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STRUCTURAL EVOLUTION OF THE SEGMENTED SEVIER 
NORMAL FAULT, SOUTHERN UTAH

BENJAMIN SURPLESS, Trinity University

INTRODUCTION
While it has long been recognized that major normal 
fault systems are commonly segmented in map view, 
as opposed to continuous, planar surfaces (e.g., 
Goguel, 1952; Tchalenko, 1970; Wallace, 1970; 
Schwartz and Coppersmith, 1984), only recently have 
researchers made significant advances in the role that 
segmentation plays in the evolution of these fault 
systems (e.g., Biddle and Christie-Blick, 1985; Crone 
and Haller, 1991; Peacock and Sanderson, 1996; 
Peacock, 2002). The geometry and relative strength of 
links between fault segments can strongly influence 
the propagation of slip during an earthquake (e.g., 
King and Nabalek, 1985; Crone and Haller, 1991; 
Zhang et al., 1991), and the perturbations of the local 
stress field caused by interaction of fault segments 
can influence the formation of relay ramps, minor 
faults, and associated fracture networks in transfer 
zones between synthetic normal fault segments (e.g., 
Peacock and Sanderson, 1996; Crider and Pollard, 
1998; Faulds and Varga, 1998; Peacock, 2002).

In addition, the high fracture densities developed at 
these segment boundaries (e.g., Stock and Hodges, 
1990; Hudson, 1992; Faulds, 1996) may enhance 
fluid flow, thus increasing rates of groundwater 
flow (e.g., Rowley, 1998), permitting hydrocarbon 
migration (e.g., Morley et al., 1990), or promoting ore 
mineralization (e.g., DeWitt et al., 1986).  Because 
normal faults that typically develop in sedimentary 
basins, where natural resources commonly occur, are 
relatively planar and steeply-dipping in cross-section, 
with displacements of up to hundreds of meters (e.g., 
Peacock, 2002), well-exposed fault systems with these 
characteristics permit researchers to shed light on the 
evolution of similar faults in the subsurface.  In this 

Keck Utah Advanced Project, students used the Sevier 
fault zone in southern Utah (Fig. 1), a segmented 
normal fault system with ~600 – 700 m dip-slip 
displacement, to investigate the structural evolution of 
a normal fault transfer zone across a range of spatial 
scales.

Figure 1. Physiographic context for the Sevier fault zone study 
area within the Basin and Range-Colorado Plateau transition zone 
(see inset).  In combination with the Grand Wash, Hurricane, and 
Paunaugunt faults, the Sevier-Toroweap fault helps accommodate 
extension across the transition zone.  Ball is on the hanging wall 
of the west-dipping faults.  Detailed structure of the study area 
(boxed) is displayed in Figure 2.  Digital shaded relief modified 
from Thelin and Pike (1991). Figure modified from Reber et al. 
(2001) and Surpless and McKeighan (2022). 

doi: 10.18277/AKRSG.2023.35.01
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STUDY AREA
The Sevier normal fault, considered one of the most 
important structures in the Basin and Range province 
(e.g., Davis, 1999; Lund et al., 2008), is part of 
the Toroweap-Sevier fault system, which extends 
for more than 300 km from northern Arizona to 
southern Utah (Fig. 1).  The fault has accommodated 
extension across the transition zone from the Basin 
and Range province to the relatively stable Colorado 
Plateau since the Miocene (e.g., Reber et al., 2001; 
Lund et al., 2008), and previous workers have noted 
the potential of the fault to produce significant 
earthquakes (Anderson and Rowley, 1987; Doelling 
and Davis, 1989; Anderson and Christenson, 1989; 
Lund et al., 2008).  It is likely that many segments 
of the Sevier fault reactivate older high-angle, 
Laramide-age contractional structures (e.g., Stewart 
and Taylor, 1996; Schiefelbein and Taylor, 2000), 
which may explain why the steeply-west-dipping 
fault zone is segmented in map view, with variations 
in the geometry of the linkages between normal 
fault segments (e.g., Davis, 1999; Reber et al., 2001; 
Schiefelbein, 2002; Doelling, 2008).  

In this project, students focused their investigations on 
a particularly complex portion of the Sevier fault zone, 
termed the Orderville geometric bend (e.g., Reber et 
al., 2001) (Fig. 2).  The Orderville bend displays a 
range of geometries associated with the interactions 
of three fault segments, which include the Mt. Carmel 
segment, the Orderville segment, and the Spencer 
Bench segment. The interaction of these 3 fault 
segments is likely responsible for the formation of 
the minor faults (displayed in white) and relay ramps 
shown adjacent to Red Hollow Canyon and Stewart 
Canyon (Fig. 2); these features likely evolved within 
the perturbed stress field associated with the transfer 
zones between dominant fault segments (Fig. 3).  

STUDENT PROJECTS
The excellent vertical and lateral exposure of the 
Jurassic Navajo sandstone at the two primary study 
areas, at Red Hollow Canyon and Elkheart Cliffs (Fig. 
2), provided students opportunity to directly observe 
faults, fractures, and deformation bands within 
these well-studied lithologies (e.g., Rogers et al., 

2004; Schultz et al., 2010; Solom et al., 2010).  The 
Elkheart Cliffs exposure (Fig. 2) displays the simplest 
fault geometry because the Mt. Carmel segment 
accommodates all E-W extension.  In contrast, at Red 
Hollow Canyon, extensional strain is accommodated 
by a more complex system that includes the 
Orderville relay ramp and several other faults (Fig. 
2).  This spatial variation in fault complexity allows 
student researchers to treat these two locations as 
end members, permitting them to evaluate how the 
evolution of different fault geometries damages 
adjacent rock volumes (Fig. 3). 

Figure 2. Structure map of the fault network within the Orderville 
geometric bend of the Sevier fault zone. Thick yellow lines are 
primary segments of the Sevier fault zone. Green shading indicates 
outcrop extent of the Jurassic Navajo Sandstone (Jn).  Ball symbols 
on hanging wall of normal faults.  Faults shown here are based 
primarily on mapping performed by Schiefelbein (2002) and our 
mapping, at 1:12,000 scale or larger.  See Figure 1 for location.  
Figure modified from Surpless and McKeighan (2022).
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which has important implications for natural resource 
exploration.

Audrey Jennings (Trinity University) analyzed stress, 
strain, and fracture evolution using the Fault Response 
Modeling module of the Move 2020 software suite (by 
Petex).  She created 3D models of a 2-fault-segment 
system, consistent with the approximate geometries 
of the Mt. Carmel and Spencer Bench segments of the 
steeply-dipping Sevier system (Fig. 2), at increasing 
levels of overlap. Models included a single layer 
defined by the mechanical properties of Navajo 
Sandstone, which is better exposed than any other 
lithology in the study area. Audrey modeled throw, 
stress, strain, and fracture orientation and intensity at 
varying fault slip displacements, ranging from 25 to 
400 m.

All models showed the highest strain at fault tips, 
with strain also transferred between tips. Of her 
models, the less overlapped systems had the most 
intense strain fields between tips. Throw gradually 
changed from highly negative to slightly positive 
in this zone, indicating the initial development of a 
highly-fractured relay ramp, which thus would have 
high geothermal potential. In all models, fracturing 
is most intense in zones of elevated stress and strain 
fields, with fractures curving to connect tips, a feature 
best revealed in models where the fault segments 
display lesser overlap. Fracture intensity is higher in 
the hanging wall of segments, with vertical fractures 
roughly parallel to the fault. Due to predicted high 
strain and fracture density, Audrey confirmed that 
fault tips in segmented normal faults are promising 
for geothermal energy. Furthermore, she learned that 
slightly underlapped or overlapped faults represent the 
most likely setting for fracturing that might promote 
geothermal production.

Jasper Neath (Trinity University) used the Move2020 
modeling suite (by Petex) to develop a viable 3D 
model of the complexly-segmented Sevier fault zone 
based on previously published geologic maps and 
cross-sections.  He focused primarily on the fault 
network displayed in Fig. 2. With previously published 
geologic maps and cross-sections (Schiefelbein, 
2002) as a base, he digitized geologic layers and fault 
horizons to build a 3D model of the fault network. 
He used his model to test the validity of initial cross-

To address fundamental questions about how rock 
volumes respond to the evolution of complex, 
segmented, normal fault systems, students applied a 
variety of approaches, including analysis of field data, 
3D digital modeling and analysis of photographic 
data, development of a 3D retrodeformable model of 
the fault network based on previously published cross-
sections and map data, and 3D stress-strain modeling 
of fault and fracture formation and propagation.  Their 
work improves our understanding of the 3D evolution 
of fracture networks in complex normal fault zones, 

Figure 3. Diagrams displaying relay ramp development, fault 
capture, and damage zone classification.  A) In all diagrams, the 
dark gray shaded area represents the magnitude of displacement, 
and the lines represent the slip direction as the hanging wall drops 
relative to the footwall.  1. A system of small-displacement faults 
develops to accommodate upper crustal stresses. The dotted lines 
represent the future propagation of the faults.  2. As displacement 
increases across the system, two faults (1 and 2) become dominant, 
both lengthening in map view and displaying increasing total 
displacement.  A relay ramp forms in the zone of overlap between 
the faults.  3. Faults 1 and 2 link as a new cross-fault connects them.  
A future cross-fault may form where indicated, fully breaching 
the relay ramp.  B) Map-view of a segmented fault system (bold 
lines are faults), with 1 and 2 representing progressive stages of 
fault segment linkage and capture.  In 1, the three fault segments 
overlap but are only soft linked, and in 2, one of the segments 
has “captured” displacement from the other segments, isolating 
the overlapped portions of segments (red lines) that are no 
longer active.  The segments are now hard linked and act as a 
single, corrugated fault.  Arrows show the direction and relative 
magnitude of fault slip projected onto plan view.  C) Schematic map 
view diagram of damage zone types associated with a segmented 
normal fault system (bold lines) with ball symbols on the hanging 
wall.   Figure A. adapted from Peacock (2002) and Long and Imber 
(2011), Figure B. adapted from Reber et al. (2001), and Figure C. 
adapted from Kim et al. (2004).
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sectional interpretations, because earlier subsurface 
interpretations in cross-sections were based on 
surface mapping rather than direct documentation of 
subsurface fault and layer geometries. 

Because the cross-sectional lengths of individual 
layers should remain constant from their initial 
length to their deformed length, Jasper was able to 
test the viability of cross-section interpretations of 
subsurface structure with the restorable 3D models 
he developed. Where lengths were not consistent, 
we noted that subsurface model characteristics such 
as fault dip, magnitude of fault displacement, fault 
shape, spatial relationships between fault segments, 
or undocumented blind faults might be required. 
Jasper’s work set the stage for future researchers, 
with the hope that eventually, several research 
questions can be addressed.  These include: 1) How 
do the displacement and propagation of separate fault 
segments interact to form the present-day complexity 
exposed along the Orderville fault network? 2)  How 
is strain accommodated along these fault zones at 
different stages of fault zone evolution? and 3) How 
do permeability and fluid flow pathways change as a 
segmented fault zone evolves?

Michelle Nishimoto (Wellesley College) used 
field data and Strucure-from-Motion (SfM) model 
analysis to investigate how fault-tip damage zones 
develop (Fig. 3) in response to fault propagation 
and displacement due to amplification of stresses at 
the fault tip. Because fractures initiate as a result of 
stresses exceeding rock strength and propagate based 
on the stress field at the fault tip, Michelle investigated 
the damage zone of the Spencer Bench segment near 
Orderville, Utah (Fig. 2), focusing on fractures that 
developed within the Jurassic Navajo Sandstone, 
the Temple Cap Formation, and the oldest beds of 
the Carmel Formation. Because normal faults grow 
laterally as slip and displacement increase, she focused 
on the tip zone of the Spencer Bench fault segment 
where fracturing is well-exposed.

Utilizing unmanned-aerial-vehicle (UAV) flights to 
capture high-resolution imagery of inaccessible rock 
exposures, Michelle constructed structure-from-
motion (SfM) virtual outcrop models (VOMs) that she 
georeferenced and analyzed using Agisoft Metashape 
Professional, 3D modeling software. Based on those 

models, Michelle collected and analyzed fracture 
orientation and intensity data in the field and with 
VOMs.

Both types of data revealed an asymmetrical fracture 
intensity distribution proximal to the fault, with 
higher fracture intensity in the hanging wall relative 
to the footwall. The damage zone asymmetry she 
documented is consistent with some previous normal 
fault damage zones studies. Michelle also documented 
similar footwall damage zone widths in the same 
lithology, the Jurassic Navajo Sandstone, proximal to 
both the Mt. Carmel and Spencer Bench segments.  
Because the Mt. Carmel segment accommodates 
approximately 800 m dip-slip displacement while 
the Spencer Bench segment accommodates less than 
10-m displacement, Michelle’s work revealed that 
damage zone width must be established very early in 
the evolution of a fault, so damage zone width will not 
increase with increasing displacement.
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MODELING FAULT-RELATED FRACTURING ASSOCIATED 
WITH A SEGMENTED NORMAL FAULT: IMPLICATIONS FOR 

GEOTHERMAL ENERGY POTENTIAL
AUDREY JENNINGS, Trinity University
Project Advisor: Benjamin Surpless

INTRODUCTION
Geothermal energy is a growing source of renewable 
energy in the United States, but it can be both 
technically challenging and financially risky to 
identify locations with high potential (e.g., Micale 
et. al., 2014). In order for a geothermal system to 
be conducive to any utility-scale electricity or heat 
generation, it must have high heat levels and pathways 
for fluid to flow. Faulting, which deforms rock and 
creates fluid pathways, can create an ideal scenario 
for geothermal energy production. By analyzing stress 
and strain distributions in certain fault zones, we 
may be able to locate productive systems. Faulds and 
Hinz (2015) describe high-density fracturing around 
segmented normal faults in extensional settings, 
making these zones promising for geothermal energy 
production. To explore the geothermal potential in 
segmented fault zones, I built 3D fault models in 
Move 2020 (by Petex) to assess displacement, stress, 
strain, and fracturing at different stages of fault 
interaction, which we compare to field data from the 
Sevier fault zone in southern Utah. 

The Sevier fault zone is a NW-striking, segmented 
normal fault system that exhibits varying stages and 
types of fault segment interactions, including relay 
ramps and transfer zones that are associated with 
high-intensity fracturing (Surpless and McKeighan, 
2022). Given the presence of these fracture-conducive 
geologic settings, we constructed 3D Move models 
based on the Sevier system in order to predict 
how vertical displacement, stress, strain, fracture 
orientation, and fracture intensity develop within a 
segmented, progressively overlapping normal fault 
system. With our work, we can investigate how fault 

segmentation and linkage affect stress and strain 
within a fault zone, and how stress and strain in these 
systems might evolve over time. We also can more 
definitively determine the effects of fault-related stress 
and strain on fracturing orientations and intensities 
within a given rock volume, as well as how stress, 
strain, and fracturing intensities and orientations 
evolve as fault segments propagate past each other. 
Finally, using both our modeling results and collected 
field data, we aim to develop new strategies for how 
to best utilize 3D modeling as a tool to efficiently 
identify locations with high geothermal potential, so 
that they can be targeted for further investigation.

BACKGROUND
At their most basic, geothermal systems require two 
primary factors: heat and flowing fluids. Heat flow 
has previously been well-mapped, indicating locations 
where geothermal energy may be possible (Boden, 
2017). Geothermal systems tend to be productive 
at locations with average temperatures above 100 
degrees C, but due to their subsurface location, 
identifying fluid flow pathways that will be conducive 
to geothermal systems can be much more difficult 
(e.g., Boden, 2017). Metrics to evaluate fluid flow 
potential include porosity and permeability. In general, 
highly permeable materials support geothermal 
systems, since connected open spaces allow for fluids 
to flow at high rates. However, permeability due to 
rock fracturing is especially important to identify 
when considering geothermal energy system viability, 
since fracture permeability can often be many orders 
of magnitude greater than matrix permeability. Given 
that researchers estimate that productive geothermal 
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systems must average a fluid flow rate of 200 kg/s, 
porosity simulation models predict that a fracture 
permeability of local material between 0.05 and 0.5 
darcies is necessary to sustain a productive flow rate (1 
darcy = volumetric flow rate of 1 cm3/s of water with 
a viscosity of 1 centipoise over a cross-sectional area 
of 1 cm2 under a pressure gradient of 1 atmosphere 
per centimeter) (e.g., Boden, 2017). Thus, identifying 
settings with high-level rock fracturing that produce 
permeability in these ranges will be key to establishing 
utility-scale geothermal energy production. 

One promising location for geothermal energy is the 
Sevier fault zone in southern Utah. The Sevier fault 
has accommodated extensional strain between the 
Basin and Range Province and the Colorado Plateau 
since the Miocene (e.g., Surpless and McKeighan, 
2022), and is a segmented normal fault that dips 
steeply to the west and exhibits 600 to 700 m of dip-
slip displacement. Overlapping fault segments have 
led to complex structures, including relay ramps, 
fracture zones, and tip, wall, and linkage damage 
zones (e.g., Davis, 1999; Hecker, 1993; Smith 
and Arabasz, 1999). These types of structures are 
consistent with structural settings where geothermal 
systems form (e.g., Curewitz and Karson, 1997; 
Faulds and Hinz, 2015). Localities that exhibit 
combinations of these settings, which we have 
documented along the Sevier fault, suggest that the 
Sevier fault is a promising location for understanding 
how and where high-geothermal potential systems 
develop. Of the structural settings commonly linked 
to high geothermal potential, two that are especially 
common within segmented normal fault systems are 
the regions between interacting fault tips and across 
relay ramps. As fault tip stress zones approach one 
another, they may begin to interact and cause new 
deformation (Fig. 1). Such “transfer zones” can result 
in the development of relay ramps, structures that 
connect the hanging wall of one fault segment to the 
footwall of another segment and help facilitate the 
transfer of strain and slip between the two segments 
(Fig. 2). 

Relay ramp formation depends on the specific 
geometry and relationship between involved fault 
segments; if segments are too far apart, they will 
not interact. If segments are more closely spaced, as 

segments propagate past each other, deformation in 
stress transfer zones and along relay ramps increase, 
and the relay ramp may become breached, physically 
linking the two fault segments into one system (Fig. 
2) (e.g., Trudgill and Cartwright, 1994; Crider and 
Pollard, 1998). Importantly, spacing and geometry 
of faults affect whether fault linkage occurs and 
ultimately how fault linkage occurs. Fault dip and 
the subsurface distance between fault tip lines most 
strongly affect the likelihood of linkage (Crider 
and Pollard, 1998). Linkage of overlapping faults 
typically includes an interaction phase during which 
a relay ramp forms due to stress field interactions 
between faults (e.g., Crider, 2001; Crider and Pollard, 
1998). Relay ramps connect the hanging wall of one 
fault segment to the footwall of another segment, 
effectively transferring strain and/or slip between the 
two segments, and may ultimately directly link the 
faults to form a single segmented fault (e.g., Larsen, 

Figure 1. Map view of lateral fault segment propagation and 
associated stress field changes (elevated stress shown in gray and 
dark gray. - symbols correspond to areas where failure is not likely 
to occur as the fault continues to propagate. Diagram A modified 
from Cowie and Shipton (1998), and diagrams B - D modified from 
Crider and Pollard (1998) and Crider (2001).

Figure 2. Diagram of a relay ramp developing between en echelon 
normal fault segments. Within the fault scarps, fault slip tapers to 
zero at the tips. The insert shows a map view of the relay ramp, with 
the fault segments represented by parallel lines and the dashed box 
indicating the location of the 3D diagram. Figure modified from 
Trudgill and Cartwright (1994) and Crider and Pollard (1998).
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km of overlap between fault segments experienced 50 
m of slip, and a model with 3 km of overlap between 
fault segments experienced 150 m of slip. 

These slips occurred along an elliptical displacement 
gradient on the fault plane, with the greatest amount of 
slip equidistant from the fault tips and at 1 kilometer 
below the observation surface, and 0 slip at the fault 
tips. Such dimensions meant that the slip occurred 
across the “no interaction” model at a gradient of 1 
m/km, across the “even” model at a gradient of 5 m/
km, across the “1 km overlap” model at a gradient of 
10m/km, and across the “3 km overlap” model at a 
gradient of 30 m/km from the foci to the fault tips. We 
generated 16 models showing vertical displacement, 
maximum coulomb shear stress, strain dilation, and 
predicted fracture intensity and orientation based on 
the 4 given fault configurations. Though our models 
do not precisely match the fault geometry of the 
Sevier or the complete stratigraphy, they do represent 
the general fault interactions within the system and 
therefore can be used to gain better insight into the 
distribution of fracturing and enhanced permeability 
within the Sevier fault zone. By comparing our 
modeled results to the fracture networks documented 
along the Sevier fault zone (Nishimoto, this volume), 
we can validate our modeling process and draw 
general conclusions about faulting and fracturing 
within segmented normal fault systems.

RESULTS
Our modeling results reveal how vertical 
displacement, stress, strain, fracture orientation, 
and fracture intensity vary across a range of total 

1988; Morley et al., 1990; Peacock and Sanderson, 
1991; Trudgill and Cartwright, 1994; Crider and 
Pollard, 1998; Faulds and Varga, 1998; Walsh et al., 
1999; Peacock et al., 2000; Ferrill and Morris, 2001; 
Reber et al., 2001; Camanni et al., 2019).

METHODS
The Fault Response Modeling (FRM) module of 
Petex’s Move 2020 modeling software calculates 
variables including displacement, strain, and stress 
within a user-defined fault system using elastic 
dislocation theory calculations at “sampling” points 
within a user-defined medium (Petex, 2020). With 
the FRM module, we created a total of 16 fault 
models mimicking a segmented normal fault system, 
based on the geometry of the Sevier fault zone. A 
simplified description of the modeling process and 
the lithological conditions of the observation layer 
are presented in Fig. 3 and Table 1, respectively. 
The fault model consists of two parallel en echelon 
fault segments, each ten kilometers long, 1 kilometer 
apart, and dipping 70 degrees. This configuration 
approximates the observed geometry of interacting 
fault segments within the real Sevier fault zone. 
In order to mimic simultaneous vertical throw and 
horizontal displacement, we assigned progressive 
amounts of displacement (of 5, 25, 50, and 150 m) 
to four models that also experienced progressive 
lateral propagation. Thus, a model with two laterally 
separated fault segments (such that no interaction 
occurred between them) experienced 5 m of slip, a 
model with the fault segment tips placed even with 
one another experienced 25 m of slip, a model with 1 

Figure 3 . Workflow for creating 3D models of the Sevier fault zone 
in the Fault Response Modeling module of MOVE 2020.
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displacements and fault geometries (Fig. 4). Model 
results are shown with a heatmap, with values 
increasing from the lowest (shown in blue), to the 
highest (shown in red). Fault geometry affects the 
distribution of throw, stress, strain, and fracturing 
across models with progressive displacement and 
relative overlap. The fault segments show two separate 
stress fields in the “no interaction” model, but the 
fields begin to converge with the “even” model and 
continue to do so as the segments become increasingly 
overlapped. Since the models mimic the Sevier fault 
zone, rather than perfectly replicating it, we cannot 
use the models to predict specific throw, stress, and 
strain values; however, we can use these values for 
general comparisons between models. Thus, it appears 
that stress and strain values increase as fault segment 
overlap progresses. In the greatly overlapped model 
(with 3 km of overlap and 150 m of slip), calculated 
maximum Coulomb shear stress values reach a 
maximum of 186.3 MPa along the fault plane; in 

the no-interaction model experiencing 5 m of slip, 
the maximum calculated maximum Coulomb shear 
stress value occurs along the fault plane as well, but 
only at 0.9 MPa. Strain dilation varies similarly, with 
the maximum strain dilation value recorded as 0.000 
in the no-interaction model and 0.0011in the 3 km 
overlap model, occurring in all models near the fault 
tips and in the hanging wall (HW) of the system. 

Even within individual models, throw, stress, strain 
and fracturing vary across parts of the fault system. 
For all of our models, stress and strain are largely 
concentrated at the fault tips, and overall stress is 
greatest in the footwall while strain is greatest in the 
hanging wall. Our models also show high-intensity 
fracturing concentrated at fault tips and in the hanging 
wall of fault systems. Fractures are generally oriented 
parallel to the fault segment(s) in the hanging wall, 
and more perpendicular to the fault in the footwall. At 
the tips, where strain is greatest and stress fields are 

Figure 4. Modeling results, showing vertical displacement, maximum coulomb shear stress, strain dilation, fracture intensity, fracture 
orientation.
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interacting between segments, the fracture orientations 
are much more variable than in the midsection of the 
fault system. 

In addition, prior modeling of fault interactions 
reveal that the greatest Coulomb stress occurs along 
the relay zone between fault segments where tips 
of the different segments are closest (Crider and 
Pollard, 1998). Our results support these findings, 
with yellow lines on the models representing higher 
maximum stress and strain from the northernmost 
tip of the western segment to the northernmost tip 
of the eastern segment. Strain generates fractures 
in rock in alignment with our models which show 
high-intensity fracturing at fault tips where strain is 
concentrated. However, fault segments with extreme 
overlap experience less shear Coulomb stress relative 
to applied load when compared to underlapped fault 
segments (Crider and Pollard, 1998), so the increase 
in maximum stress within the relay zone in our 
overlapped model is relatively small.

DISCUSSION
Our results indicate that segmented normal fault 
systems with significant levels of overlap between 
fault segments present a promising location for further 
geothermal investigation due to the higher intensity 
fracturing present, relative to single or underlapped 
systems. Specifically, fracturing intensity appears 
especially elevated between overlapped fault tips (at 
mid-to-high levels of vertical displacement) as well 
as along relay ramp development zones between 
fault tips. These locations have also been identified 
as having especially high stress and strain in prior 
fault-linkage models with similar geometries (Crider 
and Pollard, 1998). Given the strong relationship 
between high levels of stress, strain, and elevated 
fracture intensity, our models seem to support Crider 
and Pollard’s (1998) analysis of high-stress and strain 
areas in fault linkage systems and also indicate that 
such locations may be high in geothermal energy 
potential. From our models, it also appears that the 
hanging wall of segmented normal fault systems 
(with higher fracture intensities than the footwall) 
demonstrate more promise for fluid flow and thus 
geothermal energy. Targeting further geothermal 
research in such geological formations could be 

an important step in finding new ways to harness 
the Earth’s heat, and further encourage both public 
and private investment in geothermal projects (e.g., 
Micale et. al., 2014). However, applying the proper 
geothermal energy system to the geological constraints 
of the specific fault zone will be critical to properly 
using any local potential. 

Our models indicate that the intensities and 
orientations of subsurface fracturing that would be 
conducive to geothermal energy are likely present 
within the overlapped, normal Sevier fault zone, 
but the temperature levels within this specific fault 
system are likely too low or too inconsistent to 
provide usable geothermal electricity given current 
geothermal infrastructure (Boden, 2017). However, 
we can generalize the displacement, stress, strain, 
and fracturing patterns we see in our models to 
other segmented normal fault systems that are in 
geothermally warmer or more accessible regions, 
using our data to indicate where within such systems 
we may expect to see the greatest potential and 
what factors (like fault geometry or amount of 
slip) contribute most greatly to the development 
of geothermal potential. Ultimately, the relative 
agreement between our fracture modeling results and 
the damage zone data collected during fieldwork along 
the Sevier fault (Nishimoto, this volume) illustrates 
the potential for 3D modeling to help identify regions 
with high geothermal potential. Given that one main 
obstacle to expanding geothermal energy is the 
difficulty in identifying high-potential geothermal 
systems, improving modeling strategies for predicting 
the fracturing intensity and thus fluid flow potential 
of different geologic settings is an important step in 
making utility-scale geothermal energy a feasible 
future solution.
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ABSTRACT
The Sevier fault zone near Orderville, Utah, represents 
a segmented normal fault system within the transition 
zone between the Basin and Range Province and the 
Colorado Plateau.  This fault system consists of three 
primary segments: the Orderville segment, the Spencer 
Bench segment, and the Mt. Carmel Segment.  The 
interactions between segments led to the development 
of complex structural geometries exposed along the 
fault zone.  These geometries influence deformation 
and create fractures that affect expected permeability 
and fluid flow within the fault zone.  These geometries 
also impact how slip-related energy is dissipated 
during earthquake-related slip propagation.  Therefore, 
analysis of these geometries has implications for 
fluid flow and seismic hazard within segmented fault 
systems.

I used the Move2020 software suite by Petex to 
develop a 3D model of the complexly-segmented 
Sevier fault zone near the city of Orderville in 
southern Utah.  Earlier researchers’ subsurface 
interpretations were based on surface mapping rather 
than direct documentation of subsurface fault and 
layer geometries, so 3D model development permits 
validation of hypothesized subsurface structures.  I 
digitized geologic contacts, faults, and stratigraphic 
horizons based on published geologic mapping and 
cross-sections to develop a 3D model of the fault 
network.  I confirmed that the model does represent a 
well-constrained 3D system of the Sevier fault zone 
based on demonstrated integrity between the digital 
elevation model (DEM), and all available structural 
data.  This work should provide future researchers 
with the data necessary to model evolution of the 
overall fault system, which will permit accurate 

determination of fault-related fracture development 
and the most likely fluid flow paths.  Furthermore, 
development of a fully retro-deformable model of 
the fault zone will allow strain analysis that may 
help researchers understand how fault segment 
geometries impact earthquake slip propagation. This 
determination can be used to provide a conceptual 
framework for other researchers to better constrain the 
evolution of segmented fault zones worldwide.  

INTRODUCTION
Segmented fault zones like the Sevier fault zone 
consist of many shorter normal faults that act as a 
continuous, corrugated fault (Ferrill et al. 1999).  
As fault segments interact, they form fractures, 
thus developing fluid flow pathways.  Additionally, 
segmentation enables energy dissipation across the 
fault zone, which may impact seismic hazard and 
slip propagation across the region.  By developing 
detailed three-dimensional structural models, we can 
better assess the spatial and temporal evolution of 
both fluid flow and slip propagation.  Although fault 
growth through linkage and relay ramp formation 
is well known, the influence on three-dimensional 
fault geometry as a result of this process is not well 
understood (e.g., Fossen and Rotevatn, 2016).  Three-
dimensional modeling techniques allow me to perform 
analysis necessary to make interpretations about 
fault geometry that other methods cannot adequately 
address (Rotevatn et al. 2019).

I used the Move2020 modeling suite by Petex to 
develop a 3D model of the Sevier fault zone near 
Orderville, Utah.  I used Move2020 because this 
program permits integration of digital elevation 
models (DEMs), geologic maps, orthophotography, 
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and cross-sections into a single model.  I successfully 
completed four key aspects of this digitized model 
in Move2020: 1) I accurately aligned the geologic 
map of the area with the digital elevation model; 
2) I precisely placed cross-sections along mapped 
section lines; 3) I digitized fault and horizon lines onto 
each section; and 4) I interpolated these lines across 
sections to develop 3D fault planes and stratigraphic 
contacts. This model will permit future workers to 
evaluate fracture formation, fluid flow pathways, 
and seismic hazard across the segmented normal 
fault system.  This work should provide a conceptual 
framework for the evolution of segmented normal 
fault zones worldwide, especially where those fault 
systems are poorly exposed or in the subsurface.

STRUCTURAL BACKGROUND 
The Sevier fault zone is located within the transition 
zone between the Basin and Range Province and the 
Colorado Plateau (Fig 1). The fault zone is located 
within the Intermountain Seismic Belt, which has 
had numerous historic 7.0+ magnitude earthquakes 
(e.g., Christenson and Nava, 1992).  Additionally, 
the extension in this transition zone allowed for a 
combination of both soft and hard fault linkage across 
the zone.  This linkage is associated with minor fault 
segments and the four relay ramps located within the 
fault zone (Fig 2).  Displacement is accommodated 
via two capture mechanisms.  The primary capture 
method relies on the growth and development of 
dominant faults within the fault system.  Dominant 
faults, which accommodate the most displacement, 
propagate laterally and transfer strain between them by 
relay ramp development (Crider and Pollard, 1998).  
The other linkage mechanism relies on the overlap of 
two faults where one fault hard links with the other 
and captures the displacement of the other fault within 
the system (Ferrill et al. 1999).

Schiefelbein’s (2002) conclusions confirm the 
existence of these two types of linkage mechanisms 
along the Sevier fault zone near Orderville.  The 
first subtype links the fault via fault capture in the 
Orderville relay ramp area (Fig. 2).  The second 
linkage subtype occurs as a result of overlapping faults 
with a series of cross faults and relay ramps in the 
Stewart Canyon overlap zone (Schiefelbein, 2002) 

(Fig. 2).

Two models of fault growth, the propagating fault 
model and the constant length fault model, provide 
frameworks to help explain the growth of normal fault 
segments.  The propagating fault model asserts that 
fault growth occurs primarily due to the lengthening 
and linkage of individual, initially independent fault 
segments (e.g., Rotevatn et al. 2019). Meanwhile, the 
constant length fault model explains that rather than 
growing through a lengthening and linkage process 
over time, faults instead propagate to their near-
full lengths rapidly.  This propagation is typically 
associated with mechanical interactions between 
adjacent fault segments and a reduction in tip stresses 
(Rotevatn et al. 2019).  The digitized 3D model of 
the Sevier fault zone that I have constructed can be 
used to test these end-member models.  In addition 
to the variety of capture methods associated with 
different linkage types, damage zones, commonly 
highly-fractured rock, form as a result of fault 
displacement and interaction.  These damage zones 

Figure 1. Transition zone between the Basin and Range Province 
and the Colorado Plateau displaying the primary faults that 
accommodate extension (modified from Thelin and Pike, 1991; 
Reber et al., 2001).
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within Move2020.  The restoration and reconstruction 
steps only need to be completed if 2D section analysis 
reveals the horizon lengths to be inconsistent.  An 
example of a model created prior to restoration with 
this modeling workflow is shown below (Fig. 4).  I 
completed through step 6 of the modeling workflow, 
the Create Surfaces step.  Completion of this step 
relies on interpolating fault and line horizons across 
multiple cross-sections in order to translate 2D data 
into 3D space.  The primary data I used for this 
process, imported during the Import Required Data 
step, were cross-sections and a geologic map created 
by Schiefelbein (2002). The majority of these cross-
sections were constructed in the southern portion 
of the geologic map, where there is sufficient data 
density, so I focused on the southern portion of the 
map area to assess the most complex portion of the 
fault system.

are classified based on the structural position of the 
damage. Damage zones form along the tip, wall, or 
linkage zone between fault segments (e.g., Long and 
Imber, 2011).  These damage zones are commonly 
associated with the breaching of relay ramps between 
dominant segments of the Sevier fault zone.  These 
damage zones release stresses associated with fault tip 
propagation and may serve as conduits for fluid flow 
(e.g., Fossen and Rotevatn, 2016).

METHODS
I designed an eight-step modeling workflow in order 
to efficiently develop a high-resolution model of the 
Sevier fault zone (Fig 3).  I performed all steps of 
the modeling workflow except for the Georeference 
Geologic Map step, which I completed in ARC-GIS, 

Figure 2. Structural map of the fault network within the Sevier fault 
zone at Orderville. Thick yellow lines are primary segments of the 
Sevier fault zone (Simoneau et al., 2016; Hankla et al., 2019).

Figure 3. Eight-step modeling workflow used to develop a high 
resolution model of the Sevier fault zone.
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Figure 4. Completed 3D model prior to validation and restoration. This example was created using the modeling workflow shown in 
Figure 3.

RESULTS
I succeeded in developing a well-constrained 3D 
model of the Sevier fault network near Orderville, 
Utah.  My model demonstrates integrity between the 
DEM, geologic map, cross-sections, and stratigraphic 
horizon displacements.  I have been able to evaluate 
displacement gradients across the fault zone by 
aligning the georeferenced geologic map, DEM, and 
cross-sections within section lines.  Additionally, I 
successfully demonstrated the general validity of the 
original cross-sectional interpretations by establishing 
line-length consistency across and between cross-
sections.  I have used my model to document along-
strike changes in displacement of a stratigraphic 
horizon surface along a fault plane where subsurface 
interpretations have been validated (Fig 5).  However, 
my analysis revealed that some of Schiefelbein’s 
(2002) initial interpretations need to be slightly 
revised.  For instance, I found certain upper horizon 
lengths to be shorter than lower horizon lengths in 
Schiefelbein’s (2002) cross-sectional interpretations.  
Once these structural interpretations have been 

validated across the fault network, future researchers 
will able to assess fault geometries along the fault 
zone and limit possible kinematic fault evolution 
scenarios.

FUTURE WORK
Future work must address the discrepancy in data 
density between the northern and southern sections 
of the study area.  Specifically, future researchers 
will need to use surface data to construct more cross-
sections in the northern Sevier fault study area.  
These cross-sections will need to undergo the same 
validation process that I performed on Schiefelbein’s 
(2002) cross-sections.  Additionally, future researchers 
will need to revise some of Schiefelbein’s (2002) 
structural interpretations.  To address discrepancies, 
researchers may add blind faults at depth, adjust 
changes in displacement magnitudes/ratios with depth, 
and/or change fault geometries.  This work will allow 
us to answer the following research questions: 1) 
Are modeling results consistent with the established 
ideas about the kinematics of segmented fault zone 
evolution?  2) How do permeability and fluid flow 
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pathways change as a segmented fault zone evolves? 
and 3) How can these results be used to assess the 
impacts of fault geometry on the propagation of slip 
during an earthquake?

IMPLICATIONS
The structural geometries and features exposed 
along the Sevier fault zone are important because 
they influence deformation within the rock volume, 
creating fractures that affect permeability and fluid 
flow within the fault zone.  Therefore, the geometry of 
the system in the subsurface affects groundwater flow.  
By validating and revising previous interpretations 
of the Sevier fault zone, researchers will be able to 
accurately determine the evolution of the fault system 
and related fluid flow paths.  This structural evolution 
will provide a conceptual framework that other 
researchers can use to better constrain the evolution of 
segmented fault zones worldwide.   

Furthermore, analysis of the structural geometries 
and features exposed along the Sevier fault zone 
may allow for analysis of fault damage zones, best 
characterized by fracturing.  These damage zones 
absorb some portion of energy related to earthquake 
slip propagation (e.g., Surpless and McKeighan, 
2022).  Additionally, segmented portions of major 
faults impede the propagation of slip due to their 

complex geometries.  If a fully retro-deformable 
model of the fault zone can be completed, this model 
would allow for fracture and strain analysis associated 
with the creation of damage zones.  In turn, this model 
might help researchers better understand how damage 
zones evolve over time in segmented fault zones, 
and more specifically might aid in understanding 
how fault segment geometries impact earthquake slip 
propagation.
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INTRODUCTION
Fractures within rocks form due to differential 
stresses that exceed rock strength. The magnitude 
and orientation of the local stress field depends on 
tectonic setting and influences the extent and direction 
of fracture initiation and propagation. Understanding 
fracture network characteristics and geometries is 
fundamental to answer various geological research 
questions. Studies by Ampuero and Mao (2017) and 
others have shown the importance of understanding 
the geometry and intensity of fracturing at and 
adjacent to faults when evaluating earthquake hazards. 
In addition, fracturing and the resultant porosity 
and permeability of a rock affect fluid flow and the 
potential for geothermal energy transfer (e.g., Siler et 
al., 2018). Furthermore, fracture pattern analysis may 
reveal potential asymmetry of fracture intensity across 
a fault (e.g., Berg and Skar, 2005) and how normal 
faults grow over time (e.g., Nicol et al., 2016).

For this study, I analyzed the fracture pattern of the 
isolated normal fault tip zone of the Spencer Bench 
segment from the Sevier fault using traditional 
geological field methods as well as a relatively new 
approach based on analysis of virtual outcrop models 
built from drone imagery. Both field measurements 
and virtual outcrop data are used to map the scale 
and type of fracturing in the fault core and across 
the adjacent footwall and hanging wall of the fault 
segment. I explore how fracture intensity varies within 
the rock volume adjacent to the tip of a normal fault, 
the difference in fracture network characteristics 
between the hanging wall and footwall, and the 
relationship between fracture patterns and lithology. 

BACKGROUND
Fault Propagation and Fault Damage Zones

Differences in bed contacts, thickness of beds, and 
material properties influence the formation and 
propagation of fractures in sedimentary rocks (e.g., 
Cooke et al., 2000).  Fractures, including faults, 
initiate and propagate when stress surrounding the 
rock exceeds rock strength. The extent of the fracture 
depends on the magnitude and orientation of the local 
stress field. When normal faults propagate laterally 
and accommodate displacement across the fault, 
they often produce a highly deformed fault core and 
a broader volume of rock deformation known as a 
damage zone. Based on their location along the fault, 
damage zones are classified as tip-, wall-, or linking-
damage zones (see Fig. 3 in Surpless, this volume). 
Fault-tip and wall damage zones develop in response 
to fault propagation and displacement, caused by the 
local amplification of stresses parallel to the fault 
plane and in the fault tip regions (e.g., Kim et al., 
2004). Damage zones of normal faults can further be 
divided into inner and outer damage zones developing 
adjacent to the fault (Fig. 1). As the distance from 
the fault core increases, the intensity of fracturing 
decreases to an undamaged rock volume.

Fault Damage Zone Asymmetry

Across a fault, deformation or strain is often 
distributed asymmetrically, resulting in differences 
in damage zone characteristics in the hanging wall 
relative to the footwall (Fig. 1). Along normal faults, 
the hanging-wall damage zone tends to be wider than 
the footwall damage zone (Liao et al., 2020). In a 
study looking at the spatial arrangement of fractures 
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in the damage zone at a segment of the Moab fault 
in southeastern Utah, Berg and Skar (2005) found 
that the hanging-wall damage zone was more than 
three times wider than the footwall damage zone and 
suggest that the stress pattern that occurs during fault 
propagation causes an asymmetric distribution of 
strain.

Constant-length vs Propagating Fault Models

There are two schools of thought on how a normal 
fault’s displacement (D) and map-view trace length 
(L) grow over time (Fig. 1): the propagating fault 
model, also known as the increasing length model or 
isolated fault model, and the constant-length model, 
also known as the coherent fault model (Fig. 1) 
(e.g., Cartwright et al., 1995). The propagating fault 
model suggests that a fault’s D/L ratio stays relatively 
constant over successive fault movements whereas 
the constant-length model suggests that there is an 
initial phase of rapid fault propagation along strike 
followed by a more prolonged period of displacement 
accumulation on faults with near-constant lengths 
(Nicol et al., 2016).

Earlier studies, focused upon map-view geologic 
data, supported the propagating fault model (e.g., 
Cartwright et al., 1995). However, more recent studies 
based on seismic survey data (Walsh et al., 2003), 
comparisons of the thickness versus displacement 
of fault geometric components (fault rock, fault 
zone, breached relay zone, and intact relay zone) of 
a normal fault (Childs et al., 2009), and a study on a 
system of faults at outcrop-scale (Nicol et al., 2016) 
better support the constant-length model. In their 
study of a fault zone in central Texas, Ferrill et al. 
(2011) argue that a constant-length model is more 
consistent with their data and suggest that both fault 
length and damage zone width are established early 
and likely remain relatively constant as displacement 
accumulates.

Sevier Fault Zone

Along the Hurricane and Paunsaugunt normal faults, 
the Sevier-Toroweap normal fault accommodates 
strain across the transition zone between the Colorado 
Plateau to the East and the Basin and Range province 
to the West (e.g., Davis, 1999; Schiefelbein, 2002; 
Surpless and McKeighan, 2022) (see Fig. 1 in 
Surpless, this volume). The Sevier fault is a segmented 
fault that extends ~350 km through Utah and Arizona 
with a strike of ~N30°E and steep 70-85°W dip 
(Davis, 1999; Schiefelbein, 2002). In this study, I 
focus on an isolated normal fault tip near the southern 
end of a complexly faulted zone of the Sevier normal 
fault that is well exposed at the Elkheart Cliffs and the 
southern end of the Red Hollow Canyon by Orderville, 
Utah (Fig. 2 in Surpless, this volume).

METHODS
Field Methods

We conducted fieldwork near Orderville, Utah, 
where there is good exposure of the Spencer Bench 
Fault segment. At locations of interest, we collected 
scanline data to document the primary orientation and 
intensity of fracturing, with the position measured 
perpendicular to the dominant fracture strike. We used 
a Geo Transit Brunton to measure the azimuth and dip 
of each fracture along the scanline and constructed 
stereonets using Stereonet 11 by Allmendinger (2022).

Figure 1. A) Conceptual model for an asymmetrical normal fault 
wall damage zone and its architectural components. Red indicates 
the fault core, dark gray is for the inner damage zone, gray is 
for the outer damage zone, and white marks the undamaged rock. 
The white arrows and blue lines indicate displacement along 
the fault and displaced hypothetical rock units. B) Evolution of 
displacement and length according to the constant-length model 
(left) and propagating fault model (right). Figure A modified from 
Liao et al., (2020). Figure B adapted from Nicol et al., (2016).
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spacing standard deviation (m), position-based 
fracture intensity (FI) (m-1), scanline average FI (m-1), 
and coefficient of variation (CV =σ/μ).

Capturing Imagery with Unmanned-Aerial-Vehicle 
(UAV) Flights

In locations inaccessible by foot, we planned and 
executed a series of unmanned-aerial-vehicle (UAV) 
flights using a Phantom 4 Professional UAV. The 
4K camera attached to the drone recorded video 
imagery of canyon walls and cliff faces across the 
fault network. We documented the spatial extent of 
each drone flight on Google Earth Professional and 
described the content of each video in a field book.

Building virtual outcrop models (VOMs) using 
Structure-from-Motion (SfM) software

We used videos taken by the UAV flights to build 
virtual outcrop models (VOMs) using Agisoft 
Metashape, structure-from-motion (SfM) software 
designed to build 3D outcrop models based on 
overlapping aerial images (Metashape, 2023) (Fig. 2). 
We created 2D orthomosaics from the georeferenced 
VOMs, which we annotated in Metashape. Where best 
exposed, we documented displacement across the fault 
core. We set up virtual scanlines drawn perpendicular 
to fractures, measuring the position of fractures along 
each scanline and conducted statistical analysis on 
the collected scanline data. Values derived include the 
average spacing between fractures (m), the fracture 

Figure 2. Steps for VOM model construction and analysis. Workflow 
to construct a spatially accurate 3D outcrop model using Agisoft 
Metashape. Figure modified from Surpless and McKeighan, 2022.

Figure 3. Orthomosaic of Model 3 where the Spencer Bench segment can be seen passing through the model. Yellow dashed lines show 
the suggested locations where the Spencer Bench segment passes through. White lines trace the fractures observed. White horizontal 
lines indicate the location of the scanlines.
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Figure 4. Fault damage zone asymmetry of Model 3 and FI along scanlines. Model 3 shows the Navajo Sandstone across the Spencer 
Bench segment (yellow). Red lines indicate where scanline data were collected.

RESULTS
Field-Based Scanline Analysis

We collected scanline data at 11 locations within 
the fault zone of the Mt. Carmel and Spencer Bench 
segments, focusing on the well-exposed Navajo 
Sandstone. We measured fractures greater than 4 
meters along field scanlines that intersected the strike 
of the fractures. Overall, most fractures strike NE to 
NNE and dip moderately to steeply NW, subparallel 
to the fault segments. The average FI ranged between 
0.19 m-1 and 6.31 m-1.

Fault Damage Zone Asymmetry

Observations from Model 3, at Elkheart Cliffs with 
the Spencer Bench segment located on the SE side of 
the model, support the analysis performed by Liao et 
al., (2020) and Berg and Skar (2005), who suggested 
that wall damage zones display greater widths of both 
inner and outer damage in the hanging wall relative 
to the footwall (Figs. 3 and 4). This asymmetry may 
result from preferential fracture rupture propagation 
caused by footwall-hanging wall differences in local 
stress fields around normal fault planes (e.g., Ampuero 
and Mao, 2017). Our finding is significant given we 
documented damage zone widths based on outcrop 
exposures, unlike Liao et al., (2020), where seismic 
data were used to identify the asymmetry.

Constant-length vs Propagating Fault Models

A comparison of the widths of the footwall damage 
zone of the Mt. Carmel and Spencer Bench segments 
at the same latitude shows near-identical dimensions 
(Fig. 5). However, the displacement across the 
Mt. Carmel segment is approximately 800 meters 
(McKeighan et al., 2019), while the displacement 
across the Spencer Bench segment is only about 2 
meters. This suggests that the two faults at this latitude 
are at different stages of fault propagation and that 

Figure 5. Comparison of the width of the footwall damage zones 
of the Mt. Carmel and Spencer Bench segments (blue) at the same 
latitude. Width measurements are taken perpendicular to the 
fracture orientation from Google Earth Professional.
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the footwall damage zone width is established very 
early in fault propagation. New damage will likely be 
localized in the already established damage zone (e.g., 
Ferrill et al., 2011). In addition, McKeighan et al. 
(2019) identified displacement of 30 meters across the 
Spencer Bench segment approximately 2.5 kilometers 
North of where we measured a displacement of 
only 2 meters in Model 2. This yields a low lateral 
displacement gradient of 0.0112. Together, this 
suggests relatively rapid lateral propagation of the 
Spencer Bench segment with little accumulated 
displacement. These data strongly support the 
constant-length model.
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