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Abstract Releasing bends along active strike-slip faults display a range of fault patterns
that may depend on crustal strength. Scaled physical experiments allow us to directly document
the evolution of established releasing bend systems under differing strength conditions. Here, we
use a split-box apparatus filled with wet clay of differing strengths to run and analyze releasing
bend evolution. Precut vertical discontinuities within the clay slip with right-lateral displacement
of the basal plate followed by the development of oblique-slip secondary faults. In contrast to the
weaker clay experiment, which produces left-lateral cross faults that facilitate major reorganization
of the primary slip pathway, the stronger clay experiment produces negligible cross faults and has a
persistent primary slip pathway. Within both experiments, the dip of initially vertical faults shallows
due to lateral flow at depth and left-lateral slip develops along normal fault segments that have highly
oblique strike. The experiments show that fault systems within weaker strength materials produce
greater delocalization of faulting, with both greater number of faults and greater off-fault deformation
that can impact hazard. For example, the hot, thin and weak crust hosting the Brawley Seismic Zone
accommodates slip along many distributed faults, which is in sharp contrast to the more localized
fault network of the Southern Gar Basin in cooler, thicker and stronger crust. The fault patterns
observed in the experiments match patterns of crustal examples and may guide future models of fault
evolution within areas of relatively strong and weak crust that have differing heat flux and thickness.

1 Introduction

Disconnected steps and connected bends along otherwise
straight strike slip faults serve as locations of geometrical
complexity (e.g., Mann, 2007; Sylvester, 1988) that can
impact the distribution of deformation and the size
of damaging earthquakes (Biasi and Wesnousky, 2016;
Douilly, 2023; Graymer et al., 2007; Ozawa et al., 2023;
Wesnousky, 2006). Ground rupturing earthquakes that
propagate along strike-slip faults have greater likelihood
of terminating at bends with larger stepover offset, larger
bend angle (Biasi and Wesnousky, 2016, 2017; Ozawa
et al., 2023; Wang et al., 2020; Wesnousky, 2006) and
topographic contrast across the fault (Douwilly, 2023).
Releasing bends arise when en-echelon fault segments
connect such that strike slip creates localized extension
around the bend (e.g., Mann, 2007). Due to this local
extension, ruptures that pass through releasing bends
or stepovers can distribute slip among several active
strands and as off-fault strain to produce a wide region
of deformation (e.g., Barka and Kadinsky-Cade, 1988;
DeLong et al., 2015; Duffy et al., 2013). Once formed,
releasing bends may evolve such that changes in their
active fault structure may alter their potential to host
large earthquakes.
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Whether strain within releasing bends and stepovers is
localized along a few faults or distributed among many
faults depends on previous fault configuration, nature
of loading, and material properties. Numerical models
and scaled physical experiments using analog materials
to simulate crustal deformation demonstrate that the
initial orientation of fault structures plays a strong role
in subsequent releasing bend or step over evolution (e.g.,
Chot et al., 2011; Dooley et al., 1999; Dooley and McClay,
1997; Dooley and Schreurs, 2012; Hempton and Neher,
1986; Mitra and Paul, 2011; Rahe et al., 1998; wvan
Wigk et al., 2017; Wang et al., 2017; Xu et al., 2023).
For example, previous experiments show that shape and
internal structure of basin grabens and the development
of secondary faults depends strongly on geometry of the
releasing bend (Figure 1; Dooley et al., 1999; Dooley and
Schreurs, 2012; Mitra and Paul, 2011; Xu et al., 2023).
While most models and experiments load releasing bends
with shear via applied velocity parallel to the segments
outside of the bend, models with transtensional far-field
loading produce more distributed fault networks (Dooley
and Schreurs, 2012; Wu et al., 2009). So far, the impact
of material properties on releasing bend development has
only been directly explored in numerical models. For
identical initial fault geometry and loading, numerical
models of releasing bends within more viscous materials
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Figure 1 — Examples of previous 30° releasing bend experiments in clay (a and b modified from Xu et al., 2023) and sand
(c and d modified from Dooley and McClay, 1997). a) Overhead photograph of left-lateral releasing bend sketched in b. The
darkness of the pink squares indicates greater fault density. ¢) overhead photograph of right-lateral releasing bend sketched in

d.

produce more distributed fault networks than models
with less viscous materials (Wang et al., 2017); the
increase in viscosity lengthens the stress shadows around
faults to foster more distal spacing of faults. The
numerical models of Wang et al. (2017) also suggest that
increasing fault strength relative to material strength
produces more diffuse deformation due to lesser localized
fault slip along the stronger faults. Because fault
strength is challenging to estimate in the crust, we need
to use laboratory experiments to validate the suggested
relationship between the localization of releasing bend
faulting and the relative strengths of the material and
the faults.

In this study, we perform scaled physical experiments
to investigate the evolution of already established
releasing bends within wet kaolin clay of two different
strengths, controlled by water content. Kaolin has
benefit over granular materials because the strength
can be modified by adjusting water content and the
established releasing bend faults can be cut into the
clay (e.g., Fisenstadt and Sims, 2005). By starting the
experiments with identical established releasing bends
within different strength clay we isolate the impact
of material strength on subsequent fault evolution at
the geometric irregularities along strike-slip faults. We
use Digital Image Correlation tools to track the details
of active fault evolution and quantify the strain that
drives fault growth. This quantitative analysis of
fault kinematics provides an advancement upon previous
releasing bend experiments (e.g., Dooley and Schreurs,
2012; Mitra and Paul, 2011; Xu et al., 2023). We show
that the experiments with weaker clay produce a complex
network of faults, including arrays of cross-faults
with opposing sense of strike slip from the primary
faults, whereas stronger material produces fewer, more
persistent faults with more localized deformation. The
fault networks that develop within the relatively weak
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and strong clay experiments of this study resemble fault
patterns in crustal releasing bends that either developed
within thin, hot and consequently relatively weak crust,
such as the Brawley Seismic Zone along the San Andreas
fault in southern California (USA), or developed in thick,
cool and consequently relatively strong crust, such as
the Southern Gar Basin along the Karakorum fault in
western Tibet.

2 Methods

Scaled physical experiments allow us to simulate the
evolution of large crustal faults over millions of years
with only hours of lab time using materials that
serve as analog for crustal rocks. The experiments
allow the direct modification of parameters that can
validate proposed controls on fault evolution. To assess
the impact of material strength on the evolution of
established releasing bends, we analyze the time series
of active fault and strain maps from motor-controlled
experiments using a split-box apparatus containing wet
kaolin clay with two different strengths that simulate
differing crustal properties.

2.1 Material Properties and Scaling

The success of the experiments to appropriately replicate
upper crustal faulting processes requires the rheology
of the crustal analog material to have similar faulting
behavior at the scale of the tabletop. The two most
commonly used materials for upper crustal deformation
studies are dry sand and wet clay (water content >
50%) because the similar frictional behavior to crustal
materials and production of faults at low strain facilitates
pertinent scaling to the crust (e.g., Reber et al., 2020).
Here, we use wet kaolin clay for the releasing bend
experiments because the clay allows for the growth
of sharp faults that can remain active even when
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Table 1 — Experiment material properties.

Undrained shear Crustal scaling

Experiment

strength for 1 cm of clay
Weaker clay 82.2 + 0.4 Pa 0.8-1.5 km
Stronger clay 110.5 + 1.3 Pa 0.6-1.1 km

non-optimally oriented (e.g., Fisenstadt and Sims, 2005;
Hatem et al., 2015; Withjack and Jamison, 1986), and
we can introduce faults into the material (e.g., Bonini
et al., 2023; Elston et al., 2022). Furthermore, we can
control the clay strength by adjusting the water content
without also changing the frictional properties of the
material or faults (Fisenstadt and Sims, 2005). The
kaolin clay used in the experiments of this study exhibits
viscoelastic deformation prior to frictional failure, which
appropriately simulates deformation of the upper crust
(Cooke and wvan der Elst, 2012; Reber et al., 2020).
Previous experiments that simulated faulting using wet
kaolin clay produce long-lived fault structures whose
evolution and deformation resemble crustal observations
of faulting with both strike-slip (e.g., Elston et al., 2022;
Hatem et al., 2015, 2017) and extensional regimes (e.g.,
Bonini et al., 2023; Henza et al., 2010; Withjack and
Jamison, 1986; Withjack and Schlische, 2006).

Using materials that are several orders of magnitude
weaker than the crust allows us to simulate crustal
deformation within a tabletop apparatus that is several
orders of magnitude smaller than the features of interest
found in the crust (e.g., Dooley and Schreurs, 2012;
Hubbert, 1937; Reber et al., 2020). We adjust the
water content until the clay has the desired undrained
shear strength (Table 1), which is measured with a Fall
Cone device (DeGroot and Lunne, 2007). To estimate
the clay:crust length scaling, we follow the analysis
of Hatem et al. (2015); Henza et al. (2010); Hubbert
(1937) and many others using a clay:crust density ratio
of 1.6:2.6 g/cm?3 and a crustal strength range of 10-20
MPa (Table 1). The clay strengths and associated
scaling on Table 1 do not represent particular crustal
conditions, but both clay conditions with relatively weak
and strong values provide reasonable scaling to crustal
conditions with 1 cm of the clay representing ~1 km of
the crust. Experiments with drier or wetter clay would
produce even greater strength differences, but larger
differences in scaling would impede direct comparison of
the experimental fault networks. Following Hatem et al.
(2015) we estimate the water content of the clay prior
to and after the experiment. Over the course of each
multi-hour experiment in this study, the water content
within the upper 1.25 cm of the claypack decreases by
less than 3.2% due to evaporation, which correlates to
a very small strength increase of less than 4 Pa. The
lower half of the claypack does not change water content
during the experiment.

2.2 Experiment Setup

Four experiments used a tabletop split-box apparatus
filled with either strong or weak wet kaolin clay to record
evolution of 30° releasing bends with a 5 cm stepover
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(Figure 2). The releasing bend geometry represents
a sharp bend between two strike-slip faults frequently
observed in the crust (e.g., Mann, 2007) and simulated
in analog experiments (Dooley and McClay, 1997; Mitra
and Paul, 2011; Xu et al., 2023). We present the
results from two of the experiments here while details
on the second pair of experiments and assessment of
the repeatability of the releasing bend evolution can
be found in the Supporting Information. The 2.5 cm
thick claypack sits on two metal plates that create a
basal dislocation with releasing bend geometry similar to
previous releasing bend experiments (Figure 2b; Dooley
and McClay, 1997; Xu et al., 2023). The depth of the
experiment base simulates about ~1-4 km crustal depth
and the basal discontinuity applies localized extension
and strike slip expected within the upper 5 km of the
crust due to deeper faulting. The split box apparatus is
controlled by stepper motors that displace the overlying
plate with a prescribed velocity of 0.5 mm/min while
the underlying plate remains stationary. Because the
additional frictional resistance of moving the underlying
plate leads to inconsistent stepper motor displacements
(Hatem et al., 2015), we displace the overlying plate to
yield reliable movement. Restraining bend experiments
show that regardless of whether the underlying plate is
stationary or moving the fault pattern is similar and the
asymmetry of the fault pattern flips with switching of
plate stacking (Hatem et al., 2015). All releasing bend
experiments had a total displacement of 60 mm.

We investigate the development of established
releasing bends so the models may be used as analogs
for the subsequent evolution of crustal releasing bends.
Prior to the onset of the experiment, we create a vertical
discontinuity within the clay pack that follows the
basal dislocation with an electrified probe following the
approach used for previous faulting experiments (e.g.,
Bonini et al., 2016, 2023; Cooke et al., 2013; Elston et al.,
2022). The breadth of this study excludes the initiation
of releasing bends, which, in order to study, we would
opt to follow the approach used in previous experiments
and leave the claypack uncut (Dooley et al., 1999; Dooley
and McClay, 1997; Mitra and Paul, 2011; Xu et al.,
2023). Cutting the entire releasing bend fault prior to
the experiments of this study allows us to investigate
the evolution of established crustal releasing bends that
already have a continuous active strike-slip pathway.

We utilize Digital Image Correlation techniques (e.g.,
Adam et al., 2005) to extract incremental horizontal
displacement fields to define fault maps and calculate
strain partitioning.  Onto the surface of the clay,
we sieved red and black sand that act as texture
to aid Digital Image Correlation. To capture both
horizontal displacements and vertical elevation, one 24.1
Megapixel DLSR camera with fixed length lens was
placed directly above the clay box and the remaining
four 24.1 Megapixel DLSR cameras with zoom lenses
captured different perspectives of the claybox during
the experiment (Figure 2a). Photos from the overhead
camera provide images for calculating horizontal
displacements using Particle Image Velocimetry while
photos from all five cameras were used to capture
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topographic changes using Structure from Motion.
Because the fault system provides greater rates of
horizontal movement than vertical movement, we use a
faster rate of image capture for the overhead camera,
which is used to determine horizontal movements. The
overhead camera took photos every 0.25 mm of plate
displacement while the remaining cameras took photos
every 1.25 mm of plate displacement. We analyze
the incremental displacement fields within a region of
interest far from the experiment boundaries to avoid
boundary effects (Figure 2).

During the experiments, extensional basins formed
and exposed fresh clay along normal fault surfaces that
lacked sand particles that facilitate the Digital Image
Correlation. The lack of texture on the newly exposed
fault surfaces introduces local errors in the displacement
fields. To reduce these errors along the fault surfaces, we
sieved the newly exposed clay with additional sand as
needed at 41 mm plate displacement during the weaker
clay experiment and at 30 and 47 mm plate displacement
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Figure 2 — Experimental setup. a) Photograph of the
experimental laboratory at UMass Amherst. The black box
indicates the region of interest (ROI) the overhead cameras
capture. b) Top view of the boundary conditions for the ROI
shown in a). The solid red line highlights the basal plate
discontinuity at the start of the experiment and the dashed
line shows the edge of the displaced plate. c¢) Sketch of fault
geometry precut into the claypack. d) Oblique view of weaker
clay experiment at 48 mm plate displacement showing central
graben with many normal fault scarps and the experimental
apparatus.
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during the stronger clay experiment.

2.3 Digital Image Correlation and
Photogrammetry Techniques

Particle Image Velocimetry calculates horizontal
incremental displacement fields on the surface of the
claypack from successive image pairs of the claypack
surface. The Matlab”™ tool, PIVlab (Thiclicke and
Sonntag, 2021) tracks the displacement of unique
configurations of sand particles between successive
photos. In this analysis, a three-pass Fast Fourier
Transform filter yields incremental displacement values
every 0.49 and 0.5 mm for the stronger and weaker
experiments respectively. To reduce noise from the
incremental displacement fields, we apply a 5-point
(~6.25 mm?) median filter that does not impact the
width of localized strain zones. The vorticity of the
incremental displacement fields reveals the incremental
shear strain, and the divergence reveals the incremental
dilation within the system. Because the divergence
values are generally low in this system that has applied
right-lateral loading, we also stack the divergence over
five incremental displacement maps to reduce noise. We
use the sum of the two strain fields to map active faults
and calculate slip partitioning. The addition of sand on
freshly exposed clay partway through the experiments
introduced an abrupt change to the surface that cannot
produce reliable incremental displacement fields across
that interval. These select displacement fields impacted
by the addition of sand were removed from subsequent
analysis.

To capture the clay surface topography at chosen
plate displacements during both experiments, we use
the Structure from Motion software, Metashape?™.
Structure from Motion uses multiple images and the
known position and elevation of ground control points
to develop a three-dimensional point cloud of the surface
(e.g., Bonali et al., 2019; Galland et al., 2016; von Hagke
et al., 2019). We use images from all five cameras and
12 ground control points; six inside and six outside of
the box. Within the box we placed six lightweight
three-dimensional cylinders with similar diameter and
differing heights (2-22 mm) on the surface of the wet
kaolin without perturbing the region of potential faulting
(Figure 2). Six permanent one-dimensional control
points located on the edges of the split box apparatus
also constrain the point cloud development (Figure 2d).
Considering that net uplift and subsidence from dip
slip along faults and off-fault deformation is on the
order of several millimeters, the < 0.5 mm uncertainty
of elevation estimates produced using Structure from
Motion (see Supporting Information) is within our
metrological error budget. We collected topographic
data at 60 mm plate displacement when normal slip
along the precut releasing segments and secondary faults
produced basin subsidence. The elevation information
provides a direct way to characterize the basin geometry.
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2.4 Active Fault Network Deformation

The times series of incremental strain fields reveal
the evolution of both localized slip along faults and
distributed strain throughout the experiments. To
assess the degree of on and off-fault deformation we
develop active fault maps at every 0.25 mm of plate
displacement through the experiment using an adaptive
threshold technique to detect regions of localized net
incremental strain (|Avorticity| + |Adivergence|). This
approach performs well at detecting localized faulting
within regions of both high and low background strain
(Chaipornkaew et al., 2022). To reduce noise in the
net strain maps prior to fault detection, we stack seven
frames of the strain time series, which corresponds to
~ 1.75 mm of applied basal plate displacement. The
adaptive threshold assesses strain localization within a
neighborhood size of 9 by 9 pixels (4.5 x 4.5 mm), with
0.01 sensitivity and we filter out regions of very low net
incremental strain (average incremental net strain in the
neighborhood is < 0.005). This serves to remove small
fault regions of higher than background strain with <8
connected pixels, equivalent to ~5 mm long faults.

Releasing bends within experiments of different clay
strength may exhibit different degrees of off-fault
deformation, which can inform our expectations for
strain partitioning within crustal releasing bends. To
assess the capacity of the fault system to accommodate
the applied loading as fault slip, we calculate the
kinematic efficiency of the fault system. Kinematic
efficiency is defined as the ratio of fault slip rate
(in the direction of loading) to the applied velocity
of 0.5mm/min. Efficient fault systems have greater
fault slip and lesser off-fault deformation. Very early
in experiments, prior to the spin up of slip along
the precut fault, strain is distributed and kinematic
efficiency is zero. As faults evolve within experiments,
the kinematic efficiency increases and may approach
one as the total fault slip rate parallel to loading
across all the faults nears the applied velocity (e.g.,
Hatem et al., 2017; Chaipornkaew et al., 2022). We
calculate kinematic efficiency by summing the fault slip
component parallel to applied loading for all faults along
transects perpendicular to the applied velocity. Within
some parts of the system, such as within the releasing
bend, the kinematic efficiency may be lower (greater
off-fault strain) than outside of the bend, where faults
strike parallel to the loading. For the analysis here, we
find the overall kinematic efficiency within the region
of the experiment that contains new fault growth and
exclude from the analysis areas farther than 49 mm
from either of the two kinks of the migrating basal
plate releasing bend (185 mm total length of analysis
region). With movement of the basal plate during the
experiment, the region of new faulting migrates relative
to the camera, and we adjust the position of the analysis
region based on this advection; we do not change its size.
We use this same analysis region to assess the amount
of divergence accommodated along faults (i.e., dip slip)
within each experiment.

The overall kinematic efficiency and divergence within
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the analysis region inform how strain is accommodated
on and off of faults. To determine the overall kinematic
efficiency of the fault system, we take the median
of measurements along 398 transects that cross the
faults within the analysis region. @ The maximum,
minimum and standard deviation of the kinematic
efficiency measurements on the transects reveal the
spatial variation of localized slip along the fault system.
We note that this overall kinematic efficiency doesn’t
track whether individual faults have right- or left-lateral
slip but assesses the overall impact of the fault system
to accommodate the applied right-lateral shear. To
assess the partitioning of divergence as either dip slip
along faults of any orientation or distributed off-fault
extension, we calculate the median of the divergence
accommodated along faults that is measured along
transects within the analysis region.

3 Fault Evolution

Here, we describe the fault system evolution for
experiments following the initiation of slip along the
entire precut releasing bend referred to as the spin-up
period (Figures 3, 4 and 5). While data from the
spin-up period is included in some figures, our analysis
focuses on the reorganization of established releasing
bends. After the spin up period of ~5 mm of basal plate
displacement, all portions of the precut fault slipped,
and the ensuing experimental deformation simulates
long-term deformation of active crustal faults that have
a releasing bend structure. Both experiments developed
secondary normal faults that produced a basin within
the releasing bend. For each of the experiments,
we distinguish two stages of fault development that
characterize 1) initial growth of new normal faults, 2)
reorganization of the primary slip pathway through the
releasing bend. While the fault evolution stages in each
experiment have similarities, the two experiments with
different clay strength grow fault networks with differing
degrees of complexity and strain localization (Figures 3,
4 and 5).

3.1 Stronger Clay Experiment

The initiation, growth and linkage of new secondary
faults characterize stage one of the stronger clay
experiment (Figures 3a-d and 4a). We delineate early
stage one (stage la) when many new faults developed
from late stage one (stage 1b) when slip patterns evolved
without new fault growth. Stage 2 started when the slip
along the precut slip pathway shifted onto new faults (see
strain animations from Gabriel et al., 2025).

3.1.1 Stage la (9-30 mm plate
displacement)

Most new secondary faults grew during stage la as
normal faults that trended subparallel to the releasing
segment and accommodated primarily extensional
deformation (4divergence; Figure 3a-c). About half of
the new secondary faults initiated along the precut fault
(Figure 3a-c; Figure 4). The secondary faults lengthened
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Figure 3 — Incremental strain maps for stronger clay experiment overlain on images of the experiment surface at 10, 20, 29,
40 and 60 mm of plate displacement. Saturation indicates incremental strain magnitude and hue indicates sense of strain.

by both propagation and by linkage with other small
faults. The slip sense varied spatially along the normal
faults with greater component of right-lateral strike slip
where they connect to the precut faults (Figure 3b-c).

While the photographs show many fault scarps in the
clay on both sides of the releasing bend, only one or two
on each side were concurrently active (Figure 3b-c). The
incremental strain shows that active slip on these normal
faults successively shifted onto new faults that developed
nearer to the precut releasing segment and basinward
(Figure 3b-c). With the basinward shift in fault activity,
fault segments further from the precut releasing segment
ceased slipping. This shift produced a pattern of faults
that younged towards the basin.

The number of active secondary normal faults
decreased during stage la. While five faults were active
at 13 mm of plate displacement above the stationary
plate, by 34 mm of plate displacement only one fault was
active. At the end of la (30 mm plate displacement),
two secondary faults were active above the stationary
plate. Figure 3c highlights many small scarps created by
previously active normal faults.

3.1.2 Stage 1b (30-49 mm plate
displacement)

During the late part of stage 1 (stage 1b), the active slip
was partitioned among only a few faults, and no new
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secondary faults initiated (Figure 3d and e). After 30
mm of plate displacement, the remaining secondary fault
above the stationary plate accommodated decreasing
oblique right-lateral and extensional strain (Figure 3d)
until it ceased slipping before the end of stage 1 (39
mm of plate displacement). In contrast, the two
active secondary faults above the moving basal plate
accommodated greater incremental strain during stage
1b and exhibited spatially heterogeneous combinations
of right-lateral shear, extension and left-lateral shear
at different locations along the fault (Figure 3d).
Throughout stage 1b, portions of faults above the
moving plate closest to the precut fault displayed greater
right-lateral slip than segments further to the northwest
(Figure 3d). The most northwestern normal faults
showed small components of left-lateral slip (Figure 3d).
The sand-free scarps in the overhead photograph of
Figure 3d confirm significant dip slip along the normal
faults determined from the sense of the incremental
strain fields.

3.1.3 Stage 2 (49-60mm plate displacement)

During stage 2 of the stronger experiment, the primary
right-lateral slip pathway reorganized to include portions
of the secondary faults (Figure 3e). At the beginning
of stage 2, the two active secondary faults linked up
to form a single fault by ~53 mm plate displacement.
With increasing plate displacement, the portion of the
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Figure 4 — Fault evolution timelines for a) stronger and
b) weaker clay experiments. Each line represents the
active period of a fault. The line caps represent direct
connection to the precut fault. Lines below and above
the bold precut fault line represent faults that develop
over the stationary and moving plates respectively. Where
lines connect, the faults linked in the experiment. Faults
connected by cross-faults are bound green regions of the
timeline for the weaker clay experiment. Comparison of
the experimental timelines reveals differences of releasing
bend evolution within materials of different strength. The
greater number of faults active in the weaker clay experiment
is represented by the combination of black lines and green
shading (cross faults). The weaker clay experiment timeline
also shows the abandonment of the precut fault during stage
2.

fault, which had a component of left-lateral slip, ceased
slipping and the portion of the secondary fault that
remained active propagated westward to link with the
precut fault (Figure 3e). With that linkage, the releasing
bend had a second continuous pathway for right-lateral
slip through the releasing bend (Figure 3e). The
incremental strain accommodated along the new slip
pathway increased with its connection to the precut
fault at ~58 mm of plate displacement. Both slip
pathways through the releasing bend accommodated
both right-lateral slip and extension and bound a graben
located above the moving plate (Figures 3e and S1 in
Supporting Information). The preference of new slip
pathway and graben development over the moving plate
owes to the asymmetry in the motion of the basal
plates. Restraining bend experiments document similar
asymmetry that flips when the moving plate underlies
the stationary plate (Hatem et al., 2015). The overhead
photograph of Figure 3e reveals sand-free scarps along
the initially vertical precut releasing segment indicating
that this surface developed dip slip and is no longer
vertical by the end of the experiment.

70 |

3.2 Weaker Clay Experiment
3.2.1 Stage 1 (8-25 mm plate displacement)

The initiation, growth and linkage of secondary
faults characterized the first stage of the weaker clay
experiment (Figure 5a). Similarly to the stronger clay
experiment, early normal faults formed on both sides
of the releasing bend that trend parallel to the precut
releasing fault segment (Figure 5a-c). Some of the
new secondary faults grew from the precut fault, while
other secondary faults initiated away from the precut
fault (Figure 4; Figure Ha-c). The faults initiated
with primarily normal slip with segments nearer to the
precut fault having greater component of right-lateral
slip (Figure b5a-c). During stage 1, most of the
secondary faults linked up with one another, and only
one secondary normal fault ceased slipping during this
stage (Figure 4). Throughout stage 1, the faults above
the moving plate accommodated increasing incremental
strain (Figure 5a-b). The most northwestern portions
of these faults showed a small component of left-lateral
slip where the faults curve, similarly to the faults of the
stronger experiment (Figures 3a-c and 5a-b).

3.2.2 Stage 2 (25-60 mm plate
displacement)

In the weaker clay experiment, the reorganization
of the primary slip pathway started at lower plate
displacement than within the stronger experiment and
was accompanied by the initiation of new left-lateral
cross faults that trended at high angles to the precut
releasing segment (Figure 5c-e).  The cross faults
connected the releasing segment to the secondary faults
that grew during stage 1 (Figure 5c-e¢). While the
secondary faults continued to accommodate primarily
right-lateral shear and extension, the cross faults
accommodated left-lateral shear and extension. In
addition to cross faults, new secondary faults with trends
subparallel to the precut releasing segment continued
to initiate throughout the second stage (Figure 5c-e).
Many new secondary faults grew between cross faults
and connected with other secondary faults creating an
evolving complex ladder-like pattern of active faults
(Figure 5c-e).

At the beginning of stage 2, the precut fault
accommodated primarily right-lateral shear and
provided the only throughgoing pathway for strike slip.
However, by ~32 mm of plate displacement, the southern
portion of the precut releasing segment ceased slipping
as a secondary fault linked with the precut releasing
segment to form a straighter pathway for right-lateral
slip (Figure 5c). Similarly to the experiment with
stronger material, the new slip pathway and the graben
that forms between it at the precut fault surface
preferentially develop over the moving plate (Figures
5¢ and S2 in Supporting Information) due to the
asymmetry of the applied basal loading. By ~39 mm
of plate displacement, other secondary faults had linked
to the precut fault in the northern region to create a
new continuous and through-going pathway for slip.
With the development of this new slip pathway, slip
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Weaker clay experiment

Figure 5 — a-c, e and f) Incremental strain maps for the weaker clay experiment overlain on images of the experiment surface
at 11, 23, 32, 43 and 60 mm of placement displacement. Saturation indicates incremental strain magnitude and hue indicates
sense of strain. d) Incremental strain maps overlain on images of the clay surface at 35, 39, and 41 mm of plate displacement

for the regions indicated by the rectangles in ¢ and e that show cross-fault development.

ceased along all portions of the original precut releasing
segment; the precut strike-slip segments outside of the
bend remain active. Figure 5 (e and f) shows scarps
along the abandoned precut fault surface indicating that
this fault was no longer vertical by stage 2 of the weaker
clay experiment.

The overall orientation and position of the ladder-like
zone of active faults in stage 2 of the weaker experiment
mimics the releasing bend discontinuity of the underlying
basal plates. The new secondary faults that parallel
the releasing bend accommodated right-lateral slip and
a greater component of extension than the precut fault
in stage 1 (Figure 5c-e). During stage 2, faults to
the west were successively abandoned in favor of new
faults to the east until only a single releasing segment
persisted at the end of this stage (Figure 5f). After
30 mm plate displacement, the cross faults continued to
connect the secondary faults and experienced clockwise
rotation, which is highlighted in Figure 5d. While
the cross-faults trended northwest-southeast at ~30
mm plate displacement, they trended north-south by
47 mm plate displacement (Figure 5e). At the end of
the experiment, activity on cross faults ceased as slip
localized along one releasing bend fault (Figure 5f).
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4 Active Fault Network
Deformation

To investigate how strain is accommodated along the
fault network, we examine the evolution of both the
divergent strain accommodated along the active fault
system (i.e., dip slip) and the kinematic efficiency. The
kinematic efficiency sums the component of fault slip
parallel to the applied displacement, which can be a
component of strike slip if the faults trend oblique to
the loading.

4.1 Divergence Accommodated (Dip
Slip) along Faults

The overall accommodation of divergence as dip slip
on faults increases significantly with releasing bend
evolution during both experiments. After the spin-up
period, both experiments show a gradual increase in
incremental divergence accommodated by normal slip
along faults (Figures 3a-c, 5a-b and 6a-b). During
stage 1, the divergence is primarily accommodated along
secondary faults rather than the precut fault (Figures
3a-c and b5a-b). In both experiments, the dip of
the precut releasing segment shallowed during stage 2
allowing the precut fault to accommodate greater dip
slip (Figures 3 and 5). Consequently, divergence during
stage 2 was accommodated as dip slip along both the
precut fault and secondary faults.

Both experiments show episodes of lesser and greater
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Figure 6 — The bold line represents the overall a and b) divergence accommodated along or ¢ and d) kinematic efficiency
of the active faults within the experiments. The releasing bend fault segment, all secondary faults, and 49 mm of the main
strike-slip faults on either side of the releasing bends are included in the fault system represented in the figures. The dark grey
region represents the bounds of one standard deviation from the median of values calculated from 398 north-south transects
across the analysis region. The lighter grey for the kinematic efficiency shows the minimum and maximum values of all the
transects. Dashed lines indicate when additional sand was sieved onto the clay surface to enhance DIC analysis on the newly

exposed clay along normal fault surfaces.

degree of dip slip along the faults within the releasing
bend (Figure 6a and b). The stronger experiment had
two episodes of decreased accommodation of divergence
around 30 mm and 40 mm plate displacement during
stage 1 (Figure 6a). These episodes are associated
with both the abandonment of dip-slip secondary faults
and the shift of slip sense on the portion of secondary
fault connected to the precut fault to greater strike
slip and lesser dip slip (Figures 3 and 5). Within
the weaker clay experiment, faults accommodated the
maximum divergence during stage 2 at ~33 mm
basal plate displacement. From 32 mm to 36 mm
plate displacement, the dip slip along faults decreased
(Figure 6b) when secondary faults linked with the
precut fault and reconfigured the primary strike-slip
pathway. The dip slip along faults dropped again after
~46 mm plate displacement (Figure 6b) with another
reconfiguration of the primary strike-slip pathway
that also disrupted slip along the cross faults that
had been accommodating a component of divergence
(Figure 5d-e). At the end of both experiments the
releasing bend fault systems accommodated increased
dip slip after the reorganization(s) of the primary slip
pathways (Figure 6a and b).
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4.2 Kinematic Efficiency of the Fault
Systems

Within both experiments, the kinematic -efficiency
generally increased as the slip rates along the evolving
fault network increased, and the faults accommodated
an increasing portion of the applied loading. Prior
to the growth of new faults, 20-30% of the applied
deformation was accommodated as slip along the precut
fault surfaces with greater slip in the stronger clay
experiment (Figure 6¢ and d). The weaker experiment
had a greater proportion of off-fault deformation prior
to any fault growth and for both experiments, the
off-fault deformation decreased as new, more efficient
faults developed. During stage 1, the fault networks of
both experiments reached maximum kinematic efficiency
(Figure 6¢ and d).

Within the stronger clay experiment, the kinematic
efficiency reached a steady state in stage 1 that persisted
to the end of the experiment despite changes to the
configuration of the fault system (Figure 6¢). As new,
right-lateral normal faults developed, grew and linked
in stage 1 of the stronger experiment, the kinematic
efficiency rose from 30% to 64% (Figure 6¢). The
growth of the secondary faults created a more efficient
fault system to accommodate deformation. Even though
the number of active secondary faults decreased during
the later part of stage 1 (Figure 4), the kinematic
efficiency remained around 64% throughout stage 1 of
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the stronger experiment (Figure 6c) suggesting that slip
rate increased along the individual faults that persisted.
Despite the reorganization of the primary pathway for
slip through the releasing bend and other changes to the
network, the fault system maintained steady kinematic
efficiency and degree of off-fault deformation through the
later half of stage 1 and stage 2 (Figure 6).

Within the weaker clay experiment, the kinematic
efficiency fluctuated after reaching a maximum during
stage 1. With the initiation, growth and linkage of
secondary faults during stage 1 of the weaker clay
experiment, the kinematic efficiency increased from 20%
to 56% (Figure 6d). The emergence of secondary
faults with oblique slip provided a more efficient fault
network to accommodate the right-lateral loading than
the vertical precut releasing bend fault. However, during
much of stage 2, which is characterized by reorganization
of the primary slip pathway, the kinematic efficiency
decreased (Figure 6d). The period of normal and
left-lateral slip along cross faults (20 to ~50 mm of plate
displacement; Figure 3) correlates with the period of
steady decrease of kinematic efficiency and increase in
off-fault deformation (Figure 6d). After 50 mm plate
displacement, the kinematic efficiency remained steady
and increased slightly after 57 mm plate displacement
(Figure 6d). The kinematic efficiency of the weaker clay
experiment varied more than that of the stronger clay
experiment due to the larger reorganizations of the fault
network and primary slip pathways. The lower value
of kinematic efficiency of the weaker clay experiments
reveals the greater off-fault deformation within the fault
system dominated by many active faults and multiple
reorganizations of the primary slip pathway.

5 Discussion

The fault zones in the experiments of this study
with pre-established releasing bend fault show similar
evolution as other releasing bend experiments that
inform fault initiation by omitting precut faults (Dooley
et al., 1999; Dooley and McClay, 1997; Mitra and
Paul, 2011; Xu et al., 2023) with varied angles, offset
distances, loading rates, and material properties. After
the activation of slip along precut faults or development
of initial throughgoing faults in uncut experiments,
the secondary faults grow and connect with other
secondary faults during basin development (Figures 1,
3 and 5 stage 1; i.e., Dooley et al., 1999; Dooley
and McClay, 1997; Mitra and Paul, 2011; Xu et al.,
2023). Ultimately, experiments form throughgoing slip
pathways (Dooley and McClay, 1997; Mitra and Paul,
2011; Xu et al., 2023). Some experiments, including
the 30° releasing bend in the sandpack experiment of
Dooley and McClay (1997), show the secondary faults
connecting to the throughgoing faults to rearrange the
throughgoing pathway like we see during stage 2 (figures
3 and 5). Some structures only emerge in a few releasing
bend experiments. For example, the 30° releasing bend
experiment in Xu et al. (2023) develops cross faults at
high angle to the releasing segment (Figure 1). Previous
experiments carefully document the fault evolution, and
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the experimental results of this study expand upon this
approach by using DIC to reveal strain fields that shed
insight into the processes that drive releasing bend fault
evolution.

The models presented here show the strength of the
clay has a significant impact on fault evolution in
releasing bends. While both experiments have initial
periods of secondary normal fault growth, the weaker
clay experiment developed a greater number of secondary
faults and had greater off-fault deformation, which
suggests more distributed deformation overall than the
stronger clay experiment. Additionally, the stronger clay
experiment had a more persistent primary slip pathway
that showed only minor reorganization compared to the
major reorganizations of primary slip pathway recorded
throughout stage 2 in the weaker experiment. The
weaker clay experiment also developed cross faults with
normal and left-lateral slip, which do not develop in
the stronger clay experiment. The overall efficiency
decreased with development of the ladder-like fault
pattern with opposing strike-slip sense on the uprights
(i.e., faults parallel to the releasing segment) and rungs
(i.e., cross-faults) of the ladder (Figure 5d-f; Figure 6).
The greater off-fault deformation during this period of
active cross faulting also facilitated the development of
new faults that reorganize the primary slip pathway into
a more efficient configuration. Strain accumulating in
regions other than on faults can promote failure and the
initiation of new faults and/or propagation of existing
faults. The weaker clay experiment shows greater
variation in fault system efficiency and divergence that
correlate with major reorganization of the slip network
and associated strain partitioning. Here, we describe the
mechanisms that give rise to the features and faulting
patterns seen in our experiments.

5.1 Repeatability

To assess the repeatability of fault evolution at
releasing bends, we ran a second set of experiments
with identical boundary conditions and clay strength
values that overlap those of clay in the experiments
presented in detail (see Supporting Information). The
repeated stronger and weaker clay experiments had
similar geometry and timing of fault evolution as the
experiments presented here. All four experiments had
two clear stages of activity after the spin-up period: 1)
growth of new normal faults with right- and left-lateral
slip, 2) reorganization of the primary slip pathway
through the releasing bend (see Supporting Information
for experiment description and Gabriel et al. (2025)
for animations of the experiments’ strain evolution).
When comparing the sets of experiments, we note that
the stronger clay experiment has simpler active fault
geometry with fewer and more persistent active faults
compared with the weaker clay experiments. However,
the repeated stronger clay experiment showed some
differences from the one presented in Figure 3. During
the rearrangement of the throughgoing slip pathway
in the repeated stronger experiment, a few short-lived
cross faults developed. However, the left-lateral cross
faults were only active for 2 mm of plate displacement
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(see Supporting Information), were limited to regions
between closely spaced right-lateral faults and were
considerably less prominent than in either weaker clay
experiments where cross-faults were active for 20-25 mm
of plate displacement and contributed to reorganization
of the primary slip pathway.

5.2 Changing Fault Dip and
Accommodation of Divergence

In both experiments, the precut releasing segment
accommodates greater divergence as the dip of the
initially vertical fault decreases (i.e., shallows) and the
fault accommodates greater normal slip. The shallowing
dip and rotation of the precut releasing bend segment
can be attributed to lateral flow of the viscoelastic clay at
depth within the claypack (Figure 7). At the beginning
of the experiment, the clay had uniform thickness
above both the stationary and moving plates. As the
moving plate displaced, local extension thinned the
claypack adjacent to the releasing segment of the precut
fault creating a basin on the hangingwall (Figure 7c).
Local differences in the claypack thickness create lateral
differences in overburden pressure with greater pressure
within thicker areas of the claypack. The lateral
difference in overburden pressure between the thicker
footwall and thinner hangingwall promotes slow, lateral
flow of viscoelastic clay from the footwall above the
moving plate to the hangingwall on the stationary plate
that shallows the fault dip (Figure 7c).

5.3 Slip Sense

Both experiments are loaded with right-lateral shear and
develop some faults with shear sense opposite to the
applied loading. Here, we explore the processes that
contribute to the development of left-lateral slip along
faults within this right-lateral system.

5.3.1 Left-lateral Slip along Cross Faults

One of the main differences between the stronger
and weaker experiments is the persistent pattern of
left-lateral slip along cross faults between right-lateral
slip along secondary faults within only the weaker clay
experiment. We note that all of these faults have
oblique slip vectors, but here we discuss the strike-slip
components along the faults. The left-lateral cross
faults and the right-lateral secondary faults that trend
subparallel to the precut releasing bend segment form
a conjugate fault pattern in that they have opposing
slip sense and an angular relationship consistent with
conjugate fault sets (Figure 8). While right-lateral
loading can theoretically produce left-lateral shear on
roughly north-south oriented fault structures (Figure 8
inset), significant left-lateral slip along north-south
faults only developed in the experiment with the
weaker clay. Greater off-fault deformation within the
weaker clay experiment contributes to new fault growth.
Furthermore, the stronger clay experiment develops
fewer, more persistent faults than the weaker experiment.
Both the lower strength and greater off-fault deformation
of the weak clay experiment promote the growth of
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Figure 7 — a) Depth map at 60 mm of displacement in
the stronger clay experiment. The depth along line B-B’ is
shown in b). The orange triangle indicates the location of
the precut fault along line B-B’. c-e) Schematic cross sections
showing a simplified progression of faults and the clay surface
throughout the experiment along line B-B’ Time in the
experiment and applied basal plate displacement increase to
the right. The basal plate discontinuity location is indicated
by the white circles at the bottom of each panel. Black lines
indicate current clay bounds and dashed grey line indicates
the initial clay surface. c¢) initial condition — the precut
fault (bold black line) is vertical and accommodates dextral
shear. d) With applied displacement, extension within the
restraining bend creates space (grey rectangle). Clay on the
moving plate moves away from the stationary plate and the
clay at depth flows laterally to fill the new space. This
results in a change in the surface topography of the clay. The
precut fault shallows in dip with the migration of the basal
plate discontinuity and flow of clay. It then accommodates
a component of divergence. Vertical dotted line shows the
initial precut fault location. e) With additional displacement
and new space created by extension (grey rectangle), the dip
of the precut fault shallows further. A new secondary fault
forms (red line) to accommodate extension in the hanging
wall of the precut fault.

new north-south trending cross-faults that link the
right-lateral secondary faults. The orientation of the new
cross-faults is well-suited to accommodate left-lateral
shear under the applied loading (Figure 8). The fault
system of cross-faults resemble domino faults where one
set of faults (i.e., right-lateral faults) have greater slip
and are more prevalent than the other (i.e., left-lateral).
Nizon et al. (2011) showed that domino fault systems
may accommodate greater rotation than systems with
equal slip. We also see significant rotation of the cross
faults in the weaker clay experiments.

5.3.2 Left-Lateral Slip along Secondary

Faults that Trend Parallel to the
Releasing Segment

In addition to left-lateral slip along cross faults, the
northwestern portions of secondary faults that strike
subparallel to the releasing bend show instances of
left-lateral slip in both experiments. For example, at
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Figure 8 — Vorticity map at 30-32 mm of plate displacement for the weaker clay experiment. Red colors indicate clockwise
rotation (right-lateral), and blue colors indicate counterclockwise rotation (left-lateral). Left-lateral cross faults develop between
right-lateral faults. Inset shows schematic of instantaneous strain ellipse for right-lateral simple shear.

22-24 mm basal plate displacement, the incremental
strain map for the stronger clay experiment shows
left-lateral slip along the northwesterly portion of some
secondary fault above the moving plate (Figure 9b).
Faults in a similar orientation and position within the
weaker clay experiment also show left-lateral slip.

The development of a component of left-lateral
slip along northwest-southeast striking faults is not
expected with the overall loading on the experiment and
warrants closer investigation. Prior to secondary fault
growth (8-10 mm plate displacement), the dilational
map reveals two zones of overall extension that trend
parallel to the releasing segment and outside of a strain
shadow zone adjacent to the releasing bend segment
(Figure 9a). With additional loading, the new normal
faults developed within the two zones of extension
(Figure 9¢). The shear strain map prior to normal fault
growth shows regions of right-lateral shear above the
stationary plate and generally low shear strains above
the moving plate (Figure 9b). The new secondary faults
that grew above the stationary plate accommodated the
previously distributed off-fault shear as right-lateral slip
(Figure 9d).

The unexpected component of left-lateral slip along
oblique slip secondary faults may arise from variations
in normal fault strike. The fault segments that show
left-lateral slip have a more north-south oriented trend
than the segments with right-lateral slip. If we consider
the idealized instantaneous strain ellipse for simple shear
(inset Figure 8), faults trending more northerly than
the 315° dashed lines on Figure 7d will host left-lateral
slip. All the right-lateral faults in the experiment,
including the segments of primary slip pathway trend
more westerly than 315°. Because the secondary faults
initiate as normal faults accommodating extension, their
orientation is controlled by the pattern of early dilational
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strain (e.g., Figure 9a), that creates faults with a range
of strikes, some of which are oriented to accommodate a
component of left-lateral slip.

We are not aware of field observations of components of
slip along normal faults adjacent to releasing bends that
oppose the slip sense of overall loading. The opposite
slip sense signal is subtle and may be difficult to detect
within extensional landscapes subjected to active erosion
and depositional processes.

5.4 Crustal Comparisons and
Implications

We compare the pattern of faulting from this study’s
experiments to two crustal releasing bends with
contrasting inferred crustal strengths due to differences
in heat flow and crustal thickness: the Southern Gar
Basin along the southern part of the Karakoram fault
in Western Tibet and the Brawley Seismic Zone within
the San Andreas fault system in southern California,
USA (Figure 10). The Karakoram fault cuts thicker
crust associated with convergence of the Himalaya and
uplift of the Tibetan plateau (e.g., Gilligan et al., 2015;
Priestley et al., 2008; Rai et al., 2006). In contrast,
The Brawley Seismic Zone is an area of notably hot
and thin crust associated with nearby rifting of the
Baja California Peninsula from mainland Mexico (e.g.,
FElders et al., 1972; Fuis et al., 1984; Lachenbruch et al.,
1985). Hot and thin crust, such as at the Brawley
Seismic Zone, has lower overall strength than cooler,
thicker continental crust, such as the Tibetian Plateau
(e.g., Lewis et al., 2003; Molnar and Tapponnier, 1981).
The inferred strength of the crust differs between the
two regions of complex faulting, and we consider these
two releasing bends due to their similar geometries and
strike-slip rates. Complex regional tectonics of the
southern part of the Karakoram Fault system facilitated
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Figure 9 — Divergence and vorticity maps reveal the patterns of dilational and shear strain before (a and b) and after
the growth of secondary faults (¢ and d) in the stronger clay experiment. Left-lateral slip emerges along the portion of the
secondary faults distal to the primary slip pathway (ellipse on d) where faults have more north-south oriented strike than
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conjugate faulting under an idealized instantaneous simple shear.

Table 2 — Features of Southern Gar Basin and Brawley Seismic Zone

Offset angle

Offset distance Strike-slip rate

Southern Gar 20°
Basin (Figure 10a; Sanchez et al., 2010)
30° and 12° (2
(U.S. Geological Survey and
California Geological Survey, 2020)

Brawley Seismic
Zone

(Figure 10a; Sanchez et al., 2010)

(Hauksson et al., 2022)

9 km ~5-11 mm/yr (D

(Chevalier et al., 2012)

6 km ~17 mm/yr (3

(Crowell et al., 2013)

() The strike-slip rate along the Karakoram fault just south of the Gar Basin and outside of the releasing bend is suggested

to be in the range of 5-11 mm/yr (Chevalier et al., 2012).

() The trend of the Brawley Seismic Zone diverged 30° and 12° to the main strike of the San Andreas Fault and the Imperial
Fault respectively (U.S. Geological Survey and California Geological Survey, 2020).

() Geodetic estimates for opening (15 mm/yr) and strike slip (11 mm/yr) across Brawley Seismic Zone suggest a net strike-slip
rate of 17 mm/yr parallel to the trend of San Andreas outside of the releasing bend (Crowell et al., 2013).

the development of a double bend system in Gar Valley
(Lacassin et al., 2004), and here we focus on the Southern
Gar Basin (Figure 10a). The Brawley Seismic Zone
connects the San Andreas Fault in the north to the
Imperial Fault to the south (Figure 10c). Instead of a
single primary slip surface connecting the San Andreas
and Imperial faults, this releasing bend has a zone of
distributed strain and microseismicity (Brothers et al.,
2009). The differences in active fault patterns between
the Brawley Seismic Zone and the Southern Gar Basin
can be reasonably inferred to be due to differences in
contrasting crustal strength because other influential
characteristics (ie. fault geometry and strike-slip rates)
are similar (Table 2).

The fault pattern in the Southern Gar Basin releasing
bend resembles the pattern developed in the clay
box experiments with stronger clay. For example,
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geologic evidence within the Southern Gar Basin
suggests that the bend developed along a through-going
strike-slip fault (Sanchez et al., 2010) and changed
from predominantly strike-slip to increased normal and
oblique slip (Lacassin et al., 2004). Sanchez et al.
(2010) infer that the secondary normal faults of the
southern Gar Basin changed dip during their evolution
and originated with steeper dips than present. During
releasing bend maturation within the past 13 Ma, new
right-lateral normal faults developed subparallel to the
primary releasing bend so that faults young basinward
(Sanchez et al., 2010). We note that fault maps do not
show any active cross faults in the southern Gar Basin
(Figure 10a). The releasing bend experiments within
strong clay show many similar characteristics to the
recent history of the releasing bend within the Southern
Gar basin. For example, the dip of the precut releasing
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Figure 10 — a) Fault map of the Southern Gar Basin, Tibet modified from Sanchez et al. (2010). b) incremental strain map
of the stronger clay experiment at 38 mm of plate displacement showing normal slip along secondary faults. c¢) Active faults
from the USGS Quaternary Fault and Fold Database and focal mechanism locations ( Yang et al., 2012) in the Brawley Seismic
Zone, USA. The dotted black line represents the diffuse zone of faulting withing the Brawley Seismic zone. Grey faults are
those with slip rates <5 mm/yr. Black faults are the primary releasing bend structures and slip rates >5 mm/yr. For example,
focal mechanisms highlight slip on potential cross faults. Inset modified from Meltzner et al. (2006). d) Incremental strain map
of the weaker clay experiment at 41 mm plate displacement. Hue shows slip sense while intensity reveals rate.
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bend segment shallows over the course of the experiment,
which we interpret as resulting from basinward lateral
flow at depth. Within the stronger clay experiment,
secondary normal faults also young basinward (most
notable during stage 1 (Figure 3; Figure 10b) similarly
to the normal faults of the southern Gar Basin. Overall,
the stronger claybox experiment exhibits a similar degree
of complexity and localized faulting as the Gar Basin
in terms of the numbers of and orientation of secondary
faults that develop around the releasing bend. Lastly, the
stronger clay experiment does not show the development
of abundant cross faults, which is also consistent with
observed faulting in the southern Gar basin.

The fault structures of the Brawley Seismic Zone
have many similarities to those that develop within the
weaker clay experiment. While the active fault map
for the releasing bend shows a continuous fault trace
that connects the San Andreas and Imperial faults,
this is a simplified representation, and seismicity reveals
that slip is distributed across hundreds of faults within
this zone. Seismicity within the releasing bend of
the Brawley Seismic Zone reveals an intricate pattern
of subparallel north-south trending right-lateral faults
and northeast-southwest trending left-lateral faults
(Figure 10c). The weaker clay experiment also developed
many cross faults that have slip sense opposite to the
right-lateral primary faults. While the weaker clay
experiment produced fewer active slip surfaces than the
Brawley Seismic Zone, they both host a similar pattern
of distributed conjugate faulting.

Both the similarities between the experiments of
different material strength and their crustal counterparts
as well as the major differences between the stronger
and weaker experiments showcase the applicability of
the scaled physical experiments to the study of faulting
within regions of different crustal strength. From these
comparisons, we can infer that releasing bends within
stronger crust, such as thicker and cooler crust, will
develop localized faulting that is more persistent over
time than releasing bends within areas of weaker crust
that might be thinner and warmer.

The degree of fault localization or delocalization
within releasing bends impacts seismic hazards. For
example, for regions of similar tectonic loading, releasing
bends in stronger material will have more localized fault
systems with greater slip rates along active fault, which
increases the potential for larger magnitude earthquakes.
Fault slip rate is a primary factor in seismic hazard
assessment (e.g., Hatem et al., 2022). Increased seismic
hazard with fault localization could have implications for
regions of strong crust like the Southern Gar Basin. On
the other hand, as seen in the weaker clay experiment,
many faults may be concurrently active when faulting
is delocalized. While the distribution of strain along
many faults reduces slip rate, this delocalization also
increases the potential for occurrence of complex
multi-segment ruptures whose details are difficult to
anticipate (e.g., Cesca et al., 2017; Hollingsworth et al.,
2017; Ross et al., 2019). For example, damaging
earthquakes within the Brawley Seismic Zone may
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rupture along many potential fault surfaces making it
challenging to consider hazard locations ( Hauksson et al.,
2022).  Additionally, multi-segment ruptures within
delocalized fault systems can produce abundant off-fault
deformation (e.g., Milliner et al., 2021; Zinke et al.,
2019) including landslides (e.g., Bloom et al., 2022),
which has significant impact on safety and infrastructure.
While many factors contribute to seismic hazard at
releasing bends, the experiments of this study shed light
on the impact of material strength on localization and
complexity of active fault patterns that impact seismic
hazard.

6 Conclusions

This study investigates the impact of material strength
on the degree of fault localization, number of active faults
and off-fault deformation that develop at releasing bends
along strike-slip faults. Scaled physical experiments
of releasing bends that use clay as an analog for
crustal materials show that weaker clay facilitates
the growth of a greater number of secondary normal
faults, the development of left-lateral cross faults and
greater off-fault deformation. The delocalized nature of
faulting within the weak clay experiment also contributes
to major reorganization of the primary slip pathway
through the releasing bend. Stronger clay inhibits the
development of cross faults and major reorganization
of the primary slip path and develops lesser off-fault
deformation. The stronger clay experiment produces a
more localized fault network with a more persistent fault
geometry than in weaker clay. In both experimental fault
systems, portions of secondary faults have left-lateral slip
within the overall right-lateral system. Both experiments
also show shallowing dip of the vertical precut faults
facilitated by lateral flow of clay at depth.

This experimental study is effectively able to isolate
the impact material strength has on releasing bend fault
evolution and allows for direct observation of the entire
fault evolution. The characteristics of faults within
the analog experiments (i.e., localization, persistence,
pattern and evolution) resemble those of crustal releasing
bends of differing crustal strength due to different heat
flux and crustal thickness at the Brawley Seismic Zone,
USA and the Southern Gar Basin, Tibet. Consequently,
the insights into releasing bend fault evolution from these
scaled physical experiments can provide guidance on
other crustal regions with relatively strong (thick and
cool) or weak (thin and hot) crust.
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