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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.
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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).
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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.,
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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).

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).
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Relay ramp formation

Fault capture

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).

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,

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-
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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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