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ABSTRACT 

Salt can provide the structure and seal necessary for hydrocarbon entrapment. However, it may 

lead to structural complexities, such as compartmentalizing a hydrocarbon reservoir through supra-salt 

faulting. Outcrop analog studies provide exceptional opportunities to observe how salt-influenced fault 

geometries evolved spatially and temporally. The Salt Valley salt wall in the northern Paradox Basin is an 

exceptional location to study supra-salt faulting due to the proximity of world-class outcrops and a 3D 

seismic reflection dataset. This proximity enables fault slip kinematic information from outcropping fault 

surfaces to be assigned to 3D fault geometries mapped in the subsurface.  

The Salt Valley supra-salt fault array is approximately 40 km long, trends parallel to and detaches 

downward onto the NW-plunging salt wall. Integration of 3D seismic reflection data, wells, published 

maps, satellite imagery, and structural field measurements enabled the interpretation of the spatial and 

temporal evolution of the fault array.  

Several kinematic analyses coupled with detailed geometric fault descriptions were used to 

determine the growth history of the studied subsurface fault array, which consists of a series of 

overlapping fault segments up to 12.5 km long, with throws of hundreds of meters, defining a series of 

crestal grabens and half-grabens. Outcropping faults are of similar length, though offset from the 

subsurface study by approximately 500 meters. This proximity facilitates field to subsurface correlation. 

Along the strike of the fault array, there are notable changes in the dip direction of the half-graben master 

faults and regions of varying fault strikes. These changes reflect heterogeneities of the top-salt geometry. 

Fault linkage analyses such as: fault throw-length (T-L); throw-distance (T-x); throw-depth (T-z), 

as well as qualitative distribution of fault throws from map and strike views indicate that the subsurface 

fault segments are over-displaced and have complex fault segment linkage histories. This over-

displacement may be evidence for a hybrid fault growth model, where faults initially grew per the isolated 

fault model, but spent much of their growth history through coherent fault growth.  Additionally, faults 

analyzed in this study display non-fractal throw distribution, indicating that faulting is controlled by 

localized zones of strain that coincide with asymmetries in Top-Paradox Salt.   
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CHAPTER 1 INTRODUCTION 

Many of the world’s largest hydrocarbon provinces are present within salt basins (e.g., Gulf of 

Mexico, North Sea, Persian Gulf, Campos Basin and Pricaspian Basin) (Hudec and Jackson, 2007). By 

definition, these basins contain large accumulations of the evaporitic minerals, such as halite (NaCl), 

which possesses unique physical and chemical properties (i.e., thermally conductive, incompressible, 

diffusive, etc.) that allow it to behave in a unique geologic manner (Hudec and Jackson, 2007). For 

instance, salt is mechanically weak in comparison to other lithologies and has the ability to accommodate 

strain and displacement through ductile flow at geologically rapid strain rates, and at shallow depths (< 

1.6km) (Hudec and Jackson, 2007; Tvedt et al., 2013). This allows salt to act as a décollement (Morley et 

al., 2003), inhibit the propagation of faults (Richardson et al., 2005),  significantly affect the geometry and 

evolution of overlying (supra-salt) fault arrays (Schuster et al., 2009; Tvedt et al., 2013), and impact the 

presence, stratal geometry and distribution of sedimentary systems (Giles and Lawton, 2002; Kluth and 

Duchene, 2009; Hearon IV, 2013). The presence of salt can influence almost every aspect of a petroleum 

system. It’s high thermal conductivity can affect the timing of source maturation, and salt can also can 

also act as a seal for fluid migration (Hudec and Jackson, 2007). Furthermore, the presence of evaporites 

can significantly complicate an otherwise relatively simple structural evolution.  

In a general sense, the nucleation and growth of non-salt related normal faults and the 

subsequent development of fault relay ramps have been observed globally and described extensively in 

literature (e.g., Walsh and Watterson, 1988; Peacock and Sanderson, 1991; Dawers et al., 1993; Trudgill 

and Cartwright, 1994; Cartwright et al., 1995a; Dawers and Anders, 1995; Huggins et al., 1995; Childs et 

al., 1996; Mansfield and Cartwright, 1996; Contreras et al., 2000; Peacock, 2002; Walsh et al., 2003; 

McLeod et al., 2008; Jackson and Rotevatn, 2013). Normal fault zones are typically composed of arrays 

of fault segments that are separated from one another in map view and cross-sectional view by fault 

relays (Peacock and Sanderson, 1991; Walsh and Watterson, 1991; Trudgill and Cartwright, 1994; 

Huggins et al., 1995; Walsh et al., 2003).The surficial growth of normal faults can occur through a 

combination or one of two distinct mechanisms: (1) The isolated fault model (Figure 1.1a); (2) the 

coherent fault model (Figure 1.1b).  
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Figure 1.1. Conceptual models to explain the evolution of normal fault systems. (a) the isolated fault 
model (b) coherent fault model; (i) plan-view; (ii) strike-projection; (iii) throw-distance (T-x) plots; (iv) 
cross-sections; and (v) throw-depth (T-z) plots are shown to illustrate the key geometrical and 
evolutionary aspects of each fault growth model. The black arrows in (ii) show the structural level of map 
shown in (i). Tmax ¼ throw maximum. T1-T3 ¼ key time steps in their evolution. Figure and caption taken 
from Jackson and Rotevatn, 2013.  
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Fault growth in the isolated fault model (Figure 1.1a) is defined by independent faults that grow 

through radial propagation of tip-lines, causing the independent faults to eventually link-up. This model is 

associated with incremental increases in fault length and linkage of fault segments (e.g., Walsh and 

Watterson, 1988; Trudgill and Cartwright, 1994; Cartwright et al., 1995b; Dawers and Anders, 1995; 

Huggins et al., 1995; Contreras et al., 2000; Mansfield and Cartwright, 2001; Jackson et al., 2002). More 

specifically, independent fault surfaces can nucleate from the onset of an extensional deformation event 

and remain active throughout deformation (Jackson and Rotevatn, 2013). If the independent fault 

surfaces have similar dip direction, are subparallel to one another, and closely spaced, fault segment 

growth from radial propagation can cause the once isolated segments to overlap leading to the initiation, 

formation, and eventual breaching of fault relay ramps (Peacock and Sanderson, 1991; Peacock, 2002). 

Figure 1.2 illustrates an example of the temporal evolution of an array characterized by the isolated fault 

model (Jackson et al., 2002). Conversely, fault growth in the coherent fault model (Figure 1.1b) is 

described as fault surfaces that appear to be isolated in map view, but in three-dimensions, these faults 

are in fact connected as one coherent fault at depth (Childs et al., 1996; Walsh et al., 2002, 2003; 

Jackson and Rotevatn, 2013). Specifically, the length of the original fault surface is achieved early in the 

faults movement history, and once reached, fault growth occurs through vertical or horizontal splaying 

from the initial surface (Giba et al., 2012). Therefore, the coherent fault model is sometimes associated 

with fault reactivation, where subsequent tectonic deformation events reactivate a preexisting fault 

segment, and new fault segments nucleate from a horizontal or vertical tip-line of the original.  

Recognizing the geometric differences between the isolated fault and the coherent fault growth 

models is essential when determining the kinematic evolution of a fault array. However, the presence of 

mobile evaporites may critically affect these relationships. Salt can affect the isolated and coherent 

models by: introducing mechanical barriers and impede lateral or vertical fault propagation; surficial 

asymmetries creating zones of compartmentalized strain; and surficial asymmetries can also introduce 

preexisting points of weakness, where faults will preferentially form. Specifically, research conducted on 

the supra-salt fault array over the Suez Rift concluded that segment growth may have evolved under both 

coherent and isolated fault models (Jackson and Rotevatn, 2013).  
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The large quantity of salt in the geologic record drives researchers to better understand the role 

that mobilized evaporites play in evolving salt systems, especially in regions undergoing petroleum 

exploration. Salt-related tectonic activity adds a dimension of uncertainty to many of these already high-

risk exploration production projects. Technological advances in subsurface imaging have assisted in 

constraining the role that salt plays in these evolving structural systems, but both salt and fault 

geometries are often still poorly imaged. Along-strike variations in fault geometries can be bested in areas 

where the field is offset from a subsurface dataset.  

 

Figure 1.2. (a) Key features used to detect the growth of a normal fault zone using the isolated fault 
model. Originally isolated fault segments radially propagate and link-up. Hard-linkage of en-echelon 
segments result in a fault zone with distinct along-strike jogs at paleo-segment margins. (b) Multiple 
displacement maxima and minima identify the locations and lengths of the paleo-segments. Displacement 
redistribution, post-linkage (stage iii) maintains the T-L scaling laws for a single isolated fault. Modified 
from Jackson et al., 2002 after Cartwright et al., 1995. 

Outcrop analog studies provide an exceptional opportunity to comprehend how salt-influenced 

fault geometries evolved spatially and temporally. Exposures of supra-salt fault scarps with preserved 

kinematic evidence (i.e. slicken-lines) provide tangible evidence to populate kinematic models that 

quantify the temporal and spatial evolution of fault systems. Several studies have been conducted in the 

Paradox Basin to study these surficial exposures (Trudgill and Cartwright, 1994; Huenink, 2009; Pless, 
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2014) however, a synthesis of field to subsurface observations is necessary to apply these sub-seismic 

scale exposures to subsurface salt-influenced hydrocarbon basins throughout the world.  

The Paradox Basin in southeastern Utah is an example of a salt-influenced petroleum basin 

where the petroleum system is directly associated with evaporites. The near-surface salt bodies that 

characterize the basin provide an opportunity to observe salt-involved normal faulting in the field. Small-

scale petroleum production is present throughout the basin, however, the majority of production is limited 

to the southwestern margin (Stevenson and Wray, 2009). As a result, the entire basin has been subjected 

to different levels of petroleum exploration (e.g., 2D & 3D seismic reflection data collection, wild-cat well 

penetrations), in very close proximity to exposed outcrops. This relationship facilitates a suitable area to 

build an integrated structural model of a supra-salt fault array that can be populated with kinematic data 

collected in the field.  

 

Figure 1.3. Map of the locations and size of discovered petroleum fields in the Paradox Basin (Stevenson 
and Wray, 2009). 

The primary aim of this study is to observe and to describe the present-day outcrop and 

subsurface fault geometries over the Salt Valley salt wall location (Figure 1.4). These observations are 

possible through the use of an integrated database composed of digitally collected field measurements, 

as well as a suite of subsurface data including 3D seismic reflection data, borehole penetration data and 
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published cross-sections. Exposed faults and those in the subsurface will assist in determining how the 

supra-salt faults nucleated and evolved to their present-day fault array geometry. 

 

Figure 1.4. Location maps of the Paradox Basin (a) Paradox Basin in respect to the southwestern United 
States (b) magnified view of the northern Salt Anticline region of the Paradox Basin (after Doelling, 1983; 
Trudgill et. al, 2004; modified from Trudgill and Arbuckle, 2009 and Lehmann, 2015).  

Several objectives were established to accomplish these goals: (1) collect key measurements 

(i.e., orientations of bedding planes, faults, and slickenlines) where the supra-salt faults are exposed; (2) 

project a geologic map of key units and structures onto a 5-meter resolution DEM; (3) generate several 

inset-maps on high-resolution aerial imagery to highlight fault orientations collected in the field; (4) 

produce a 3D seismic interpretation of the Salt Valley salt wall using available subsurface data; (5) 
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identify geometric similarities between surficially-mapped and subsurface faults; (6) examine three 

dimensional fault-horizon and fault-fault geometries and interactions using the interpreted subsurface fault 

framework; (7) conduct independent throw distribution studies on two separate fault zones to compare 

fault segment link up histories; and (8) apply the results of this project to make general assumptions of 

the spatial and temporal evolution of the supra-salt fault array in Salt Valley and how the underlying 

evaporite wall may have influenced the structural style. 
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CHAPTER 2 GEOLOGIC CONTEXT 

2.1 The Paradox Basin 

The Paradox Basin, located in the Four Corners Region of the United States is a large (190 km x 

265 km) foreland basin that formed during the Pennsylvanian-Permian aged Ancestral Rocky Mountain 

orogeny (ARM) (Mallory, 1958; Barbeau, 2003) (Figure 1.4). The basin is characterized by the 

Pennsylvanian aged Paradox Formation, a vast volume of evaporite cyclothems with original thicknesses 

up to 3 kilometers (Hite, 1960; Peterson and Hite, 1969) that were deposited within the subsiding footwall 

fault block of the Uncompahgre Uplift. Differential loading of sediment shed from the Uncompahgre 

mountains mobilized the evaporite volume basin-ward (Barbeau, 2003), into NW-SE trending salt 

structures, that include salt pillows and salt walls (Shoemaker et al., 1958; Kluth and Duchene, 2009; 

Trudgill, 2011).    

 

Figure 2.1. Gravity gradient map from (Banbury, 2005) after data from Case and Joesting (1972), 
modified from (Trudgill, 2011). 
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In general, these structures are elongate, diapiric, salt walls that trend subparallel to the 

northwest-trending Uncompahgre thrust front, which bounds the basin to the northeast (Figure 2.2). 

Evidence for the subsurface geometries of these evaporite-cored structures is revealed by a gravity 

gradient map digitized by Banbury (2005) based on topographically corrected gravity data from (Case and 

Joesting, 1972) (Figure 2.1). High gravity gradient values represent the steep flanks of each salt 

structure, coinciding with an interpreted isopach map of the Paradox Formation (Figure 2.2) that was 

generated from integrating seismic reflection data, well penetrations, regional cross section data, and 

exposed gypsum bodies (Paz, 2006).  

 

Figure 2.2.  Present-day Paradox Formation isopach map based on seismic interpretation, well data, and 
published data (Trudgill and Cartwright, 1994; Paz, 2006; Trudgill and Paz, 2009). 

Extensive research has been conducted to better understand the evolution of the structural trends 

of the present-day salt bodies in the Paradox Basin (e.g., Dane, 1935; Cater and Craig, 1970; Gard, 

1976; Kluth and Coney, 1981; Stevenson, 1986; Barbeau, 2003; Kluth and Duchene, 2009), resulting in 

the hypothesis that northwest-southeast trending pre-salt structures may have influenced the nucleation 

and development of the salt walls. Further research by (Lehmann, 2015) supports the hypothesis that the 

location and geometry of the northwest-trending elongate salt walls are influenced by pre-existing 
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Precambrian basement normal faults, with a secondary, northeast-trending basement fabric that 

compartmentalizes the lateral extent of the salt walls (Figure 2.2) (Hite, 1975; Warner, 1978). Although 

these fault zones originated in the Precambrian, these zones of mechanical weaknesses were reactivated 

during the Pennsylvanian-Permian Ancestral Rocky Mountains, however, the Late Cretaceous to early 

Eocene orogenic event, the Laramide Orogeny fold and fault belt seems to bypass some areas of the 

Colorado Plateau (Barbeau, 2003). Specifically, it is thought that the principal structures of the Paradox 

Basin show negligible amounts of structural disturbance from the Laramide, and more importantly, the 

salt structures were amongst the least affected from this compressional period (Barbeau, 2003). Apart 

from the salt anticline region, Laramide reactivation is primarily documented on the northeastern end of 

the Uncompahghre fault, however, 2D seismic reflection data reveals that this fault reactivation is not 

documented on the southwestern end of this fault zone (Timbel, 2015). 

 

Figure 2.3. Simplistic illustration of the NW-trending and NE-trending Colorado Lineament basement 
structures (pre-salt), as well the proximity of salt structures and igneous intrusions. Green dashed polygon 
represents the approximate location for this research (modified from Lehmann, 2015 after (Baars, 1966). 
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2.2 Salt Valley salt wall 

One such northwest-trending diapiric structure is the Salt Valley salt wall, which is present on the 

north side of Arches National Park. This salt wall has an aerial extent of approximately 190km2. Here, a 

thick sequence of primarily Mesozoic sedimentary rocks are draped along the flanks of a thick core of salt 

(Gard, 1976; Doelling, 1983; Doelling and Kuehne, 2013). Specifically, these units range from the 

Pennsylvanian-age Paradox formation, through the Permian, Triassic, Jurassic, and up to the Cretaceous 

aged Mancos Formation (Figure 2.4). The surficial expression of the Salt Valley salt wall was first 

described by (Dane, 1935), while Gard (1976), assessed the viability of using the Salt Valley salt wall as a 

location for nuclear waste disposal, and numerous boreholes have been drilled with the intent of targeting 

oil and mining potash. Extensive stratigraphic analysis and description has been conducted in the 

northern Paradox Basin (Figure 2.4) (Hite and Gere, 1958; Hite, 1960; Peterson and Hite, 1969; Doelling, 

1983; Hite et al., 1984; Mack and Rasmussen, 1984; Trudgill, 2011; Doelling and Kuehne, 2013), but to 

date, an understanding of the evolution of the supra-salt fault array related to the Salt Valley salt wall has 

not been developed. Supra-salt fault systems in the Paradox Basin have been studied previously (Trudgill 

and Cartwright, 1994; Huenink, 2009; Pless, 2014) however this research focuses on the crestal and 

flanking fault array on the Salt Valley salt wall.  
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Figure 2.4. Generalized stratigraphic column of the northern Salt Valley Anticline. Colors represent units 
mapped in the field (modified from Doelling and Kuehne, 2013).    
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CHAPTER 3 METHODS 

The fault array examined in this field and subsurface research is approximately 40 km long and 

overlies the northern extent of the Salt Valley salt wall within the northern Paradox Basin. The aim of this 

study is to characterize the role of mobile evaporites on the nucleation and growth of individual faults and 

on the array as a whole. Through the use of depth converted 3D seismic reflection data, borehole 

penetrations, published maps, high-resolution aerial imagery, and a collection of detailed field 

measurements, we are able to build a multidisciplinary database was constructed in order to build an 

integrated structural framework of the supra-salt fault array, as it plunges northwest into the subsurface 

(Figure 3.1).   

 

Figure 3.1. Annotated screenshot taken from Petrel to illustrate how different data sets can be integrated 
to create a robust database. This 3D diagram shows interpreted segments (i.e. Top Paradox Salt, 
interpreted fault segments) and dataset used (i.e. the outline of the 3D Salt Valley seismic survey, well 
penetrations, and published cross-sections). 

Structural and stratigraphic field measurements were collected in the field during the Fall of 2015, 

along the exposed western-flank of the Salt Valley salt wall (Figure 3.3). Structural measurements from 
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exposed fault scarps were collected using Midland Valley’s FieldMove Clino application (Figure 3.2) 

These measurements consisted of: strike, dip, and preserved fault-slip indicators (trend and plunge). 

These data were used to populate and build a regional structural map. Observations from the up-dip 

(southeastern) extent of the subsurface fault array can be made through field mapping. Digitally collected 

field measurements were used to analyze the kinematic evolution of the fault array (Figure 3.3, 3.4). 

Geologic contact maps constructed in this study were drawn on high-resolution aerial images that were 

draped over digital elevation models (DEM’s). The presence of these structural contacts were verified in 

the field. Field observations and subsurface interpretations are compared to previous studies in the region 

and literature to determine how the fault segments in the array nucleated and evolved.  

 

Figure 3.2. Exposed fault scarp showing oblique kinematic indicators (slickensides). 
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Figure 3.3. Screen-capture of all digitally collected field measurements projected onto a 5-meter 
resolution DEM. These orientations provided guidance for map construction and kinematic analyses.  
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Figure 3.4. (a) Screen capture of digitally collected field measurements (fault, slickenlines) on a high 
resolution (30 cm) aerial photo, (b) lightly interpreted aerial photo illustrating how the maps were initially 
drawn.  
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A subsurface 3D structural framework of the northern Salt Valley salt wall was constructed using 

a 3D two-way-time (TWT) seismic reflection survey from Tidewater Oil & Gas, as well as data from 23 

borehole penetrations in Petrel. This survey has a maximum aerial extent of approximately 180 km2 and 

is located over the northwest portion of the Salt Valley salt wall (Figure 3.5)(Tables 3.1 and 3.2).  

 

Figure 3.5. Screenshot from Petrel showing the subsurface data distribution used in the Petrel study. 

Table 3.1. Seismic Geometry Information. 
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 Wells with check-shot data were provided with the seismic dataset (Table 3.2) enabling well-to-

seismic ties along multiple well and seismic profiles (Figure 3.6). Initially, these ties assisted in building a 

seismic-stratigraphic interpretation which, combined with the use of seismic attributes (i.e., chaos) guided 

a first-order structural framework in two-way-time (TWT) (Figure 3.7 and Figure 3.8). Specifically, the 

subsurface interpretation was constructed using both inlines and crosslines, on 4-line gridded spacing 

(approximately 134m between interpreted lines). In regions with more complex structural deformation, the 

resolution of these grids increased to single line and crossline interpretation as well as interpreting on 

arbitrary seismic profiles with orthogonal orientations aimed to capture the true dip of normal faults.  

Table 3.2. Screenshot of wells and their locations utilized in study. 

 

This initial interpretation combined with the well-to-seismic ties enabled of an interval velocity 

model to be generated. Well-to-seismic ties are used to tie acoustic impedances of seismic to raw 

lithologic properties from borehole data (velocities and densities). Variables used in constructing this 

calculated interval velocity model are outlined in Appendix A. Once created, this model was used to 

depth-convert the SVA-3D seismic volume. This depth conversion was necessary to carry out static-

structural fault characterization analyses on the smoothed, fault and horizon framework. 
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Figure 3.6. Seismic-well intersection of Inline #401 and Blaze "C" #1 well. This figure highlights the three 
key stratigraphic horizons used in this study. The stratigraphic column on the left has been modified from 
Doelling and Kuehne, 2013. 
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Detailed fault and stratigraphic horizons were interpreted using the depth-converted 3D seismic 

volume. Although many seismic horizons were originally interpreted, only three seismic horizons were 

selected to build the 3D structural framework of the supra-salt fault system. The Cretaceous-age Juana 

Lopez Member of the Mancos Formation (Kmjl), the Tununk Shale Member of the Mancos Formation 

(Kmt), and the Dewey Bridge Member of the Curtis Formation (Jcd) were selected because of their 

presence throughout the seismic survey, as tops in most well-penetrations, and their consistent seismic 

stratigraphic character (Figure 3.6). The Juana Lopez represents the youngest and The Dewey Bridge the 

oldest unit mapped to define the supra-salt fault array. Although there are many stratigraphic units 

present between the Tununk Shale and Dewey Bridge members, rapidly changing lithologies, unit 

thicknesses as well as poor seismic resolution make it difficult to track a representative seismic character 

within this seismic survey.  

The initial supra-salt structural framework composed of the three stratigraphic intervals and 

mapped fault network was exported from Petrel and imported into Badley’s Geosciences Ltd., TrapTester 

7 to more easily manipulate the framework and sculpt fault-fault and fault-horizon intersections. Fault 

branch-lines, defined as lines of intersection with cross-cutting faults, were picked to connect fault 

segments to one another in areas where fault relay ramps were breached. Specifically, the branch-line 

refers to a fault stick of a “splay fault” that is drawn onto the “master fault” segment. This stick sutures the 

splay faults surface to the master fault. 

This 3D structural framework was then used to conduct static structural framework analyses such 

as throw-length (T-L), throw-segment length (T-x), throw-depth (T-z), and qualitative distribution of fault 

throws from map and strike views. High-resolution field mapping of fault traces and fault-slip kinematics 

was compared to the subsurface fault framework models. Using TrapTester and Move, static structural 

characterization of the 3D structural framework combined with detailed field measurements of fault-slip 

indicators provided valuable insight into the initiation and kinematic evolution of this supra-salt fault array. 
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Figure 3.7. Seismic profiles of Inline #243 Annotations hint at key features that aided in the first-order 
structural interpretation in time (TWT). (a) original amplitude volume (b) annotated chaos volume, blue 
dashed line shows the approximate outline of a very discontinuous body, interpreted to be Paradox Salt; 
Green arrows point to linear discontinuities, interpreted as faults; continuous reflector labels overlay areas 
that do not show major linear discontinuities and for the most part have a planar geometry. 
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Figure 3.8. Example of an interpreted seismic profile in time (TWT). This interpretation has been built based on features seen in the original 
amplitude and chaos seismic volumes.

Salt Valley    
salt wall 

Crestal fault array 
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CHAPTER 4 SUBSURFACE OBSERVATIONS AND ANALYSIS 

4.1 Structural Geometries 

The proximity of the 3D seismic survey to mappable surface faults provides an exceptional 

opportunity to observe the along strike geometric variation of the fault array in Salt Valley. Specifically, the 

subsurface fault segments interpreted on the southeastern end of the 3D survey can be tied confidently to 

the surficial faults that outcrop on the northwestern edge of the field area. This tie is possible because the 

3D seismic reflection dataset is only offset by approximately 700 meters from the mapped fault array 

(Figure 4.1). This proximity facilitates advanced structural analyses that require the integration and 

extrapolation of seismic to subseismic-scale data. 

The subsurface fault array is composed of a series of overlapping fault segments with lengths up 

to 6 km long (Figure 4.2). For descriptive purposes, the fault array has been divided into 4 primary fault 

groups, which are defined by strike orientation and dip angles (strike-dip) (Figure 4.3). The naming 

parameters as described below will be used throughout the remainder of this chapter.  

1. Northwest-southeast striking, east dipping (NW-E) – Black 

2. Northwest-southeast striking, west dipping (NW-W) – Pink 

3. East-west striking, north dipping (EW-N) – Blue 

4. East-west striking, south dipping (EW-S) – Green 

The distribution of the fault array’s strike orientations is illustrated in Figure 4.3a. The primary fault 

orientation is northwest-southeast striking, dipping both east and west. The orange fault surfaces highlight 

the NW-striking, E-dipping group, and the dark blue-green fault surfaces highlight the SE-striking, W-

dipping fault group. A secondary fault orientation strikes east-west, dipping both north and south (yellow 

and bright green surfaces, respectively) (Figure 4.3a). Figure 4.3b highlights the variation in fault surface 

dip, independent of strike. Red-yellow surfaces represent fault surfaces with dip values of 90- 70 degrees, 

bright green surfaces 70-45 degrees, blue surfaces 45-30 degrees. These varying orientations are also 

identified in Rose diagrams of fault strike in Figure 4.4, where (a) is a rose diagram showing the entire 

subsurface fault population and (b) only includes the secondary east-west fault orientation.  
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Figure 4.1. Comprehensive regional map of the Salt Valley supra-salt fault system highlighting the 
proximity of subsurface dataset to field location. The 3D seismic reflection dataset is outlined in maroon. 
This map will be included in Appendix B as a large-scale plate. 

 

 

3D Seismic 
Reflection Data 
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Black arrows point to average strike in both populations, with 317 degrees and 80 degrees, for the entire 

fault population and east-west striking population, respectively. In general, only E-W faults dip within the 

90-70-degree range, and the majority of the entire supra-salt fault array have dips within the 70-45-

degree range. Some of the NW-striking, E-dipping faults show a change in dip from 70-45-degrees at the 

surface, rotating to a 45-30-degree angle, flattening with depth. The SE-striking, W-dipping faults primarily 

show a consistent 70-45-degree planar fault surface. 

 

Figure 4.2. Map view of all faults mapped using the 3D SVA seismic survey. Pink dashed polygon 
represents the maximum extent of 3D seismic data. 
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Figure 4.3. Map view of all faults mapped in the subsurface. Fault surfaces are colored to represent 
different attributes (a) strike orientations (b) dip angles. Pink dashed line represents the maximum extent 
of 3D seismic data.       

 

(a)               

 

 

 

 

 

 

 

 

 

 

(b) 
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Figure 4.4. Rose diagrams of fault strike for (a) entire subsurface array (b) east-west striking array. 

The supra-salt fault array can be split into fault family groups based on orientation (Figures 4.5a 

and b). The largest number of faults dip to the northeast, with the next largest population dipping to the 

southwest, conversely, the least populated orientations dip to the north and south (Figure 4.5a and b). 

The contoured poles to fault planes in terms of fault azimuth in Figure 4.5b shows the same relationship. 

Figure 4.5c highlights the variable dip-directions of the faults, showing that these orientations cluster 

spatially within the 3D seismic volume. Although both the NW-SW and E-W striking faults are present 

throughout the entire field area; these plots confirm that the E-W striking faults are very minor structures 

in the subsurface, and are only documented in the north-westernmost portion of the 3D seismic survey.  

  (a)               

 

 

 

 

 

   (b)  
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Figure 4.5. Subsurface fault array’s dip-direction (azimuth) orientations a) rose diagram of the dip-
directions (azimuth) of fault surfaces, greatest population shown as longest pedals (b) contoured poles to 
fault planes of fault dip-direction with a contour increment of 10, warm colors being highest, and cool 
colors least occurring. (c) map view of locations and distribution of the faults with various dip-directions. 

4.2 Stratal Geometries 

Three horizon-based surfaces were generated to constrain the distribution of deformation over 

the crest of the Salt Valley salt wall. The Dewey Bridge Member of the Carmel Formation (Jcd), the 

Tununk Shale Member of the Mancos Formation (Kmt), and the Juana Lopez Member of the Mancos 

Formation (Kmjl) were selected to illustrate the deepest, middle, and shallowest surfaces offset by supra-

salt faults, respectively (Figures 4.6a, c, and e). 

 

(c) 
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Figure 4.6. Surficial geometries of the three key stratal surfaces: a) Juana Lopez Member (Kmjl); c) 
Tununk Shale Member (Kmt); and e) the Dewey Bridge Member (Jcd). Solid and dashed black lines 
represent the footwall and hanging wall cutoffs for intersecting faults, respectively. Negative z values on 
colorbar represent values below sea-level. Orientations of faults that penetrate each stratigraphic unit are 
highlighted in black, pink blue, and green in b), d), and f).   

 

a)             b) 
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e)             f) 
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All three stratigraphic surfaces exhibit deformation from the supra-salt faults, and drape over the 

underlying Salt Valley salt wall (Figure 4.6). The offset on each stratigraphic surface is shown as void, 

white polygons in Figures 4.6a, c, and e. From these images, it is difficult to determine if there is any 

observed stratal thinning across the faults. The solid black lines outlining the white polygons highlight the 

up-thrown footwall cutoff, dashed black lines outline the downthrown hanging wall cutoff associated with 

each fault. The subsurface faults are broken up into four main fault families based on fault orientation: (1) 

NW-E; (2) NW-W; (3) EW-N; (4) EW-S. NW-E faults are black; NW-W, pink; EW-N, blue; EW-S, green. 

Although all three stratigraphic surfaces are deformed by a similar fault array, the frequency, length, and 

orientation of the deforming faults changes between them (Figure 4.6b, d, and f). 

All stratigraphic surfaces show similar spatial variations in fault orientations. In general, NW-E 

dipping faults are located on the western margin of the salt wall crest, NW-W faults are on the eastern 

margin of the salt wall crest. Additionally, the EW-S and EW-N faults are located off the crest of the salt 

wall entirely, and are located on the northwestern-most end of the subsurface research area, primarily on 

the western flank of the salt wall. Although the three stratigraphic surfaces have faults with the similar 

orientations and spatial variation, the total number of faults and orientation of each vary between each 

level. These fault variations are outlined in Table 4.1.  

Table 4.1. Fault segment variations between stratigraphic surfaces. 

 

The greatest number of faults deform the Dewey Bridge Member of the Curtis Formation, and the 

least in the Juana Lopez Member of the Mancos Formation. Specifically, there are approximately 28 

mapped faults that deform the Juana Lopez Member, 6 of which are independent segments, the 

remaining 22 are segments within linked fault zones (Figure 4.6b). The Tununk Shale Member has 

approximately 44 penetrating faults, 23 are shown as independent fault segments in map view, with the 

remaining 17 segments being portions of linked fault zones (Figure 4.6d). The Dewey Bridge Member has 
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47 penetrating fault segments as well as the most isolated fault segments of all three studied stratigraphic 

surfaces, with approximately 20 segments (Figure 4.6f).  

In general, these stratigraphic surfaces are structurally deepest in the northwest portion of the 

subsurface study area and become shallower-to-surficially exposed in the southeast portion (Figure 4.6). 

The Juana Lopez Member has the highest structural elevation in the southeast portion, where it becomes 

exposed. The most prominent fault orientations are NW-E and NW-W. The greatest structural relief is 

observed on a NW-E dipping fault. The Tununk Shale is the second shallowest unit. Similar to the 

overlying Juana Lopez, the Tununk is structurally highest in the southeast and the dominant fault 

orientations and structural reliefs are on NW-E and NW-W faults. The Dewey Bridge is the oldest and 

deepest surface, with most structural relief expressed on NW-E dipping faults (Figure 4.6).   

 

Figure 4.7. Schematic illustration of the presence of graben and half graben geometries along the salt 
wall crest. Half graben master faults consistently strike NW-SE, but the master-fault dip orientation 
changes from east to west dipping. Each seismic profile represents the same vertical and horizontal scale 
with no vertical exaggeration. 

  The faults that generate the most structural relief on these three mapped surfaces create 

a series of graben and half-graben that trend parallel to the underlying Paradox Salt surface; some of 
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these faults have throws of hundreds of meters. The master faults that define these graben and half-

graben are NW-SE striking, but the dip direction of the master fault changes from east dipping to west 

dipping along the length of the underlying salt wall (Figure 4.7). In addition to the changing orientation of 

the master fault, the crestal graben geometry changes from asymmetric to symmetric and back to 

asymmetric along the length of the salt wall. This symmetry and asymmetry correlates with the geometry 

of the top Paradox salt surface changing from a flat- to angular- crest, respectively (Figure 4.8). 

 

Figure 4.8. Annotated surface of Top-Paradox Salt surface in Depth (ft). Annotations highlight areas of 
symmetric and asymmetric crestal geometries. 

This asymmetry is most dramatic where the top of the Paradox Salt wall plunges into the 

subsurface at close to an 8-degree angle to the northwest. Further analysis of the top-Paradox Salt 

crestal geometry shows that this gentle plunge to the northwest is merely an average and can be easily 

broken into 6 domains based on plunge from the southeast towards the northwest (Figure 4.9). These 

zones are highlighted on crossline #161 in Figure 4.9. The first, southeastern-most domain covers 32% of 

the length of the salt wall, with an average plunge of 2 degrees to the northwest. Zones 2 and 3 follow the 

same, down-dip trend with increasing plunges of 10° to 14°, for 18% and 9% of the salt wall, respectively. 
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Zones 4 and 5 contrast with the previous three zones, because of their gain in elevation, with an initial 

incline of 7° shallowing out at 2° for 7% and 20% of the top-salt length, respectively. Zone 6 is signified by 

an abrupt change in plunge for the remaining 14% of the top-salt crest, plunging 33° to the northwest. 

 

Figure 4.9. Seismic profile of the along-strike plunge variation of the Salt Valley salt wall (a) and (b) map 
view of crestal salt surface within the 3D seismic survey.  

Several additional observations can be made when comparing the location of these six domains 

to the map view (Figure 4.10). Specifically, in locations where the salt wall maintains a consistent plunge, 

the crestal geometry is symmetrical (zones 1and 4). However, in zones 2, 3, 5, and 6, there are notable 

asymmetries, on the southwestern margin of the crest. These high-points on the southwestern side 

coincide with an increase of short supra-salt faults, and well-developed half-grabens, bounded by master 

faults that dip to the east (Inline #467, Figure 4.7).  

(a)                      

  

  

  

  

                  

 

 

(b)   
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Figure 4.10. Illustrating correlation between plunge, asymmetry, and master fault orientation. 

  One hypothesis for this correlation is that asymmetries in top-salt geometry can impact the 

nucleation and growth of fault geometries. Specifically, the mechanical properties of salt can hinder the 

lateral growth of faults. In this study, the dominant strike of faults is northwest-southeast. However, in 

areas where the top salt is asymmetric, the lengths of NW-striking faults are stunted, and strain is 

accommodated by the east-west striking secondary fault system. 
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4.3 Throw Distribution of the Supra-Salt Fault Array  

One way to investigate the growth history of the Salt Valley’s supra-salt fault array is to examine 

how throw is distributed throughout the system. By creating a 3D structural model, using 3D seismic data 

constrained by well logs, a more accurate throw distribution along each fault was completed. Throw along 

each fault was calculated at three stratigraphic levels: Juana Lopez Member; Tununk Shale Member; and 

Dewey Bridge Member (Figure 4.11).  

 

Figure 4.11. Aerial view of all faults mapped in the subsurface. The footwall and hanging wall traces of 
each stratigraphic surface are shown on each fault; footwall cut-offs are solid lines, hanging walls cutoffs 
are dashed lines. 

The throw distribution of the entire fault array is shown in Figure 4.12. In this figure, the color bar 

has been set to represent throw on all faults, with highest throw at 650m (red) down to lowest value of 0 

meters (blue). Individual fault throws are discussed in the next section. The greatest throw is recorded 

towards the center of the fault array, on NW-SE striking faults. The fault with the largest throw recorded in 

this supra-salt fault array has a NW-strike and is E-dipping. This fault has a throw of 640 meters, 

measured within the Dewey Bridge Member (approx. 2,100 ft). 
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Figure 4.12. Map view of all faults mapped in the subsurface, fault surfaces are colored based on 
maximum throw on the fault; all fault surfaces are colored to the same scale. 

 

Figure 4.13. Oblique view of fault surfaces. Faults are colored in accordance to throw on each fault. Warm 
colors represent highest throws, cool are lowest. All faults are on different scales, dependent on the 
amount of throw observed on the individual fault surface. 
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Figure 4.13 highlights how throw is distributed along each individual fault surface, warm colors 

showing where the maximum throw is present, cooler where there is little or no throw. Most faults 

increase in throw along strike, with largest offsets seen in the center of the segment, tapering towards 

lateral fault tips. However, the largest fault offsets are present in places where there are fault-to-fault 

interactions. These are zones where isolated fault segments have linked-up and joined an adjacent, 

subparallel segment, where they once overlapped. These zones of segment linkage are seen best when 

looking at the along-strike fault surfaces. 

4.4 Independent fault zone analysis  

Several fault analyses were selected to determine the growth history of the studied fault array. 

Specifically, this study focused on the results from the creation of: change of fault throw along segment 

length (T-x) plot; fault throw-depth (T-z) plots; and maximum fault throw vs. segment length compares to 

the global fault database, specifically how these normal faults plot against other normal faults throughout 

the world.  These analyses were conducted on two independent northwest-striking fault zones to 

investigate if there are any potential geometric or kinematic differences exists between the east- and 

west-dipping fault arrays (Figure 4.14).  

The first array is composed of three linked east-dipping fault surfaces. The second array is 

composed of four west-dipping fault surfaces that are linked. These arrays will be referred to as the East-

Dipping and West-Dipping Arrays, respectively. The East-Dipping array is composed of three linked fault 

segments: E1-3. The West-Dipping array is composed of W1-W4 segments (Figure 4.14). Both arrays are 

composed of fault segments that have consistent strike orientations (Figure 4.15a). However, these fault 

zones are composed of segments with surfaces that vary from planar- to listric- surface dips (Figure 

4.15b). This subchapter will contain detailed descriptions of the fault geometries from seismic 

interpretation on both the East- and West Dipping Arrays as well as outline the results from throw 

distribution analyses along both the East- and West-Dipping fault arrays.  
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Figure 4.14. Map view of the two arrays that have been selected for in-detail static structural analyses. 
The different colors represent individual triangulated fault surfaces, solid and dashed lines represent the 
footwall and hanging wall cutoffs for the key stratigraphic horizons that were deformed while faulting. 
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Figure 4.15. Structural orientations of the two arrays analyzed in this study: (a) strike of fault surfaces (b) 
dip of fault surfaces within each array. 

4.4.1 Geometry of the East-Dipping fault array 

The fault surfaces that comprise the East-Dipping array generally strike NW-SE and dip NE 

(Figures 4.15 and 4.16).  Fault surfaces E2 and E3 display a change in dip angle from 70-45-degrees 

down to approximately 30-degrees at depth. This listric geometry is not present on fault surface E1 

(Figure 4.17).  

 

Figure 4.16. (a) Map view of the E-Dipping array and specific locations of the constituent individual fault 
surfaces, black lines refer to the traces of the seismic profiles shown in later figures. (b) Strike-view of the 
three fault surfaces in the East-dipping fault array. 

 

North 

  a)                               b) 
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Figure 4.17. Variation in dip angle of each individual fault segment in the East-Dipping fault array E1 
maintains a consistent dip of ~60 degrees, and segments E2 and E3 segments have decreasing dip 
values with depth.  

Detailed interpretation on four seismic profiles highlights the stratigraphic and structural 

geometries present along this fault array, from north to south (Figures 4.18, 4.19, 4.20 and 4.21). Each 

figure contains three parts: (a) clean seismic profile; (b) interpretation; and (c) T-z (Throw vs. depth) 

crossplot of the fault surface at three stratigraphic intervals. The specific locations are marked in Figure 

4.16a. The four interpreted seismic profiles contain the same elements: stratigraphic horizons, top-

surface of the Paradox Salt, and normal faults. Specifically, the three key stratigraphic surfaces are 

shown in yellow, orange, and teal; Juana Lopez Member, Tununk Shale Member, and Dewey Bridge 

Member, respectively. The Salt Valley salt wall is shown as a polygon of light purple. The fault traces are 

colored as well as labeled on each profile to match their surfaces shown in Figure 4.16. Faults not 

present in E-Dipping array are annotated as very thin, dashed black polylines. 

Figure 4.18 shows the northernmost profile, Inline #345. The footwall-side (SW) of the fault trace 

displays a uniform, tabular geometry between the three stratigraphic units. This tabular geometry may 

mean that these units on the footwall were unaffected by structural deformation. On the hanging wall side, 

the units are slightly upturned towards the fault. This concave-up geometry is most pronounced at the 

elevation of the Dewey Bridge Member, and less prominent at the Tununk Shale and Juana Lopez 

North 

75      60       45       30     15 
Dip angle (deg) 
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member’s elevations. This geometry is also reflected in the trace of fault E3. At the Juana Lopez and 

Tununk shale levels, the fault displays a higher-angle, planar geometry but with depth the dip of the fault 

rotates to a lower angle (50 to 35 degrees). Throw is measured along the E3 fault segment at the three 

stratigraphic intervals: 505m at Kmjl; 520m at Kmt; and 600m at Jcd. This is a gradual distribution of 

throw increasing with depth.  

Figure 4.19 shows a clean (a) and interpreted (b) profile of Inline #325. In this profile, fault E3 is 

still present, but has a much shorter trace, extending only from the Paradox Formation to Dewey Bridge 

Member. The trace of fault segment E2 is located approximately 100m northeast of fault E3. Similar to 

Inline #345, the stratigraphic horizons on the footwall side of the fault are more or less planar, dipping to 

the southwest, away from the fault. The hanging wall side of the profile shows a very minor concave-

down geometry at the elevation of the Dewey Bridge Member, but quickly transitions to a minor graben at 

the Tununk Shale Member, bounded on the southwest by E2, and NE by a minor normal fault that dips at 

approximately 65 degrees to the southwest. The top-surface of the Juana Lopez Member on this profile is 

subhorizontal. The geometry of E2 is similar to the geometry of E3 in #345 because the surface dip 

transitions from high-angle (approx. 65 degrees) to a shallower depth of approximately 40 degrees. 

Conversely, the throw along this segment is distributed between the three horizons with the most throw at 

the Tununk Shale Member at 640m, with throw decreasing, at the levels of the Juana Lopez and Dewey 

Bridge members (460m and 443m, respectively).    

Inline #313 in Figure 4.20 shows a consistently planar footwall geometry comparable to the other 

profiles. The hanging wall side is characterized by concave-up geometries for all mapped stratigraphic 

units. This stratal up-turning is furthest from the fault at the Dewey Bridge Member, moves closer to the 

fault in Tununk Shale Member and flattens out at the Juana Lopez Member. Towards the fault, this 

concave-up geometry is most pronounced at the Dewey Bridge Member, and less prominent at Tununk 

Shale Member and Juana Lopez Member. This seismic profile only intersects one of the faults in the 

East-Dipping array, Fault E2. The geometry of E2 is mostly planar, but has a very gentle rotation (from 55 

to 40 degrees) as it comes into contact with the top of the salt wall. One notable feature in this seismic 

profile is the thickness change between the footwall Juana Lopez Member and the hanging wall thickness 
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of the Juana Lopez Member. Specifically, the footwall block is approximately 304 meters, and the hanging 

wall is approximately 457 meters thick. This shows a 153 meters of stratigraphic growth at this interval. 

Deeper in the section, the thickness hardly varies between the footwall and hanging wall (457m to 480m, 

respectively).  

Inline #285 in Figure 4.21 is geometrically similar to #325. In this profile, the two faults are E1 and 

E2. Both fault traces create offset along all mapped stratigraphic levels, making two footwall- hanging wall 

blocks. The southwest side of the profile is the footwall block 1 (FW1), associated with fault E1. FW1 is 

characterized by stratigraphic units dipping shallowly to the southwest. The hanging wall side of E1 

(HW1) shows a similar stratigraphic geometry, but units are down-dropped (60m, 58m, 30m at respective 

Kmjl, Kmt, and Jcd levels,) from the footwall to the southwest at 60 degrees. HW1 becomes the footwall 

block 2 (FW2) for fault E2. The most offset on this profile is accommodated along E2, with maximum 

throw of 490 m, similar to inlines #325 and #313. The hanging wall side of E2 (HW2) is characterized by 

having concave-up geometries at the Dewey Bridge and Tununk Shale stratigraphic members. This up-

turning of the strata is almost nonexistent at the Juana Lopez Member. In addition to the concave-up 

geometry, there is minor faulting seen at the Dewey Bridge Member, to the very northeast end of the 

profile. 

Although initially mapped as independent faults this detailed seismic interpretation has evolved 

the interpretation to connecting the three surfaces to one another by interpreted branch-lines, suturing 

one fault surface to the other. These branch line fault-fault sutures occur where the three surfaces 

became connected when fault relay zones between them breached. At inline 325, E2 is interpreted to be 

the frontal fault, and E3 is the rearward fault of the first breached relay (Figure 4.19). On inline #285, E2 

continues to be the frontal fault, with E1 as the rearward fault for the second relay (Figure 4.21). Both 

inline 325 and 285 show that E2, is the frontal fault, both having the most deformation along its surface at 

these points. 
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Figure 4.18. (a)Clean seismic profile of Inline #345 (b)Interpreted profile showing the three key stratigraphic horizons and the trace of E3 fault. 
Each seismic profile is shown with no vertical exaggeration. 

    

Figure 4.19. (a) Clean seismic profile of Inline #325 (b) Interpreted profile showing the three key stratigraphic horizons and the traces of the frontal 
E2 fault, and rear-ward E3 fault. Both seismic profiles represent the same vertical and horizontal scale with no vertical exaggeration. 
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Figure 4.20. (a) Uninterpreted seismic profile of Inline #313 (b) Interpreted profile showing the three key stratigraphic horizons and the trace of E2 
fault. The trace of E3 is no longer visible in this profile. Both seismic profiles represent the same vertical and horizontal scale with no vertical 
exaggeration. 

 

  

Figure 4.21. (a) Seismic profile of Inline #285 (b) Interpreted profile showing the three key stratigraphic horizons and the trace of E2 fault. Both 
seismic profiles represent the same vertical and horizontal scale with no vertical exaggeration. (c) and (d) are T-z crossplots of E1 and E2 fault 
segments, respectively. 
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4.4.2 Throw distribution along the East-Dipping fault array 

In addition to the geometric architecture, throw distribution along fault surfaces provides insight 

into the evolution of the East-Dipping fault array. Each individual fault segment within the fault zone 

contains a unique throw distribution. This subchapter focuses on throw-distance (T-x) crossplot analyses 

that were conducted on each fault surface to get a better understanding of throw distribution. Similar to 

the map view diagram (Figure 4.12), fault surfaces have been colored to represent throw distribution.  

Throw compartmentalization can help explain heterogeneities in fault throw along a linked fault 

array. This occurrence has been described throughout the literature for both compressional and 

extensional fault regimes. In salt-influenced normal faults, fault throw distribution is heavily impacted by 

strain compartmentalization, where the lateral tips of once isolated fault surfaces may have been 

abandon, early in the arrays growth history, therefore maintain very low throws (Tvedt et al., 2013). 

 

Figure 4.22. (a) Contoured throw on the E1 fault with annotated contacts: Juana Lopez Member (yellow), 
Tununk Shale Member (orange) and Dewey Bridge Member (teal). Hanging wall and footwall surface 
intersections are shown in dashed and solid polygons, respectively. (b) E1 Throw-Distance (T-x) 
crossplot.  

  a)  E1 Fault Surface
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North 
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In general, the surficial geometry of Fault E1 is similar to a half-ellipse, the southeastern tip of the 

fault is the shortest fault height (z), increasing to the northwest. This geometry is also reflected in the 

throw (Figure 4.22a). The throws at each stratigraphic level is smallest on the southeastern tip, increasing 

to the largest throws to the northwestern tip. Specifically, the greatest throw occurs within the Tununk 

Shale Member, with throws of just over 320 meters (Figure 4.22b). The next highest throw is shown on 

the Juana Lopez Member, with the least amount of throw at the Dewey Bridge Member level. When 

comparing this throw distribution plot to the interpreted seismic profiles in Figures 4.18 and 4.19, fault 

movement may have coincided with active sedimentation, shown by hanging wall thickening of the both 

the Tununk Shale and Juana Lopez members. 

 

Figure 4.23. (a) Throw distribution contoured on Fault E2. Warm colors represent high throw values. 
Juana Lopez Member (yellow), Tununk Shale Member (orange) and Dewey Bridge Member (teal) 
hanging wall and footwall surface contacts are marked by dashed and solid polylines, respectively. 
Branch lines of fault-surface connections are shown in thick dashed lines, black if included in E-Dipping 
array, red if associated with other faults (b) Throw-Distance (T-x) cross-plot for E2. 
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Fault E2, is approximately 3200 meters long (x) and 2000 meters tall (z). This geometry is also 

reflected in the throw (Figure 4.23a). The smallest throw at every stratigraphic level is on the 

southeastern end of the fault, drastically increasing at the E1 Fault branchline, annotated as a black 

dashed line on Figure 4.23a, correlating from the surface color shift from purples and blues to greens and 

yellows. This jump is best seen on Figure 4.23b, at approximately 700 meters. A second jump in throw 

occurs at approximately 1700 meters x, (Figure 4.23b), correlating with a red dashed line in on Figure 

4.23a. The red dashed line represents a branch line to a segment that is not included in the eastern fault 

array. The largest throws for the Tununk Shale Member and the Dewey Bridge Member occur along this 

third step. Conversely, the Juana Lopez Member exhibits the highest throw at the beginning of the 

second step, where it displays close to 400 m of throw (T) at around 800 m along the fault length (x), 

gently tapering off to the third step. The throw at the Juana Lopez Member jumps at this third step, but the 

throw doesn’t exceed the values on the second step (Figure 4.23b). The stratigraphic unit that illustrates 

the greatest throw is the Dewey Bridge Member, with a throw that climbs to over 550 meters (Figure 

4.23b). The next highest throw is shown on the Tununk Shale Member, and the least amount of throw at 

the Juana Lopez Member. 

 The geometry of Fault E3 is similar to Fault E1 in that it resembles a half-ellipse. However, the 

tallest portion of the surface is on the southeastern end, slowly tapering out to the shortest fault height (z), 

in the northwest. E3 is approximately 5800 meters long (x). The geometric distribution of decrease in fault 

height from the southeast to northwest is reflected in the distribution of throw for the Juana Lopez and 

Tununk Shale member’s stratigraphic levels (Figure 4.24). The Dewey Bridge Member shows two 

separate throw maxima and minima along the length of E3, the first maximum occurring at at 

approximately 1000 meters (x), the second at around 4500 meters (x) (Figure 4.24b). The throw values 

for the Tununk Shale and Dewey Bridge member’s stratigraphic levels are highest at the southeastern 

end of the fault, beginning at the E2 fault surface branch line, marked as a black dashed line on Figure 

4.24a. However, the throw distribution of the Juana Lopez Member has a symmetric and wide arc shape, 

with the highest throw in the center of this arc at approximately 1500 meters along the length of Fault E3 

(x).  
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Figure 4.24. (a) Throw distribution contoured on Fault E3. Warm colors represent high throw values. 
Juana Lopez Member (yellow), Tununk Shale Member (orange) and Dewey Bridge Member (teal) 
hanging wall and footwall surface contacts are marked by dashed and solid polylines, respectively. 
Branch lines of fault-surface connections are shown in thick dashed lines, black if included in E-Dipping 
array, red if associated with other faults (b) Throw-Distance (T-x) cross-plot for E3. 

The two red dashed lines on the northwestern portion of the Fault E3 surface represents branch 

lines of segments that are not included in the eastern fault array. The first red dashed line occurs at E3’s 

fault length value (x) at approximately 3900 meters and correlates with an immediate decline in throw for 

the Juana Lopez and Tununk Shale surfaces Figure 4.24b. The second red dashed line (4550 m, x) 

correlates with an increase in throw for the second throw maximum observed on the Dewey Bridge 

stratigraphic surface Figure 4.24b. The largest throws for the Juana Lopez and Tununk Shale occur 

between the branch line of E2 and the first red-dashed branch line (0-3900 m, x). The maximum throw for 

the Dewey Bridge occurs within the first throw maximum, this larger interval spanning (0-3000, x) fault 

length. Specifically, the greatest throw along E3 for the three surfaces are: 640m, Dewey Bridge; 540m, 

Tununk Shale; and 390m, Juana Lopez.  

 

a) E3 Fault Surface                                      
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4.4.3 Geometry of the West-Dipping fault array 

The West-dipping fault zone was selected to compare fault geometries and throw distribution 

along the Salt Valley salt wall. Similar to the East-dipping array, this fault zone is composed of several 

fault segments that have linked-up at some point within their movement history. Spatially, the West-

dipping array is staggered to the southeast of the East-dipping array (Figure 4.14). Similar to the East-

Dipping array, the West-Dipping array’s fault segments are connected through breached relay zones. The 

West-dipping fault zone is composed of four fault segments, W1-W4 (Figure 4.25). Along-strike analysis 

of fault surface dip show that the West-dipping fault zone has a planar fault tip to the northwest, and only 

shows a listric geometry on the final fault segment, W4 (Figure 4.26).   

Four seismic inlines were analyzed to capture the geometric heterogeneities of this fault zone 

(Figure 4.27, 4.28, 4.29, and 4.30). Each figure contains three parts: (a) clean seismic profile; (b) 

interpretation; and (c) T-z (Throw vs. depth) crossplots of the fault surfaces at three stratigraphic intervals. 

These figures contain the same interpretation elements as the East-dipping array: stratigraphic horizons 

(Juana Lopez Member, Tununk Shale Member, and Dewey Bridge Member in yellow, orange, and teal, 

respectively), the Salt Valley salt wall is shown as a polygon of light purple, and primary fault traces are 

colored as well as labeled on each profile to match their surfaces shown. Faults not included in W-

Dipping array are annotated as very thin, dashed black polylines.  

 

Figure 4.25. (a) Aerial view and (b) along-strike view of the West-Dipping fault zone. Fault W2 is as brown 
in (a) to highlight hanging wall and footwall cutoffs. 
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Figure 4.26. Fault surface dips in the West-Dipping fault array Faults W1, W2 and W3 maintain a 
consistent dip of ~50 degrees, and Fault W4 has a listric fault geometry, shown as decreasing dip with 
depth. 

Figure 4.27 displays an interpreted and uninterpreted 2D profile of Inline #289. This is the 

northernmost profile. Fault segment W1 is highlighted in blue, other fault segments are shown as black 

dashed lines. Fault segment W1 extends approximately 1km in depth, with dip-slip offset observed at all 

three stratigraphic levels. This fault trace has a planar geometry, with an average dip of approximately 45 

degrees the maximum throw obtained on this fault is at the Juana Lopez Member, shown as T1. 

Specifically, the surface of the Juana Lopez Member is offset by approximately 182 meters. Throws T2 

and T3 are much less, with 61 and 73 meters of offset for the Tununk Shale and Dewey Bridge members, 

respectively. Similar to the East-Dipping fault array, the Juana Lopez Member has observed stratigraphic 

thickness variation, however, this growth is not accommodated in the hanging wall of segment W1.  The 

crestal geometry of the Salt Valley salt wall is shown as a light purple polygon. This profile shows a 

somewhat hummocky top-salt geometry, where fault segment W1 doesn’t interact with the salt, and looks 

to be antithetic to the dominant, east dipping fault on the southwestern edge of the profile. 

North 
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Inline #277 in Figure 4.28 shows a consistently planar footwall geometry comparable to the other 

profiles. This planar fault geometry is reflected in symmetrical, tabular footwall and hanging wall stratal 

geometries, displaying negligible thickness variation at the Juana Lopez Member. The average dip of W2 

at this location is approximately 62 degrees. Dissimilar to Inline #289, throws observed on segment W2 

are high at both Juana Lopez and Tununk Shale members, at 220 and 260 meters, respectively. The 

Dewey Bridge Member is the stratigraphic interval studied with the least amount of throw, with 

approximately 40 meters of offset. At the base of the seismic profile is an interpreted polygon showing the 

volume of interpreted Paradox Salt, of the Salt Valley salt wall. This top salt geometry is asymmetric, with 

the largest, East-dipping fault detaching onto top salt. In this profile, the East-dipping fault looks to be 

dominant, while the West-dipping segment, W2 may be an antithetic fault. This antithetic geometry is 

similar to that seen in Figure 4.27, and may have formed as flexural response to the formation of a 

hanging wall rollover anticline, bounded to the southwest by an east-dipping master fault.  

Fault segment W3 is highlighted in yellow on seismic inline #265. This fault has a higher angle 

than W2, with a dip around 70 degrees. The stratal geometries at each mapped horizon correspond with 

this planar fault geometry. Segment W2 has a maximum vertical offset at the Tununk Shale Member, with 

approximately 76 meters of offset. The measured throw on segment W3 dissipates vertically with only 39 

meters of throw observed at the Juana Lopez Member, and 30 meters at the Dewey Bridge Member. In 

addition to W3, the remaining faults displayed on this profile have planar geometries. The crestal 

geometry of the Salt Valley salt wall on this seismic profile is somewhat flat and symmetric, and this 

seismic profile highlights several additional fault segments that were not included in this analysis.
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Figure 4.27. (a) Seismic profile of Inline #289 (b) Interpreted profile showing the three key stratigraphic horizons and the trace of W1. Both seismic 
profiles represent the same vertical and horizontal scale with no vertical exaggeration. (c) and (d) are T-z crossplots of fault segment W1. 

 

Figure 4.28. (a) Seismic profile of Inline #277 (b) Interpreted profile showing the three key stratigraphic horizons and the trace of W2. Both seismic 
profiles represent the same vertical and horizontal scale with no vertical exaggeration. (c) and (d) are T-z crossplots of fault segment W2. 
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Figure 4.29. (a) Seismic profile of Inline #265 (b) Interpreted profile showing the three key stratigraphic horizons and the trace of W3. Both seismic 
profiles represent the same vertical and horizontal scale with no vertical exaggeration. (c) and (d) are T-z crossplots of fault segment W3. 

 

    

Figure 4.30. (a) Seismic profile of Inline #244 (b) Interpreted profile showing the three key stratigraphic horizons and the trace of W4. Both seismic 
profiles represent the same vertical and horizontal scale with no vertical exaggeration. (c) and (d) are T-z crossplots of fault segment W4.
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4.4.4 Throw distributions along the West-Dipping fault array 

Throw is distributed differently between each individual fault segment in the West-Dipping array. 

Like the East-Dipping array, cross-plots of the throw-distance (T-x) were created along each segment to 

observe how throw was distributed along the length of the fault. These cross-plots are also used to 

identify the precise location as well as stratigraphic level where the most throw occurred. The fault 

surfaces have been colored to represent throw distribution for the surfaces, with the same color scheme 

as the East-Dipping array (0-650 meters). Throw values have been contoured on each fault surfaces to 

show a correlation with the (T-x) cross-plots. 

 

Figure 4.31. (a) Throw distribution contoured on W1. Warm colors represent high throw values. Juana 
Lopez Member (yellow), Tununk Shale Member (orange) and Dewey Bridge Member (teal) hanging wall 
and footwall surface contacts are marked by dashed and solid polylines, respectively. Branch lines of 
fault-surface connections are shown in thick dashed lines, black if included in E-Dipping array, red if 
associated with other faults (b) Throw-Distance (T-x) cross-plot for W1. 
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The surficial geometry of W1 has a three-quarter-ellipse geometry, the northwestern tip of the 

fault is the shortest fault height (z), increasing along its length to the southeast, and begins to taper off 

before the surface stops. The Juana Lopez Member and Tununk Shale Member’s stratigraphic surfaces 

are intersected and displaced along the entire length (x) of the fault. The Dewey Bridge Member is only 

present along the fault length values of 2000-2800 meters. The throw is distributed from the least in the 

northwest, to highest throw values in the southeast for all three stratigraphic levels (Figure 4.31a). The 

smallest throws at every stratigraphic level is smallest on the southeastern tip, increasing to the largest 

throws to the northwestern tip, correlating with the color change from dark-blue to light blue on the fault 

surface (Figure 4.31a). The greatest throw is recorded within the Tununk Shale Member, at just over 200 

meters (Figure 4.31b). The next highest throw is shown on the Juana Lopez, with the least amount of 

throw at the Dewey Bridge Member.  

The surface of fault W2 is 1200 meters long (x) (Figure 4.32). There are two components to this 

fault, the first is the primary section of the fault that is directly involved in the West-Dipping array. The 

second segment is on the north side of the W1 branch line, showing faulting only at the Dewey Bridge 

Member (Figure 4.32). At this lowest stratigraphic level, there is a consistent throw of approximately 50 

meters. At shallower levels, there is no throw along the surface north of the W1 Branch line and all of the 

throw is recorded on the southern portion. Similar to W1, the greatest throw is within the Tununk Shale 

Member, with the Juana Lopez Member being the second most significant accumulation of throw (Figure 

4.32a). All three stratigraphic sections maintain consistent throws: Juana Lopez, 200-300 meters; Tununk 

Shale Member, ~150 meters; and Dewey Bridge Member, ~50 meters (Figure 4.32b). 

The surface of fault W3 is very similar to W2. The fault surface is also 1200 meters long (x), and 

contains throw compartmentalization (Figure 4.33). The greatest amount of throw is within the Tununk 

Shale Member, followed by the Juana Lopez Member. Similar to W1, the throw accommodated at the 

Dewey Bridge Member is consistently ~50 meters.  
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Figure 4.32. (a) Throw distribution contoured on W2. Warm colors represent high throw values. Juana 
Lopez Member (yellow), Tununk Shale Member (orange) and Dewey Bridge Member (teal) hanging wall 
and footwall surface contacts are marked by dashed and solid polylines, respectively. Branch lines of 
fault-surface connections are shown in thick dashed lines, black if included in E-Dipping array, red if 
associated with other faults (b) Throw-Distance (T-x) cross-plot for W2. 

 

 

a)  W2 Fault Surface              
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Figure 4.33. (a) Throw distribution contoured on 3. Warm colors represent high throw values. Juana 
Lopez Member (yellow), Tununk Shale Member (orange) and Dewey Bridge Member (teal) hanging wall 
and footwall surface contacts are marked by dashed and solid polylines, respectively. Branch lines of 
fault-surface connections are shown in thick dashed lines, black if included in E-Dipping array, red if 
associated with other faults (b) Throw-Distance (T-x) cross-plot for W3. 
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Figure 4.34. Throw distribution along fault surface W4 (a) annotated screen capture of the fault surface. 
Warm colors represent high and cool low throw values, correlating with contoured throw values. (b) 
Throw-Distance (T-x) crossplot for W4. 

The surface of fault W4 is dissimilar to the other faults in the array. This segment is approximately 

3200 meters long (x), and this surface does not display throw compartmentalization (Figure 4.34). The 

northwestern end of the fault coincides with the branch line for W3’s surface. The throws measured at the 

three stratigraphic sections remain consistent along the length of the fault array. The greatest throw is 

measured on the Tununk Shale Member, shallowly increasing from northwest to southeast, 200- 400 

meters, respectively. The Juana Lopez and Dewey Bridge members both hover between throws of 75-

200 meters along the faults length (Figure 4.34b). 

a)  W4 Fault Surface 

               

 

 

 

 

b) 

North 
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CHAPTER 5 FIELD OBSERVATIONS AND ANALYSIS 

Geologic contact maps were produced from outcrop and aerial imagery data (i.e. field 

measurements, high-resolution aerial imagery) and document the geometries and distribution of the 

exposed fault system in Salt Valley (Figure 5.1). Similar to the subsurface array, the surface fault array 

has been divided into the same 4 primary fault groups, which are defined by strike orientation and dip 

angles (strike-dip) (Figure 5.2).  

1. Northwest-southeast striking, east dipping (NW-E) – Black 

2. Northwest-southeast striking, west dipping (NW-W) – Pink 

3. East-west striking, north dipping (EW-N) – Blue 

4. East-west striking, south dipping (EW-S) – Green 

5.1 Geometry of the exposed supra-salt fault array 

The exposed supra-salt fault array is approximately 19 km long, 8 km wide at maximum graben 

width, and consists of overlapping normal fault segments, which span in length from a maximum of 2,500 

meters to a minimum of 20 meters and primarily strike northwest- southeast, dipping both to the north and 

south (Figure 5.1).  

The majority of the exposed faults crop out on the southwestern flank of the crest of the Salt 

Valley salt wall. There are two main fault orientations observed: the primary (most populous) fault set 

consists of northwest-southeast striking, east and west dipping segments that are intersected by a 

secondary fault set, which are east-west striking faults that dip to the north and south (Figure 5.2). 

 Spatially, NW-SE striking faults are found along the entire length of Salt Valley. NW-E dipping 

faults dominate the southwestern flank, while NW-W dipping faults are primarily found on the 

northeastern flank of the salt wall. Although both fault groups (NW-SE and E-W) are composed of 

segments with lengths that are on average, 320 meters, the fault lengths are shortest in locations where 

both orientations are present (Figure 5.2). 
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Figure 5.1. Comprehensive map of the surficially expressed geologic architecture of the northern Salt 
Valley salt wall. Colored lines represent the top-surface of each geologic unit, black lines define the traces 
of outcropping faults, the background image has been rendered from a 5m digital elevation model (DEM). 
This map with field measurements (strike and dip orientations) is included as a large-scale plate in 
Appendix B. 
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Figure 5.2. (a) Map of the Salt Valley salt wall with fault families highlighted in different colors to 
accentuate the variability in orientations (b) Rose diagram showing the trends of surficially-mapped faults. 
Colored arrows signify the mean vector of the four main fault trends. This map is included as a large-scale 
plate in Appendix B. 

5.2 Fault-slip kinematic analyses 

Fault, bedding and lineation (slickenline) orientations were digitally collected in the field. The 

spatial distribution of these field measurements are shown as yellow circles in Figure 5.3. In general, 

there was two regions that were mapped in detail that are referred to as the northern and southern field 

areas. These two areas were chosen primarily on accessibility, but also based on identifiable faults from 

aerial photography. 

(a) 

 

(b) 
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Figure 5.3. Comprehensive map of the surficially expressed geologic architecture of the northern Salt 
Valley salt wall. Similar to Figure 5.1, Colored lines represent the top-surface of each geologic unit, black 
lines define the traces of outcropping faults. In addition, there are yellow circles that represent the 
locations of digitally-collected field measurements, used to conduct kinematic analysis. Black, dashed 
boxes represent the aerial extent of inset maps in Figures 5.4 and 5.5. 

 

Figure 5.4 

Figure 5.5  
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Figure 5.4. Inset map highlighting field measurements collected in the northern region of the field. A large-
scale PDF version of this map is included in Appendix B. 
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Figure 5.5. inset map of field measurements collected in the southern region of the field. A large scale 
PDF file of this map is included in Appendix B.  

Figures 5.4 and 5.5 highlight the northern and southern regions outlined in Figure 5.3, 

respectively. These figures display polylines of the geologic contact map on a high-resolution aerial 

images, rendered in ArcMap. Additionally, these figures denote locations where structural orientations 

were collected in the field. These measurements are shown by black symbols, outlined in white. The 

white numbers located adjacent to these measurements represent the dip angle of each fault plane 

measurement. Arrows symbolize slickenline data points and point in the direction of plunge. In many 
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places, the pairing of slickenline and fault plane measurements show both dip-slip and oblique-slip 

motion. This dip-slip and oblique-slip motion is observed on many of the mapped faults.  

These relationships advocated for the implementation of additional analyses. Specifically, two 

separate analyses were conducted using stereonets. The first analysis conducted was to look at the fault 

plane orientations collected throughout the field area to identify bulk distributions of fault orientations 

(Figure 5.6). In general, there is a dominant cluster of faults that are northwest striking, east dipping, 

shown by the contoured poles-to-planes stereonet. The main cluster or fault poles are moderately-to-

steeply dipping (60-85 degrees) faults that dip to the northeast. A secondary cluster of poles to fault plane 

orientations is shown in the northeastern quadrant of the stereonet. Converse to the dominant cluster, 

these planes strike to the southeast, and dip to the southwest. 

 

Figure 5.6. Contoured poles to planes of fault orientations collected in the field, black diamonds represent 
poles to planes.  

A second stereonet analysis focused on using both fault plane and slickenline data for fault-slip 

kinematics. These data points were graphically contoured, and Bingham statistics were calculated to 

identify shortening and extension axes to determine incremental strain. Fault and slickenline orientations 

were split into fault groups based on their orientations (a) NW-E; (b) NW-W; (c) EW-N; (d) EW-S). The 

results from these analyses are shown in Figure 5.7. The black arrows in each equal area stereonet 

represent hanging wall movement vectors, and black boxes, ontlined in yellow show the axes calculated 

from a linked Bingham analysis. Red and blue regions represent P-and T-axes contoured using the Kamb 

contour method, respectively.  



 66 

 

Figure 5.7. Equal area stereonets displaying both P- and T- axes for representitive faults of the four main 
orientations (a) NW-E (b) NW-W (c) EW-N (d) EW-S. Black arrows represent hanging wall movement 
vectors. Blue and red regions represent P-and T-axes contoured. Kinematic axes for each plot are shown 
in tables.  

 

a)                                   b)  

 

 

 

 

 

 

 

 

c)                  d) 
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The NW-E plot (Figure 5.7a) displays variation in orientation of hangingwall movement along one 

fault in the southern part of the field research area. This plot highlights strike variablility, as well as 

presence of dip-slip and oblique-slip along the fault. Specifically, this fault has a bulk extension axis 

towards 17.6/052 and has both dip-slip and oblique slip. This variability is seen in map view (Figure 5.8). 

This fault has the greatest throw in the southeast, juxtaposing the Salt Wash Member of the Morrison 

Formation against the Moab Tongue Member footwall. Where there is the most throw, the strike 

orientation of the fault trends to the northwest, and changes to a east-west orientation laterally.  

 

Figure 5.8. Zoom-in to inset 2, highlighting the fault used for the NW-E kinematic analysis. Fault 
orientations are shown in black symbols, outlined in white. Slickenline arrows point in direction of plunge. 
Fault plane dip orientations are labeled in white. 

Figure 5.7b is a plot for NW-W fault orientations. The bulk extension axis for this fault is towards 

11/219, with primarily dip-slip movement. The bulk extension axes for EW-N and EW-S faults are towards 

20/360 and 11.6/201, respectively. Mean resultant planes can provide additional context into the 

mechanisms for fault movement. These planes were calculated using the same datapoints, results 

highlighted in Figure 5.9. Although this calculation results in the creation of two mean resultant fault 

planes that are conjugate to one another, one is selected as the best match, i.e. most similar in 

orientation to datapoints plot. Each mean resultant plane that is shown as a best match is higlighted in 

red in the respective table. Each stereonet shown in Figure 5.9 shows varying levels of oblique-slip fault 
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motion. For each plot, the obliquity of the fault is inferred by comparing the hangingwall movement 

vectors (black arrows) to the mean resultant plane. 

    

Figure 5.9. Equal area stereonets displaying mean resultant planes for representative faults of the four 
main orientations (a) NW-E (b) NW-W (c) EW-N (d) EW-S. Black arrows represent hanging wall 
movement vectors. Mean resultant planes are listed in tables, correct solutions higlighted in red. 

Upon comparison of beach-ball diagrams for each fault family orientation, it is clear that each fault 

selected is a moderatly-dipping normal fault with some component of oblique slip.  

a)                                       b)  

 

 

 

 

 

 

 

c)                      d) 
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CHAPTER 6 DISCUSSION 

6.1 Overview of structural trends 

The supra-salt fault array over the Salt Valley salt wall is characterized by a series of subparallel 

linked and isolated fault segments, separated in map and cross-sectional view. Observations from 

subsurface and surficial mapping enable identification of four fault families present within the array. These 

fault families are differentiated from one another based on variations in fault orientations: (1) northwest-

southeast striking, east dipping (NW-E); (2) northwest-southeast striking, west dipping (NW-W); (3) east-

west striking, north dipping (EW-N); (4) east-west striking, south dipping (EW-S) (Figure 6.1).  

 

Figure 6.1. Comprehensive regional map of the Salt Valley supra-salt fault system, highlighting the offset 
of subsurface and field research areas. This map will be included in Appendix B as a large-scale plate. 
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The predominant fault orientations present in the supra-salt fault array are northwest-striking, 

east- and west-dipping. These fault groups include the longest faults with greatest throws in the 

subsurface and are mapped at the highest frequency both in the field and in the subsurface. In general, 

these NW-SE trending faults define a series of graben and half-graben structures above the crest of the 

Salt Valley salt wall. Symmetric grabens and asymmetric half-grabens alternate along the strike of the 

fault array, as does the dip direction of half-graben master faults. These changes in graben and half 

graben geometry coincide with the symmetric- to asymmetric-crest of the salt wall. Thus, heterogeneities 

in the top-salt geometry are interpreted to influence the formation and control the locations of where 

symmetric-and asymmetric graben and half-graben formed (Figure 6.2).   

 

Figure 6.2. 3D view of fault segments in East- and West-dipping fault zones that detach downward onto 
the Top Paradox Salt surface. Labels highlight regions where the crest of the Top-Paradox Salt is 
symmetric and asymmetric.  
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In addition to crestal graben geometries, a second correlation is present through comparisons of 

top-salt surface heterogeneities and fault surface dips. This relationship is the spatial correlation between 

asymmetric top-salt and supra-salt faults with listric geometries. Specifically, NW-E faults have listric 

surface geometries in areas where the top-salt surface is asymmetric on the west side. These localized 

salt asymmetries coincide with listric, detaching fault surfaces (Figure 6.2).  

Outcropping fault surfaces mapped as fault traces in the field provide sub-seismic scale context 

for the fault array. Although the subsurface study focused on crestal-graben faults, the flanks of the Salt 

Valley salt wall have an abundance of faults, many of which are likely below seismic resolution. As 

discussed in the previous chapter, these small-scale flanking faults are structurally heterogeneous and 

display rapid kinematic slip variabilities along strike, decreased average fault lengths, as well as cross-

cutting fault orientations. These zones of heterogeneous faulting have implications for the subsurface 

dataset, in that these zones can be further compartmentalized by small-scale faulting.  

6.2 Structural analysis of the supra-salt fault system 

 Insight into the nucleation and growth of this supra-salt fault array in Salt Valley can be gleaned 

from compiling observations from field and subsurface mapping. Geometric variations along the supra-

salt fault array were used to interpret fault growth qualitatively. Quantitative analyses on fault throw along-

strike and between stratigraphic horizons has been conducted to measure structural evolution within the 

fault system. These analyses, such as: fault throw-length (T-L); throw-distance (T-x); and throw-depth (T-

z) have been utilized by researchers to deduce spatial and temporal fault growth histories from seismic 

datasets (e.g. Mansfield and Cartwright, 1996, 2001; Walsh et al., 2003; Giba et al., 2012; Jackson and 

Rotevatn, 2013; Tvedt et al., 2013) 

In general, the distribution of throw was studied in detail for two fault zones in the supra-salt 

array. These fault zones were chosen based on fault length and continuity with measurable throw at all 

three stratigraphic intervals (Figure 6.3). The individual fault surfaces have fairly unique throw histories 

between the three stratigraphic intervals within the east and west-dipping fault arrays, however, a more 

coherent growth history can be gleaned when comparing throw distribution as a fault array (Figure 6.4 

and 6.5).  
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Figure 6.3. Map of cumulative throw values observed in both east- and west-dipping fault arrays. 

6.2.1 Along-strike throw variation  

All three stratigraphic intervals on the East-dipping array have elliptically distributed throw values, 

visible in map view (Figure 6.3). The along-strike throw distribution is best seen in (Figure 6.4). 

Quantitative fault analyses conducted in an earlier chapter conclude that the width, height, and overall 

shape of the throw/x curves vary between the three stratigraphic surfaces (Figure 6.4), this variation is a 

product of several fault-to-fault segment linkages, many of which are not involved with the studied East-

dipping fault zone. These linkages show evidence for displacement transfer between fault segments. The 

west-dipping fault array varies drastically from the east-dipping array. The west-dipping fault zone has a 

half-ellipse throw distribution, where throw gradually increases from northwest-to-southeast (W1-to-W4). 

One explanation for this occurrence would be that the other half of fault zone presumably exists, but 

extends past the limit of the 3D seismic survey (Figure 6.5). Dissimilar to the east-dipping array, this fault 

zone shows a simpler displacement transfer laterally, along strike to the southeast. 
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Figure 6.4. Throw distributions along the East-Dipping fault array: (a) along-strike view of the array; (b) 
throw-distance (T-x) cross-plot for east-dipping array.  

 

Figure 6.5. Throw distributions along the West-Dipping fault array: (a) along-strike view of the array; (b) 
throw-distance (T-x) cross-plot for west-dipping array. 

North 

North 
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In both fault zones, the Juana Lopez Member, Tununk Shale Member, and Dewey Bridge 

Member’s throw’s change rapidly when they encounter fault branch-lines (Figures 6.4 and 6.5). These 

branch-lines are interpreted to mark the location where initially independent fault surfaces overlapped one 

another, creating a soft-linked fault relay ramp. With increased strain, the relay ramp breached, causing 

one fault to connect with the other. Although growth is accommodated on both faults involved in a non-

breached relay, once breached, strain and subsequent slip was transferred from the now inactive fault 

surface to the active. Visually, the inactive fault surface can be differentiated from the active fault because 

there will be an absence in fault growth on the inactive fault, while the connected active fault surface 

continues to grow.  

Specifically, fault E1 in the East-Dipping fault zone is an inactive fault surface. Fault growth 

occurred on E1 causing it to initially grow laterally and create an overlapping zone with E2. Increased 

strain in this overlapping zone caused displacement transfer between E1 and E2 across a relay ramp. 

The high-strain environment between overlapping tips of E1 and E2 subsequently caused E1 to abandon 

its along-strike growth, diverting in strike to intersect with E2. Once the relay ramp breached, strain 

accumulated on E1 was transferred to E2. Fault displacement transfer is observed in the along-strike 

profile of the array (Figure 6.3a). This event is also shown by the vertical jump in throw at the three 

stratigraphic surfaces approximately 3000 meters from the beginning of the fault array (Figure 6.3c).   

Throw is distributed in a more even manner in the west-dipping fault zone (Figure 6.5), where the 

east-dipping fault array interacts with faults not included in the linkage zone, whether through hard-or soft-

linked relays. Specifically, the faults in the west-dipping array are hard-linked, and throw is transferred 

systematically from W1 to W2; W2 to W3; and W3 to W4. W4 likely continues transferring strain to the 

southeast.  

6.2.2 Throw variation between stratigraphic intervals 

In addition to along-strike throw variations, stratigraphic surfaces can provide valuable insight into 

the growth history of the fault zone. Fault growth history can be calculated using a variety of different 

methods, one of which is back-stripping (e.g. Cartwright et al., 1995; Dawers and Anders, 1995; Gupta 

and Scholz, 2000). However, this dataset with relatively poor seismic resolution, sparse borehole 
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penetrations, and crude velocity modelling severely limits the viability of a conventional back-stripping 

analysis and would be highly inaccurate if conducted. Therefore, this study utilizes another quantitative 

analysis that focuses on the placement and depth of fault throw maxima’s and minima’s to locate fault 

linkage zones and determine fault growth history.  

Maximum throw is achieved at different stratigraphic intervals for the two studied fault arrays 

(Figures 6.4 and 6.5). The east-dipping arrays throw is greatest within the Dewey Bridge Member, which 

is the deepest unit analyzed. The majority of fault throw on the west-dipping array is accumulated at the 

Tununk Shale Member. Throw remains high at the overlying Juana Lopez Member. Conversely, the 

growth of this fault significantly declines with depth and is barely present at the Dewey Bridge Member. 

Throw is distributed fairly consistently between fault segments. Throw values are least at the NW tip of 

W1 and gradually grow along the length of W1, into W2, maintaining a constant growth increase until the 

end of W4. These observations lead to the interpretation that throw was transferred laterally, from NW to 

SE along the west-dipping fault zone. This NW to SE fault growth coincides with the planar to listric fault 

surface geometry, where W4 is the only listric fault in the array and detaches on top salt.  

The east-dipping fault array displays a very different and more complicated growth history 

because of the many intersections of cross-cutting faults not included in the fault zone. Although the 

greatest throw is accommodated at the Dewey Bridge Member, it is likely that the faulting initiated at the 

Tununk Shale Member. This interpretation stems from the broad throw distribution shown along the entire 

array at both Tununk Shale and Juana Lopez member’s, throws being highest at the Tununk Shale 

Member. One potential interpretation for why faulting initiated at the Tununk Member, but with greatest 

throw recorded at the Dewey Bridge Member would be that the subsidence and sediment accumulation 

on this fault triggered an episode of salt mobilization, causing more growth on the fault that transitioned to 

detaching on the top salt surface (fault surfaces E2 and E3). However, these throw distributions for both 

the east- and west-dipping fault arrays are atypical for syn-sedimetary growth faults, where hightrow 

gradients are primarily present closest to the upper tip-line of the faults (e.g. Childs et al., 1996; Tvedt et 

al., 2013).  
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6.2.3 Kinematic fault analyses 

In addition to fault throw mapping, several other analyses were used to determine the evolution of 

a fault array. Slickenline orientations were plotted alongside fault plane orientations to facilitate an 

additional quantitative analysis and supplement the interpretation of how this supra-salt fault array 

evolved. Although there can be limitations to using slickenlines (e.g., lack of preservation, overprinting, 

fault chatters, surficial weathering and destruction of mineralized lineations), faults in this field study have 

well-preserved lineations. In summary, the NW-E fault displayed the most variation in both fault plane 

orientation and slip direction. NW-W striking faults show little variation in fault orientation and display both 

oblique- and dip-slip motion. EW-N and EW-S faults show variable hanging wall movement vectors, with 

the NW-E and EW-N faults having the most evidence for oblique-slip movement. 

In addition to fault-slip kinematic analysis, fault scaling relationships of maximum vertical 

displacement of faults (fault throw, T) to fault trace length (L) have been used to group fault types. 

Several previous studies have focused on calculating scaling relationships (e.g., Trudgill and Cartwright, 

1994; Cartwright et al., 1995a; Hus et al., 2005; Jackson and Rotevatn, 2013; Tvedt et al., 2013). These 

previously studied fault systems that have been compiled into what is known as the Global Fault 

Database (GFD). Subsurface faults mapped in this study were analyzed using the Throw- Segment 

Length (T-L) cross-plot and were plot against the Global Fault Database (Figure 6.6).  

This analysis shows that the faults mapped within the subsurface dataset plot most similarly with 

normal faults, as well as with strike-slip and thrust faults within the GFD. Although there are no observed 

thrust faults within the field and subsurface datasets, there are documented faults that have evidence (i.e. 

slickenlines) for partial strike-slip fault movement. Therefore, this cross-plot provides further evidence for 

faulting with dip-slip as well as oblique-slip motion. Although normal and strike-slip faults have been 

documented to evolve coevally, it is likely that these faults are normal faults that exhibit oblique slip 

motion. A simple reason for this is that these faults are not basement-involved, and there are no faults 

that display pure strike-slip (horizontal) motion.  

Compared to the global normal fault dataset, the faults mapped in the subsurface portion of this 

study are somewhat over-displaced. Specifically, the lengths of the fault traces are comparatively short to 
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the throw values (approximately 13:1 rather than 30:1 length vs. throw ratio). Over-displacement of faults 

can be caused by one or a combination of two mechanisms: (1) enhancement of fault throw; (2) an 

element that can inhibit lateral fault propagation. In order to determine if one or both of these mechanisms 

may be affecting this fault system, we can refer to previous work completed on normal faults in the world, 

and to more local studies.   

 

Figure 6.6. Throw- Segment Length (T-L) cross-plot showing where the subsurface faults plot with respect 
to the global fault database. 
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6.2.4 Displacement distribution of fault populations 

Fractal distribution is an analysis that is used predict the number of faults and fractures a system 

may have at different scales (e.g., Walsh and Watterson, 1988, 1991; Peacock, 1991; Ackermann and 

Schlische, 1997; Soliva and Benedicto, 2005). Side-by-side comparison of number of faults and throw is 

one technique used to determine the mechanism for fault array evolution. Specifically, this technique 

looks at whether or not a fault array displays a power law (fractal) distribution and therefore formed in 

response to regional extension. Figure 6.7 displays the regression of the mapped fault population. In 

general, the grey shaded area of this figure represents data that display a fractal distribution. Throw is 

modelled at the highest (>400m) and lowest (<10m), where the plot flat-lines.  All three stratigraphic units 

studied display a fractal distribution in this plot. The stratigraphic interval showing the best fractal 

distribution, with a correlation coefficient of .96 is the Dewey Bridge Member of the Curtis Formation. The 

lowest, is at .9 for the Juana Lopez Member. However, when comparing this subsurface array to the 

mapped fault zone, there is a significant lack of faults with less than 10 meters of throw observed in the 

field area, even in areas of 100% exposure. This indicates that there are localized high-strain zones that 

have a non-fractal distribution.    

A qualitative comparison between number of mapped faults in the field and the modeled fault 

population shown in Figure 6.7 shows that the modelled fault numbers are not present throughout the 

entire fault array, but only present in locations of cross-cutting fault zones. This discrepancy alludes to 

this array evolving from more local, compartmentalized strain (i.e. salt movement) rather than a uniform 

strain distribution that would be caused by regional extension. Thus, this graph cannot be used to predict 

the frequency of low-throw faults.  
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Figure 6.7. Cross plot of the frequency of faults within each stratigraphic unit that have various throw 
values. Best fit slope for each unit defines fault length population, shown by dashed straight lines. 

6.3 Mechanisms for fault nucleation and growth 

This research has focused on characterizing the geometric arrangement, nucleation, and 

evolution of a supra-salt fault array in the northern Paradox Basin. Defining the potential mechanism for 

fault segment nucleation, linkage, and growth have been alluded to throughout this document. There are 

two overarching controls that have influenced the nucleation and growth of the supra-salt fault array, the 

first being the role of salt, and the second being the influence of inherited structures. Through the 

compilation of results from analyses conducted on both field and subsurface datasets, and comparison 

with similar research, a fault growth model has been identified.  

The studied fault array is similar to other salt-influenced fault systems in that the presence of salt 

has decoupled cover (supra-salt) faulting from basement-involved faulting (Richardson et al., 2005). The 
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properties of salt are such that the volume may flow like a fluid, moving passively from high pressure to 

low pressure.  

Based on observations from this research, the faults with the greatest throws are listric in 

geometry and detach onto Top Paradox Salt. It is conceivable that these faults nucleated as a response 

to localized strain from withdrawal and/or dissolution of the underlying salt wall. This hypothesis can be 

best explained in terms of a positive feedback cycle, which begins with the initiation of a normal fault 

where movement is attained on the down-dropping hanging wall. Sediment accumulates in the 

accommodation created above the hanging wall triggering underlying evaporites to mobilize and withdraw 

from below the high-pressure hanging wall to areas of lower pressure. This withdrawal of salt enables 

further movement on the fault surface due to hanging wall subsidence, causing the cycle to continue.   

More specifically, the initiation of supra-salt faulting of the Salt Valley likely began with the 

transgression of the Cretaceous Interior Seaway, where marine waters interacted with the shallow body 

of Paradox Salt, causing salt dissolution. The crestal subsidence of the salt wall from dissolution was 

magnified by local depositional thickening of Cretaceous aged sediments, which can be seen in several of 

the previous seismic profiles (Figures 4.18, 4.19, 4.20, 4.21, and 4.27). Specifically, lateral evacuation of 

salt from differential loading of the Mancos formation accelerated this process which initiated at the 

Tununk shale level, and affected the thickness of the overlying Juana Lopez Member, where the greatest 

amount of stratigraphic thickness is seen in the hanging wall block of this fault system.  

Previous work on evaporite influenced systems have focused on the role of evaporite flow in 

modifying fault slip and throw patterns along fault segments (Richardson et al., 2005). Evaporites move 

passively under covered units in response to extension, (i.e., rifting) such that the thickness of salt 

increases in regions of high fault displacement, and is greatest in the footwall of these faults (Richardson 

et al., 2005). This relationship has been documented in the subsurface section of this research, where 

growth strata geometries coincide areas where a half-graben, listric master fault geometry has developed, 

seen best at the north-westernmost portion of the salt wall. 
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The present day Salt Valley fault system is composed of subparallel, linked isolated over-

displaced faults. A hypothesis for the development of this over-displacement is that fault growth initiated 

according to the isolated fault model, but asymmetries in the crestal geometry of the Paradox Salt created 

localized strain, creating heterogeneous fault geometries, and barriers in lateral fault growth, causing link-

up early in growth history. Once linked, these fault linkages grew in accordance to the coherent fault 

growth model. This hybrid fault growth model has been described previously by (Jackson and Rotevatn, 

2013). These faults are likely still active in present time, due to local salt dissolution and subsequent 

collapse of the salt wall. 

6.3.1 Role of inherited structure 

As previously stated, the presence of evaporites in a fault system can decouple covered-interval 

faults from basement involved faults. However, basement-involved faults have influenced many structures 

within the Paradox Basin, including the locations and orientations of the elongate salt walls and could 

potentially control the locations of supra-salt faulting. 

The dominant northwest-southeast structural trends documented throughout the Paradox Basin 

have been attributed to Mississippian-aged flexural normal faults which deform crystalline basement and 

pre-Paradox stratigraphic section (Barbeau, 2003). These basement-involved faults have been 

interpreted to act as basinward-flow barriers, for the elongate evaporitic salt walls in the basin (e.g. Kluth 

and Coney, 1981; Stevenson, G. M., 1986; Barbeau, 2003; Kluth and Duchene, 2009; Trudgill, 2011; 

Lehmann, 2015; Timbel, 2015). In addition to this NW-SE trending fault system, magnetic data, seismic 

reflection data, as well as published work have suggested that there is a secondary basement fabric that 

may have significant control on the placement of salt within the Paradox Basin. Specifically, this 

secondary fabric is thought to control the northwestern and southeastern lateral terminations of the 

elongate salt walls (Figure 2.3) (e.g., Case and Joesting, 1972; Hite, 1975; Warner, 1978; Trudgill, 2011; 

Lehmann, 2015; Timbel, 2015).  

Recent work has been conducted on the terminations of the Gypsum Valley and Castle Valley 

salt wall’s (Lehmann, 2015). The results of the research conducted by Lehmann, 2015 supports the 

hypothesis that this secondary basement fabric may control on the respective salt wall terminations. 
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Additionally, 3D structural modelling of the northwestern-termination of the Castle Valley salt wall displays 

an interesting correlation between salt wall termination and asymmetric crest of the Top-Paradox Salt.  

A side-by-side comparison of the northwestern-tip of the Salt Valley salt wall and the terminations 

of the Castle Valley and Gypsum Valley Salt walls, modelled by Lehmann 2015, show similar 

characteristics, including asymmetric Top-Paradox salt, as well as supra-salt growth faulting on the 

southeastern termination of the Gypsum Valley salt wall. These similarities reinforce the hypothesis that 

the underlying ENE-SWS trending basement fabric influences the locations of salt wall terminations, and 

may also inhibit lateral salt flow within the salt walls, which can be applied to the Salt Valley salt wall.  
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CHAPTER 7 CONCLUSIONS  

The field and subsurface research conducted on the Salt Valley supra-salt fault array have 

resulted in: 

1. The identification of four dominant fault orientations, present throughout the entirety of the 

research area.  

2. The generation of a 3D structural framework of the Salt Valley’s supra-salt fault system 

constrained by 3D seismic reflection survey and borehole penetrations. 

3. The execution of quantitative analyses (e.g., fault throw-length (T-L); throw-distance (T-x); throw-

depth (T-z); and throw variation along strike and between stratigraphic intervals) to determine the 

complex fault segment linkage history of the supra-salt fault system.  

4. The construction of a more-accurate sub-regional geologic contact map of the northwestern Salt 

Valley, which incorporates published data points, digitally-collected field measurements, as well 

as the creation several small-scale inset maps highlighting fault zones studied in advanced 

analyses.  

5. The completion of kinematic analyses of digitally-collected outcropping faults. 

6. The interpretation for the nucleation, fault growth evolution, and mechanism of formation for the 

supra-salt fault system, based on observations from both field and subsurface results.  

7. The northwestern tip of the Salt Valley salt wall likely coincides with the location of an underlying 

ENE-SWS trending Proterozoic basement fabric, similar to other salt wall terminations mapped in 

the Paradox Basin. 

7.1 Summary 

This research has resulted in a more accurate structural interpretation of fault geometries present 

above the Salt Valley salt wall. Advanced structural analyses conducted on this model provided a better 

understanding of the fault-growth history of the supra-salt fault array over the Salt Valley salt wall. The 

subsurface dataset was useful for constructing fault growth histories, and digitally collected field 

orientations enabled sub-seismic context, necessary for determining fault system nucleation and 

evolution. 



 84 

Overall, the Salt Valley salt wall is characterized by a series of subparallel linked and isolated 

fault segments that are separated in map and cross-sectional view. The dominant fault orientation is 

northwest-trending, dipping both east and west. Although the longest independent fault surface 

interpreted in the subsurface is approximately 6km long, linked fault zones composed of multiple surfaces 

can exceed 14 km. Fault slip in this array was measured in terms of fault throw, due to the initial 

interpretation that these faults deform in a dip-slip manner. Fault throws observed in the array have 

throws that range in value from 10’s to 100’s of meters of offset, the largest offset measured at 

approximately 640 meters.  

Faults mapped both in the field and subsurface likely achieved present day length through fault 

segment linkage, a normal-fault growth phenomenon that has been studied in great detail. In this 

research, two fault arrays were chosen to conduct fault throw analyses to determine how the east- and 

west-dipping fault arrays may have nucleated and grown. The east-dipping fault array is dominated by 

strain compartmentalized growth where fault segment link-up caused fault surface E1 to become inactive, 

and portions of E2 and E3 to experience little to no growth in areas where cross-cutting faults intersected 

their fault surfaces. Conversely, the West-Dipping fault zone maintained throw along the length of the 

fault zone, transferring strain evenly from northwest to southeast.   

Fault-slip kinematic analyses from field data combined with distribution analyses conducted on 

subsurface faults show that NW-SE E- and W- dipping faults likely experienced an oblique slip 

component of motion, rather than pure dip-slip. The mapped field and subsurface fault populations do not 

align along a linear fractal fault distribution, providing evidence for this fault system to have formed and 

influenced by more local, compartmentalized strain rather than regional extension.  

Asymmetries in the crest of the Salt Valley salt wall influence the supra-salt fault pattern in the 

Salt Valley salt wall due to strain compartmentalization. Though these asymmetries have been magnified 

due to supra-salt faulting and potentially localized dissolution, original asymmetries in top-salt was likely 

established due to an underlying basement fabric. 
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7.2 Implications  

Evaporite accumulations are present in many of the world’s largest hydrocarbon provinces (e.g., 

Gulf of Mexico, North Sea, Persian Gulf, Campos Basin and Pricaspian Basin). Salt can provide the 

structure and seal necessary for hydrocarbon entrapment, however, it may also lead to structural 

complexities, such as compartmentalizing a hydrocarbon reservoir through supra-salt faulting. Outcrop 

analog studies enable tangible observations that can be applied to subsurface studies. The Salt Valley 

salt wall is an exceptional location to study supra-salt faulting due to the proximity of world-class outcrops 

with a 3D seismic reflection dataset. This proximity enables fault slip kinematic information from 

outcropping fault surfaces to be assigned to 3D fault geometries mapped in the subsurface. Although the 

integration of sub-seismic fault mapping and fault-slip kinematic analyses is unique to this research, 

observations generated from this research can be applied to similar subsurface analogs, where 

hydrocarbon prospectively relies on viable supra-salt traps and intact reservoirs. 

This exposed system demonstrates that there are a number of complexities present in supra-salt 

fault arrays. For instance, identification of faults in the subsurface is dependent of the quality of the 

seismic data, as well as the orientation of the seismic trace, therefore, 3D seismic reflection data is ideal 

for interpreting supra-salt faulting. Faults below seismic resolution cannot be resolved, and therefore pose 

risk to potential prospects. In known regional tectonic settings, the population of faults below seismic 

resolution can be predicted. However, if the fault system has a non-fractal fault distribution, similar to the 

one at Salt Valley, there is a decline in predictability of the number of sub-seismic faulting, which can 

significantly reduce the size of entrapped reservoir, or cause a breach in the integrity of the trap 

altogether. In the Salt Valley, locations of asymmetric Top-Paradox Salt also coincided with the 

development of a subtle hanging wall roll-over anticline, a geometry that can be easily identified in 

subsurface analogs and targeted for hydrocarbon accumulations. 
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APPENDIX A 

VELOCITY MODEL INPUT PARAMETERS 

 The following electronic files illustrate the necessary steps and input parameters needed when 

conducting an interval velocity model. These steps are important in order to understand and replicate the 

time to depth conversion. 
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APPENDIX B 

SUPPLEMENTAL FIELD MAPS 

 The following electronic files are large-scale PDF files of the field maps that were initially 

constructed in Midland Valley Move, exported to ArcGIS, and modified in Adobe Illustrator. Raster and 

vector files of polylines and point data are available upon request. These files are included to show maps 

in a higher-resolution digital format.  
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