in profile MPI cut early Pennsylvanian lower Paradox Formation sediments. 

Additionally, these faults appear to have controlled depositional thickness of pre-Pennsylvanian 

carbonate and siliciclastic accumulations. These geometries of growth along normal faults until 

the end of Mississippian time/early Paradox Formation time are visible in profile MPI (Figure 

4.6) and are discussed in Baars and See (1966).

 Lower Paradox Formation units in profile MPI appear similar in character to the lines 

previously discussed, consisting of a mobile evaporite-dominated unit at the base of the forma-

tion, and transitioning to less ductile upper Paradox Formation cycles.

 Another interesting geometry within MPI is the evident thinning of Hermosa Group 

sediments toward the northwest of the profile. This geometry indicates that Paradox Salt Wall 

had begun to grow prior to Permian Cutler Formation deposition in this area. This observation 

indicates that the Paradox salt wall had begun to grow and influence sedimentation during the 

late Pennsylvanian-time. In other profiles (-028 and -026), the upper Hermosa Group exhibits a 

constant thickness, indicating that salt flowage had not started in those areas, in contrast to the 

geometry of the upper Hermosa Group in profile MPI (Figure 4.6).

4.5.1 Hermosa Group geometry indicates timing of southeastern Paradox Salt Wall diapirism

 The thinning geometry of the Hermosa Group in profile MPI indicates that the location of 

the southeastern plunge-end of the Paradox Salt Wall had been established by the end of Paradox 

Formation-time (Desmoinean). The early delineation of the Paradox Salt Wall boundaries--prior
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to the Permian Cutler Formation--could aid future workers in timing the relative growth of salt 

walls in the Paradox Basin. Kluth and Duchene (2009) demonstrate that the salt walls ‘young’ in 

a southwestern direction. However, relative ages of along-strike salt walls in the Paradox Basin 

has not been well studied, and could lend clues regarding relative rates of uplift along the ances-

tral Uncompahgre Uplift.

4.5.2 Hamilton Creek Field

 Hamilton Creek Field (Young, 1978; Davis, 2014) is located in the hanging wall of the 

listric normal fault (Fault L1) at the center of view (Figure 4.6). The extent of Hamilton Creek 

Field is limited by two things: the lateral stratigraphic variation in the porosity of the sandstone 

reservoirs within the upper Hermosa Group, and also, the extent of structural closure at the field.

 As annotated on profile MPI, Fault L1 at Hamilton Creek Field provides the roll-over 

anticline geometry associated with salt-involved listric normal faults (Williams & Vann, 1987; 

McClay, 1990) to create a structural trapping geometry along the Dry Creek Anticline. This 

feature is persistent through time due to continued movement on the Sneffels Horst (Fault S1, 

Figure 4.7), a northwest trending structure that runs sub-parallel to the Dry Creek Anticline 

in the subsurface and will be discussed in Chapter 7 (Baars, 1966; Baars & Stevenson, 1981). 

Movement along this listric normal fault also appears to be associated with the development of a 

suitable depositional environment to preserve higher porosity sandstone reservoirs within cycles 

of the Hermosa Group than are found in the vicinity (Davis, 2014).

4.5.3 Connection to Dry Creek Structure field study

 Seismic profile MPI (Figure 4.6) lies along strike from the Dry Creek Structure that is 

the subject of Chapter 6. The low amplitude, discontinuous seismic signatures, and steepened 

sediment geometry on the northwest side of profile MPI indicates the presence of a large alloch-

tonous salt body from almost two seconds two-way-travel time to near the surface. This is most 

likely the southeastern plunge end of the Paradox Salt Wall (see Figure 4.1). The observation of 

a salt wall in line MPI and the interpretation that this is the continuation of the Paradox Salt Wall 

makes sense considering field work undertaken at the Dry Creek Structure, which reveals evap-
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orites at the core of the topographic Dry Creek Structure (see Figure 6.4). Interpreting a connec-

tion between the salt body underlying the Dry Creek Structure and the salt wall imaged in line 

MPI (Figure 4.6) extends the subsurface extent of the Paradox Salt Wall approximately 10 miles 

to the southeast. However, it is important to note that the Paradox Salt Wall is likely a very nar-

row salt wall (less than 0.5 miles wide) and the salt wall’s character changes dramatically along 

strike to the southeast, just before reaching Hamilton Creek Field, from a diapiric salt wall, to a 

lower amplitude salt pillow at the base of a thick sedimentary section (see Figure 4.6).

4.6 Interpretation and discussion of Composite 1

 Composite 1 (Figure 4.7) was constructed to initially check the structural validity of prior 

investigator’s interpretation of gravity anomalies in the study area (see: Chapter 5). Neverthe-

less, Composite 1 offers a view of the structural and stratigraphic arrangement across the study 

area from southwest to northeast (see: Figure 4.1). The portions of seismic profiles used for this 

composite are scaled at the same horizontal and vertical scale. Profiles in Composite 1 use three 

different datums used by different seismic data operators in the area. Because of changing topo-

graphic relief as a seismic survey encounters the foothills of the Uncompahgre Uplift, the seismic 

datum must be adjusted to fit the changing elevation. For this reason, the bottom of the seismic 

profiles do not line up along the base of Composite 1.

 From left to right, Composite 1 reveals a subsurface view of Hamilton Creek Field on 

The Dry Creek Anticline (A, Figure 4.7); the northeastern Sneffels Horst bounding fault (S1, 

Figure 4.7); the Nucla Syncline or “Proximal Trough” (B, Figure 4.7) (Rasmussen, 2014); the 

flanks of an incipient basement-involved fault located to the southwest of the surface trace of the 

Uncompahgre Uplift. (C, Figure 4.7); a fault that cuts the monocline (D, Figure 4.7) and uplifts 

the hanging wall of the monocline to within 0.5 seconds (two-way-time) of the surface. The 

hanging wall block of the monocline (C) shows seismic evidence of sediments riding on the back 

of a reverse fault (E, Figure 4.7).
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4.6.1 Surface trace of the Uncompahgre fault zone

 At the northeastern (right) side of Composite 1, a faulted hanging wall block with large 

offset is visible (F in Figure 4.7). Figure 4.1 illustrates that this northeastward fault in Composite 

1 is likely a continuation of the fault that was imaged at the northeastern side of profile Pb-88a 

(Figure 4.5). These faults have the greatest throw and mark the map-drawn extent of the surface 

trace of the Uncompahgre fault zone (see Figure 4.1) (Rasmussen, 2014).

 In general, the structural and stratigraphic arrangement of the individual sedimentary 

and crystalline units of rock displayed in this seismic profile are similar to other profiles already 

displayed. Normal faulting cuts Precambrian rock through to Mississippian level and dies out at 

the base of the Paradox Formation evaporites; Pennsylvanian-age uplift begins, shedding sedi-

ment onto both sides of the anticline (D, Figure 4.7); uplift and sedimentation of Cutler Forma-

tion continues; basement block F (Figure 4.7) is uplifted, indicating Permian (Wolfcampian-age) 

thrusting as well in this line (Huffman & Potter, 2002). Subsequent erosion across the top of this 

profile and later deposition of Triassic-and-younger units is also evident in Composite 1 (Figure 

4.7).

4.6.2 Preserved sediments northeast of Greater Ancestral Rockies Orogeny-related faulting in 

the Paradox Basin

 The sediments marked by G in Figure 4.7 have a high-amplitude top surface reflection, 

but throughout the section the sediments appear low amplitude, discontinuous, and poorly bed-

ded on seismic. The character of the top reflector in this seismic group does not share a similar 

linear character associated with faulting in Composite 1. In conjunction with the strange seismic 

characterisitcs of this unit, there is a gravity low in this area revealed by the observed Bouger 

Gravity Anomaly discussed in Chapter 5. In general, this gravity low (Figure 5.9) indicates that 

the rock marked by G in Figure 4.7 is not crystalline basement throughout the full thickness. 

There are no well penetrations in this low gravity area. Based on these considerations, the low 

gravity sediments at G on Composite 1 are interpreted as an evaporite sequence of Paradox For-

mation-age that has been preserved in place on the hanging wall block of a basinal reverse fault
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Figure 4 7 : 
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in the dataset. This is the first seismically imaged and recognized phenomenon of this type in the 

Paradox Basin.

 This interpretation extends the original depo-zone of the Pennsylvanian Paradox Forma-

tion evaporites further toward the northeast than has previously been recognized in literature for 

this study area. 

 However, there are crustal processes that could partially explain the low gravity anom-

aly recognized in Composite 1. For instance, Berg and Romberg (1966) observe a low gravity 

anomaly near the thrust front of the Wind River Range, Wyoming during gravity modeling. Berg 

& Romberg (1966) speculate that the low gravity zone could be due to low density crust material 

entrained at depth on the base of a basement-involved fault. There is little evidence to support 

this hypothesis and the principle of Occam’s razor indicates that the less complicated hypothesis 

(in this case, the preserved northeastern salt body hypothesis) should be pursued until further 

evidence becomes available (Chamberlin, 1897).  

 At the far right of Composite 1, the major thrust fault shows the most offset and appears 

to have occurred later than the Central Ancestral Uncompahgre frontal monocline (D, Figure 

4.7). This fault also marks the region of the Bouger Gravity Anomaly survey where the apparent 

gravity becomes drastically elevated--a characteristic of crystalline rocks and mountain belts (H, 

Figure 4.7) (Berg & Romberg, 1966; Lillie, 1999). At the same time, it is important to remember 

that the gravity signature of a region does not definitively identify a lithology. A gravity survey 

has almost infinite corresponding models that could account for the observed gravity of an area. 

For this reason, it is important to incorporate many types of geologic study--field, seismic, and 

prior work during gravity model-building--to constrain gravity interpretations with as much out-

side data as possible.
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CHAPTER 5. GRAVITY

 This section involves the gravity data used for this study and illustrates prior interpre-

tation of available gravity data in the study area and introduces gravity modeling by the author 

to test the structural and stratigraphic validity of seismic interpretation already discussed in this 

thesis.

 The gravity data acquired by Redwine Resources Inc. covers an area of approximately 

560 square miles near Nucla, Colorado (Figure 5.8). The gravity data acquired by this study also 

incorporates regional gravity studies conducted in the area to create a final sub-regional gravity 

grid that covers an area of roughly 8000 square miles from the Colorado border eastward into 

Colorado (Figure 5.8). This sub-regional dataset allows investigators to draw conclusions about 

gravity anomalies on a larger scale than would be possible with the Redwine-acquired gravity 

data alone,  and offers high resolution gravity study from south of the Gypsum Salt Valley to 

north of the Sinbad Salt Valley, and from the Colorado State line as far east as Telluride, CO.

Figure 5  1: 
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5.1 Prior Gravity Study Work

 Prior inquiry into the gravity study performed by Redwine Resources Inc. involved 

regional Bouger gravity investigation and the creation of a gravity profile following the trace of 

seismic lines from the southwest of the study area to the end of the most northeasterly seismic 

line in the dataset included in this study (Figure 5.9).
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 Lines included in the original (unpublished) 2D gravity profile are: 76-120-054; 77-120-

037; 78-120-003; 78-464-007; 101; 106; and 1-2 (Figure 4.1). It is important to note that these 

lines contain bends between them and constitute an approximate 2D cross-section view of the 

study area along the profile (Figure 5.9). When stitched together, these lines give an approximate 

view of the general stratigraphy in the study area from southwest to northeast. The 2D profile 

reveals Pennsylvanian-and-younger-age Paradox Basin sediments onlapping onto the crystalline 

basement of the uplifted ancestral Uncompahgre Uplift (eg, Kluth & Duchene, 2009).

5.2 Unexpected Gravity Anomaly

 Of special interest in the gravity study conducted by Redwine Resources Inc., is an area 

of unexpectedly low observed Bouger gravity (G, Figure 4.7) to the northeast (hinterland) of the 

most basinward structures (D, Figure 4.7) associated with Pennsylvanian-age mountain building 

in the area. This low gravity region is unexpected because prior interpretations of the Uncom-

pahgre fault indicated a complicated fault arrangement east of the Colorado/Utah border along 

the Uncompahgre fault (White & Jacobson, 1983) but did not predict preserved evaporite accu-

mulations between fault planes to the northeast of ancestral Uncompahgre Uplift-related faults. 

However, this arrangement of evaporite to the hinterland of Pennsylvanian-age faults appears on 

seismic data (E, Figure 4.7).

5.2.1 Prior Interpretation

 Prior interpretation of the gravity profile along this line has been carried out on this 

dataset, which is important to note because this thesis accounts for the gravity anomaly in an 

alternative manner that had not previously been modeled. Prior studies in this area accounted for 

the low-gravity anomaly in the hinterland of the Uncompahgre Thrust by trapping low density 

evaporite material beneath a large-scale, basement-involved Precambrian basement rock thrust 

sheet. Due to burial at significant depth, the prior model required a thick evaporitic body suffi-

cient to lower the observed Bouger gravity anomaly by approximately 10 mGals (G, Figure 4.7). 

The model result of this prior study is included in Figure 5.10.
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5.3 2D Gravity Profile

 For this thesis, a 2D gravity profile was constructed along the same southwest/northeast 

study area transcect used by the previous investigator, using the trace of the same seismic lines of 

Composite 1 (Figure 4.7).

 The geologic interpretation of a 2D gravity profile is not a unique answer to explain the 

observed anomaly (Lillie, 1999). There are several different structural configurations that can ac-

count for an observed gravity anomaly. It is the job of the interpreter to provide evidence for the 

interpretation based on other studies of stratigraphy, well, logs, field data, seismic data, or other 

available data to corroborate a 2D gravity profile interpretation. Operating under the method 

of multiple competing hypotheses (Chamberlin, 1897) should give the investigator the greatest 

chance of fully evaluating all possible structural and stratigraphic arrangements that could sat-

isfy the observed gravity profile. The goal of interpreting this 2D gravity profile is to attempt to 

reconcile this author’s seismic interpretation of the study area with the observed gravity anomaly 

present in the same study area (Composite 1, Figure 4.7).
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5.3.1 Gravity Profile Construction

 The 2D gravity profile was created and modeled using the software package “Oasis Mon-

taj” and the profile was created in the GM-Sys 2D profile module. Within the profile module, a 

baseline rock bulk density of 2.67 grams/cc was chosen with input from William Pearson (pers. 

comn, 2015). For this study, 16 different rock units were included in the model to approximate 

the general stratigraphy in the study area.

 The crystalline basement rock unit was modeled to range in density between 2.615 g/

cc and  3.006 g/cc. These estimated density values vary in accordance with the concept of strain 

hardening and increased density with smaller grain size near shear zones in deformed mountain 

belts (Davis & Reynolds, 1996).

 The rock units were modeled to lump several distinct formations together to aid in gravity 

modeling. Overlying the Precambrian crystalline basement, there is a section of dominantly lime-

stone and minor dolomite and sandstones ranging in age from Early Cambrian to Mississippian 

age. This section is modeled with a density of 2.68 g/cc. The overlying sections are composed 

of Pennsylvanian through Jurassic rocks, and are modeled as Pinkerton Trail Formation (density 

of 2.65 g/cc), Paradox Mobile Evaporites (density of 2.18 g/cc), Honaker Trail Formation (den-

sity of 2.64 g/cc), early Cutler and late Cutler Formation (density of 2.64 g/cc), Triassic Chinle 

Formation (density of 2.5 g/cc), Jurassic Wingate Formation (density of 2.48 g/cc), and surficial 

deposits (density of 2.28 g/cc). In addition, the uplifted Precambrian core of the ancestral Un-

compahgre Uplift is modeled with a density of 3.006 g/cc. Undoubtedly, gravity modeling based 

on average densities assigned to large masses of heterogeneous rock involves an element of 

uncertainty, and this uncertainty is recognized by the Author. However, these densities are a best 

approximation of average density given the available information at time of publication (pers. 

comn. William Pearson, 2015).

 Creating the spatial orientation of these rock units requires outside evidence to begin 

modeling. A seismic backdrop--Composite 1, Figure 4.7--serves as the model for creating the 

structural arrangement of these units. Then the rock unit orientations and relationships must be
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changed to account for the variable gravity signatures encountered across the profile. An alterna-

tive proposed solution for the observed gravity anomaly in the study area is presented in Figure 

5.11. The structural and stratigraphic interpretations represented in Figure 5.11 invoke less offset 

on faults, and do not imply that thick evaporites are preserved beneath overriding basement 

blocks. For these reasons, Figure 5.11 is another reasonable interpretation of the stratigraphy 

and structure controlling the observed Bouger gravity anomaly in the study area. However, a 

well drilled into the salt body at E in Composite 1 (Figure 5.11) would answer many questions. 

If a salt body is encountered between Precambrian fault blocks, the interpretation in Figure 5.11 

would be validated, and if a quantity of basement rock is found above a thick evaporite body, the 

prior interpretation would be validated. However, it is unclear at this time whether the area repre-

sented by E in Composite 1 (Figure 5.11) contains a viable petroleum system.
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CHAPTER 6. FIELD STUDY

Goals of the field study:

• To investigate the Dry Creek Structure: An interesting physiographic feature 

~4 miles southwest of the seismic dataset with the goal of gathering conclu-

sions at outcrop that lend further insight or understanding to the seismic and 

gravity data included in this study.

• Develop competing hypotheses that explain the observed surface structural 

and stratigraphic Relationships and how these geologic features interact in the 

subsurface.

• This field area, coupled with observations from the nearby seismic data, has 

the potential to further constrain the location and character of the southeastern 

plunge-end of the Paradox Salt Wall (see: Figure 1.4 for general location; 

Figure 6.1 for location of field study elements).

6.1 Observations

 Observations for this portion of the thesis are gleaned from prior studies (Krivaneck, 

1978), geologic maps (Cater, 1955), Google Earth Pro views of surface landscape and topogra-

phy, and personal observations of stratigraphy, strike, and dip data collected by this author and 

field partners: Dr. Bruce Trudgill and Katie Lehmann.

6.1.1 Regional Precambrian structure influencing field study interpretations

 As shown in Figure 6.1 and Figure 6.2, the Dry Creek Structure is found ~4 miles south-

west of the 2D seismic data and about 1 miles southeast of the southeastern termination of the 

Paradox Valley. In the subsurface, the Paradox Valley Salt Wall overlaps in map view with the 

late-Precambrian-age Sneffels Horst paleo-high structure (Figure 6.2). The Sneffels Horst strikes 

generally WNW in the study area, and is interpreted to influence both Paradox Formation salt 

deposition, and Pennsylvanian-and-younger mobile evaporite flowage patterns in the subsurface 

(Wengerd, 1957; Baars, 1966; Baars & See, 1968; Barker. 1969; Spoelhof, 1976). The Sneffels 
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Horst feature is associated with the San Luis Uplift ~20 miles to the southeast of the study area (Baars & Stevenson, 1984).
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The San Luis Uplift is characterized as a late Precambrian-age uplift caused by wrench tectonics (Baars & Stevenson, 1984). The 

Sneffels Horst underlies the southwest limb of the Paradox Valley Salt wall (Baars & Stevenson, 1986) (Figure 6.2).

Figure 6 2: 

SAN LUIS UPLIFT

SNEFFELS HORST

GRENADIER HORST
U

U

D

(LATE PRECAMBRIAN PHYSIOGRAPHIC FEATURES)
After: Stevenson & Baars, 1986

D

SAN JUAN MOUNTAINS

MESA COUNTY

DELTA COUNTY

U
NCOMPAHGRE U

PLIFT

Paradox Valley

Gypsum Valley

Dry Creek 
Structure

Dolores Anticline

Sinbad Valley

DOLORES COUNTY

MONTROSE COUNTYDry Creek Anticline

SAN MIGUEL COUNTY

Coke Ovens 

Syncline

Nucla Syncline

OURAY COUNTY

Nucla

Naturita
Redvale

Montrose

Ridgeway

Telluride

U
TA

H

C
O

L
O

R
A

D
O

NORTH

10 Miles

Legend Uncompahgre Uplift
County Line

Seismic Trace
Precambrian Structure

Breached Salt Anticline
Anti/Syncline

Included Well
Cogcc well

Regional map showing late-Precambrian age structure. Precambrian structure from Baars & Stevenson (1986). 
Evidence for active structure during late-Precambrian time from Baars & Stevenson (1984).



68

6.1.2 Field Survey

 The field study took place at Naturita Ridge (also called Dry Creek Anticline (Williams, 

1964)), where Dry Creek crosses the Dry Creek Structure (see: Figure 6.3). Field data collected 

includes strike and dip data for the rock units traversed in the study area (Figure 6.3).

6.1.3 Subsurface data

 Subsurface data nearby the study area is available in the form of seismic data along struc-

tural strike of the Dry Creek Anticline (this study) (Figure 6.1) and well data from a prior study 

of the area (Krivanek, 1978). Krivanek (1978) identifies the area beneath the Dry Creek Structure 

as the Montrose Dome Field. The field is a gas-filled reservoir trapped in sediments of the up-

per Hermosa Group Honaker Trail Formation and the Permian-age Cutler Formation (Krivanek, 

1978). The petroleum system trap at Montrose Dome Field is a combination of stratigraphic trap 

caused by truncation of the high-porosity sandstones by intra-formational unconformities and 

structural trap caused by tilting of the sedimentary units associated with diapirism at the Paradox 

Salt Wall. Source beds in the area are organic-rich shales found within cycles of the Paradox For-

mation, which is found structurally below, beside, and above the reservoir units due to salt flow 

and diapirism (Krivanek, 1978).

 Well data comes from the Mountain Fuel Montrose Number 3 well, the Kirby Govern-

ment Number 1 well, and the Indian Petroleum Masterbrook 1 well (Figure 6.1). These wells are 

projected at a normal angle into the line of section and this projection is approximately parallel to 

structural strike as determined by outcrop data (Figure 6.3).

6.2 Findings of the field study

Steepening dips toward the center of the structure:

 The field study observed gently dipping beds at the margin of the Dry Creek Structure 

and approaching the core of the structure, the beds steepen dramatically to near-vertical Triassic 

Moenkopi in the interior of the structure. These steeply dipping beds are overlain by more mod-

erately dipping units of Jurassic Wingate Formation and Kayenta Formations, up -section to the 

Cretaceous Dakota Formation.
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Figure 6 3: 
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Figure 6 4: 
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Paradox Formation caprock in the Dry Creek Structure:

 Paradox Formation caprock was found in the locations marked by light blue in Figure 

6.4. The caprock was composed of interbedded gypsum and halite facies with mudrock partings. 

The lithology of the Paradox Formation matches the caprock observed in the core of the Dry 

Creek Structure. 

Normal faulting at the northwest end of the Dry Creek Structure:

 The normal faults indicated by Cater (1955) at the northwest of the Dry Creek Structure 

are confirmed in the field, and appear to control sedimentation in the Jurassic Entrada sandstone, 

which appears to be truncated along the top of the footwall near the northwest end of the Dry 

Creek Structure. These normal faults match the trend of the Dry Creek Structure and link to 

normal faults on the southeast end of the Dry Creek Structure with a similar sense of dip and a 

similar strike.

6.3 Implications of field observations and regional structure/stratigraphy

 The geometries displayed in Figure 6.4 and Figure 6.5 represent a continuation of the 

Paradox Valley Salt Wall. This salt wall has been thought to possess an abrupt southwesterly 

termination (Krivinek, 1978). However field investigation (this study) reveals the presence of 

evaporitic caprock exposed at the center of the Dry Creek Structure, specifically along the north-

western interior of the structure, near the contact between Quaternary fill and the Permian Cutler 

formation outcrops at the base of the central cliffs of the structure.

Honaker Trail Formation absence in the Dry Creek Structure:

 The Honaker Trail Formation is not exposed at the Dry Creek Structure due to the sed-

imentary geometry expressed in profile MPI (Figure 4.6). This indicates that the Paradox Salt 

Wall had started growing during Honaker Trail Formation deposition. If this is the case, Honaker 

Trail Formation in the area would have onlapped the growing structure and would not be deposit-

ed in a geometry to be exposed at Dry Creek Structure (expressed in Figure 6.5).
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6.4 Cross section illustration of field stratigraphy

Figure 6 5: 
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Structural implications of evaporite exposure at the surface in the Dry Creek Structure:

 There are two main hypotheses behind the origin of evaporitic facies at the center of the 

Dry Creek Structure:

• The exposed evaporites at the core of the Dry Creek Structure could be a 

Cutler Formation namakier (salt glacier), derived from the Paradox Salt Wall 

during an erosion and truncation episode (for examples from the Paradox 

Basin, see: Rasmussen, 2014). This hypothesis is unnecessarily complex given 

the lack of well-bore intersections with this supposed namakier and the geom-

etry observed on line MPI (Figure 4.6) that shows a continuation of diapiric 

structure further to the southeast along strike with the Paradox Salt Wall, with 

the Dry Creek Structure in-between. The namakier hypothesis seems unlikely.

• The second hypothesis is that the caprock at the center of the Dry Creek 

Structure is actually the present-day summit (or a pinched-off remnant) of 

the Paradox Salt Wall in this area. This hypothesis matches observed steep-

ening-toward-the-center bedding geometry at the Dry Creek Structure and is 

reasonable considering the data at seismic profile MPI. The Dry Creek Struc-

ture lies along-strike with the Paradox Salt Wall and is close enough to envision 

a connected allochtonous salt unit beneath the Dry Creek Structure connected 

to the Paradox Salt Wall and the salt identified in profile MPI.

 The second conclusion (above) illustrates the steepness of structural deformation that can 

be found nearby a salt wall in the Paradox Basin. The presence of evaporites at the surface in 

Dry Creek Structure, coupled with the missing evaporites for the top several-thousand feet in the 

Indian Petroleum #1 well, indicate structural elevation of the top-evaporite can vary by several 

thousand feet vertically in the space of about 500 feet laterally. Therefore, there is either a large 

fault present, or the space between Kirby #1 and the Pennsylvanian Paradox Formation outcrop-

ping represents the edge of a diapiric salt body.
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6.5 Faulting at the crest of the Dry Creek Structure

 Faults observed at the crest of the Dry Creek Structure (Figure 6.4) show down-to-the-

northeast normal fault offset. Two main hypotheses seek to explain these faults:

• First, the faults could be due to outer-arc-extension associated with folding 

across the Dry Creek Structure. This hypothesis is noteworthy and yet relies 

on compressional tectonism to deform the sedimentary units above the diapiric 

halite sequences of the Paradox Formation. There is not direct evidence of 

compressional tectonism in the area of the Dry Creek Structure in the field. 

Therefore, this hypothesis is suspect.

• Second, the normal faults preserved at the crest of the Dry Creek Structure 

could record salt evacuation from beneath the Coke Ovens Syncline (Figure 

6.1). Salt evacuation from beneath the Coke Ovens Syncline would result in the 

stratigraphy in the vicinity being moved structurally lower than the surrounding 

area, especially compared to areas (like the Dry Creek Structure) that may be 

buttressed from beneath by the relict Sneffels Horst feature evident at the Top 

Mississippian Horizon in the subsurface. Downward movement in the nearby 

Coke Ovens Syncline, while areas to the southwest remain structurally stable, 

could explain the faults observed at the Dry Creek Structure. This second 

hypothesis seems to be the most likely explanation for normal faults at the Dry 

Creek Structure. Field study relation to seismic and gravity dataset.

6.6 Field study integration with seismic and gravity data

 Field observations of the Dry Creek Structure offer a way for the seismic investigator 

to survey tectonic and sedimentary processes much further toward the top of the sedimentary 

section that most of the seismic data reveals. It cannot be overlooked that the interesting struc-

tural feature “Coke Ovens Syncline” (Elston & Shoemaker, 1961) is directly southwest of the 

point where seismic profiles reveal the greatest heave on an early Pennsylvanian Uncompahgre 

thrust fault. This relationship between offset subsurface structures at the mountain front and the 
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termination of the Paradox Salt Wall in a truncated shoulder-feature, like the Coke Ovens Syn-

cline and Dry Creek Structure relationship, is likely not a coincidence. As seismic data reveals in 

the seismic/gravity study area, the linkage between proximal and distal features at the mountain 

front could be due to northeast trending lineaments (see: Chapter 7) that are not well-constrained 

at this side of the seismic dataset due to lack of seismic coverage in the vicinity of the Dry Creek 

Structure.

6.6.1 Analogy to seismic

 Figure 6.6 shows a dip-sense view across the continuation of the Paradox Salt Wall 

found at Hamilton Creek Field (Figure 1.4) as a low amplitude salt pillow. Faulting in the figure 

shows normal offset down to the northeast above the salt pillow (see annotations). The faulting 

in profile -054 (Figure 6.6) is analogous to the faulting at the Dry Creek Structure, ~10 miles 

northwest: the faults are along-strike of Dry Creek Anticline, they cut similar stratigraphy, and 

have similar offset. Figure 6.6 shows the role of downbuilding in the development of these faults 

structural arrangement (Kluth & Duchene, 2009). As late Hermosa Group and Cutler Formation 

sediments are shed from the mountains to the northwest during Pennsylvanian mountain-build-

ing, salt is evacuated from structurally lower positions into structurally higher positions. This salt 

flow is annotated in Figure 6.6.

6.6.2 Future work at the Dry Creek Structure

 Further studies at the Dry Creek Structure could focus on the stratigraphic relationships 

within and between the Jurassic Entrada, Summerville, and Morrison formations that directly 

onlap the Dry Creek Structure on the northwest end of the valley. A study could attempt to char-

acterize dominant sediment transport directions and the relative rate of diapir rise toward the end 

of this radical episode of diapirism in the Paradox Basin proximal trough.
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Figure 6 6: 
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CHAPTER 7. DISCUSSION

Guiding question:

 Rasmussen (2014) states that: “Recent gravity and seismic data . . . indicate that the 

leading edge of Precambrian basement rocks in the Uncompahgre thrust overrides Pennsylvanian 

Paradox salt and older Paleozoic strata.”. This discussion will evaluate the validity of this state-

ment (Rasmussen, 2014), and propose mechanism(s) by which salt could be stranded beneath an 

overriding Precambrian basement block.

7.1 Structural history explained by fault trend maps and block diagrams

 To illustrate the structural history and geologic development of the study area near Nucla, 

Colorado, it is helpful to visualize the separate faults of the study area in plan view, one by one in 

a series of fault trend maps. In addition, it is helpful to develop a three-dimensional understand-

ing of the study area through time. Geologic history of the area is illustrated by a series of sche-

matic three-dimensional block diagrams. In sequence, these schematic diagrams represent the 

geologic development of the study area. However, it the block diagrams are not meant to imply 

that movement on the prior geologic feature had ceased before the onset of the next features. For 

example, profile -MPI shows Fault CL (Figure 4.6), which is a basement involved wrench fault 

that became active during Precambrian time (Stevenson & Baars), and has reactivated through 

time, resulting in sediment deformation of younger units including Triassic-and-younger sedi-

ments (Figure 4.6). As this example illustrates, early-forming fault systems in this area are shown 

to reactivate during later tectonic events.

 It is important to note that Pennsylvanian-and-younger sedimentary sequences are omit-

ted from the diagrams. In this sense, these diagrams are a worm’s eye view of Precambrian to 

late Pennsylvanian structural development of Precambrian-to-Mississippian-age rocks.

7.1.1 Sneffels Horst System

 The fault trend map of the Sneffels Horst Fault System (SHFS) in the dataset shows a 

general northwesterly trend, matching the trend observed by Baars & Stevenson (1984).
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Figure 7 1 : 
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 Block Diagram A (Figure 7.2) shows the development of a northwest/southeast fault 

framework in Precambrian crystalline basement rock that represents the Sneffels Horst fault sys-

tem in the study area. Prior authors have recognized the Sneffels Horst Fault System in the flanks 

of the western San Juan Mountains, extending into the Paradox Basin and the study area for this 

thesis (Baars & See, 1968; Weimer, 1980; Weimer, 1981; Baars & Stevenson, 1981; Baars & 

Stevenson, 1982; Stevenson & Baars, 1986; Brekamp & Harr, 1988).

 The Sneffels Horst (Figure 7.2) is one of the orthogonal basement-related lineaments in 

the study area. The Sneffels Horst shows a near-vertical fault with offset down-to-the-northeast 

dip slip movement and right-lateral offset in a strike-slip sense (Stevenson & Baars, 1986). The 

Sneffels Horst boundary fault system is likely a wrench fault system that has been active since 

late Precambrian time (Baars & Stevenson, 1984), and shows movement visible on seismic data 

into late Permian time.
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Figure 7 2 : 

“Sne�els Horst”

A
N

Block diagram A. The Sneffels Horst is an upthrown fault block whose bound-
ary follows a linear northwesterly trend from the foothills of the western San Juan Moun-
tains into the southeastern margin of the Paradox Basin  This Precambrian fault system 
has been shown to control stratigraphy in late Precambrian through Mississippian units 
through outcrop studies in the San Juan Mountains (Baars & See, 1966; Weimer, 1980; 
Weimer, 1981).
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7.1.2 Colorado Lineament

 The Colorado Lineament is a northeast/southwest trending band of Precambrian-age 

faults and disturbed stratigraphy that is extensive across the Rocky Mountains of Colorado, and 

the Colorado Plateau of adjoining states (Warner, 1978). Mineralization along the Colorado 

Mineral Belt is related to the Colorado Lineament (Warner, 1978). In total, the Colorado Linea-

ment (as a zone of deformation) is more than 1100 km long and 160 km wide (Warner, 1978). 

The Colorado Lineament appears coincident on regional lineament maps with the House Creek 

lineament in the Paradox Basin (Stevenson & Baars, 1986).

 Both the Colorado Lineament and the House Creek lineament display dip-slip offset of a 

similar orientation: left-lateral strike slip offset and down-to-the-southeast dip offset. According 

to Stevenson and Baars (1986), the House Creek lineament is shown in subsurface and outcrop to 

reverse the downthrown block along strike, a characteristic typical of wrench faulting (Crowell, 

1974; Cunningham & Mann, 2007)

 The northeast/southwest trending basement-involved faults in the study area are interpret-

ed to be associated with the House Creek and the Colorado lineament. Figure 7.3 displays the 

House Creek/Colorado lineament fault trend within the study area in map view.

Figure 7 3 : 
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 For integrated 3D visualization of the evolution of the area, block diagram B (Figure 7.4) 

shows a representation of the interaction between the time-coincident basement fault trends in 

the study area: the House Creek/Colorado lineament and the Sneffels Horst Fault System.
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Block diagram B. The House Creek (from Stevenson & Baars, 1986) and Colo-
rado Lineament (from Warner, 1978) intersect in this study area.
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7.1.3 Early Pennsylvanian-age Northwesterly Compression

 During the early Pennsylvanian Period in southwestern Colorado, an early phase of 

compression began to create a fold in the Precambrian basement and the overlying sedimentary 

units. For a sense of this feature in the dataset, see Composite 1 (Figure 4.7). The central base-

ment-involved reverse faults (D, Figure 4.7) likely started as a surface fold during early Pennsyl-

vanian-time.

Figure 7 5 : 
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ates an asymmetric anticline in the Paradox Basin, nearby Nucla, Colorado, oriented paral-
lel to the present day orientation of the Uncompahgre Fault  
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 The asymmetric anticline’s character is controlled by the structural boundary created by 

the House Creek/Colorado Lineament, which runs northeast-southwest through the study area. 

Due to structural partitioning caused by the House Creek/Colorado Lineament, the anticline limb 

to the northwest of the House Creek/Colorado lineament is larger than the anticline to the south-

east of the lineament; This observation agrees with prior interpretations of wrench faulting on the 

House Creek/Colorado Lineament (Stevenson & Baars, 1986; this study Figure 4.6).

 It is important to note that at early Pennsylvanian time, evaporitic sediments of the Par-

adox Formation were deposited in restricted basins throughout this region as evidenced by well 

and seismic data. In-keeping with the seismic interpretation from Composite 1 (Figure 4.7) there 

is a restricted basin to the northeast of the anticline developed in Figure 7.5 in which evaporitic 

sediments are being deposited. Even after mountain building in this area, Composite 1 (Figure 

4.7) and associated gravity modeling (Chapter 5) show that the evaporite body is preserved on 

the ‘back’ of the incipient faulted monocline (Figure 7.6 & Figure 7.7).

7.1.4 Continued Compression and Structural Partitioning

Figure 7 6 : 
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 Further compression from on oblique northerly direction resulted in continued defor-

mation in the study area. In the dataset, continued Pennsylvanian-Permian-age deformation is 

expressed where basement-involved reverse faults to the southwest of the surface trace of the 

Uncompahgre Uplift (southwest of Fault R1 in Figure 4.5 and Figure 4.7) deform the top-Missis-

sippian horizon. Figure is an approximate fault heave map of Fault A from profiles -028 and -026 

(Figure 4.2 and Figure 4.3)

 In schematic form, block diagram D (Figure 7.7) shows how continued stress in the 

region is expressed as the strain exhibited at the faulted monocline immediately northwest of the 

House Creek/Colorado lineament. Block diagram D illustrates continued structural partitioning 

along the House Creek/Colorado lineament. Structural partitioning in the study area controls the 

transition between faulted monocline to the northwest of the lineament (Figure 7.7) compared to 

the minorly-faulted asymmetric anticline (shown in seismic profile PB-88a included in Figure 

4.5) located in the southeast of the study area.

Figure 7 7 : 

Faulted monocline

Compressional strain partitioning controlled by NE-trending normal fault D
N

lower Paradox Fm. evaporites

similar to Fault A

Block diagram D. A faulted monocline develops to the northwest of the House 
Creek/Colorado Lineament. The lineament separates the faulted monocline from the un-
faulted monocline to the southeast. The faulted monocline in this figure is analogous to 
Fault A (Figure 4.2) and D (Figure 4.7). 
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7.1.5 Later, but dramatic Uncompahgre Uplift deformation.

 The most northeasterly fault (Fault R1 in Figure 4.5 and Figure 4.7) is pronounced in 

throw and heave, and its presence is corroborated by the increase in observed gravity in this 

location, as well (see: Figure 4.7 and Figure 5.11). On maps, Fault R1 is mapped along the sur-

face boundary of the Uncompahgre Uplift (Figure 1.4). In block diagram E, Fault R1 is the most 

northeasterly fault (Figure 7.8).

Figure 7 8 : 
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 The most rearward thrust may correlate to the later, Permian (Wolfcampian-age) episode 

of movement on the Uncompahgre Thrust system recognized by Huffman & Potter (1993). It is 

unlikely that the largest fault in magnitude is related to later Laramide reactivation because the 

base-Triassic unconformity visible in the seismic dataset also truncates the top of the most rear-

ward thrust plate and does not show significant offset compared to Precambrian basement units 

(Figure 4.7). In addition, Laramide reactivation of the fault surfaces in this area is minor accord-

ing to studies of surface outcrops (Heyman et al., 1986; Stone, 1977; Mankowski et al., 2002)

 This latest phase of Pennsylvanian-Permian-age compression effectively caps the sed-

imentary sequence stranded on the back (hinterland) of the faulted monocline (E, Figure 4.7), 

accounting for the unexpected gravity low revealed by the Redwine Resources Inc. Bouger 

Anomaly gravity survey (see Figure 4.7 and Figure 5.11).

7.2 Structural Analysis of latest Uncompahgre Thrust

Fault Plane Angle Computation:

 The angle of the fault plane in Figure 7.9 was calculated in several repeatable steps. 

These computations serve as a reality-check on the data, which were not depth converted for this 

study, and these computations also serve as a pseudo-depth conversion in an area of the dataset 

that does not have well log data for a radius of approximately 12 miles. The steps used to arrive 

at the calculated fault plane angle (Figure 7.9) are described below:

• First, it is necessary to determine a hypothetical velocity model for the body 

of rock in question. The most simple, easily repeatable method seemed prefera-

ble, so the seismic velocity in the overhanging thrust plate was estimated to be 

around 20,000 feet per second (Pers. Comn. Bob Grundy, 2015). Also, varia-

tion from the modeled velocity is to be expected, though variation would likely 

not be more than 2,000 feet/second. A variation in reality of faster speed in this 

medium would result in a smaller angle of fault with the surface. The opposite 

is true: if the medium is later found to possess a slower seismic velocity than 

20,000 ft/sec, then we would expect the fault plane to be steeper and have a 
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larger angle of intersection with the horizontal.

• It is important to note that a similar study by Berg (1962) focuses on the 

laramide tectonics of the Wind River Range. The study by Berg (1962) uses 

a modeled velocity of 18,000 feet per second to estimate the speed within the 

overhanging precambrian basement rock in that area. The calculation of 20,000 

feet per second in this area is reasonable due to the extremely thin interpreted 

layer of sedimentary rock resting upon the upthrust precambrian crystalline 

rock in the fault investigation area (Ray et al., 1983).

• After determining an estimated velocity, the length of fault is computed 

from the data (10,998.24 feet as shown in Figure 7.9).

• An estimated one way travel time is gleaned from the data. This time is .356 

seconds as shown in Figure 7.9.

• Using the estimated velocity of 20,000 feet per second, we convert .3565 

seconds time to a distance of 7130 feet. This is the estimated vertical thickness 

of the Precambrian basement block.

• Using right-triangle trigonometry, it is clear that the angle between the fault 

plane and horizontal in the plane of the seismic line profile “2-1” is approxi-

mately 33 degrees.

 It is important to note that this model is likely not exactly correct, but is a very good 

estimation of the apparent angle of this fault. It is also necessary to remind the reader that the 

nature of an apparent dip in outcrop-view applies to this calculation on seismic data--put simply, 

the true dip of the fault plane when measured in 3D space is either equal to 33 degrees, or it is 

slightly steeper (a greater angle).

 From viewing several seismic profiles in the dataset at the same vertical exaggeration, it 

is clear that most faults cutting precambrian crystalline rock in the dataset have generally simi-

lar apparent angles of dip. Therefore, it is possible to generalize the nature of the Uncompahgre 

Thrust in this area based on the calculations made concerning Figure 7.9.
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Figure 7 9 : 
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7.3 Implications of fault plane angle regarding study area fault geometry

 The calculated angle of the Uncomapahgre Fault in this area is approximately 33 degrees. 

Therefore, using recent experimental clay models, we should be able to make predictions about 

the general morphology that should be expressed in outcrop geology in this area.

 Experimental clay models created in a study by Miller & Mitra (2011) indicate how sur-

face deformation zone width is related to the angle of the master fault at depth in a compressional 

setting.

Figure 7 10 : Clay model by Miller & Mitra (2011). Illustrates experimental fault geom-
etries and deformation zone width based upon a 30 degree master fault at depth. Area 
between “s” and “a” is zone of surface deformation.

 This model is an approximate view of the Uncompahgre Thrust during early Pennsyl-

vanian time. The viewer should note that when compared with other models with successively 

steeper basement faults, the model in Figure 7.10 exhibits the widest surface deformation zone, 
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and actually has quite steep subsidiary fault expressions in the overlying sedimentary cover 

(Miller & Mitra, 2011).

 Using work by Miller & Mitra (2011), future studies could examine the Uncompahgre 

fault where it borders the Paradox Basin and diagnose the expected angle of the master fault at 

depth as predicted by the surface width of deformation drawn perpendicular to the apparent trend 

of the Uncompahgre Uplift.

7.3.1 Drawbacks of Miller & Mitra (2011) clay model

 There are problems with the clay model by Miller & Mitra (2011) when the model is 

applied to this study area. The clay model does not account for the fact that there is salt beneath 

the sedimentary section in the footwall of the subsidary faults (see: profile -028, Figure 4.2). This 

creates a much wider deformation zone at the surface and also creates a zone where the hanging 

wall goes structurally flat along the top of the Paradox Formation as viewed in seismic profile 

-028 (Figure 4.2). Structural deformation is transmitted basinward horizontally from the frontal 

fault along the salt detatchment (Figure 4.2).

7.3.2 Revised Fault Map

 From examination of the seismic data used for this study, the northeast/southwest trend-

ing lineaments associated with the House Creek/Colorado lineament, discussed above, are crucial 

partitions for the along-strike structural style of the Uncompahgre Thrust Fault bordering the Par-

adox Basin. Figure 7.11 is a plan view fault framework map traced from a 3D fault framework 

developed in Schlumberger’s Petrel software. Red Faults represent the Sneffels Horst structural 

feature, the purple faults represent the continuation of the House Creek/Colorado Lineament, the 

brown fault is the faulted portion of the monocline developed in block diagram C (Figure 7.5), 

and the green fault is the same post-salt, listric normal fault that shows later inversion in seismic 

profile MPI (Figure 4.6).
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Figure 7 11 : 
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CHAPTER 8. CONCLUSION

 Conclusions drawn from the dataset regarding fault timing, sedimentary thickness, and 

structural field relationships lend insight regarding the geologic history and structural develop-

ment of the study area.

8.1 Uncompahgre Fault geometry

 The Uncompahgre Thrust near Nucla, Colorado is a complex fault system that involves 

two main episodes of compression that are visible on seismic data. The fault system appears to 

have evolved as a backstepping fault system through time, and the later (northeastward) faults 

have significantly greater offset than the earlier (southwestward) faults. Judging from sediment 

geometries within the dataset onlapping the upthrust blocks, the first faulting episode was charac-

terized by rapid onset, and then a later period of minor back-stepping thrusts that cut the mono-

cline in the northwest of the study area (profile PB-88a, Figure 4.5). These minor back-stepping 

thrusts are relatively small in offset (less than .5 miles in throw).

 Fault R1 appears to have large offset; at least 10,000 feet of throw, though it is difficult 

to determine the extent of the fault because the top of the hanging wall has been eroded between 

Pennsylvanian-time and the early Triassic period.

8.2 Fault R1 overrides evaporitic sediment

 This thesis has tested several different scenarios involving salt overridden by basement 

blocks. Scenarios that involve Precambrian basement detaching on a low-angle salt detachment 

for more than 10 miles do not fit with the observed geometry of the Uncompahgre Uplift in the 

study area. Basement hanging wall blocks detach on salt in the case of Fault A (Figure 4.2), 

however, this instance is further to the southwest than the case of Fault R1 (Figure 4.7). It is 

more likely that evaporitic sediment to the hinterland of the most basinal Uncompahgre Thrust in 

my study area was deposited in the hinterland of the original anticline in the area, and was sealed 

in-situ by Fault R1 (Figure 4.7).  Composite 1 is palinspastically restorable (Rowan & Ratliff, 
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2012).

8.3 Heterogeneous character of evaporite sediments as control on mountain front structure

 The dataset does not give evidence that mountain front geometries evident in the dataset 

were a result of heterogeneous distribution of early Pennsylvanian-age evaporite facies. Lines 

028 and -026 (Figure 4.2 & Figure 4.3) do not offer conclusive evidence that the most southwest-

ern early Pennsylvanian-age faults were aided by the presence of ductile evaporite in the foot-

wall of the faults (see Fault A, Figure 4.2). Heave of a minimum of 4.5 miles for Fault A is not 

significant when compared to the length of offset along Fault A in the crust of the earth. Only a 

very small percentage of fault A is influenced by evaporites in the footwall of the fault, consider-

ing an approximate angle of fault at depth of 33º.

 There is also not evidence in this dataset that the Uncompahgre Thrust faults are pref-

erentially located along trends of more evaporite accumulation. The presence or absence of 

evaporites in the foot-wall of an ancestral Uncompahgre fault is a secondary factor and does not 

appear to determine the location of these faults. It seems more likely that--given the scale of the 

ancestral Uncompahgre Uplift faults, it is more likely that continent-scale tectonic forces are 

responsible for the locations of the majority of deformation viewed in this dataset, rather than the 

medium that the hangingwall encountered during deformation.

8.4 New frontiers

 New frontiers in the Paradox Basin are hidden beneath areas that have already been 

‘mapped’. New technology, physical models, 3D visualization software, and gravity modeling 

software have given new tools to inquire about the earth.

 With this study, it quickly became clear that the oft-studied and seemingly well-under-

stood Uncompahgre fault is instead a poorly defined feature considering the rich history of study 

in the Paradox Basin. Very few researchers agree on the location of the Uncompahgre Thrust 

in map view. The proliferation of proprietary seismic data seems to play a role. Many authors 

have seen data that biases the mapped trace of the Uncompahgre Fault in his or her work, but for 

ownership reasons, these geologists cannot provide supporting evidence for the placement of the 
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Uncompahgre Fault.

 From this research it has become clear that a suite of maps could be created from the 

existing seismic data and well control along the Uncompahgre Thrust. Of primary interest are 

the front-most reverse structures associated with the Uncompahgre Uplift. If oil and gas success-

es of the past are any indicator, then explorationists may target an upthrown block of thickened 

Mississippian Redwall or Leadville limestone with great success. However, finding these elusive 

trapping geometries with source nearby and mature, with a good seal, may prove to be a difficult 

search.

 If the data from this study are any indication, there exists a much greater structural com-

plexity along the entire Paradox Basin-bounding Uncompahgre Fault than has previously been 

recognized.
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