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INTRODUCTION
As a fault begins to lengthen, it propagates both 
horizontally and vertically, along with the damage 
zone surrounding it (e.g., Peacock, 2002; Long and 
Imber, 2011; Siler et al., 2018). The evolution of fault 
damage zones has been widely studied, with two 
competing hypotheses coming to the forefront: the 
width of fault damage zones increases at a constant 
rate with the amount of displacement that occurs (e.g. 
Knott, 1994; Knott et al., 1996; Beach et al., 1999; 
Fossen and Hesthammer, 2000; Shipton and Cowie, 
2001; Childs et al., 2009; Choi et al., 2016); or that the 
width of fault damage zones increases rapidly before 
the majority of displacement occurs (e.g. Mayolle et 
al., 2021, 2023).

The Sevier fault zone in southern Utah contains 
features that are useful for studying the evolution of 
fault damage zones, as it contains several active faults 
with different amounts of displacement and fracturing 
as well as units that are well exposed due to the arid 
desert climate (Taylor et al., 2024). There is also 
considerable transfer zone fracturing in the area of 
the tip zone of the Spencer Bench segment due to the 
proximity to the other main fault in the central fault 
zone, the Mt. Carmel segment. These fractures can 
be studied to determine if the orientation of fractures 
changes depending on their proximity to the fault. 

This study uses relatively new methods involving 
unmanned aerial vehicles (UAV), in the form of 
drones, and 3D modeling to study areas that cannot be 
reached by foot or manned vehicles. The video footage 
gathered by drone flights over outcrops can be used to 
create a series of photographs that are then mapped to 

create a realistic, georeferenced Structure from Motion 
(SfM) model (e.g., Johnson et al., 2014).

BACKGROUND
The Sevier fault zone is located in southern 
Utah within the Basin and Range-Colorado 
Plateau transition zone and is a system of steeply 
(approximately 75 degrees) west-dipping normal 
faults (Reber et al., 2001). The transition zone displays 
the change from the extensional deformation of the 
Basin and Range Province to the relative stability of 
the Colorado Plateau (see Figure 2 in Surpless, this 
volume) and is suggested to have continued to evolve 
since the onset of extension at 25-30 Ma (Wannamaker 
et al., 2001; Taylor et al., 2024). 

The tip of the Spencer Bench segment was selected for 
study because it is so well exposed. In order to better 
understand the evolution of normal fault damage 
zones, I compare  the width of a fault-tip damage 
zone where no displacement has occurred to the 
width of fault damage zones where large amounts of 
displacement have occurred.

METHODS
Both ground-based scanlines and virtual outcrop 
modeling were used to determine the spacing and 
orientation of the fractures within the damage zone 
of the faults.  In the field, we measured orientations 
of the fractures along scanlines, and spacing was 
measured between each fracture perpendicular to 
the fracture plane. To ensure that all fractures were 
distinct, only those three meters or more in length 
were recorded. 
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To create 3D models of inaccessible outcrops, a 
drone recorded video of the outcrop. This video was 
then processed with VLC media player to create 
an overlapping series of frame captures of the area. 
These images were processed by Agisoft Metashape 
Professional version 2.1.3 to align similar points in 
each photo and create a realistic model of the outcrop, 
which was then georeferenced using Google Earth to 
make sure the model is spatially accurate. 

Once the model is georeferenced, I set virtual 
scanlines along the outcrop that is being studied. 
Scanline spacing was determined to best capture 
the majority of the fractures present in the outcrop. 
Spacing between fractures was measured along these 
scanlines, although orientation of the fractures was 
not. 

Once the spacing data were collected, fracture 
intensity and a modified coefficient of variation 
(referred to here as Cv’) (Hooker et al., 2023) were 
calculated. Fracture intensity is defined as the number 
of fractures per meter along a scanline. Cv’ (σ / M, 
where σ is standard deviation and M is the median) 
signifies how clustered the fracture population is. 
Hooker et al. (2023) modified the commonly used Cv 
(coefficient of variation) in order to remove the low-N 
bias of Cv.

RESULTS
I created seven models for fracture analysis. This 
includes three in close proximity to the Spencer Bench 
segment, two farther south from the fault tip, and two 
fully within the transfer zone or much farther south 
from the fault tip (Table 1). This range in locations 
was to ensure that a variety of settings were included 
and that the full extent of the damage zones could be 
studied. 

Fracture intensity and Cv’ were calculated for each 
traverse in a group of scanlines, and those were used 
to calculate an average intensity and Cv’ for each 
model. A graphical representation of the fracture 
spacing was created to show the distribution of 
fractures along scanlines.

The fracture intensity of the hanging wall damage 
zone ranges from 0.79 m-1 nearest to the fault tip 

(Fig. 1) to 0.25 m-1 in a model farther away (Table 
1). The intensity of the footwall damage zone ranges 
from 0.41 m-1 (Fig. 2) to 0.1 m-1 in the same structural 
locations (Table 1). Overall, fracture intensity 
decreases in all structural locations as the distance 
from the fault tip increases.  In addition, Cv’ increases 
farther from the fault, with Cv’ below 1 in both the 
hanging wall and footwall closest to the fault tip, and a 
Cv’ above 1 farthest from the fault tip (Table 1).

DISCUSSION
Overall, the average intensity of the hanging wall 
damage zone is twice that of the footwall damage 
zone, and four times greater than the transfer zone 
fracturing (Table 1). The hanging wall damage zone 
is also nearly twice as wide as the footwall damage 
zone. This can be seen in the footwall models, as 
they are an overview of an intact cliff face. If the 
footwall damage zone was wider, there would be more 
erosion occurring, and the cliff would not be intact. 
The asymmetry of the hanging wall and footwall is 
consistent with studies that show damage zones of 
faults to be asymmetric (e.g. Berg and Skar, 2005).

The damage zone width is very similar to what was 
recorded in the Mt. Carmel segment, which has 200-
800 meters of displacement (Costa et al., 2024), 
whereas there is less than 2 meters of displacement 
at the tip of the Spencer Bench segment. The widths 
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research.

CONCLUSION
This study aimed to use modeling of faults to 
determine how the intensity of fractures changes in 
different structural positions. The results show that 
the hanging wall has more intense fracturing than the 
footwall and neighboring transfer zone and also has 
higher fracture clustering than the footwall. Similarly, 
the transfer zone has a higher clustering relative to the 
hanging wall. This means that stresses are asymmetric 
from hanging wall to footwall.

of the damage zones of the two fault segments do 
not scale linearly, with the Spencer Bench segment 
damage zone having a width of around 70 meters 
and the Mt. Carmel segment damage zone having a 
width of 150 meters. This implies that a considerable 
portion of damage zone evolution occurs early in a 
fault’s displacement history and tapers off as the fault 
lengthens and accumulates displacement, consistent 
with the findings of Mayolle et al. (2021; 2023).

The Cv’ recorded for the hanging wall damage zone 
closest to the fault is also much greater than the Cv’ 
recorded for the footwall damage zone (Table 1). This 
means that the fractures are less regularly spaced, with 
a more clustered fracture population present along the 
scanlines in the hanging wall relative to the footwall. 
The data also show that fracturing is more clustered 
farther from the fault tip. This implies that the stresses 
that occur in front of a fault as it is propagating are 
targeted on smaller areas in front of the fault. This 
is consistent with the findings of Olson (2004); 
however, it is unclear how these results relate to 
fault geometries, which is a potential area for further 

Figure 2. A) Model of the footwall nearest to the fault tip. B) 
Fracture distribution and statistics for the scanline in Figure 2A.

Figure 1. A) Model of the hanging wall with the seven scanlines 
denoted by thin white lines and labeled with corresponding 
numbers. The fault is denoted by a yellow dashed line and the 
boundary of the hanging wall denoted by a dashed white line. B) A 
graphical representation of the fracture distribution in the hanging 
wall of the Spencer Bench segment. Fractures are represented by 
vertical black lines.
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This study demonstrates that the faults and 
fracture networks that can be studied for fracture-
related permeability are not only those with large 
displacements, but also the faults with very little 
displacement. It is shown here that there is as much 
fracturing within fault tip damage zones as fault wall 
damage zones. The hanging wall and footwall are 
also asymmetrical. These findings can be compared 
to other Keck studies that focus on fault zones with 
larger displacements to see how fault damage zone 
evolution might occur.
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