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Abstract

Observations of fold growth in fold-thrust belt settings show that brittle deformation can be localized or distributed. Localized

shear is associated with frictional slip on primary faults, while distributed brittle deformation is recognized in the folding of

the bulk medium. The interplay of these processes is clearly seen in fault-bend folds, which are folds cored by a fault with an

abrupt change in dip (e.g., a ramp-décollement system). While the kinematics of fault-bend folding were described decades ago,

the dynamics of these structures remain poorly understood, especially the evolution of fault slip and off-fault deformation over

different periods of the earthquake cycle. In order to investigate the dynamics of fault-bend folding, we develop a numerical

modeling framework that combines a long-term elasto-plastic model of folding in a layered medium with a rate-state frictional

model of fault strength evolution in order to simulate geologically and mechanically consistent earthquake sequences. In our

simulations, slip on the ramp-décollement fault and inelastic fold deformation are mechanically coupled processes that build

geologic structure. As a result, we observe that folding of the crust does not occur steadily in time but is modulated by earthquake

cycle stresses. We suggest combining seismological and geodetic observations with geological fault models to uncover how elastic

and inelastic crustal deformation generate fault-bend folds. We find that distinguishing between the elastic and inelastic response

of the crust to fault slip is possible only in the postseismic period following large earthquakes, indicating that for most fault

systems this information currently remains inaccessible.
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Main points 14 

 15 

1. Bends in thrust faults create unbalanced elastic stresses within the surrounding 16 

medium, which must be relaxed by off-fault deformation (OFD).  17 

2. We couple an elasto-plastic boundary element model with a frictional boundary 18 

integral framework to generate geologically-consistent earthquake sequences. 19 

3. We discuss strategies to observe OFD processes using combined seismo-geodetic 20 

methods, noting that the postseismic period may be the most appropriate 21 

observational period. 22 

  23 
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Abstract 24 

 25 

Observations of fold growth in fold-thrust belt settings show that brittle deformation can 26 

be localized or distributed. Localized shear is associated with frictional slip on primary 27 

faults, while distributed brittle deformation is recognized in the folding of the bulk 28 

medium. The interplay of these processes is clearly seen in fault-bend folds, which are 29 

folds cored by a fault with an abrupt change in dip (e.g., a ramp-décollement system). 30 

While the kinematics of fault-bend folding were described decades ago (J. Suppe, 1983), 31 

the dynamics of these structures remain poorly understood, especially the evolution of 32 

fault slip and off-fault deformation over different periods of the earthquake cycle. In 33 

order to investigate the dynamics of fault-bend folding, we develop a numerical modeling 34 

framework that combines a long-term elasto-plastic model of folding in a layered medium 35 

with a rate-state frictional model of fault strength evolution in order to simulate 36 

geologically and mechanically consistent earthquake sequences. In our simulations, slip 37 

on the ramp-décollement fault and inelastic fold deformation are mechanically coupled 38 

processes that build geologic structure. As a result, we observe that folding of the crust 39 

(like fault slip) does not occur steadily in time but is modulated by earthquake cycle 40 

stresses. We suggest combining seismological and geodetic observations with geological 41 

fault models to uncover how elastic and inelastic crustal deformation generate fault-bend 42 

folds. We find that distinguishing between the elastic and inelastic response of the crust to 43 

fault slip is possible only in the postseismic period following large earthquakes, 44 

indicating that for most fault systems this information currently remains inaccessible. 45 

  46 
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1. Introduction 47 

 48 

Geophysical models often assume that the lithosphere is broken into elastic blocks along 49 

plate boundary faults, and all inelastic (permanent) deformation is focused within the fault 50 

zone (Reid, 1911). This simplification is typically applied to interpret short-term observations 51 

related to the earthquake cycle. For example, many fault models are composed of a 52 

dislocation plane inserted into an elastic medium, with geodetic and seismological 53 

observations interpreted as the response of the medium to localized shear (slip) on the fault 54 

(e.g., Kanda & Simons, 2010; Okada, 1985; Savage, 1983; Singh & Rani, 1993). The success 55 

of this computationally inexpensive approach in matching observations relative to the data 56 

uncertainty has reinforced its use (Savage, 1983; Vergne et al., 2001; Van Zwieten et al., 57 

2013).  58 

However, this description of tectonics is unable to reproduce a fundamental 59 

observable: the ability of fault slip to permanently deform the lithosphere and generate relief. 60 

While planar dislocations may sufficiently approximate faults over some timescales, 61 

additional considerations must be incorporated into tectonic models in order to bridge 62 

timescales (from the seconds to years of geodetic and seismic data, to the tens of thousands to 63 

millions of years associated with mountain building) and develop geologically consistent 64 

representations of crustal deformation.  65 

 66 

1.1. Fault bends and unbalanced stress 67 

 68 

The issue of crustal deformation is particularly relevant in convergent margins, where 69 

shortening of the crust is accommodated along thrusts with associated folding. In these 70 

settings, a gently dipping subduction megathrust or continental thrust separates the down-71 

going plate from the overriding plate (Figure 1a). Typically, the hanging wall of the 72 

megathrust will host a series of more steeply dipping splay faults or ramps, with the younger 73 

thrusts near the toe of the system. When shortening is accommodated across this system, slip 74 

on the megathrust will be transferred onto one of the steeper splays, resulting in an active 75 

fault bend (Figure 1).  76 
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  77 

Figure 1. Shear stress inside an elastic medium grows with slip on a non-planar fault. (A) Schematic of 
a fold-thrust belt. Shortening causes faulting and folding of the initially horizontal the sedimentary 
package. (B) Model of the frontal fault and fold. For 1 m of slip on the ramp-décollement system, the 
surface uplift due to a purely elastic response of the crust is shown in blue. Background colors show 
maximum shear; black crosses show the orientation of the deviatoric part of the stress tensor (inward 
arrows - compression, outward arrows - extension).  
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 78 

In most modeling studies of crustal deformation based on seismological and geodetic 79 

data, both the footwall and the hanging wall are assumed to behave as linear elastic solids 80 

over short timescales (seconds – years). Such an assumption is appropriate for planar faults, 81 

where uniform slip on the interface results in a net translation between the hanging wall and 82 

footwall. However, slip across a geometric bend leads to unbalanced shear stresses within an 83 

elastic medium (Figure 1b). These stress components grow with accrued slip on the main 84 

fault, and cannot be supported indefinitely by a purely elastic body. In order to generate an 85 

internally consistent modeling approach, some mechanism(s) must be added to relax these 86 

stresses. Ideally, the mechanisms that are added will also produce structures consistent with 87 

geological observations of fault bends in fold-thrust environments (Figure 2). By 88 

implementing geologically consistent mechanisms into elastic dislocation modeling 89 

Figure 2. Surface deformation due to fault-bend folding. Fault slip leads to the formation of an 
axial surface/hinge within the hanging wall, at the junction of the ramp and décollement. This 
hinge is a shear band that is stationary with respect to the ramp and décollement and does not 
advect with the thrust sheet (shown by the flux of material passing through the hinge). The 
horizontal (red) and vertical (blue) instantaneous displacement fields are shown in response to 
unit slip (assuming infinitesimal strains) for fault-bend folding (solid) and elastic (dashed) 
deformation. The displacement gradients are sharp across the hinge as we assume that the fault 
bend is infinitesimally narrow, and hence the shear band appears as a backthrust. 
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approaches, we can therefore solve two problems at once: (1) balance shear stress loads due 90 

to slip on non-planar faults, and (2) create permanent crustal deformation and build relief.  91 

 92 

1.2.Off-fault deformation 93 

 94 

In order to relax unbalanced stresses within the crust, inelastic deformation must occur away 95 

from the main fault i.e. off-fault deformation (OFD). Geological observations of anticlines in 96 

fold-thrust belts show that permanent OFD occurs through inelastic shear, and can manifest 97 

in various ways (Butler et al., 2020; Cosgrove, 2015; Shaw et al., 1999; J. Suppe, 1983; John 98 

Suppe et al., 2005). These include localized slip on a backthrust (conjugate to the main 99 

thrust) to create a pop-up structure (Gregg Erickson et al., 2005), slip on bedding plane 100 

contacts within the fold (A. M. Johnson & Berger, 1989; J. Suppe, 1983), layer buckling and 101 

viscous/plastic flow of weak layers (Berger & Johnson, 1980; Biot, 1964; Butler et al., 2020; 102 

Fletcher, 1977; Honea & Johnson, 1976; H. Ramberg, 1963, 1970), and distributed 103 

deformation by thickening/thinning of individual layers within a thrust sheet (Honea & 104 

Johnson, 1976; A. M. Johnson & Pfaff, 1989; Poblet & McClay, 1996). In this article, we 105 

specifically address folding of the hanging wall accommodated by bedding plane slip (which 106 

is equivalent to layer buckling); this mechanism relaxes the unbalanced elastic stresses in the 107 

hanging wall that arise from slip on the ramp-décollement system. 108 

 109 

1.3.Fault-bend folding and displacement fields 110 

 111 

The kinematic theories of fault-bend folding and buckle folding describe the growth of a 112 

fault-cored fold by bedding plane slip within an incompressible hanging wall (Brandes & 113 

Tanner, 2014; A. M. Johnson & Berger, 1989; J. Suppe, 1983; John Suppe et al., 2005). Since 114 

bedding plane thickness is typically conserved as a thrust sheet is advected through a fault 115 

bend, the amount of slip on the fault and the shape of the resulting fold are directly linked (J. 116 

Suppe, 1983) 117 

For example, consider a ramp-décollement system with initial horizontal layering 118 

(Figure 2). As the thrust sheet is advected through the fault bend, a shear band appears in the 119 

hanging wall; this is the active axial surface or the hinge zone. If fault bend occurs over 120 

infinitesimal width, then the axial surface will be infinitesimally narrow, and the 121 
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instantaneous surface displacement field will be identical to that above a backthrust (Figure 122 

2).  123 

However, axial surfaces and backthrusts are fundamentally different in their long-124 

term kinematics (Gregg Erickson et al., 2005; Gregg Erickson & Jamison, 1995; J. Suppe, 125 

1983). While a backthrust will be progressively advected up the main thrust ramp, an active 126 

axial surface is fixed relative to the underlying fault geometry. The active axial surface is 127 

paired with an inactive axial surface; the latter represents the initial lower limit of the hanging 128 

wall above the fault bend that has been advected up the ramp. The spatial separation of the 129 

inactive and active axial surfaces therefore represents the slip on the fault ramp after finite 130 

shortening. Although the geometries of the two axial surfaces appear similar, active 131 

deformation occurs only at the active axial surface (Figure 2). 132 

The deformation in the hinge zone (active axial surface) can be considered to 133 

represent either slip on the bedding plane contacts or focused viscous/plastic shear of thin 134 

mechanically weak beds (while thicker and stronger beds remain undeformed). This type of 135 

deformation occurs because the transverse anisotropy in a stack of sediments allows 136 

mechanically stronger beds to retain their shape and structure, with shear localizing either 137 

within weaker beds or along the interfaces between beds (Figure 2). Most numerical models 138 

of fault-related deformation neglect this type of deformation because it requires knowledge of 139 

the orientations of the bedding planes in the hanging wall, information that is typically 140 

difficult to access, and in the case of imbricated fold-thrust belts, may be complex.  141 

The net surface displacement field associated with this mechanism has large 142 

displacement gradients at two locations (Figure 2): (1) where the thrust ramp intersects with 143 

or comes closest to the free surface, and (2) where the active axial surface intersects the free 144 

surface. A model that represents only the elastic response of the medium to slip on a ramp-145 

décollement system cannot reproduce the second displacement gradient at the back of the 146 

fold (Figure 1b, 2). This implies that there is diagnostic power in looking for such hinge-147 

related OFD signals in geodetic displacement fields over growing folds, in order to study how 148 

the crust deforms in response to fault slip and infer its constitutive properties. 149 

 150 

1.4.Geodetic observations of fault-bend folding 151 

 152 

While geological mapping and sub-surface imaging provide information about the long-term 153 

growth of anticlines (integrated over multiple earthquake sequences), geodetically derived 154 
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deformation fields are sensitive to the earthquake cycle and contain information regarding the 155 

time-varying nature of deformation (Allmendinger et al., 2009). It is therefore somewhat 156 

surprising that geodetic observations of convergent margins over the interseismic period 157 

show a pronounced uplift zone in the same location as uplift  recorded in geological and 158 

geomorphological proxies representing millions of years (Grandin et al., 2012; Jackson & 159 

Bilham, 1994; Meade, 2010; Saillard et al., 2017). These observations, along with the 160 

common assumption that folding occurs as a viscous process (Biot, 1961; H. Ramberg, 1970; 161 

I. B. Ramberg & Johnson, 1976), has led to speculation that the growth of geological 162 

structure may be a time-invariant process occurring mostly during the slow and long-lived 163 

interseismic period, at rates below the detectability limit (Jolivet et al., 2020; Meade, 2010; 164 

Saillard et al., 2017).  165 

However, observations of earthquakes demonstrate that inelastic hanging wall 166 

deformation can occur during the coseismic and postseismic phases of the earthquake cycle 167 

(Figure 3). The coseismic displacement field from the 1991 Mw 7.6 Chi-Chi earthquake, 168 

Taiwan (data from Kuo et al., 2014), shows meter-scale displacements associated with OFD 169 

(Figure 3a-b) that produced a meter-scale coseismic fold scarp (Chen et al., 2007). 170 

Furthermore, time varying growth of the Kurit fold in Iran documents likely postseismic 171 

OFD. These observations, based on ~20 years of InSAR line-of-sight displacement fields 172 

(Figure 3c-d), show a signal on the order of 1-5 mm/yr, decaying with time; the signal is 173 

presumably a response to an initial stress perturbation caused by the 1978 Mw 7.3 Tabas-e-174 

Golshan earthquake (data from Zhou et al., 2018; Copley, 2014). The coseismic displacement 175 

field for the Chi-Chi earthquake and the postseismic velocity field over the Kurit fold both 176 

show two large spatial gradients, similar to the prediction for axial surface deformation 177 

(Figure 2); we interpret this to be the result of fault-bend folding above a ramp-décollement 178 

system. These observations demonstrate that inelastic deformation, likely associated with 179 

bedding plane slip, occurs over a finite length scale, is a time-varying process, and can be 180 

modulated by the earthquake cycle. 181 

 182 
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  183 

Figure 3. Observations of fault-bend folding modulated by the earthquake cycle. (A) The frontal rupture of 
the Chelungpu Fault in the 1999 Mw7.6 Chi-Chi earthquake, western Taiwan. (B) Horizontal coseismic 
displacement field (Kuo et al., 2014) from optical imagery. We highlight four transects exhibiting 
significant displacement gradients likely due to hinge deformation, as predicted in Figure 2. (C) 
Postseismic deformation, average velocity field from 1996-1999, of the frontal folds of the Tabas foldbelt 
following the 1978 Mw7.3 Tabas-e-Golshan earthquake. (D) Shallow fold growth (Kurit fold) has been 
imaged in the line-of-sight direction (mostly vertical) from 1996-2017 by multiple InSAR missions (Zhou 
et al., 2018; Copley et al., 2014). The data are acquired in descending mode unless explicitly specified. We 
observe temporally decaying deformation with a significant displacement gradient in the back limb of the 
fold, likely caused by hinge deformation. 



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth 
 

 10 

To understand how brittle faulting and folding can occur simultaneously, we develop 184 

a framework to incorporate bedding-plane slip at earthquake timescales, by estimating the 185 

down-dip width (length-scale) of the actively deforming hinge zone, and incorporating hinge-186 

related OFD into earthquake sequence simulations and related inverse problems.  187 

We first use a Boundary Element Method (BEM) framework to model a ramp-188 

décollement system in an elasto-plastic medium, incorporating the anisotropy of sedimentary 189 

layers (Huang & Johnson, 2016; K. M. Johnson, 2018). We impose shortening in the model 190 

and calculate the evolution of geometry and strain-rate within the hanging wall. This model 191 

replicates the long-term kinematics of a fault-bend fold while maintaining the stresses in the 192 

fault and bedding plane system within the plastic yield envelope. Since hinge deformation in 193 

natural ramp-décollement systems has been observed both co- and post-seismically (Figure 194 

3), we take our study a step further to assess how hinge deformation might appear in typical 195 

surface observations over timescales associated with seismo-geodetic methods. We do this by 196 

calculating the shear stress change from incremental deformation in the elasto-plastic models, 197 

and using it to drive earthquake sequence simulations; this computed shear stressing rate 198 

serves as the long-term loading rate for the fault and the inelastic regions within the hanging 199 

wall. With this loading rate for the fault and hanging wall system, and using the laboratory-200 

derived rate-state friction law to describe the evolution of fault strength (Dieterich, 1979; J. 201 

R. Rice & Ruina, 1983; Ruina, 1983), we show that it is now possible to evaluate 202 

geologically-consistent earthquake sequence scenarios. The model recreates all parts of the 203 

earthquake cycle, from slow interseismic loading to the nucleation of frictional instabilities 204 

and an eventual earthquake, as well as the associated OFD in the hinge zone. We discuss the 205 

impact of hinge deformation on kinematic inversions of inelastic strain (slip on faults) based 206 

on geophysical data from different parts of the earthquake cycle, and evaluate our ability to 207 

detect hinge-related OFD using typical seismo-geodetic methods. 208 

  209 
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  210 

Figure 4. (A) Initial geometry for the elasto-plastic folding models. Slip is imposed on the ramp 
and décollement as a slip boundary condition; far-field loading is simulated by extending the 
décollement horizontally for 1000 km (outside the model domain). We consider three different 
levels of smoothness of the fault bend (1, 2, 3). (B) Elastic-plastic schematic. The medium acts 
as an elastic body until the yield condition is reached, beyond which inelastic strain is 
accommodated by slip on the bedding planes shown in (A). (C) The hinge zone is the region 
within the hanging wall where inelastic deformation occurs (shown in lighter colours, 
representing more slip on the bedding planes), while the rest of the hanging wall behaves purely 
elastically (black - no slip). The outputs from the folding model allow us to explicitly define the 
inelastically deforming domain by its geometry and effective loading rate. In the schematic, we 
show bedding plane deformation in the hanging wall using double couples to indicate that a 
series of bedding plane contacts line up to appear as an equivalent thrust fault, in line with our 
expectations from fault-bend folding (see Figure 2). 
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2. Methods 211 

 212 

We study the effect of maintaining a stress balance/equilibrium over the scale of a single 213 

fault-bend fold (Figure 4a). Specifically, we are interested in structures that form close to the 214 

free surface, where slip on a décollement is fed onto a ramp; they are therefore thought to be 215 

governed by brittle mechanics (Dahlen, 1990). Since we are interested in the combined 216 

effects of elastic stress transfer and structural evolution of the system, we are working within 217 

a timescale ranging from seconds to 106 years. Beyond this timescale, the nucleation and the 218 

growth of new faults cannot be neglected, and other mechanisms of deformation and stress 219 

redistribution associated with significant changes in geometry occur (Avouac, 2015). Thus, 220 

our approach evaluates the short-to-intermediate timescale evolution of the system. At the 221 

earthquake cycle timescale, the geometry of the system is essentially static, while at the fold-222 

evolution timescale, we consider the deformation of the hanging wall but ignore both the 223 

creation of new faults and any weakening or re-strengthening effects of frictional sliding 224 

(Figure 4b). 225 

 226 

2.1. Elasto-plastic model of fold growth 227 

 228 

We develop a boundary element framework (BEM) following Johnson (2018), in order to 229 

investigate how bedding plane slip away from a primary fault can accommodate the 230 

development of a fold. Unlike a typical continuum model, we do not evaluate the stress field 231 

at every point within the medium. Instead, we assume that bedding planes act as frictional 232 

contacts or narrow shear zones, and mesh these bedding contacts using 1-d fault segments 233 

(Figure 4a). This reduces the computational expense by exploiting the anisotropy inherent to 234 

a stack of sedimentary layers. In our model, initially horizontal strata can deform by passive 235 

translation or rotation, as well as by slip on the bedding plane contacts.  236 

We prescribe the rheology of the bedding plane contacts to be elastic-perfectly plastic, 237 

governed by Mohr-Coulomb elasto-plasticity (Figure 4b). Specifically, we use the Mohr-238 

Coulomb criterion to model brittle failure (not temperature-dependent plastic flow or ductile 239 

creep), governed by a yield condition (Figure 4b) as follows: 240 

|𝜏# + τ| ≤ 𝜇𝜎) 1. 

Here, 𝜏# is the remote load (in the shear direction; see Figure 4a) applied to the 241 

system. This load can arise from kinematically imposed horizontal shortening across the 242 
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entire system, topographic loading, or slip on the décollement. In our model, uniform slip on 243 

the ramp-décollement fault is imposed as a boundary condition, which loads the hanging wall 244 

material. 𝜏 is the elastic shear stress field resulting from an arbitrary distribution of slip on the 245 

bedding plane contacts. The right-hand side of Equation 1 represents the brittle yield 246 

condition: 𝜇 is the coefficient of friction on each boundary element, while 𝜎) is the normal 247 

stress (normal to the boundary element). This implies that the yield condition on every 248 

boundary element is prescribed as a function of normal stress, and the elastic stress within the 249 

medium (due to loading) cannot exceed this yield condition. Once it does, the boundary 250 

elements will deform by frictional slip to ensure that the residual stress field is within the 251 

yield envelope (Figure 4b). In addition to the stress evolution due to slip on various 252 

structures, we also consider finite deformation of the medium due to the advection of material 253 

and rotation of the bedding plane contacts (Figure 5). This is done by calculating incremental 254 

displacements of all boundary elements and remeshing (Johnson, 2018). This change in 255 

geometry also modifies the stress field, since the shear stresses resolve differently for 256 

different fault and bedding plane dips. 257 

We assume that slip on faults does not change the elastic stress field in the fault-258 

normal direction (Δ𝜎) = 0). This is primarily to simplify the computations, as including Δ𝜎) 259 

would make the system of equations difficult to solve with our methodology (discussed later 260 

in this section). However, it also allows for the possibility that inelastic perturbations in the 261 

fault-normal stress component (deviations from the lithostatic condition) may not persist over 262 

long timescales, and are accommodated by other physico-chemical means, such as tensile 263 

cracking, fluid flow, pressure solution, and vein formation (Gratier et al., 1999, 2013; Otsubo 264 

et al., 2020; Sibson, 2019). 265 

Assuming linear elasticity, we describe the change in elastic shear stress, Δ𝜏, arising 266 

from incremental slip Δ𝑠 on the boundary elements as a linear operation (Segall, 2010; Singh 267 

& Rani, 1993), given a traction kernel K1:  268 

Δ𝜏 = 𝐾1Δ𝑠 2. 

Applying Equation 2 in the failure criterion (Equation 1) gives the condition that must at all 269 

times be satisfied for all boundary elements. Because time is absorbed into increments of far-270 

field loading, we write the evolution of slip on the boundary elements as a response to 271 

incremental loading, Δτ#, as follows,  272 

|𝜏# + 𝐾1𝑠3| ≤ 𝜇𝜎)	at	𝑡3 3. 

|𝜏# + Δτ# +	𝐾1(𝑠3 + Δ𝑠)| ≤ 𝜇𝜎)	at	𝑡38 4. 
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If we define 𝜏9 = 𝜏# + Δτ# +	𝐾1𝑠3 in Equation 4, as the instantaneous unbalanced elastic 273 

stress field at a given time, the solution for Δ𝑠 can be formulated as a convex optimization 274 

problem. This linearity in the system, despite the use of absolute values, appears because we 275 

do not consider changes in the fault-normal stress (as mentioned previously), and can instead 276 

use the sign of 𝜏9 to decompose the solution space of Δ𝑠.  277 

𝜏9 > 0 𝐾1Δ𝑠 ≤ 𝜇𝜎) − 𝜏9 
𝜏9 + 𝐾1Δ𝑠 ≥ 0 

5. 

𝜏9 ≤ 0 −𝐾1Δ𝑠 ≤ 𝜇𝜎) + 𝜏9 
𝜏9 + 𝐾1Δ𝑠 ≤ 0 

 minimization → 	Δ𝑠 ∼ 0 6. 

The set of equations derived from the failure criterion (Equation 5) act as a bounding function 278 

for the solution Δ𝑠. To uniquely solve for Δ𝑠, we apply a least-squares minimization on the 279 

incremental slip (Equation 6), since we assume that the physical system wants to do minimal 280 

irreversible work to satisfy the stress budget (Equation 1). We use the MATLAB function 281 

‘lsqlin’ to do the convex optimization. 282 

Given this framework, we conduct 14 numerical experiments (with varying numbers 283 

of bedding layer contact surfaces - Table 1) for three fault geometries (with different degrees 284 

of curvature at the fault bend) (Figure 4a). The underlying fault geometry consists of a 5 km 285 

long, 30º ramp splaying upward from a horizontal décollement, and is motivated by the 286 

observed length scales shown in Figure 3. We are interested in how the width of the hinge 287 

zone (hinge width, Figure 4c) is affected by both the sharpness of the fault bend and the 288 

number of bedding planes (equivalent to the thickness of the bedding layers), since this will 289 

be directly relevant in discretizing the domain of inelastic deformation for the earthquake-290 

sequence simulations (section 2.2). In our simulations, we measure the hinge width by fitting 291 

the slip distribution on each bedding layer to a Gaussian distribution and finding the 95% 292 

confidence interval of the associated shape function.  293 

 294 

 295 

 296 

 297 

 298 
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 299 

 300 

Table 1: Input parameters for the elasto-plastic fold evolution models 

Number of bedding planes (NBP) 5-18 

Total shortening (km) 2 

Number of slip increments  40 

Remote loading slip increments, Δ𝑠#(m) 50 

Shear Modulus, 𝐺	(GPa) 10, 30 

Friction coefficient, 𝜇 0.01, 0.1 

Poisson’s ratio, 𝜈 0.25 

 301 

2.2.Earthquake sequence simulations 302 

 303 

In order to evaluate the impact of hinge-related OFD on earthquake cycle deformation, we 304 

develop a set of dynamic rupture simulations informed by the geometries and stress states 305 

arising from our models of fold growth (section 2.1). At the timescale of earthquakes and the 306 

earthquake cycle, we assume that the geometry of the main fault and the surrounding medium 307 

is invariant, since each earthquake accommodates meters of slip while the fold is kilometers 308 

wide. We use the fault geometry from Figure 4a (number 2) in the earthquake sequence 309 

simulations, since it creates reasonably narrow hinge zones (Figure 7c), but is smooth enough 310 

that the kink, which violates the principle of interpenetration of an elastic body (Romanet, 311 

2020), does not strongly influence the results. We take the geometry and instantaneous slip 312 

rate values from a 15-layer model run (Figure 5a) after 1.5 km of shortening (the hinge width 313 

and slip rates have reached steady state – see Figure 6). We only extract the boundary 314 

elements with slip rates greater than 1% of the imposed slip on the ramp-décollement (the slip 315 

boundary condition), as this helps to reduce the dimensionality of the simulation while still 316 

capturing the deforming regions of the model (Figure 5a).  317 

Although our long-term elasto-plastic fold growth model is able to reproduce 318 

geologically validated geometries, that model assumes that fault strength is constant in time, 319 

which is not realistic (Figure 4b). In fact, faults weaken and heal with loading conditions, and 320 

earthquakes occur when a fault weakens faster than it releases stress by slipping (see review 321 

by Scholz, 1998). 322 
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  323 

Figure 5. (A) Snapshots of incremental deformation (shown as colored bedding planes) of the hanging wall with 
increasing shortening. The blue lines approximately separate flat layers from tilted layers. The first snapshot has not 
yet reached a steady-state geometry; the next three snapshots show steady-state deformation, i.e. the hinge width and 
slip rate do not vary with incremental deformation. (B) and (C) Equivalent snapshots of simulations with different 
material properties, compared to the simulation outlined with a dashed box in (A), show that the fold form does not 
depend on 𝐺 or 𝜇 (layers). 

Figure 6. (A) Geometry and model setup for the earthquake sequence simulations (see Table 2 for details). (B) Three 
scenarios of frictional properties on the fault: red – velocity weakening, black – velocity strengthening. 
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Since fold growth with hinge-related OFD has been observed in both co- and post-seismic 324 

natural settings, this variation in friction must be considered. In our simulations, we recreate 325 

the same cumulative slip and deformation as in the long-term models, while also evaluating 326 

the partitioning of slip into the coseismic, postseismic and interseismic phases of the 327 

earthquake cycle.  328 

 329 

2.2.1. Rate-state frictional earthquake sequences 330 

We treat the boundary elements that make up the ramp-décollement and the hinge zone as 331 

elastically coupled faults (Johnson, 2018). These elements are loaded at a known long-term 332 

rate, �̇�# = −𝐾1�̇�# (Figure 5a). We derive �̇�# from the outputs of the long-term simulation. 333 

The elasto-plastic long-term simulations have no explicit time dependence since incremental 334 

slip drives the system. In order to incorporate time into stress evolution over the earthquake 335 

cycle, we need to make a choice for the average slip rate of the system (10-9 m/s). The relative 336 

variation in Δ𝑠 can be used to modify �̇�# accordingly, giving I �̇�#
�̇�JKL#

M. We use a boundary 337 

integral formulation such that the linear momentum balance on these elements is satisfied as 338 

the simulation evolves as, 339 

I �̇�#
�̇�JKL#

M + 𝐾1 N
𝑣

𝑣JKLP = �̇�𝜎) +
𝐺
2𝑣R

I �̇�
�̇�JKL

M 7. 

The left side of Equation 7 is the instantaneous elastic stressing rate as a function of slip 340 

velocity 𝑣 (resolved in the shear direction for each boundary element). This is a quasi-341 

dynamic approach where we neglect wave-mediated stress transfer through an elastic 342 

medium. The right side contains two terms: the first is the rate of change of the frictional 343 

strength of each element, and the second the radiation damping rate (a proxy for the energy 344 

lost to the system, at velocities comparable to the shear wave velocity 𝑣R). We use rate-state 345 

friction and the ageing law to describe the evolution of fault strength with velocity 𝑣 and a 346 

state parameter 𝜃 over a critical slip distance 𝐿 (Dieterich, 1979; Ruina, 1983),  347 

𝜇 = 𝜇3 + 𝑎log
𝑣
𝑣3
+ 𝑏log

𝑣3𝜃
𝐿  

8. 
𝑑𝜃
𝑑𝑡 = 1 −

𝑣𝜃
𝐿  

where 𝜇3, 𝑣3 are reference values of the friction coefficient and velocity, respectively, while 348 

𝑎, 𝑏 are material-specific constants. Equations 7 and 8 represent a coupled system of ordinary 349 

differential equations in 𝑣, 𝜃 that we solve using the Runge-Kutta 4th order adaptive time-350 

stepping solver – MATLAB based ode45. 351 
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We choose representative values of 𝑎, 𝑏 and 𝐿 from typical ranges of laboratory-352 

derived studies (Table 2; also see Blanpied et al., 1995). Fault sections with  𝑎 − 𝑏 < 0 are 353 

considered velocity-weakening (i.e. a frictional instability could nucleate on it), while 𝑎 −354 

𝑏 > 0 represents a frictionally stable section of a fault, where any slip perturbation is damped 355 

back to steady-state. 𝜎) follows a depth-dependent lithostatic condition assuming hydrostatic 356 

pore-fluid infiltration; we choose a minimum threshold value for 𝜎) to be 20 MPa (equivalent 357 

to a depth of ~1 km) to stabilize the response of the fault close to the free surface. We do not 358 

allow 𝜎) for any element to change with slip even though elastic stress calculations would 359 

suggest that 𝜎) for boundary elements close to the fault-bend is altered by fault slip. This 360 

earthquake-sequence implementation of normal-stress change is a known issue but does not 361 

have a physically reasonable and computationally convenient fix as yet. The issue arises 362 

because the amplitude of normal stress perturbations are a geometric effect which grow 363 

linearly with fault slip (Dunham et al., 2011; Romanet, 2020; Tal et al., 2018); such an issue 364 

does not arise in planar fault simulations. Relaxing these stress components may occur 365 

through fluid-driven and visco-plastic failure processes (Dunham et al., 2011; Gratier et al., 366 

1999, 2013; Otsubo et al., 2020; Sibson, 2019); these are mechanisms that we do not include 367 

in this study, and could be considered in future studies. 368 

In our numerical experiments, we fix all material properties (Table 2) and vary only 369 

the location of the up-dip transition from velocity-weakening to velocity-strengthening on the 370 

ramp-décollement system (Figure 5b), while the hinge region is considered only to be 371 

velocity-strengthening (Figure 5). We choose velocity-strengthening friction for the bedding 372 

plane faults that make up the hinge for two reasons: (1) this is one of the first earthquake-373 

sequence studies where we explicitly account for inelastic strain associated with off-fault 374 

bedding plane slip, and so, do not want to explore too many complicated unknowns 375 

simultaneously, and (2) this is a quasi-dynamic simulation, which implies that we may be 376 

introducing numerical errors due to neglecting wave effects in the coseismic stress feedback 377 

between the fault and the hinge region, an effect which is exacerbated when the hinge can 378 

behave in a frictionally unstable manner. 379 

We define the instability ratio, ]^_
`∗

, as the ratio of the width of the velocity-380 

weakening region, 𝑊c] (Figure 5b), to a critical nucleation length-scale (Rubin & Ampuero, 381 

2005), defined as, 382 

ℎ∗ =
𝐺𝐿

(1 − 𝜈)(𝑏 − 𝑎)𝜎)
 9. 
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The instability ratio is a key parameter that is thought to determine the complexity of 383 

earthquake sequences, with low values (1-10) showing quasi-periodic slow-slip and system-384 

wide ruptures, to high values (>100) showing aperiodic Gutenberg-Richter earthquake 385 

statistics (Cattania, 2019). In this study, we investigate the instability ratio range of 20-30, 386 

which is large enough to produce partial ruptures of the seismogenic region (Cattania, 2019) 387 

and is computationally convenient to evaluate. We also choose this range because it produces 388 

interseismic signals consistent with those observed in typical convergent margins: low to no 389 

interseismic shallow creep updip of locked regions (Almeida et al., 2018), and only a gradual 390 

unlocking of otherwise locked regions; locked regions being eroded by deep creep in the 391 

years building up to an earthquake induce minimal curvature to the surface displacement 392 

timeseries (Bruhat & Segall, 2016; Mavrommatis et al., 2017).  393 

We run three earthquake sequence experiments, for different 𝑊c], on the given fault 394 

geometry with hinge-related OFD for a period of 5000 years (Figure 5b); we report the 395 

results in the following section.  396 

 397 
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 398 

Figure 7. Results of the elasto-plastic folding simulations. (A) Visualization of the length-scale and 
strain-rate at steady-state for three different experiments associated with Fault 2 (for geometry see Figure 
4a). The darker colors of the bedding plane contacts represent no inelastic deformation, while the lighter 
colors indicate finite slip (normalized by slip imposed on the décollement). The ramp-décollement is 
marked in red. (B) Slip on each bedding plane is plotted against the horizontal distance X2. Top and 
bottom refer to the layers marked in (A). (C) Localization of the hinge (at steady state) is shown as a 
function of the number of bedding planes (NBP) for the three fault geometries. The estimated hinge width 
is plotted with some scatter in the x-axis to aid visualization. (D) Comparison between the moment 
(potency) released by the hinge as a percentage of the total moment released by structures on the order of 
the length-scale of the fold (∼10 km) for each of the fault geometries. Also plotted is the expected 
moment release by a fully localized shear band based on kinematic fault-bend folding theory. 
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 399 

Table 2: Input parameters for earthquake sequence simulations 

Property Value 

𝑎 0.01 

𝑎 − 𝑏 (velocity weakening) -0.005 

𝑎 − 𝑏 (velocity strengthening) 0.005 

𝑣3 (m/s) 10-6 

𝐿 (m) 0.01 

�̇�#(m/s) plate rate 10-9 

 

Fault dip (º) Ramp = 30 

Décollement = 0  

Fault length (km) Ramp = 5 

Décollement = 20 

𝑁fg 15 

𝐺 (GPa) 10 

𝜈 0.25 

𝑣R (m/s) 3000 

𝜎) (MPa), 𝜌 = 1600	kg/ml (Depth-varying) 𝜌𝑔𝑋l	 
𝜎)opq = 20 

 

ℎ∗ (m) 667 

Cohesive Zone (m) 174 

Mesh size (m) 50 

𝑊c] (km) 13,16,20 

Instability Ratio 20,24,30 

𝑣rst (m/s) 0.1 

 400 

3. Results 401 

 402 

In the following sections, we first discuss the length scale associated with the axial surface 403 

(hinge width) and the factors that control it, based on our elasto-plastic fold evolution 404 
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models. We then consider the effects of incorporating hinge-related OFD, using a 15-layer 405 

model, into numerical simulations of earthquakes and aseismic processes. We present the 406 

results of our elasto-plastic fold evolution models in Figures 6-7, and important results from 407 

the earthquake sequence simulations in Figures 8-9. 408 

 409 

3.1.Hinge localization  410 

 411 

Previous work on multi-layer folding suggests that folding in the brittle crust varies from 412 

sinusoidal (large hinge width) to kink bands (narrow hinge width), depending on a 413 

combination of material properties – the rigidity of the medium, frictional strength of the 414 

layer interfaces, and bed thickness (Biot, 1961, 1964; Honea & Johnson, 1976; Huang & 415 

Johnson, 2016; K. M. Johnson, 2018; H. Ramberg, 1970; I. B. Ramberg & Johnson, 1976). In 416 

our experiments, we find that the dominant control on hinge width (Figure 7a,b) is instead 417 

exerted by the number of bedding planes and the angularity of the primary fault bend (inset 418 

Fig. 4a), rather than the shear modulus of the medium, friction coefficient of the bedding 419 

plane contacts or the number of slip increments (Figure 6).  420 

This result contrasts with some theoretical studies of buckle folding, which suggest 421 

that the final fold form depends on the elastic and frictional properties of the deforming 422 

medium (Honea and Johnson, 1976). The discrepancy may be due to the different boundary 423 

conditions in our approaches – where Honea and Johnson (1976) considered remote 424 

deviatoric loading without any fault, and solved for equilibrium conditions within thin elastic 425 

beams, we explicitly drive folding in an elasto-plastic medium with a bent localized slip 426 

surface (ramp-décollement fault). In addition, the fault-normal stress in our simulations is 427 

depth-dependent pressure and is independent of fault slip. In contrast, fault-cored elasto-428 

plastic simulations that permit the fault-normal stress to change with slip show a dependence 429 

on elastic and frictional properties (Johnson, 2018). Specifically, in those models, sharp kink 430 

bands tend to form for higher shear strength of the layer interfaces or lower shear modulus of 431 

the medium (Johnson, 2018).  432 

Despite the dissimilarities between these approaches and results, in all of the models, 433 

the number of bedding planes (equivalent to the bed thickness) exerts a dominant control on 434 

folding. Specifically, the hinge narrows as the number of bedding planes increases (Figure 435 

7a,b). Since the number of bedding planes determines the thickness of the bedding layers, 436 
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increasing the number of bedding planes decreases the bending resistance of the thrust sheet, 437 

which may follow the power-law relationship:  𝜏uvqwpqx ∝ z
{

|}~
�
�

 (Figure 7c).  438 

This interpretation implies that as 𝑁fg → ∞, the hanging wall will essentially act as a 439 

viscous incompressible fluid being transported past a rigid corner (Turcotte and Schubert, 440 

2002). The hinge width in that case will depend entirely on the length scale over which the 441 

dip angle changes between the ramp and the décollement. With increasing width of the fault 442 

bend (Faults 1-3 in Figure 4a), the hinge width also increases (Figure 7c). At 𝑁fg = 18 (the 443 

maximum in our model, corresponding to ~100 m thick beds), Fault 3 appears to have 444 

reached its asymptotic value, while Fault 1 (kinked fault, see Figure 4a) can likely localize 445 

further. We do not explicitly verify the high 𝑁fg case, as models with 𝑁fg > 18 require 446 

increasingly higher resolution of boundary element meshing, which increases the 447 

computational cost considerably.  448 

To reinforce the general solution offered by our method, we compare the partitioning 449 

of moment between on- and off-fault processes in our models with the kinematics of a fault-450 

bend-fold from velocity vector analysis (A. M. Johnson & Berger, 1989; Sathiakumar et al., 451 

2020). To compute the percentage of moment released by hinge-related OFD, we consider 10 452 

km of the ramp-décollement (consistent with the wavelength of the fold) as the on-fault 453 

moment component, while the cumulative moment released by all the individual bedding 454 

plane faults is the off-fault component. The values from our simulations match the kinematic 455 

results satisfactorily (Figure 7d), indicating that the inelastic component of deformation in 456 

our simulations is only a function of the difference in dips of the ramp and décollement. This 457 

is consistent with our expectation from the kinematics of fault-bend folding, which depends 458 

only on the geometry of the fault and the orientation of the hanging wall rocks (Brandes & 459 

Tanner, 2014; A. M. Johnson & Berger, 1989; J. Suppe, 1983). 460 

  461 
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3.2.Earthquake sequences with hinge-related OFD 463 

 464 

From the incremental inelastic strain computed from the elasto-plastic folding models, and 465 

using laboratory-derived friction laws, we show how fault slip and hinge-related OFD evolve 466 

in time (Figure 8). Using an adaptive time-stepping solver, we resolve the coseismic, 467 

postseismic and interseismic periods of the earthquake cycle. Our results show that 468 

earthquakes nucleate near locations where the fault transitions from velocity-weakening to 469 

velocity-strengthening friction, and propagate unilaterally in a crack-like manner (Figure 8a-470 

c). As expected for instability ratios of 20-30, we see both system-wide ruptures and partial 471 

ruptures of the velocity-weakening region (Barbot, 2019; Cattania, 2019; James R. Rice, 472 

1993). This variability emerges, even on a planar fault, due to the pre-stress state on the fault: 473 

when a previous rupture leaves part of the velocity-weakening section under-stressed, 474 

propagating ruptures may not be able to overcome the local fracture energy and will 475 

terminate. More complicated sequences of earthquakes appear when the up-dip extent of the 476 

velocity-weakening region and the ramp-décollement transition overlap (Figure 8b), which 477 

may be a consequence of geometric effects of the fault-bend (Li et al., 2018; Ong et al., 2019; 478 

Qiu et al., 2016; Sathiakumar et al., 2020).  479 

 480 

  481 

Figure 8. (A-C) Slip evolution (on-fault only) for model geometries shown in Figure 5. The horizontal axis is 
the cumulative slip on the fault while the vertical axis is the along-fault distance (0 represents the free surface, 
marked by a red dashed line). The location of the dip change from ramp to décollement is highlighted in gray. 
The frictional instability nucleation size (h*) and the width of the velocity-weakening region are shown on the 
right-hand side. Slip is coloured by slip velocity and contoured by slip increment during each phase of the 
earthquake cycle, where red lines show coseismic increments plotted every 3 s, green lines show postseismic 
increments plotted every 3 days, and blue lines show interseismic increments plotted every 5 years. (D-F) 
Maximum slip velocity during a full rupture of the seismogenic zone shown at two scales: the coseismic 
timescale is shown in seconds (linear scale), while the postseismic timescale is shown with a logarithmic 
timescale. 
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 482 

Figure 9. Timeseries of vertical velocity at the surface over a 1000-year period for each of the simulations in 
Figure 8a-c. Vertical red lines indicate timing and the horizontal extent of coseismic ruptures. 
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Following an earthquake, the velocity-strengthening parts of the fault display 483 

afterslip, i.e. stress-driven accelerated creep, in response to the coseismic stress change 484 

(Marone et al., 1991; Perfettini & Avouac, 2004). Here, we focus only on afterslip on the 485 

shallow velocity-strengthening section of the fault, but note that the deep velocity-486 

strengthening section also creeps postseismically (Figure 8a-c). Since afterslip depends on 487 

the magnitude of stress transfer (Marone et al., 1991), only large earthquakes and earthquakes 488 

that rupture close to the velocity-strengthening sections can drive a detectable acceleration in 489 

the creep rate. This creep may initiate during the earthquake or immediately after the event, 490 

and will then decay nearly logarithmically with time (linear on a log-log plot, Figure 8d-f).  491 

In addition to on-fault processes, inelastic strain also occurs within the hinge zone. By 492 

varying the width of the velocity-weakening region, we can observe how propagating 493 

ruptures activate deformation in the hinge region. Hinge-related OFD appears to initiate when 494 

the rupture front reaches the ramp-décollement transition, and then evolves similarly to 495 

afterslip (Figure 8 d-f). This stress-driven evolution tells us that the aggregate behavior of the 496 

hinge follows from slip on the individual bedding layer interfaces, which are governed by 497 

velocity-strengthening friction (Table 2).  498 

Typical interpretations of earthquake sequence deformation are based on surface 499 

observations. To mimic this, we visualize the vertical displacement rate of the ground surface 500 

in response to fold growth over a 1000-year period (Figure 9). In all scenarios, we see peak 501 

deformation rates during and immediately after the earthquake. This rapid deformation is 502 

followed by a signal that decays in time until the next event that breaks the frontal section of 503 

the fault (Figure 9b). Deeper partial ruptures appear as sharp features in the velocity field, but 504 

their post-earthquake slip evolution produces only a feeble response in the surface 505 

deformation field. We observe large spatial gradients, in the velocity field, near the hinge 506 

zone early in the postseismic period following large earthquakes; this gradient diffuses away 507 

in time (Figure 9). Late in the interseismic phase, the velocity field appears nearly time-508 

invariant, with a broad uplift peak (long wavelength) over the deeper velocity-weakening to 509 

velocity-strengthening transition region on the fault that decays towards the fault extremities 510 

(Figure 9). When the shallow velocity-strengthening section of the fault spans the length of 511 

the ramp, there is substantial steady interseismic uplift of the anticline (Figure 9b,c). 512 

However, in simulations where the velocity-weakening section extends up the ramp and close 513 

to the free surface, there is negligible uplift during the long interseismic period (Figure 9a). 514 
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 515 

4. Discussion 516 

 517 

We have developed a numerical framework to investigate how hinge-related OFD, in the 518 

hanging wall of a fault-cored anticline, evolves with fault slip to grow a fold over timescales 519 

ranging from milliseconds to thousands of years. Using elasto-plastic models, we estimate the 520 

length-scales and strain rates of hinge-related inelastic deformation (Figure 6,7a). We then 521 

Figure 10. (A) Surface displacement field for growth of a fold over a complete earthquake cycle. The 
different colored lines show the results of models with different hinge widths. (B) Decomposition of 
the displacement field into the elastic response of the medium to slip on the ramp-décollement, and due 
to inelastic strain in the hinge zone. For sufficiently narrow hinges, the surface deformation signal is 
obvious. However, for a wide hinge, an equivalent elastic solution exists that masks the effect of hinge-
related OFD. (C) Underlying geometry of the fault-bend fold. (D) Alternate fold growth models and 
associated surface uplift. The gray rectangle indicates the uplift pattern expected from the surface 
erosion model shown in (C). 
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use this geometry and a long-term loading rate to run earthquake sequence simulations 522 

(Figure 5), with the goal of predicting deformation that can be observed by seismology and 523 

geodesy during the various phases of the earthquake cycle (Figure 9). In this section, we use 524 

the results of our simulations to discuss why hinge-related OFD is only rarely observed in 525 

geodetic data despite its documented role in long-term geological deformation, and how we 526 

can modify existing inverse methods to be more sensitive to these processes. We also discuss 527 

the impact of hinge-related OFD on the growth of topography. 528 

 529 

4.1.How well can we detect ongoing inelastic hinge zone deformation? 530 

 531 

Elastic and inelastic (hinge-related OFD) fold growth has been observed at coseismic and 532 

postseismic timescales in fold-thrust belt settings (Figure 3b,d; Ainscoe et al., 2017; Béon et 533 

al., 2017; Copley, 2014; Copley & Reynolds, 2014; Simon Daout et al., 2021; Gold et al., 534 

2019; Kuo et al., 2014; Zhou et al., 2016, 2018). Flexural slip processes have also been 535 

identified related to both dynamic triggering due to passing seismic waves (Kaneko et al., 536 

2015), and steady interseismic deformation (Le Béon et al., 2019; Simon Daout et al., 2019; 537 

Mackenzie et al., 2018; Mariniere et al., 2020). However, such observations are infrequent, 538 

which is surprising given how ubiquitous fault bends are in sub-surface imaging of fold-539 

thrust belts (Dahlen et al., 1984; Dahlen & Suppe, 1988; Hubbard et al., 2015). And yet, 540 

many geodetic observations from thrust settings can be fit satisfactorily by slip on a fault, 541 

most often planar, with a purely elastic response of the crust (e.g., Ingleby et al., 2020; 542 

Moreno et al., 2009; Page et al., 2011).   543 

From our modeling, we suggest that a significant part of this discrepancy arises due to 544 

the existence of an (approximate) equivalent elastic solution to most fold growth surface 545 

deformation fields (Figure 10). In other words, the sparsity and noise in the surface 546 

deformation data as well as the non-unique solutions in the numerical tools we employ hide 547 

the inelastic response of the hanging wall, and therefore allow a purely elastic hanging wall 548 

response to fault slip to fit the data sufficiently well. We expound on this in the subsequent 549 

paragraphs. 550 
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  551 

Figure 11. Ease of detection of hinge-related OFD signals during different phases of the earthquake cycle for 
three representative cases (A-C) highlighted in Figure 7, 8. Left panel shows incremental surface displacements 
over a number of timespans: immediately after the earthquake (black), 1-day afterslip with coseismic slip 
removed (gray), differential postseismic deformation in 1 month (purple) since the earthquake (from 1 day to 1 
month after the event) and the 50 year interseismic deformation from 10 to 60 years after the earthquake (red). 
Right panels show % moment or potency rate released by the hinge (blue) and the absolute potency rate (green) 
versus time. The percentage potency is calculated by considering the total potency released by 10 km of the 
fault, from the free surface down, and the hinge region. Also highlighted are the typical timescales of 
observation of different seismo-geodetic methods. 
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4.1.1. High density spatial sampling 552 

In order to discriminate between the elastic and inelastic response of the crust to slip on a 553 

ramp-décollement fault based on surface deformation, two basic criteria must be satisfied. 554 

First, the surface measurements must be spatially dense enough to capture the displacement 555 

gradient near the back-limb of the fold (Figure 10a). Second, these measurements must have 556 

a high enough signal-to-noise ratio to successfully discern between the elastic response of the 557 

crust to slip on an underlying fault and the combined deformation of the crust due to fault slip 558 

and hinge zone deformation (Figure 10b).  559 

Point measurements by many geodetic methods (GNSS, levelling, geodetic 560 

surveying), while precise, are unable to capture the spatial scale of hinge-related OFD. 561 

Without sufficient observation locations in the hanging wall, the displacement fields due to a 562 

purely elastic crust, a narrow hinge, and a wide hinge zone will all appear identical 563 

(Allmendinger et al., 2009). This problem can be overcome by using remote sensing methods 564 

such as InSAR or cross-correlation of optical images (Avouac & Leprince, 2015; Elliott et 565 

al., 2016; Simons & Rosen, 2007). These methods provide estimates of surface deformation 566 

with high spatial density sampling but are limited to observations over some arbitrary time 567 

period in the earthquake cycle, which can be a problem as fault slip is likely non-uniform in 568 

space and time.  569 

 570 

4.1.2. Accounting for slip gradients and fault geometry 571 

To identify significant inelastic hinge deformation, when we have sufficiently dense spatio-572 

temporal observations, fitting the surface observations using a purely elastic crust (no hinge 573 

zone) must produce spatio-temporally coherent residuals. In other words, it should not be 574 

possible to explain the observed surface displacements by either – (1) spatial gradients in 575 

fault slip or (2) a modified fault geometry.  576 

Encountering surface displacement fields due to spatial gradients in slip are 577 

inevitable. There are no geodetic datasets with sufficient spatio-temporal coverage that can 578 

provide us with displacement fields arising from uniform fault slip, a process that would 579 

require observations spanning an entire earthquake cycle (100-1000 years). However, the 580 

issue arising from alternate fault geometries can be addressed if we use structural information 581 

from geomorphic, geological and seismic imaging studies to construct and fix fault 582 

geometries (e.g., Avouac, 2015; Le Béon et al., 2014; Chen et al., 2007; Yue et al., 2005). 583 
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We note that geologically consistent deformation fields may differ from the predictions from 584 

our simulations, due to topographic effects and surface processes (Figure 10d).  585 

Combining such an apriori fault geometry model with surface displacement 586 

observations from some time period in the earthquake cycle would allow us to assess if there 587 

was any inelastic OFD. The key here is that hinge-related OFD would produce large surface 588 

displacement gradients in the back limb of the fold, a feature that would generate coherent 589 

residuals when the data is fitted with a purely elastic crust model and thereby allow us 590 

identify inelastic crustal deformation.  591 

In the following section we expand on how we can detect hinge-related OFD from 592 

geodetic observations that do not span an entire seismic cycle but are limited to a narrow 593 

snapshot in time. 594 

 595 

4.2.Surface observations of OFD modulated by the earthquake cycle  596 

 597 

High spatio-temporal resolution geophysical observations only go back a couple decades, 598 

which is insufficient to observe the full earthquake cycle. Thus, in order to detect hinge-599 

related OFD, we need to not only have appropriate observations, but also a geological setting 600 

with the right conditions (Figure 10), and the right time interval. For example, consider the 601 

1999 Chi-Chi earthquake: the static displacement field derived from remote sensing (Kuo et 602 

al., 2014) shows clear elastic and inelastic hanging wall deformation (Figure 3a-b). However, 603 

without information about the temporal evolution of strain, we cannot distinguish OFD that 604 

occurred coseismically from OFD that occurred in the hours and days after the event.  605 

In this section, we discuss how our numerical simulations of earthquake sequence 606 

deformation can guide the use of multiple observational methods to detect hanging wall 607 

deformation processes. To visualize these effects, we plot the surface displacement field 608 

during different parts of the earthquake cycle, along with the potency (moment) released by 609 

the hinge for three representative cases (Figure 11; earthquake sequence simulations in 610 

Figure 8).  611 

 612 

4.2.1. Coseismic and early postseismic 613 

Not all earthquakes drive hinge-related OFD in the same way. For example, partial ruptures 614 

generally do not drive any hinge-related OFD, whereas earthquakes that rupture the entire 615 

fault cause significant folding and produce an observable displacement gradient near the 616 
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hinge both coseismically and postseismically (Figure 8,9). This is because earthquakes that 617 

are small or far from the hinge, transfer negligible stress to the bedding plane faults that 618 

constitute the hinge. Since fault slip rates are controlled by their stress state, due to velocity-619 

dependent frictional strength (Dieterich, 1979; Scholz, 1998), the hinge remains unperturbed 620 

by partial ruptures. For large earthquakes that can transfer sufficient stress to the hinge zone 621 

(on the order of MPa), the optimal timescale at which displacement gradients associated with 622 

OFD are observable ranges from immediately after the earthquake to months later (Figure 623 

11a-c). The coseismic period, however, is unsuitable for OFD observations, because the 624 

deformation due to on-fault slip is orders of magnitude greater than hinge-related OFD 625 

(Figure 11).  626 

In light of our results, the coseismic folding example from the 1999 Chi-Chi 627 

earthquake we highlighted earlier (Figure 3a-b), may in fact be the effect of rapid early 628 

postseismic deformation (Figure 11a). With only a snapshot of deformation computed from 629 

optical images obtained days before and after the earthquake, we can only set bounds on how 630 

fast hinge-related OFD may have occurred; OFD may have occurred at a rate between 631 

meters/day to meters/second. Detecting the evolution of such rapid hinge deformation during 632 

the minutes and hours following the earthquake may require the development of new 633 

techniques. While waveform data from seismometers and high rate GNSS are sensitive to the 634 

coseismic rupture process, high rate GNSS observations decimated at the minute to hourly 635 

scale contain additional information about slower processes that deform the medium, but do 636 

not release seismically detectable radiation (Figure 11). Thus, both types of data contain the 637 

rupture process, but they differ in their sensitivity to slower deformation. Joint kinematic 638 

inversions of earthquake source parameters typically pool waveforms and geodetic 639 

observations to obtain average parameters (Fukuda & Johnson, 2010; Funning et al., 2014; 640 

Yabuki & Matsu’ura, 1992), which diminishes our ability to estimate early afterslip. Instead, 641 

we suggest partial pooling of these datasets, which is a popular machine learning method to 642 

take advantage of datasets that contain similar information on average but differ in 643 

statistically coherent ways (Gelman & Hill, 2006). Alternatively, it may also be possible to 644 

detect hinge deformation by explicitly inverting for rapid early afterslip in addition to 645 

coseismic slip (Milliner et al., 2020; Ragon et al., 2019).  646 

 647 

4.2.2. Postseismic 648 



Confidential manuscript submitted to Journal of Geophysical Research: Solid Earth 
 

 34 

For cases where hinge-related OFD is only detectable at the week to month timescale, GNSS 649 

observations at the daily scale and InSAR may help constrain the rates and styles of OFD 650 

(Figure 11c). This is the case for décollement ruptures (Figure 11c, 9c; slip evolution is 651 

shown in Figure 8c), Both daily GNSS and InSAR are sensitive to the same process and can 652 

be pooled to reveal the temporal variation of deformation associated with the fault and the 653 

hinge. At timescales longer than years and decades, the postseismic deformation field decays 654 

to a background low amplitude interseismic velocity (Figure 9, 11).  655 

From a theoretical perspective, these observational timescales vary inversely with the 656 

long-term loading rate (�̇�#) and the shear modulus of the medium (𝐺), which we chose as 657 

10-9 m/s and 10 GPa in the simulations. The relaxation timescale of afterslip for velocity-658 

strengthening faults can be estimated from spring-slider analysis as 𝑡� =
(���)��
1̇�

 (Perfettini & 659 

Avouac, 2004); �̇�# is the long-term loading rate, and has a linear dependence on �̇�# and 𝐺 660 

(Equation 2, 7). This means that the timescales shown in Figure 11 need to be adjusted based 661 

on the effective loading of the fault in question.  662 

Take for example the case of the Kurit fold (Figure 3c-d), where we observe 663 

temporally decaying afterslip and hinge deformation forty years after the last known 664 

earthquake (Zhou et al., 2016, 2018). While this may appear surprising compared to typical 665 

detectable afterslip (1-5 years, Helmstetter & Shaw, 2009; Ingleby & Wright, 2017), it can be 666 

explained by the fact that the long-term slip rate on the frontal faults in the Tabas fold-belt is 667 

only 1-2 mm/yr (<10-10 m/s), and the surrounding materials have low rigidity (Walker et al., 668 

2015; Zhou et al., 2018). These properties result in an effective loading rate that is an order of 669 

magnitude lower than our simulations, and therefore the afterslip signal remains discernable 670 

over decades rather than the years that we predicted in our simulations.  671 

 672 

4.2.3. Interseismic 673 

During the interseismic period, detecting slow fold growth requires a shallow ramp that is 674 

able to creep (in order to generate displacement gradients). In most fold-thrust belts, the 675 

steady-state creep rates on ramps are limited by the stress shadow cast by down-dip fault 676 

locking (Almeida et al., 2018; Herman et al., 2018), which significantly reduces the stress 677 

accumulation rate updip, on both primary faults and within a hinge zone. While there are 678 

some notable local examples of steady creep-driven fold growth (Le Béon et al., 2019; Simon 679 

Daout et al., 2019; Mackenzie et al., 2018; Mariniere et al., 2020), frontal folds in large fold-680 

thrust belts do not usually show substantial interseismic creep (e.g., in the Himalayas and the 681 
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Indo-Burman fold-belts, Grandin et al., 2012; Lindsey et al., 2018; Mallick et al., 2019, 682 

2020). Since steady creep rates are typically slow, detecting OFD also requires a long time-683 

window to accrue detectable displacements (Figure 11). 684 

Even when interseismic OFD is present, it can be hard to detect. This is because the 685 

long wavelength signals related to fault locking and deep creep dominate the surface 686 

deformation signal during the interseismic period (Figure 9). If the interseismic creep signal 687 

is time-invariant, it mostly reflects the background loading process; as a result, such a signal 688 

is unlikely to provide any information about the evolution of the stress state or material 689 

properties.  In general, detailed inferences about creeping or frictionally locked regions 690 

during the interseismic period are difficult due to the combined effects of the stress shadow 691 

from frictional locking on the fault and the limit of resolution relative to the noise floor 692 

(Almeida et al., 2018; Herman et al., 2018). 693 

 694 

4.3.Building geologic structure and topography 695 

 696 

Slip over a fault bend necessarily builds topography in the long term. This is apparent even 697 

for a purely elastic medium responding to slip over a ramp-décollement system (displacement 698 

profile in Figure 1b). In this case, deep interseismic creep (representing far-field horizontal 699 

shortening) causes long-wavelength uplift of the medium (Figure 9), while slip on the ramp-700 

décollement causes uplift of the hanging wall above the ramp, with subsidence both downdip 701 

of the ramp and in the footwall close to the fault (Figure 10b). In addition to large-scale uplift 702 

of the hanging wall, OFD in the hinge zone can permanently deform the hanging wall over a 703 

narrow length-scale, producing a fold scarp (Figure 10).  704 

Based on our modeling, a significant portion of topographic growth due to hinge-705 

related OFD is coseismic (Fig. 11: the hinge potency rate is highest during earthquakes). 706 

However, the work associated with this process is orders of magnitude smaller than 707 

concurrent fault slip, and hence it is difficult to disentangle this signal from a purely elastic 708 

crustal response to fault slip using observational techniques. Permanent deformation near the 709 

hinge only becomes detectable as on-fault processes slow down to match the rate of moment 710 

release by hinge-related OFD, as discussed in Section 4.2, but these OFD processes and 711 

related topographic growth occur continuously throughout the earthquake cycle. Our 712 

simulations show that more than 50% of the total potency associated with hinge zone OFD 713 

occurs within the first month after the earthquake (Figure 11). 714 
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Long wavelength interseismic uplift has been detected in a number of geodetically 715 

monitored convergent margins, peaking over the coastline or shelf break (in subduction 716 

zones), or where topography is high (collisional boundaries). As a result, studies have 717 

interpreted that mountain building may be a relatively time-invariant process largely 718 

occurring during the interseismic period (Grandin et al., 2012; Jolivet et al., 2020; Malatesta 719 

et al., 2020; Meade, 2010; Saillard et al., 2017). Based on our results, we suggest a more 720 

complicated model of mountain building. Different physical mechanisms operate over the 721 

different spatial zones that constitute a convergent margin, with accretion and fold growth 722 

within the fold-thrust belt, following brittle mechanics (Dahlen, 1990; Dahlen et al., 1984), 723 

and friction to flow-like processes beyond the backstop of the fold belt and above the deepest 724 

parts of the megathrust (Agard et al., 2018). Topography building due to fault slip and hinge-725 

related OFD represents how mountains are built in the brittle regime: one-fold at a time. It 726 

may be true that coastal uplift and the growth of high topography does occur interseismically, 727 

but further study is needed to understand how friction and flow processes operate together on 728 

the deep megathrust to build topography at the larger scale (Van Dinther et al., 2013; Menant 729 

et al., 2020). 730 

 731 

4.4.Including hinge-related OFD in numerical simulations and inverse models 732 

 733 

The past few years have seen a push towards incorporating geological and geodynamic 734 

considerations into earthquake simulations and seismic hazard models (e.g., Dal Zilio et al., 735 

2019; Sathiakumar et al., 2020; van Zelst et al., 2019). However, resolving the complexity of 736 

earthquakes, which evolve on the millisecond timescale, with a fold-thrust belt growing over 737 

million years is a daunting task (van Zelst et al., 2019). The major difficulties that arise are: 738 

resolving the complexity of frictional instabilities with an appropriate spatiotemporal grid, 739 

and accounting for pervasive inelastic deformation within the bulk medium.  740 

In this study, we separate the two timescales and use a one-way coupling from the 741 

geological timescale to the earthquake sequence timescale (Figure 5), thereby accounting for 742 

both timescales while preserving kinematic and mechanical consistency. We show that 743 

permanent deformation of the hanging wall occurs in a narrow band, with length-scales that 744 

are controlled by the angularity of the fault-bend and the flexibility/bending resistance of the 745 

hanging wall (Figure 7). Our computational cost is only mildly greater than for typical 746 

earthquake sequence simulations, since we need only explicitly define regions of inelastic 747 
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strain, allowing the rest of the bulk medium to remain a linear elastic solid with no meshing. 748 

The off-fault response effectively becomes a time-varying loading rate term for the on-fault 749 

stress evolution in Equation 7. Variations in loading rates have been noted to affect 750 

earthquake nucleation sites and sizes in recent earthquake sequence simulations for fold-751 

thrust belt settings (Sathiakumar et al., 2020). It remains to be investigated if including time-752 

varying loading due to hinge related OFD significantly impacts the statistical behavior of 753 

earthquake sequences and the properties of aseismic phenomena, such as scaling 754 

relationships between stress drop and magnitude, rupture velocities and the radiation 755 

efficiency of fast seismic events, and the duration and propagation velocity of afterslip and 756 

other postseismic processes. 757 

For kinematic inverse problems, hinge-related OFD can be approximated by 758 

borrowing concepts from plate motion kinematics, i.e. closing the velocity vector diagram of 759 

a triple junction formed by a ramp, décollement and hinge, collapsed onto a fault plane (e.g., 760 

S. Daout et al., 2016; Sathiakumar et al., 2020; Souter & Hager, 1997). These studies take 761 

advantage of the ambiguity in direction of shear (inelastic strain) associated with shear bands. 762 

In other words, the displacement and stress fields generated by backthrust deformation are 763 

nearly identical to those produced by slip on a series of bedding plane contacts in a hinge 764 

zone (see focal mechanisms in Figure 4c). This approximation is a solution for inverse 765 

problems aimed at inferring slip/strain from surface displacements, but creates a number of 766 

issues in the stress formulation needed to simulate earthquake sequences: (1) An 767 

infinitesimally narrow fault bend, which is a pre-requisite for the backthrust approximation, 768 

creates an impossible physical situation in a purely elastic medium – interpenetration of the 769 

medium around the fault junction (Romanet, 2020); (2) as a result, the on-fault traction kernel 770 

(Equation 2) has a singularity at the fault bend that dramatically alters the tractions on the 771 

fault; and (3) it is difficult to choose an appropriate constitutive relation for the backthrust, 772 

considering that it does not exist. As a result, we recommend using this approximation for 773 

inverse problems but not for earthquake sequence simulations. 774 

 775 

5. Conclusions 776 

 777 

Fault bends create unbalanced elastic stresses in the medium that grow with slip on the fault. 778 

These stresses are relaxed by permanent or inelastic off-fault deformation (OFD) of the 779 

hanging wall. In the layered sedimentary rocks typically observed in fold-thrust belts, this 780 
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inelastic OFD takes the form of a hinge zone, a process described by fault-bend folding 781 

theory. Although evidence for inelastic hinge-related OFD is ubiquitous in geologic and 782 

geomorphological data, it is difficult to observe the OFD process in seismo-geodetic datasets.  783 

In this article, we present a unified modeling strategy for earthquake sequence 784 

simulations and long-term fold growth in the brittle crust that accounts for the mechanical 785 

coupling between fault slip and inelastic strain in the hanging wall. We show that it is 786 

difficult to identify inelastic behaviour of the crust in seismological and geodetic data, largely 787 

because of the existence of equivalent elastic solutions to surface deformation data. This 788 

problem and the associated non-uniqueness issue arise from (1) poorly known fault 789 

geometries and elastic properties of the crust, and (2) insufficient spatial and temporal 790 

sampling of earthquake-cycle modulated surface deformation data.  791 

Hinge-related OFD and fault slip are sources of permanent crustal deformation, 792 

leading to the growth of topography. Topography and geologic structure, at least at the scale 793 

of individual anticlines, are built throughout the earthquake cycle. The rate of this process is 794 

strongly modulated by the rate of on-fault moment release, which means hinge-related OFD 795 

is fastest during and immediately after large earthquakes and the rate decays logarithmically 796 

in time. However, concurrent fault slip generates a significantly larger signal in observational 797 

datasets, thereby obfuscating the inelastic deformation near the hinge. Observing and 798 

isolating geodetic signals of hinge-related OFD is possible when the on-fault moment release 799 

decreases to values comparable to the off-fault moment release; this is most likely in the 800 

postseismic period. We highlight this for the two examples we have considered in this study 801 

– (1) rapid hinge-related OFD, at velocities possibly exceeding meters/day, following the 802 

1991 Mw 7.6 Chi-Chi earthquake in Taiwan, captured by optical imagery acquired days 803 

before and after the event; (2) slow and long-lived hinge-related OFD, at rates of 804 

millimeters/year, following the 1978 Mw 7.3 Tabas-e-Golshan earthquake in Iran, imaged by 805 

InSAR over decades (Figure 3). Therefore, to infer the mechanics of how earthquake-cycle 806 

stresses fold the brittle crust, we suggest combining structural geological methods of inferring 807 

fault geometry with seismo-geodetic observations from the postseismic period. 808 

 809 
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