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Abstract: We employ work optimization to predict the geometry of frontal thrusts at two stages
of an evolving physical accretion experiment. Faults that produce the largest gains in efficiency,
or change in external work per new fault area, AW,,,/AA, are considered most likely to develop.
The predicted thrust geometry matches within 1 mm of the observed position and within a few
degrees of the observed fault dip, for both the first forethrust and backthrust when the observed
forethrust is active. The positions of the second backthrust and forethrust that produce >90% of
the maximum AW,,/AA also overlap the observed thrusts. The work optimal fault dips are within
a few degrees of the faults dips that maximize the average Coulomb stress. Slip gradients along
the detachment produce local elevated shear stresses and high strain energy density regions that
promote thrust initiation near the detachment. The mechanical efficiency (W.,,) of the system
decreases at each of the two simulated stages of faulting and resembles the evolution of
experimental force. The higher AW,,/AA due to the development of the first pair relative to the
second pair indicates that the development of new thrusts may lead to diminishing efficiency
gains as the wedge evolves. The numerical estimates of work consumed by fault propagation
overlap the range calculated from experimental force data, and crustal faults. The integration of
numerical and physical experiments provides a powerful approach that demonstrates the utility
of work optimization to predict the development of faults.

Index Terms: 8010 Fractures and faults; 8118 Dynamics and mechanics of faulting (8004); 8170
Subduction zone processes (1031, 3060, 3613, 8413); 8020 Mechanics, theory, and modeling

Keywords: Work optimization, Accretion, Numerical modeling, Analog experiment, Fault
development
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1. Introduction

Geophysical observations have shed critical insight on the geometry of faults that develop at
the front of accretionary wedges [e.g., Bangs et al., 2004; Barnes et al., 2002; Davey et al., 1986;
Gulick et al., 2004; Kopp et al., 2000; Moore et al., 1990]. Balanced restorations of
interpretations of fault geometry have constrained the development of these faults [e.g., Adam et
al., 2004; Moore et al., 2011; Morgan and Karig, 1995; Nemcok et al., 1999]. In complement to
these geophysical interpretations, numerical models and scaled analog experiments capture the
physics of accretionary faulting and so have lent additional insight into fault mechanics at the
deformation front [e.g., Baba et al., 2001; Buiter, 2012; Burbidge & Braun, 2002; Del Castello
& Cooke, 2007; Graveleau et al., 2012; Haq, 2012; Konstantinovskaia & Malavielle, 2005,
2011; Koyi & Cotton, 2004; Malavielle, 2010; McClay & Whitehouse, 2004; Miyakawa et al.,
2010; Mulugeta & Koyi, 1992; Naylor et al., 2005; Persson & Sokoutis, 2002, Storti & McClay,
1995]. Many previous studies have predicted the geometry of accretionary faults using the
conjugate failure planes that maximize Coulomb stress [e.g., Mulugeta, 1988; Huiqi et al., 1992],
while fewer analyses have predicted this geometry through the optimization of energy
components [Cubas et al., 2008; Del Castello & Cooke, 2007; Maillot et al., 2007; Maillot &
Koyi, 2006; Mary et al., 2013; Maillot & Leroy, 2003]. Predictions of accretion thrust geometries
using limit analysis, which identifies the active thrust geometry that produces the least upper
bound in tectonic force following the maximum strength theorem, closely match thrust
geometries observed in physical experiments [Cubas et al., 2013; Mary et al., 2013]. In addition,
numerical simulations of a physical accretion experiment suggest that the evolution of external
work can shed insight on the growth of new accretionary thrusts [Del Castello & Cooke, 2007].

Del Castello & Cooke [2007] compare the efficiency of backthrust-forethrust pairs located at
two different positions within a simulated accretion experiment, and find that the most efficient
pair best matches the position of the observed thrust pair. However, a more complete and
systematic search for the most efficient position and dip of thrusts in an evolving physical
accretion experiment has yet to be exacted. Additionally, the predictions of work optimization
and Coulomb criteria have yet to be systematically compared. To address these gaps, we utilize
numerical simulations of a physical accretion experiment to compare the predicted thrusts from

external work optimization and Coulomb stress to the observed experimental fault geometries.
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We use work optimization to predict the geometry of accretion thrusts that develop in two
stages of a physical accretion experiment associated with the development of the first and second
backthrust-forethrust pairs. Within the work optimization framework, we predict that the fault
configuration that produces the largest gains in the overall system’s efficiency, or the change in
external work per new fault area, AW.,/AA, will develop, rather than less efficient
configurations. In order to identify the most efficient fault configuration, we compare AW,,/AA
for numerical simulations that include faults at different positions and dips within the
accretionary wedge. To assess the utility of the work optimization approach, we compare the
geometry of the most efficient faults predicted by work optimization to the geometry observed in

the physical experiment and the fault geometry that maximizes Coulomb stress.

2. Growth of faults within accretionary wedges

Predictions of the geometry of accretionary faults using critical Coulomb wedge theory
match many geophysical observations [e.g., Adam & Reuther, 2000; Dahlen, 1984, 1990; Davis
et al., 1983; Davis & von Huene, 1987; Kopp & Kukowski, 2003; Lallemand et al., 1994; Saffer
& Bekins, 2002; Zhao et al., 1986]. This theory proposes that accretionary systems develop via
the propagation of frontal thrusts until the angle between the wedge slope and basal surface
attains a critical value [Dahlen, 1984; Dahlen et al., 1984; Davis et al., 1983; Willette, 1992;
Yuan et al., 2015]. The dips of new accretion thrusts depend on the orientation of the local
principal stress, as well as the internal friction of the wedge [Dahlen, 1984; Dahlen et al., 1984;
Davis et al., 1983].

Many experimental accretionary systems accommodate deformation via the outboard
propagation of forethrusts [e.g., Graveleau et al., 2012 and references therein] and to the first-
order follow critical Coulomb wedge theory. Transient deviations from the steady-state behavior
of critical Coulomb wedges have been demonstrated in many physical experiments where
accretionary systems evolve through episodic cycles of 1) underthrusting, which causes wedge
thickening via slip along existing thrusts, and 2) frontal accretion, which causes wedge
lengthening via new accretionary faulting at the front of the wedge [e.g., Bigi et al., 2010; Buiter,
2012; Graveleau et al., 2012; Gutscher et al., 1996, 1998; Haq, 2012; Konstantinovskaia &
Malavielle, 2005; Malavielle, 2010; McClay & Whitehouse, 2004; Morgan, 2015; Mulugeta &
Koyi, 1992; Storti & McClay, 1995]. Additionally, numerical models of accretionary systems
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85  [e.g., Burbidge & Braun, 2002; Ellis et al., 1999, 2004; Wenk & Huhn, 2013; Yamada et al.,
86  2014] and interpretations of crustal accretionary wedges [e.g., Byrne & Fisher, 1987; Gutscher et
87 al., 1996; Lallemand et al., 1994; Moore et al., 1991; Takami & Itaya, 1996; von Huene &
88  Scholl, 1991] suggest that accretionary systems develop faults through discrete, transient
89  processes.
90 The episodic deviations from critical Coulomb wedge theory have been explored by
91  analyzing components of the system’s energy budget [e.g., Burbridge & Braun, 2002; Cubas et
92 al., 2008; Del Castello & Cooke, 2007; Gutscher et al., 1998; Hardy et al., 1998; Mary et al.,
93 2013; Souloumiac et al., 2009; 2010; Yagupsky et al., 2014]. These analyses have successfully
94  used work optimization to predict the temporal evolution of accretionary systems, including the
95  periodicity of the accretion-underthrusting cycle observed in analog experiments and inferred
96  from seismic images of crustal accretionary wedges [e.g., Gutscher et al., 1998; Burbridge &
97  Braun, 2002], and the outboard propagation of frontal accretionary faults [Hardy et al., 1998].
98  Other analyses have used energetics to predict the spatial distribution and geometry of
99  accretionary faults [e.g., Cubas et al., 2008; Maillot et al., 2007; Maillot & Koyi, 2006; Del
100  Castello & Cooke, 2007; Mary et al., 2013; Yagupsky et al., 2014]. For example, Mary et al.
101 [2013] use limit analysis to show that episodic accretion may be linked to slip weakening of the
102 active faults.
103 Del Castello & Cooke [2007] use the complete deformational work budget to shed insight on
104 the transition from underthrusting to frontal accretion. They show that the external work of the
105 accretionary system decreases with accretionary thrust fault growth as the system becomes more
106  efficient. The complete deformational work budget includes the energy dissipated in internal
107 strain or internal work of deformation, work of uplift against gravity, work done against
108 frictional sliding on faults, energy required to created new fault area, and energy of ground
109  shaking [e.g., Cooke & Madden, 2014]. Following the law of conservation of energy, the work
110  consumed in the system must equal the total external work done on the boundaries of the system,
111 Wex. In a two-dimensional system, W, may be calculated from the sum of the products of shear
112 traction and displacement, 7 and u,, and normal traction and displacement, o, and u,, integrated
113 over all of the model boundaries, B:

114

115 Wert = %ffB (tus + u,o,) dB Eq. 1

McBeck et al. 4
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Within the work optimization framework, fault configurations that produce the maximum
gain in W,,, per new fault area propagated, AW,«/AA, are considered more likely to develop than
less efficient fault configurations that produce less AW, /AA [Cooke & Madden, 2014; McBeck
et al., 2016]. This method provides a global approach for predicting fault geometry that assesses
changes in the stress and displacement fields far from the newly propagated fault, and includes
the contribution of all of the deformational processes that consume or produce work within the

fault system (Eq. 1) [Cooke & Madden, 2014].

3. Methods

To assess the utility of the work optimization approach using numerical simulations of fault
growth within a physical accretion experiment, we compare the geometry of the most efficient
faults predicted by work optimization to the geometry observed in the physical experiment, and
the geometries predicted by Coulomb stress. We numerically simulate two stages of new fault
growth observed in a physical accretion experiment (E240) performed at the Université de
Cergy-Pontoise (UCP) tectonic modeling lab, and described in Herbert et al. [2015].

For this study, we investigate the two stages of the experiment where two new thrusts
develop within forethrust-backthrust pairs. We focus on these two stages (first pair and second
pair), and not on the intervening stages of single forethrust and backthrust growth, because at
these stages of the experiment, the wedge undergoes the most significant reorganizations in
active fault configuration with the development of and slip along two new thrust faults.
Additionally, searching for the optimal geometry of thrusts in the second backthrust-forethrust
pair provides insights into the tradeoffs of continued slip along pre-existing faults versus the
propagation of new thrusts. The supplemental text and animations of the strain evolution of the

experiment describe in more detail each faulting event in this experiment.

3.1. Physical experiment set up and analysis

For the accretionary experiment E240 performed at UCP, dry sand was deformed in a
rectangular box with a fixed frontwall, basal plate and sidewalls [Herbert et al., 2015]. To
simulate accretion, an electric screw motor translates the backwall of the box towards the

frontwall at a constant speed (0.22 mm/s). Throughout the duration of the experiment, a camera

McBeck et al. 5
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captures photos of the cross section of the wedge through the box’s glass sidewall every five
seconds, or every 1.1 mm of applied backwall displacement. To construct the sandpack, a
sedimentation device, designed and built at UCP, sieves the sand two or three times before
deposition [Maillot, 2013]. We use the sedimentation device to build a rectangular sandpack (16
mm thick, 41 cm long, 28 cm wide), and an overlying protowedge adjacent to the backwall,
which has a slope at the angle of repose of the material, and focuses deformation away from the
backwall [Herbert et al., 2015]. The sand deposition method strongly controls the frictional
properties of the system, and thus how the sandpack accommodates strain [e.g., Krantz, 1991;
Lohrmann et al., 2003; Maillot, 2013]. The UCP sedimentation device produces homogeneous,
1sotropic and dense sandpacks consisting of planar sand layers [Maillot, 2013]. This
homogeneous sandpack enables robust comparison of the thrust geometry observed in the
physical experiment and the geometry predicted in the numerical analysis.

We calculate the incremental displacement field of the wedge cross-section with digital
image correlation (DIC) of sequential photos captured of the experiment. For every two
sequential photos of the wedge cross-section (1.1 mm of shortening) we use Particle Image
Velocimetry analysis to determine the instantaneous velocity field at a grid of points through the
DIC of pixel constellations [e.g., Adam et al., 2005; Hoth, 2005]. The velocity fields produced in
this DIC analysis do not indicate the velocity of individual grains, but rather groups of
neighboring grains that are recognized by similar patterns in sequential images. In order to
highlight the rotation of material that indicates the development of discrete thrusts, we use the
velocity field to calculate the incremental angular shear strain rate field between successive
images. High angular shear strain rates (e.g., curl of velocity field) highlight localized slip along
faults. We calculate the angular shear strain rate field of the velocity field, U, from the cross

product of the gradient operator with the velocity vector, U:

VXU = (%—%)2 Eq. 2

where x is the horizontal direction, y is the vertical direction, and z is the out-of-plane direction.
The incremental horizontal displacement and angular shear strain fields reveal the geometry
of the first and second backthrust-forethrust pairs, which meet the base of the experiment at 65+7

mm and 114+6 mm, respectively, from the physical backwall (Fig. 1). The thrust faults are

McBeck et al. 6



Figure 1

Strain localization revealed by DIC analysis of physical experiment. Horizontal incremental
displacement field (mm) calculated from DIC increments immediately before (A), immediately
after (B), and shortly after (C) first backthrust-forethrust pair is observed. Horizontal incremental
displacement field calculated in DIC increments immediately before (D), immediately after (E),
and shortly after (F) second backthrust-forethrust pair is observed. Angular shear strain rate field
(i.e., curl, rad/5s) (G-L) derived from incremental displacement fields. Black lines show
numerical model boundaries. After both stages of new thrust pair development, the forethrust has

more localized strain than the backthrust.

DIC increment 16

100
distance from backwall (mm)

DIC increment 47

50 100
distance from backwall (mm)

DIC increment 49
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illuminated by both sharp gradients in the horizontal velocity (or incremental displacement) field
and by elevated regions of angular shear strain rates (curl rate). The reported range in observed
positions of the thrusts arises from the width of regions of elevated angular shear strain rate (Fig.
1, Fig. S1). The width of each thrust fault determined from the angular shear strain rate fields (>1
mm) is larger than the spatial resolution of the DIC analysis (0.38 mm), and indicates a zone of
localized shear surrounding each fault. We observe the development of the first and second
backthrust-forethrust pairs after about 3 mm and 37 mm of backwall displacement, which are

captured in the 16" and 48™ incremental displacement fields.

3.2. Development of numerical simulation of the physical experiment

We simulate the UCP accretion experiment with the two-dimensional, plane strain, linear
elastic, Boundary Element Method (BEM) modeling tool Fric2D [Cooke & Pollard, 1997].
Fric2D solves the quasi-static equations of deformation to determine the displacements and
tractions on each element and at specified points within the model, produced by a given set of
boundary conditions and fracture geometry [e.g., Cooke & Pollard, 1997; Cooke & Murphy,
2004; Cooke & Madden, 2014]. The BEM approach of Fric2D only requires the discretization of
fractures and boundaries, which are comprised of linear elements that may not interpenetrate.
Additionally, Fric2D 3.2.7 can simulate slip-weakening behavior along pre-existing fractures
and/or potential growth elements [Savage & Cooke, 2010]. When an element slips beyond a
prescribed slip-weakening distance, the coefficient of friction along that element evolves linearly
from its static to its sliding value.

The Fric2D numerical models employed here simulate increments of deformation associated
with two stages of thrust development in the experiment. The two-dimensional models replicate
the cross section of the physical wedge observed through the glass sidewalls. The deformation
captured in one increment of the DIC analysis determines the distribution of displacements
applied to the model boundaries. To simulate the increments of deformation, we derive the
incremental horizontal and vertical displacements observed along the moving backwall and just
above the base of the experiment near the physical detachment, and apply these displacements to
the corresponding boundaries of the numerical model. In this process, we first calculate the
incremental displacement field using DIC of sequential photos before the first and second

backthrust-forethrust pairs form (Fig. 1). Next, we extract a transect of the horizontal and vertical

McBeck et al. 7
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components of the incremental displacement field 1.42 and 1.21 mm above the base of the
model, for the first and second stages of faulting, respectively (Fig. 2A-D). We select a transect
depth that is close to the sliding detachment fault along the base of the model (Fig. 1), but avoids
significant artifacts in the DIC data that occur along the base of the sandpack. To reduce noise in
the incremental displacements, we run a fifteen-point median filter on the raw displacements in
order to remove outliers. Then we calculate the five-point central moving average of the filtered
displacements, which reduces noise with wavelengths less than two millimeters and preserves
larger scale fluctuations in the displacements (Fig. 2E-F).

This incremental displacement applied to the numerical model boundaries represents the
deformation associated with slip along the basal detachment of the physical experiment.
Consequently, these models do not explicitly simulate detachment deformation via slip along a
frictional fault. However, the frictional work of the experimental detachment is captured in the
modeled external work because the total external work on the numerical model is comprised of
the work done on the backwall, as well as that done on the basal boundary, which simulates the
detachment deformation.

For this investigation, the displacements applied to the boundaries of the numerical model
should be sufficiently large to produce slip along all of the contender faults investigated, but
sufficiently small to reduce distortion of the elements. Because Fric2D employs Eulerian
deformation, the maximum boundary displacement should be less than half of the element size,
which for these models is 1 mm. Consequently, the smoothed incremental displacements
observed in the physical experiments are scaled by approximately one-half so that the maximum
horizontal displacement is 0.50 mm. Using larger elements could permit the application of larger
horizontal displacements, but has the undesirable effects of decreasing both the resolution and
accuracy of the numerical solution. As long as the increment of displacement is sufficiently large
to cause frictional slip along all of the potential faults within the model, then the relative
efficiency of each thrust geometry remains unchanged regardless of the magnitude of applied
displacements. Consequently, the optimal thrust geometry does not depend on the magnitude of
the applied displacements. For these numerical simulations, the scaled displacements are
sufficient to cause slip along faults that dip within 20° of the observed thrusts and are located

within 30 mm of the observed thrusts, allowing assessment of the gain in efficiency of a broad

McBeck et al. 8



Figure 2: Boundary conditions of models are determined from DIC of physical experiment.
Horizontal incremental displacement field immediately preceding development of first (A) and
second (B) backthrust-forethrust pair. Horizontal black line shows location of transect that
samples displacement field near physical detachment. Vertical incremental displacement field
immediately preceding development of first (C) and second (D) backthrust-forethrust pair.
Horizontal and vertical incremental displacements along transect near base of physical
experiment for first (E) and second (F) stages of faulting. Blue dots show raw displacements
calculated with DIC analysis. Red dots show displacements after median filter performed. Dark
blue lines show smoothed displacements. Light blue lines show filtered, smoothed, scaled
displacements, in which the maximum horizontal displacement is 0.5 mm. Numerical model
boundaries and displacement loading conditions for first (G) and second (H) stages of faulting.
Coordinate system of loading conditions is relative to boundary elements, and shown with gray
arrows (G). Horizontal displacement field within numerical simulations of first (I) and second (J)
stages of faulting. Rightward displacements are positive. Vertical displacement field within
numerical simulations of first (K) and second (L) stages of faulting. Upward displacements are
positive.
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range of fault geometries. The vertical displacements are scaled by the same ratio as the
horizontal displacements.

Along each model boundary, we prescribe either displacements or tractions for the normal
and shear components of the boundary conditions, and Fri2D solves for the unprescribed
displacements or tractions. We apply the maximum basal horizontal displacement (0.5 mm) as
the rightward normal displacement, u,, on the left model boundary to simulate the translation of
the backwall (Fig. 2D). We set shear tractions, 7=0, on this boundary, so that it is free to displace
vertically. We prescribe zero normal displacements, u,=0, and shear tractions, =0, to the
rightmost model boundary so that it does not translate horizontally. Allowing the left and right
model boundaries to displace vertically enables the thickening of the sandpack near the backwall,
such as observed in this physical experiment, as well as other physical accretion experiments
[e.g., Souloumiac et al., 2010]. We allow the top boundary of the model (i.e., the topography of
the experimental wedge) to deform freely, such that this boundary experiences zero normal and
shear tractions, 0,==0. We use the topography of the physical wedge at the two stages of
interest within the experiment as the geometry of the top boundary of the models.

Boundaries with zero-valued components of either applied tractions or displacement do not
contribute to the external work (Eq. 1). Consequently, the external work of these accretion
models depends on the resulting normal tractions on the left side of the model, the modeled
moving backwall, B,, as well as the shear and normal tractions along the base of the model, the

modeled detachment, D, so that Eq. 1 may be expressed as
Wext = %ffD (tus + upoy) dD + %ffBa(unO—n) dB, Eq.3

Measurements of the dry CV32 sand used in the experiment constrain the material and fault
properties (i.e., Young’s modulus, density, static and dynamic friction) of the models [e.g.,
Cubas et al., 2010; Herbert, 2014; Lambe and Whitman, 1969; Maillot, 2013]. Table 1 lists the
intact material and fault properties used in the models simulating the physical experiments.
Although the choice of material properties can change the threshold conditions for the onset of
failure, they do not influence the determination of the most efficient fault geometry. Varying the
material parameters may change the value of W,,, for the simulations, but will not significantly

alter the distribution of AW,,, among the faults that fail. We load the models so that many

McBeck et al. 9



Table 1: Intact material and fault properties of numerical simulations.

Property Value
Poisson’s ratio 0.2

Young’s modulus 0.25 MPa
Mode-I fracture toughness 2.5 MPa*m'"?
Density 1700 kg/m’
Cohesion 0 MPa

Static friction coefficient 0.65
Dynamic friction coefficient 0.17
Slip-weakening distance 0.25 mm

Intact and fault properties used in numerical models. Intact properties are representative of CV32
sand used at UCP [Herbert et al., 2015; Maillot, 2013]. Poisson’s ratio value is typical for dry
sand [e.g., Lambe and Whitman, 1969]. Sandpacks constructed with UCP sedimentation device
produce uniform sandpacks with density of 1700 kg/m® [Cubas et al., 2010; Maillot, 2013].
Young’s modulus is calculated from force measurements on backwall of experimental device
[Herbert, 2014]. Casagrande shear box tests determine an intact coefficient of friction of 0.96
and dynamic friction of 0.72 [Maillot, 2013]. Friction coefficients slightly below these values are
used in order to represent failure along more evolved failure surfaces that include sand grains
that are more favorably aligned for slip. The chosen slip-weakening distance matches the median
diameter of the CV32 sand grains.
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potential faults fail, and then we investigate their relative impact on AW,,,. Because we load the
system well beyond the threshold conditions for the onset of faulting, the specific values for
boundary displacement and material properties, which control the failure threshold, do not
impact the assessment of the optimal fault geometry. This approach of loading the system
beyond the threshold for failure is more computationally efficient than investigating all potential
faults with successive monotonic loading steps up to the threshold conditions for failure for each
fault.

The applied loading conditions, material properties, and wedge geometry produce
displacement fields within the numerical simulation (Fig. 2I-L) that share first-order patterns
with the observed displacement fields (Fig. 2A-D). In the first stage of faulting, the incremental
horizontal displacements of the physical experiment (Fig. 2A), and within the numerical
simulation (Fig. 21), gradually decrease with distance from the backwall. The incremental
vertical displacements show a wide region of uplift from about 50-100 mm from the backwall in
both the physical experiment (Fig. 2C) and the simulation (Fig. 2K). In the second stage of
faulting, the simulation produces a horizontal displacement field that is very similar to the
observed displacement field. The regions of the wedge between the pre-existing thrusts, and
between the backwall and the pre-existing backthrust, move to the right as relatively coherent
blocks without significant horizontal compaction (i.e., without large gradients in horizontal
displacement) (Fig. 2B, J). Additionally, the horizontal displacements within the portion of the
wedge outboard of the pre-existing forethrust gradually decrease with increasing distance from
the backwall, indicating compaction (Fig. 2B, J). Furthermore, the simulation produces a broad
region of uplift extending from about 80-120 mm from the backwall (Fig. 2L) that matches the
region of diffuse incremental vertical uplift that occurs outboard of the pre-existing pair within
the physical experiment (Fig. 2D). In both the numerical simulation and the physical experiment,

vertical uplift is greatest within the wedge between the pre-existing thrust faults.

3.3. Work optimization approach

To investigate the impact of accretionary faulting on the mechanical efficiency of the
accretionary wedge, we calculate the change in external work per fault area, AW,,/AA, produced
by new faults at systematically varying positions and dips within the wedge. The fault geometry
that produces the largest AW../AA is considered the most efficient, and thus most likely to

McBeck et al. 10
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develop according to work optimization principles [e.g., Cooke & Madden, 2014]. We use the
ratio AW,./AA to determine the most efficient geometry because faults with longer lengths, and
thus larger areas, can accommodate more slip and so produce greater AW,,, than shorter faults
[e.g., Cooke & Madden, 2014; McBeck et al., 2016]. While the growth of longer faults results in
more efficient systems, the growth of these faults also consumes greater work in the production
of new fault surface area [e.g., Chester et al., 2005; Wilson et al., 2005; Herbert et al., 2015].
The reported gain in efficiency indicates the increase in system efficiency (AW,,) per change in
fault area, A4. Consequently, AW,,/AA reveals fault geometries that are efficient relative to the
cost of propagating new fault area. We calculate fault area from simulated fault length as Fric2D
simulates a 2D, plane strain environment in which the model is one unit thick in the z-direction.
For the analysis employed here, the change in fault area, A4, is the difference in total fault area
following the addition of a new fault to the model, which is the area of the newly added fault.

We compare the efficiency of one new fault at a time within the two stages of wedge
development in which the first and second backthrust-forethrust pairs form. The modeled faults
root at the model base and intersect the top boundary of the model in a similar manner to the
observed faults in the physical experiments. In the first stage of fault growth investigated, we
predict the geometry of thrusts in the first backthrust-forethrust pair. In the second stage of fault
growth investigated, we predict the geometry of the second backthrust-forethrust pair and
investigate the influence of the new fault geometry on system efficiency that contains pre-
existing faults, which accommodate slip before the second pair develops (Fig.1).

In the analysis of the first stage of thrust faulting, we vary the position and orientation of
each new fault and calculate the AW.,/AA due to faults that root at the model base from 49 to
111 mm from the backwall, in increments of 2 mm, and orientations from 20° to 170° in
increments of 2°. Reported positions are measured as the horizontal distance from the backwall
to the intersection of the thrust root with the base of the model. Reported orientations are
measured clockwise from the left horizontal. With this sign convention and model design, faults
oriented 0-90° are backthrusts, and 90-180° are forethrusts. The tested range of fault positions
and orientations includes the approximate positions of the backthrust (65+7 mm) and forethrust
(65+£5 mm), and dips of the backthrust (45+10°) and forethrust (156+4°) observed in the physical
experiment (Fig. S1). In the analysis of the second stage of thrust faulting, we vary the position

of faults from 80 to 138 mm from the backwall, in increments of 2 mm, and the orientations from

McBeck etal. 11



Figure 4

Comparison of observed thrusts to efficient thrusts for first (A-B) and second (C-D) stages of
faulting. Regions of high curl indicate localization of angular shear strain along faults. A, C)
Location of most efficient backthrust (thickest line), extent of backthrusts that produce >90% of
the maximum AW,,/AA (thinner lines), and extent of backthrusts that produce >80% of the
maximum AW,,/AA (thinnest lines). B, D) Locations of efficient forethrusts. The backthrust
geometries that produce >80% of the maximum AW,,/AA overlap regions of high curl along the
observed backthrust in the first and second stages of faulting (A,C). The forethrust geometries
that produce >90% of the maximum AW,,/AA overlap regions of high curl along the observed
forethrust in the first and second stages of faulting (B,D).
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curl (rad/5s)
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20° to 170°, in increments of 2°. These ranges include the approximate observed positions of the
backthrust (11446 mm) and forethrust (114+5 mm), and orientations of the backthrust (38£5°)
and forethrust (156+£3°) (Fig. S1).

For some of the fault geometries tested in the second stage analysis, the added fault intersects
the pre-existing forethrust. In these scenarios, we shorten the new fault so that it ends at the pre-
existing forethrust. We assume that if a new fault intersects the pre-existing forethrust, the most
efficient fault will terminate at the thrust. In the physical experiment, the second forethrust-
backthrust pair does not intersect the pre-existing forethrust. Consequently, in this analysis, we
presume that the thrusts that maximize AW,,,/AA will form sufficiently outboard of the pre-

existing thrusts such that they do not intersect or terminate at the pre-existing forethrust.

3.4. Coulomb stress analysis

To evaluate the utility of the work optimization approach relative to traditional fault
predictions, we compare the orientation of the most efficient faults to the orientations of fault
planes that maximize Coulomb stress. We calculate the Coulomb stress at each element of each
potential fault over a range of dips at the position that matches the observed fault geometry.
Using a tension positive sign convention, Coulomb stress, S., may be calculated from the shear

traction, 7, the coefficient of internal friction, x, and the normal traction, o,, as

Se = |t| + uoy, Eq. 4

In order to calculate Coulomb stress, we find the shear and normal tractions along elements of
potential fault planes prior to any slip or opening along those elements. Coulomb shear failure of
those planes occurs when the Coulomb stress exceeds the inherent shear strength of the material.
In this comparison of Coulomb stress and work optimization, we load the numerical models
beyond the threshold conditions for failure such that a range of potential fault plane orientations
fail in shear, and assess the relative Coulomb stress along the potential faults. This approach
follows that for identifying the faults that optimize AW,,/AA.

To compare the orientations of planes that maximize Coulomb stress with the work
optimization predictions, we calculate both the average and maximum Coulomb stress along

modeled faults prior to slip along those faults. In this comparison of Coulomb stress and work

McBeck et al. 12
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optimization predictions, faults that produce high AW,,, /AA are considered more likely to
develop than less efficient faults, and planes with high Coulomb stress are considered more

likely to fail than planes with lower stress.

4. Results

We present the results of this work optimization analysis by first comparing the analyses of
the first stage of faulting to the second stage. Then we compare the numerical predictions of
highly efficient faults to the fault geometries observed in the physical experiment. Following
these investigations, we search for the most efficient backthrust geometry in a system that
includes the observed forethrust geometry. Next we compare the highly efficient fault geometries
to the fault dips predicted by Coulomb stress. To shed insight on the evolution of system
efficiency throughout accretion, we track the external work of numerical systems with fault

geometries that match geometries observed in stages of the physical experiments.

4.1. Comparison of first and second stages of faulting

Systematic investigation of external work for a wide range of single fault position and dip
reveals that both stages of accretion produce two highly efficient thrust geometries: one
forethrust and one backthrust for each stage (Fig. 3). To assess these model results, we remove
results from the search for the most efficient thrust geometry that have anomalously high
condition numbers that exceed 125% of the mode (Fig. S2). The condition numbers of BEM
influence coefficients relate the displacements and tractions of each element on every other
element in the model [e.g., Cooke and Pollard, 1997], and indicate the relative robustness of the
matrix inversions [e.g., Knupp, 2000], which vary when element nodes are too closely spaced or
element sizes are irregular. In this study, models with high condition numbers produce AW.,/AA
significantly different from values of models with similar fault geometries. Consequently,
removing the results of models with high condition numbers does not greatly influence the
overall distribution of AW,,/AA, but only reduces the noise in this distribution.

The maximum AW,./AA of the second stage of faulting (10.99 mJ/m?) is only ~25% of the
optimal gain in efficiency of the first stage (43.87 mJ/m?), suggesting that fault propagation leads
to successively smaller gains in efficiency throughout the development of the wedge. The

maximum AW,,/AA of the second stage is likely lower than that of the first stage because slip
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Figure 3

Results of work optimization search: change in external work divided by new fault area, AW,
/AA, for all tested geometries of first (A) and second (B) forethrust-backthrust pair thrusts.
Sketches show range of fault geometries tested in work optimization search. Large AW.,, /AA
indicates that added faults increase the efficiency of the system. Black circles indicate most
efficient backthrust and forethrust geometries. Black contour lines show 10% increments of
AW,/ AA relative to AW,,/AA of the most efficient backthrust or forethrust. AW,,,/AA of optimal
backthrust and forethrust in second stage are lower than AW,,/AA of optimal thrusts in first
stage. The larger range of positions that produces >90% AW,,/AA of the optimal forethrust in
second stage compared to the first stage suggests a reduced sensitivity of AW,,/AA to position in
the second stage
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along pre-existing thrusts in the later stage contributes to efficiency of the system (W) both

before and after fault development.

4.2. Comparison of predicted and observed thrust geometry

In order to assess the predictions of work optimization, we compare the thrust geometry
observed in the physical experiment to the most efficient thrust and the range of thrust
geometries that have high efficiency (Fig. 4, Table 2). Because small scale material
heterogeneities may cause faults to deviate from the precise prediction of the most efficient
thrust geometry, we compare the observations to high-efficiency thrusts that produce >90% of
the local maximum AW,,/AA, and to moderately high-efficiency thrusts that produce >80% of
the local maximum AW./AA. The black contour lines overlaid on the full suite of numerical
simulations (Fig. 3) are 10% intervals relative to each local maximum AW,,/AA. Consequently,
the extent of the high-efficiency and moderately high-efficiency thrusts may be extracted from
Fig. 3. To directly compare the observed and the predicted thrust geometry, we overlay the
extent of these efficient thrusts on the incremental shear strain field of the associated stages of
the experiment (Fig. 4). For quantitative comparison of the observed and predicted fault
geometries, we list the observed and predicted orientation and position of each thrust for each
stage in Table 2.

For the first stage of faulting, the dip and location of the high-efficiency forethrusts (>90%)
completely overlaps the observed forethrust, whereas the dip and location of the high-efficiency
backthrusts only partly overlaps the geometry of the observed backthrust in the physical
experiment (Fig. 4A-B, Table 2). The lower bound of the moderately high-efficiency (80%)
backthrust positions differs from the observed position by more than 5 mm. The range of
backthrusts that do overlap the observed position produce 60% of the local maximum AW, /AA.
In the first stage of faulting, this work optimization analysis predicts the forethrust position, and
backthrust and forethrust dips with success, but predicts the backthrust position less precisely.

The analysis of the second stage reveals that the dips of high-efficiency forethrusts and
backthrusts (>90% of the maximum AW,,/AA) both match the observed thrust dips (Fig. 4C-D,
Table 2). Similarly, the positions of the high-efficiency thrusts closely match the observed
positions (Fig. 4C-D, Table 2). The high-efficiency backthrusts that produce >90% of the

McBeck et al. 14



Table 2: Observed and predicted fault geometries

Stage | Thrust Property Observed | maximum | >90% max >80% max
AW/ AA | AW/ AA AW/ AA
1 | backthrust | position 65+7 mm 87 mm 81-93 mm 77-101 mm
orientation | 45+10° 32° 26-40° 20-42°
forethrust | position 65+5 mm 71 mm 63-75 mm 57-77 mm
orientation | 156+4° 154° 146-160° 142-164°
2 | backthrust | position 114£6 mm | 122 mm 116-126 mm | 114-134 mm
orientation | 38+5° 30° 20-40° 20-42°
forethrust | position 114£5 mm | 98 mm 94-102 mm | 86-114 mm
orientation | 156+3° 158° 148-168° 144-168°

Observed and predicted positions and orientations of thrusts. Position is measured as the

horizontal distance from the backwall to the root of the thrust. Orientation is measured clockwise
from the left horizontal plane. We list the predicted range of the most efficient thrusts that
produce the local maximum AW,,,/AA, the range of high-efficiency thrusts that produce >90% of
the local maximum AW,,/AA, and moderately high-efficiency thrusts that produce >80% of the
local maximum AW,,/AA because small scale material heterogeneities may cause faults to
deviate from the precise prediction of the most efficient thrust geometry. Except for the position
of the backthrust in the first stage of faulting, the range of thrust orientations and positions that
produce >80% of the local maximum AW,,/AA overlap the observed orientation and position.
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maximum AW,,/AA completely overlap the observed backthrust, and the high-efficiency

forethrusts overlap the upper two-thirds of the observed forethrust.

4.3. Influence of forethrust activity on backthrust development

The work optimization approach of this study closely predicts the geometry of many of the
observed thrusts, with the weakest match to the backthrust position in the first stage of faulting
(Fig. 4). In this stage, the basal location of the most efficient backthrust does not match the basal
location of the most efficient forethrust, and so they do not form a commonly rooted forethrust-
backthrust pair. This mismatch of the position of the most efficient thrusts suggests that the
optimal geometry of thrusting may differ if our analysis searched for the optimal pair, rather than
a single optimal thrust. Limit analysis predictions of the position and dips of the active
forethrust-backthrust pair, rather than singular thrusts, have successfully matched the evolution
of thrusting in accretionary systems [e.g., Mary et al., 2013].

Observations of the physical experiment suggest that forethrust development may precede
backthrust development. The incremental displacement and shear strain fields of the experiment
reveal that shear strain localizes along a discrete forethrust-verging structure slightly before the
backthrust fully forms (Fig. 1H). Furthermore, after the forethrust and backthrust both develop,
the forethrust accommodates greater slip than the backthrust, suggesting that the forethrust acts
as the dominant fault (Fig. 11). The discrepancy between the positions of the predicted and
observed backthrust may result from independently searching for the optimal backthrust
geometry in a system that does not already include an active forethrust.

To determine how slip along the first forethrust may impact backthrust development, we
search for the efficient geometry of the backthrust in a numerical wedge that represents the first
stage of faulting immediately after the first forethrust develops. In this analysis, we compare
AW../AA due to the development of backthrusts within the hanging wall of the forethrust, with
dips from 30-90° and basal positions from 39-65 mm, in increments of 2° and 2 mm,
respectively. The model boundary geometry, and material and fault properties are identical to
those values used in the analysis of the first stage of faulting (Fig. 2, Table 1). However, whereas
in the first analysis we use displacements observed in DIC increment 15, in this new analysis the
loading conditions represent the increment of the experiment immediately after the first

forethrust develops, DIC increment 16 (Fig. SA-C).
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Figure 5

A-C) Development of displacement loading conditions for numerical wedges that represent
immediately after the first forethrust develops. Format and notation identical to Fig. 2. D)
Results of work optimization search for geometry of first backthrust, after first forethrust forms.

Format and notation identical to
Fig. 3. E) Comparison of predicted
and observed geometries of
backthrust. Gray line shows pre-
existing forethrust included in the
model, otherwise the format is
identical to Fig. 4. Fault geometries
that produce >90% AW,./AA of
optimal backthrust completely
overlap observed backthrust. These
backthrusts share a common root
with the pre-existing forethrust in
the model.
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This analysis reveals that the optimal backthrust forms a pair with the pre-existing forethrust,
and intersects the root of the forethrust (Fig. SD-E). The range of backthrust geometries that
produce >90% of the maximum AW,,/AA completely overlaps the region of high shear strain
along the backthrust in the physical experiment. The improved prediction of the backthrust
geometry in the system that includes the active forethrust suggests that deformation along the
young forethrust promotes backthrust development, ultimately forming a backthrust-forethrust

pair.

4.4. Comparison of Coulomb analysis and work optimization

To compare the orientations of planes that maximize Coulomb shear stress with the work
optimization predictions, we calculate both the average and maximum Coulomb stress along
faults of different orientations at the observed thrust root position in the first and second stages of
faulting. This comparison reveals that the fault orientation that produces the maximum of the
average Coulomb stress more closely matches the observed faulting than the orientation of the
fault that hosts the maximum Coulomb stress (Fig. 6). In the first stage of faulting, the fault
orientations that maximize the average Coulomb stress along the fault are within 2° of the
orientation of faults with greatest efficiency (Fig. 6A-B). In the second stage of faulting, the fault
orientations that maximize the average Coulomb stress along the fault differ by less than 4° from
the orientations of the backthrust and forethrust that maximize AW,,/AA4 (Fig. 6E-F). These
results suggest that the faults that accommodate deformation most efficiently are also those that
have highest average Coulomb stress before slipping.

Next, we compare the orientations of planes that host the maximum Coulomb stress to the
predictions of work optimization. When considering the onset of failure, we generally presume
that the plane that hosts the maximum Coulomb stress is most likely to initiate and grow into a
through-going fault. In the first stage of faulting, the orientations of the backthrust and forethrust
that host the maximum Coulomb stress differ 12° and 6°, respectively, from the most efficient,
and differ 17° and 4°, respectively, from the observed. In the second stage of faulting, the
orientations of the backthrust and forethrust that host maximum Coulomb stress differ 12° and
10°, respectively, from the most efficient, and differ 10° and 9°, respectively, from the observed.
The orientations of the fault planes with maximum Coulomb stress disagree with work

optimization predictions and fall outside of the observed orientations for the backthrusts and
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Figure 6

Comparison of work optimization and Coulomb predictions for first (A-D) and second (E-H)
stages of faulting. Coulomb stress along planar faults at the observed location in the first (A) and
second (E) stages of faulting. Orientation of planar faults vs. maximum and average Coulomb
stress along faults in the first (B) and second (F) stages of faulting. Black vertical lines indicate
observed orientations of backthrust and forethrust. Gray rectangles indicate extent of relatively
high curl surrounding observed thrusts. Circles show maximum Coulomb stress of elements of
planar fault at each orientation. Squares show average Coulomb stress of elements of planar fault
at each orientation. Black circle and square indicates maximum of the maximum Coulomb stress
and of the average Coulomb stress, respectively. C) Gain in efficiency, AW,,, /AA, produced by
faults with various orientations at the position of the first observed backthrust-forethrust pair (65
mm). Black triangles indicate intersections of optimal faults with the model base and surface.
Dashed lines show approximate geometry of observed thrusts. D) Orientation of faults at 65 mm
from backwall vs. AW,,, /AA. G) Gain in efficiency, AW,,, /AA, produced by faults with various
orientations at the observed position of the second backthrust-forethrust pair (114 mm). H)
Orientation of faults at 114 mm from backwall vs. AW, /AA.
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forethrusts at both stages of fault development. The closer agreement of the maximum average
Coulomb stress and the efficient thrust geometry, compared to the maximum Coulomb stress
approach, is consistent with the global approach of work optimization, which considers the stress
state throughout the system. The average Coulomb stress considers the stress state along the
length of the fault, rather than just the portion of the fault that hosts the maximum Coulomb
stress.

In the first stage of faulting, the region of highest Coulomb stress, which indicates where
incipient faults may initiate, differs between the backthrust and forethrust. For the backthrusts,
highest Coulomb stress occurs near the top of the wedge and near the inflection of the wedge
topography because local elastic flexure promotes shear along the thrusts (Fig. 6A). For the
forethrusts, the highest Coulomb stress develops near the base of the wedge because the slip
gradients along the detachment produce locally high shear stresses (Fig. 6A). In contrast, in the
second stage of faulting, the highest Coulomb stress along both backthrusts and forethrusts arises
near the wedge base because the wedge topography lacks an inflection outboard of the pre-

existing thrusts at this stage (Fig. 6E).

4.5. Evolution of efficiency

To shed insight on the evolution of overall efficiency, we calculate the external work of
wedge simulations with observed fault configurations at the first and second stages of faulting
(Fig. 7). Each system tested differs from the other systems by the fault geometry and/or the
applied displacement. The applied displacements of the earliest wedge simulations (systems 0-3)
are derived from the displacements observed along the experiment base immediately before the
development of the first thrust pair (DIC 15). The displacements of the next wedge simulation
(system 4) uses the observed basal displacements immediately after the first thrust pair develops
(DIC 16). To explore the second stage of faulting, the applied displacements of systems 5-8
simulate the basal displacements observed immediately before the second pair develops (DIC
47), and system 9 uses the basal displacements observed immediately after the second thrust pair
develops (DIC 48). High external work (Eq. 1) indicates models with inefficient fault geometries
that require large tractions along the model boundaries to accommodate the applied

displacement.
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Figure 7

A) Total slip along thrusts in numerical wedges at stages of wedge development. Fault geometry
of numerical wedges represent the observed fault geometries. Systems 0-4 simulate the first stage
of faulting, and use the displacements observed immediately before the first thrusts develop
(systems 0-3, DIC increment 15, ~2 mm cumulative backwall displacement), and immediately
after the first thrusts develop (system 4, DIC increment 16, ~3 mm cumulative backwall
displacement). Systems 5-9 represent the second stage of faulting, immediately before thrusts in
the second new pair develop (systems 5-8, DIC increment 47, ~38 mm cumulative backwall
displacement), and immediately after the thrusts develop (system 9, DIC increment 48, ~39 mm
cumulative backwall displacement). B) Evolution of efficiency, W.., for stages of wedge
development. Fault development reduces W.,;, increasing overall efficiency. Fault development
produces larger gains in efficiency (AW,y) in the first stage compared to the second stage.
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Before any faults develop in the wedge, the system is the least efficient and requires the
greatest external work to accommodate the applied displacements (Fig. 7, system 0, W,,=12.8
mlJ). The development of the first backthrust-forethrust pair (system 3) increases the efficiency of
the system to a greater extent than the backthrust (system 1) or forethrust (system 2) alone. The
wedge requires the least external work to accommodate the applied displacements when the
wedge includes the first thrust pair, and the applied boundary displacements simulate the
incremental displacements immediately after that pair develops (system 4, 11.4 mJ). Because
system 4 captures the retreat of the basal detachment fault tip to the root of the new thrust pair
after they develop, system 4 more closely represents the deformation within the physical wedge
containing the first thrust pair than system 3.

In the second stage of faulting, the additions of new faults produce smaller gains in efficiency
than the first stage because the pre-existing thrusts continue to slip before and after new thrust
development (Fig. 7). After the second backthrust-forethrust pair develops, and while the applied
displacements simulate the detachment deformation observed preceding new fault development
(system 8), the total slip summed along the thrusts of the second pair (102 mm) is only 28% of
the slip along the pre-existing thrusts (363 mm). Updating the applied displacements to the
detachment deformation observed just after the new thrust pair develops (system 9) increases the
total summed slip along the second pair to 310 mm, and decreases the total slip along the pre-
existing pair to 134 mm. Applying the displacements observed in the increment of the
experiment immediately following the development of the second pair (system 9) captures the
sharp decrease in detachment slip at the new thrust pair root, which promotes slip along the new
backthrust and forethrust. Although greater slip along the new thrusts is associated with lesser
slip along the pre-existing pair, the net effect reduces the total W,,, and increases system

efficiency.

5. Discussion

The work optimization approach used in this study provides insight into two key stages of
wedge development. The maximum gain in efficiency relative to new fault area, AW,,/AA,
produced by thrust development in the first stage is about four times higher than the maximum
AW,../AA of the second stage. This decrease in maximum AW,,/AA from the first to the second

stage indicates that within accretionary wedges, the overall efficiency of the system becomes less
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sensitive to new fault development. In the following section 5.1, we compare the evolution of the
numerical W, of simulations including the observed fault geometries to variations in physical
normal force measured on the backwall in the experiment, which indicate changes in physical
Wex. Our results indicate that in the first stage of faulting, the backthrusts that produce the
maximum AW,,/AA more closely match the observed backthrust geometry after the forethrust
develops than before the forethrust develops. The agreement of the predicted and observed
backthrust geometry following forethrust development suggests that the forethrust may
propagate immediately before the backthrust, and thus control the position of the backthrust in
the physical experiment. In the following discussion, we contrast the sensitivity of efficiency to
forethrust position in the first and second stages of faulting. In the above analyses, we find that
faults that maximize AW,,/AA4 more closely match the observed fault dip than planes that
maximize Coulomb stress. However, the maximum average Coulomb stress along the entire fault
predicts fault dips that closely match both the most efficient faults (max AW,,/AA4) and the
observed faults. The distribution of Coulomb stress suggests that in the first stage of faulting,
backthrusts may initiate near the top of the wedge, whereas forethrusts may initiate near the base,
and in the second stage of faulting, both forethrusts and backthrusts are likely to initiate near the
base. Below, we discuss factors that control the location of thrust initiation in physical,
numerical, and crustal accretionary wedges. Tracking the evolution of W,,, throughout the first
and second stages highlights that 1) thrust fault development increases the overall efficiency of
the system, 2) updating the applied loading to match the observed distribution of detachment slip
following thrust fault development increases slip on the modeled faults, and thus further
increases system efficiency, and 3) thrust fault development and evolving boundary
displacements produces larger gains in efficiency in the first stage than in the second stage of
faulting. In the following discussion, we compare our numerical estimates of external work to

physical measurements of external force on the accretion experiment.

5.1. Efficiency evolution of numerical and physical experiment

The evolution of efficiency in the numerical simulations is similar to the evolution of
external normal force measured on the backwall throughout the physical experiment (Fig 8). The
force increases upon the onset of loading and then decreases sharply with the growth of the first

fault pair. The drop in backwall force with each episode of fault growth is consistent with other
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Figure 8: Evolution of external work for stages of wedge development with force curve
measured throughout physical accretion experiment E240. Consistent with the larger AW,,,
produced by the development of the first pair relative to the second pair, the drop in force
associated with the development of the first pair is larger than the drop associated with the
second pair. Consistent with the increase in W,,, from system 4 to system 5, the force gradually
rises following the development of the first pair to the second pair.

14
2 = H10
o 12 @
5 o
2 o
© L5
GE)1O slip (mm)
E — [N O-ZH
o 4 9
1 1 1 1 B 1 0
8 0 30 40

20
backwall displacement (mm)

McBeck et al. 42



578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

experimental results [Cruz et al., 2010; Cubas et al., 2010; Souloumiac et al., 2012; Herbert et
al., 2015]. The numerical simulations also show decreases in external work associated with each
episode of faulting. Between the episodes of new thrusting in physical experiments, the backwall
force steadily increases [e.g., Herbert et al., 2015]. In our numerical simulations, the external
work on the numerical wedges increases from the conclusion of the first stage of faulting (system
4) to before the second pair forms (system 5) (Fig. 8). Through an analysis of the components of
the work budget, Del Castello & Cooke [2007] show that thickening of the wedge between
accretion episodes increases the frictional work on the detachment and underthrust, which
subsequently increases the external work as the wedge deforms without faulting.

In addition to the overall increase in W,,; observed in the numerical simulations and inferred
from the physical force measurements, fault development produces similar drops in the
numerical W,,, and physical backwall force. The gain in efficiency (AW,,) due to the
development of the second pair (from system 5 to 9) is smaller than that gain due to the
development of the first pair (from system 0 to 4) (Fig. 8). Consistent with this numerical result,
the force measured on the backwall throughout the physical accretion experiment reveals a
greater drop associated with the development of the first pair, than the second (Fig. 8). Within
the numerical simulation, the development of the second thrust pair produces smaller AW,,, than
the first pair because the pre-existing thrust pair continues to slip after the development of the
new thrusts. Consequently, the addition of the new pair has less impact on the overall fault
network. In particular, the persistent slip along the pre-existing forethrust causes the nearby
region of high strain energy density (SED), indicative of off fault deformation and internal

mechanical work [e.g., Jaeger et al., 2007], to remain after the new pair develops (Fig. S3).

5.2. Sensitivity of efficiency to forethrust position

Differences between the range of highly efficient forethrust positions in the first and second
stage suggests that AW,,/AA is more sensitive to position in the first stage of fault development
than the second stage. In particular, the range of forethrust positions that produce >80% of the
maximum forethrust AW,,/AA in the second stage (30 mm) is wider than that range in the first
stage of faulting (20 mm). The varying sensitivity of efficiency to forethrust position arises from
differences in the gradient of the basal displacements in the first and second stages of thrust

faulting. High gradients in the basal displacement produce localized regions of high SED within
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the wedge (Fig. 9). Fault tips and other irregularities typically produce regions of high SED, and
numerical analyses indicate that fractures tend to propagate into regions of high SED [e.g., Du
and Aydin, 1993, 1996; Olson and Cooke, 2005; Okubo and Schultz, 2005]. SED is the product
of stress and strain and measures the internal mechanical work [e.g., Jaeger et al., 2007].

Prior to the first stage of thrust faulting, the applied basal displacements produce a localized
region of high SED from ~70-90 mm from the backwall (Fig. 9A). In contrast, prior to the
second stage, the applied displacements produce a wider region of high SED from ~90-130 mm
from the backwall (Fig. 9B). The smaller region of high SED in the first stage results from the
sharper gradient in the applied horizontal basal displacements, compared to the second stage of
faulting (Fig. 9C). In the first stage of faulting, the sharp displacement gradient and associated
high SED region occur in the region where the most efficient forethrusts form, suggesting that
this localization of internal strain controls the predicted position of the thrusts. In contrast, in the
second stage of faulting, the gentler displacement gradient results in a wider region of high SED,
and a corresponding reduced sensitivity of AW,,/AA to horizontal position.

These gradients in the applied displacements arise from slip gradients along the basal
detachment fault within the physical experiment. In the first stage of faulting, the distribution of
slip along the physical wedge base produced by the detachment fault has a sharp decrease in slip
near the location of incipient faulting. In contrast, during the second stage of faulting, the
detachment produces a more gradual slip gradient so that the position of thrust faulting is not as
strongly controlled by the slip gradient as it is for the first stage of faulting. Applying the effects
of this slip gradient to the base of our models provides a method of incorporating the local
concentration of SED arising from the slip gradient along the detachment.

The correlation of the sensitivity of AW,,/AA to forethrust position and extent of high SED
suggests that off-fault deformation may control the position of new faults. The work stored in
off-fault deformation, which is the internal work of the system, is calculated as the integrated
SED field [e.g., Cooke & Madden, 2014]. Consequently, the growth and shrinkage of high SED
regions indicate increasing and decreasing internal work. The spatial correlation between
locations of thrust development and areas of high SED regions further supports the inference that
off-fault deformation controls new thrust position. In addition, the spatial correlation of the
predicted highly efficient forethrusts with observed forethrusts in both stages of faulting
indicates that forethrusts develop within high SED regions. Such fault growth decreases off-fault
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Figure 9: Strain energy density (SED) produced in numerical wedges representing first (A) and
second (B) stage of faulting. White lines indicate geometries of most efficient forethrust (thickest
line), forethrusts that produce >90% of maximum forethrust AW,,/AA (thinner lines), and
forethrusts that produce >80% of maximum forethrust AW,,,/AA. C) Horizontal and vertical
displacements applied to base of numerical wedges. The region of high SED is more localized in
first stage than region in second stage. The range of predicted positions of efficient forethrust
geometries is smaller in first stage. The gradient in applied horizontal displacements is larger in
first stage than in second stage near the position where the observed thrusts develop.

A ¢ 1st stage
SED (Pa)
0 0 position from backwall (mm) 100 150
B
2nd stage

SED (Pa)

0 50 100 150
T o.4F ) e, ""...
g orizontal et ,
S 0.3F
2
° 1st stage
g 0.21 2nd stage
3 o1 vertical
SR S
o 00000000000y
T o

L I}
0 50 150

position from backwall (mm) 100

McBeck et al. 43



640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

deformation and increases the overall efficiency within both the numerical simulations and

physical experiments.

5.3. Comparison of numerical and physical estimates for W,

We observe first-order similarities between the evolution of the numerical W.,, and physical
backwall force (section 5.1), and links between the internal work (SED) and the observed
physical forethrust position (section 5.2). To assess differences in energy partitioning in the
physical and numerical wedges, we compare the numerical and physical estimates of the changes
in W, due to fault growth. The increase of W,,, between episodes of new fault development
reveals that energy must accumulate within the fault system before it reaches the value required
for the creation of new fault surfaces [Del Castello & Cooke, 2007]. Consequently, the energy
required to create new fault surfaces, W, can be determined from the change in W.,,; and forces
on the system preceding and following fault development [Herbert et al., 2015]. Herbert et al.
[2015] calculate W), for the same physical accretion experiment simulated here (E240) from the
change in force measured on the backwall and the distance over which the force drop occurs. In a
sandpack of 16 mm thickness, ¥, is 10460 mJ/m* [Herbert et al., 2015]. To compare our
numerical results to the physical estimates of W,,,, we scale our model displacement (0.5 mm)
to the total displacement over which the faults develop (2 mm), and assume that W,,, scales
linearly for the development of the first forethrust-backthrust pair. Incremental loading of the
numerical wedge that contains the observed geometry of the backthrust and forethrust in the first
stage of faulting (Fig. 7, system 3) reveals that W,,, increases approximately linearly after the
loading increment in which slip occurs along the complete lengths of both faults (R*=0.989, Fig.
S4). Although frictional slip is inelastic and may account for the deviance from purely linear, its
small influence in these models suggests that ,,, may be linearly approximated.

Our scaled numerical estimates yield similar magnitudes to the W,,,,/AA4 estimated from
external force for the experiment simulated here (10460 mJ/m?) [Herbert et al., 2015]. In the
numerical simulations of this experiment, the AW,,,/AA due to the development of the first
forethrust-backthrust pair is approximately 20 mJ/m? for 0.5 mm of moving wall displacement.
For the observed displacement range (1.90 to 2.41 mm), the derived values of AW,,/AA scale as

76.1 to 96.4 mJ/m?, a close match to the experimentally determined value.
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To compare our estimates of the energy consumed in fault growth in dry sand to crustal
estimates of the energy to create crustal faults over several thousand earthquakes, we upscale
Wprop- Our estimates of W, incorporate the work consumed for the thrust faults to grow to their
through-going length. Whereas the thrust faults develop by creep in the experiment, crustal faults
reach maturity over many (i.e., 10’-10%) earthquakes. Consequently, we upscale our estimates of
Wprop (107" J/m?) to crustal length scales by multiplying by the scaling ratio (10°:1) [e.g.,
Hubbert, 1937]. The resulting crustal scale estimate (10* J/m?) multiplied by the approximate
number of slip events that produce mature faults yields 10°-10" J/m?. This upscaled laboratory
estimate is comparable to the 10°-10° J/m” estimates of work of fault growth from field
observations of comminution within fault zones [e.g., Chester et al., 2005; Wilson et al., 2005;
Pittarello et al., 2008; Xie & Kato, 2017]. In addition, the consistency of the W,,,, estimates, as
well as the agreement between the predicted and observed thrust geometry, and the numerical
and physical fault slip distribution, indicates that these numerical accretion simulations closely

represent deformation of the physical wedge.

5.4. Thrust fault initiation location and orientation within accretionary wedges

High temporal resolution monitoring of physical accretion experiments reveals formation of
a zone of short-lived shear bands prior to localization of a single thrust [Bernard et al., 2007,
Dotare et al., 2016]. These transient shear bands tend to have uniform slip; however, some bands
accommodate greater slip near the wedge base [Bernard et al., 2007; Dotare et al., 2016], while
others only slip near the top of the sandpack [Dotare et al., 2016]. These differing patterns of
shear strain suggest that incipient thrusts may initiate at a variety of depths within physical
wedges. Interpretations of seismic images of the protothrust regions of crustal accretionary
wedges indicate that thrusts may initiate above the detachment and propagate both upwards and
downwards [e.g., Morgan & Karig, 1995].

In the numerical wedges analyzed here, local elevated Coulomb stresses develop at a variety
of depths (Fig. 6). Gradients in basal detachment slip, which we simulate with basal
displacements, produce local zones of high shear stress near the base of the model that increase
Coulomb stress on the down-dip portions of shallower dipping forethrusts in the first stage (Fig.
6A), and both verging thrusts in the second stage of faulting simulated (Fig. 6E). Consequently,

if the physical accretionary wedges are sufficiently homogeneous and isotropic so that pre-
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existing weaknesses do not control thrust fault growth, we might expect the initiation of thrust
faults near the base of the experiment. However, in the numerical simulations of the first stage of
thrust development, the uplift of the left portion of the model relative to the right portion
produces local elastic flexure near the inflection of the wedge topography, which increases the
local shear stresses. These shear stresses promote elevated Coulomb stress on the updip portions
of backthrusts that approach the surface (Fig. 6A). However, in physical wedges, sand grain
movement is not purely elastic as in these numerical wedge simulations. Consequently, the local
flexure near the modeled surface inflection may concentrate shear stresses to a greater degree in
the simulations than in physical sand experiments where stress concentrations can dissipate
through diffuse grain rearrangement.

Within crustal wedges, many processes may concentrate shear stresses and promote thrust
initiation near the detachment. For example, non-planar subducting oceanic crust topography
may locally concentrate stresses [e.g., Park et al., 1999; Dominguez et al., 2000]. Furthermore,
fluid expulsion from dewatering sediments [e.g., Bray & Karig, 1985] may provide
heterogeneous strength that would promote failure in some regions over others, or nucleate
fractures that ultimately coalesce into faults. Strength variations within wedge units, such as
lithologic variations and pre-existing weaknesses may promote thrust initiation above the
detachment. Within the interseismic period in crustal wedges, slip gradients may develop along
the detachment near the updip limit of the seismogenic zone, where slip behavior transitions
from velocity weakening (locked) to velocity strengthening (aseismic slip) [e.g., Wang & Hu,
2006]. However, these gradients do not persist over the many earthquake cycles considered in
the physical accretion experiment, and in the numerical simulations of this experiment.

The difference between the dip of planes with maximum local Coulomb stress and dip of
planes with largest average Coulomb stress may provide insight into the process of thrust
initiation. Our analyses indicate that the orientation of planes that host the maximum Coulomb
stress differs from the experimentally observed fault dips, whereas the orientation of faults the
host the largest Coulomb stress averaged along the fault more closely match the observed fault
dips. The mismatch suggests that while faults may initiate within regions of highest Coulomb
stress, the overall development of the fault may follow the surface that has greatest average
Coulomb stress, which also produces large gains in overall efficiency (Fig. 6). In experiments of

strike-slip fault initiation, the orientation of active shear planes changes from the initiation of en
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echelon shears to the development of a through-going fault [e.g., Tchalenko, 1970]. Similar
coalescence processes may occur throughout the development of thrust faults within accretionary

systems.

6. Conclusions

The work optimization framework provides a computationally inexpensive method to predict
fault development. Within simulations of two stages of a physical sandbox accretion experiment,
the planar through-going fault configurations that produce the largest changes in external work
per new fault area, AW.,/AA, closely match the observed geometries of new forethrust-
backthrust pairs. The agreement of the predicted efficient geometries and the observed
geometries provide additional support to the concept that tectonic systems evolve in order to
minimize the total work of the system. At the position of the observed thrusts, the dips of the
most efficient backthrust and forethrust match within 4° of the observed dips, and consistently
more closely match the observed orientation than the planes with maximum Coulomb stress.
However, fault planes that maximize the average Coulomb stress along the faults at the position
of the observed thrusts more closely match the dip of the most efficient thrusts and the observed
thrusts. This result suggests that using the average Coulomb stress along through-going faults, as
well as the gain in efficiency due to thrust development, produce more successful predictions of
thrust fault dip than assessing the maximum Coulomb stress at points of potential fault initiation.
The match of the backthrust prediction in simulations that include a pre-existing forethrust, and
the strain evolution of the physical experiment revealed with digital image correlation (Fig. 1),
suggest that forethrust development precedes backthrust growth in the first stage of faulting. In
contrast to traditional approaches of predicting fault development in accretionary wedges, in
which the wedge does not include pre-existing weaknesses, our conclusion that forethrust slip
influences backthrust development indicates that considering the effects of pre-existing fault slip
within the wedge will improve predictions of fault evolution in accretionary wedges. The
elevated AW.,/AA due to the propagation of the first backthrust-forethrust pair, as compared to
the second pair, indicates that if pre-existing thrusts continue to slip, the propagation of new
thrusts may lead to increasingly smaller gains in efficiency as the accretionary wedge evolves.
The diminishing gains in efficiency due to fault growth suggests that in mature crustal wedges,

fault development may only minimally perturb overall wedge efficiency if pre-existing wedge
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faults continue to slip. If pre-existing faults shut off prior to new fault development, then
increasing strain will be stored within the host material prior to new fault growth, and new fault
development may produce significant gains in efficiency. The similar estimates of experimental
Wprop/AA and numerical AW,,/AA, and similar evolution of experimental force drops and
numerical AW,,, due to fault development suggest that analysis of the evolving efficiency may be
exacted with confidence in both numerical and physical experiments. In this contribution,
integrating quantitative observations of physical accretion experiments and analyses of numerical
simulations enabled the comparison of predictions of work minimization and Coulomb stress
with the observed, physical faults. Using work optimization to assess the order of thrust
development may provide additional insight into the mechanics of frontal accretion thrust

vergence, which could indicate the likelihood of shallow megathrust rupture [ Cubas et al., 2016].
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