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Abstract 13 

The kinematics of fault-propagation folds, formed above the tips of upward propagating normal 14 

faults, is typically inferred from numerical and physical models. Trishear is a forward kinematic 15 

model in which deformation occurs in a triangular zone in front of the propagating fault tip, 16 

with the geometry of this zone, and the geometry and growth of the resulting fold, related to 17 

several parameters (e.g. fault dip, trishear angle, trishear symmetry, concentration factor, cover 18 

thickness). Trishear is powerful as it can model fold growth through time, allowing us to assess 19 

how natural structures identified in the field or in seismic reflection data evolved. However, the 20 

geological significance of trishear is poorly understood, and the effects of trishear parameters 21 

on the overall fold geometry and the stratigraphic architecture of synkinematic deposits remain 22 

poorly constrained. In this study we vary trishear parameters independently to demonstrate how 23 

they control the temporal variability in fold geometry and size, and how this is recorded in the 24 

architecture of synkinematic strata. We show that the propagation-to-slip ratio (the ratio 25 

between upper tip propagation into the cover and slip increment at the fault centre) is the most 26 

important factor in fold growth. When this ratio is relatively low, other parameters, such as the 27 

trishear angle and symmetry, concentration factor, more strongly control fold shape and size, 28 

with fault dip arguably and perhaps surprisingly being the least important. When this ratio is 29 

relatively high, the cover is breached rapidly, leaving little time for folding. Our analysis 30 

predicts that fault-propagation folds widen rapidly and establish their near-final width early 31 

during fold growth, whereas fold amplitude develops gradually with fault slip. Fold shape 32 

therefore significantly changes throughout fold growth. During early fold growth, folds are 33 

wide with initially small amplitudes but gradually amplify as folding progresses so that 34 
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amplitudes and widths become increasingly similar towards the later stages of growth folding, 35 

folds have similar widths but have large amplitudes. We also speculate on the geological 36 

significance of the propagation-to-slip ratio, trishear angle, concentration factor and trishear 37 

symmetry, and under what scenarios these parameters may correspond to in extensional basins. 38 

Our results have implications for understanding the geometry and growth of extensional fault-39 

propagation folds, and for estimating the best-fit parameters (and related geological controls) 40 

for natural examples.   41 

 42 

Introduction 43 

Extensional fault-propagation folds form above the tips of upward-propagating normal faults 44 

(e.g. Horsfield, 1977; Withjack et al., 1989; Withjack et al., 1990; Gawthorpe et al., 1997; 45 

Lewis et al., 2015; Fig. 1). These folds are characterised by an upward widening zone of ductile 46 

deformation above a discrete, brittle fault at depth (e.g. Hardy and Ford, 1997; Allmendinger, 47 

1998; Hardy and McClay, 1999; Withjack and Callaway, 2000). Our understanding of how 48 

these folds grow comes from: (1) field (e.g. Gawthorpe et al., 1997; Sharp et al., 2000a; Sharp 49 

et al., 2000b; Khalil and McClay, 2002; Lewis et al., 2015; Khalil and McClay, 2016; Fig. 2E 50 

- F) and seismic reflection studies (e.g. Pascoe et al., 1999; Corfield and Sharp, 2000; Corfield 51 

et al., 2001; Ford et al., 2007; Marsh et al., 2010; Jackson et al., 2017; Tavani et al., 2018; Fig. 52 

2C - D), where synkinematic strata permit rare glimpses into their geometric and kinematic 53 

evolution, or (2) inverse models, where the best-fit kinematic parameters for specific fold 54 

geometries may be estimated (e.g. Allmendinger, 1998; Cardozo et al., 2003; Allmendinger et 55 

al., 2004; Cardozo et al., 2011). Physical models (e.g. Horsfield, 1977; Withjack et al., 1989; 56 

Withjack et al., 1990; Withjack and Callaway, 2000; Fig. 2A) and forward numerical models 57 

(Erslev, 1991; Hardy and Ford, 1997; Allmendinger, 1998; Zehnder and Allmendinger, 2000; 58 

Cardozo et al., 2003; Patton, 2004; Cardozo et al., 2011; Fig. 2B) allow us to track fault-fold 59 

growth through time, and to explore how fault- (e.g. dip, depth of nucleation) and material-60 

related (e.g. propagation-to-slip ratio, trishear angle) parameters control fold shape and 61 

kinematics.  62 

 63 

Although physical and forward numerical models have provided important insights as to the 64 

controls of and strain within extensional fault-propagation folds, their geometry through time 65 

is rarely quantified or systematically explored, limiting their application to natural examples. 66 

Furthermore, the geological significance of many of the parameters used in forward numerical 67 

models is rarely considered; for example, what aspect of the geology dictates trishear angle or 68 
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propagation-to-slip ratio (cf. Hardy and McClay, 1999)? Because of this, our understanding of 69 

how fault-propagation folds grow through time is limited, and how this is recorded in the 70 

architecture of synkinematic growth strata is poorly constrained. These first-order unknowns 71 

have important implications for how we structurally restore extensional forced-folds (cf. 72 

Lingrey and Vidal-Royo, 2015), and for our understanding of what key geological parameters 73 

controls fold geometry through time and, therefore, where such structures may best develop (cf. 74 

Allmendinger, 1998; Ford et al., 2007; Conneally et al., 2017). 75 

 76 

Here, we use FaultFold©, a kinematic trishear model (Hardy and Ford, 1997; Allmendinger, 77 

1998; Zehnder and Allmendinger, 2000), to investigate how trishear parameters affect the 78 

geometric evolution of fault-propagation folds and their associated growth strata. While 79 

previous studies have used trishear models on individual folds to constrain the trishear 80 

parameters responsible for their geometry, size and evolution (Table 1), there have been few 81 

attempts to systematically understand how each trishear parameter affects fold geometry and 82 

synkinematic architecture through time, and their geological significance. This has made it 83 

difficult to compare trishear models to mechanical (e.g. Johnson and Johnson, 2002; Finch et 84 

al., 2004; Hardy, 2011) or physical models (e.g. Horsfield, 1977; Withjack et al., 1990; Miller 85 

and Mitra, 2011), and to understand the geometric and kinematic differences between them. By 86 

isolating trishear parameters in a series of fault-propagation fold forward models, we 87 

investigate: (i) the controls the geometry and size of fault-propagation folds during their growth, 88 

(ii) how trishear parameters may correlate to the physical properties of natural rock, and (iii) 89 

the limitations of trishear in evaluating the geometry and growth of fault-propagation folds. Our 90 

results allow us to compare trishear predictions with physical and numerical models, and with 91 

natural examples in Chapter 5.   92 

 93 

Kinematics of trishear deformation 94 

Field, seismic reflection, and physical modelling studies show blind normal faults are often 95 

overlain by upward widening zones of distributed deformation or folding (Fig. 1). Blind 96 

propagating normal faults are essentially large mode II cracks (Allmendinger, 1998), with 97 

theoretical studies of such cracks indicating they are related to broadly triangular zones of high 98 

stress, with these zones attached to and widening out from their tips (e.g. Pollard and Segall, 99 

1987; Crider et al., 1996). This triangular zone is geometrically reminiscent of trishear models 100 

(Erslev, 1991; Allmendinger, 1998), where a zone of distributed shearing and enhanced 101 

deformation is attached to the fault tip ('trishear zone'; Hardy and Ford, 1997; Fig. 3). 102 
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The trishear zone, with angles FW and HW, lies between two rigid, undeformed zones near the 103 

upper fault tip. Outside of the trishear zone and within the hangingwall and footwall, constant 104 

velocity fields are assigned, while in the trishear zone itself, velocity varies. In the hangingwall, 105 

above the fault, material moves as a rigid body in the direction of fault slip. In the footwall, 106 

below the fault, the material is also rigid but is stationary (Fig. 3).  107 

 108 

As the footwall and hangingwall blocks move relative to one-another, the cover material above 109 

the blocks and in the trishear zone deforms, becoming folded. Within the trishear zone, the 110 

cross-sectional area of the rock does not change (Equation 1; Waltham and Hardy, 1995), and 111 

material does not move in or out of the section. Instead, all material movement is strictly in-112 

plane, as is often assumed during structural restoration (e.g. Hossack, 1979; Rowan and 113 

Kligfield, 1989; Erslev, 1991; Wickham and Moeckel, 1997; Lingrey and Vidal-Royo, 2015).  114 

The velocity normal to the fault plane at the boundary between the hangingwall and the trishear 115 

zone is zero (Vy = 0 on Fig. 3; Equation 2; Hardy and Ford, 1997). The velocity parallel to the 116 

fault is equal to the fault slip velocity (Vx = V0 on Fig. 3; Equation 2; Zehnder and 117 

Allmendinger, 2000). As the footwall does not move, velocities normal and parallel to the fault 118 

plane are zero (Equation 3; Zehnder and Allmendinger, 2000). The velocity within trishear zone 119 

therefore decreases linearly from the hangingwall to the footwall to conserve area, which in 120 

practical terms is numerically handled by splitting the trishear zone into multiple sectors 121 

(Equation 4; Hardy and Ford, 1997), starting at the fault tip and extending into the cover in the 122 

direction of fault propagation (i.e. the x-direction on Fig. 3). The trishear zone may also be 123 

divided into sectors in the direction normal to the fault plane (i.e. the y-direction on Fig. 3), 124 

allowing the slip vector at a particular point in the trishear zone to vary. Furthermore, the 125 

trishear zone may be asymmetric and still conserve the cross-sectional area of the rock (Zehnder 126 

and Allmendinger, 2000; Johnson and Johnson, 2002; Zhao et al., 2017). Because the direction 127 

of shear within the trishear zone is often oblique to the stratal layering, the layers change in 128 

thickness as they pass through the trishear zone, even if the cross-sectional area of the rock is 129 

conserved.  130 

 131 

Equation 1: 132 

𝜕𝑣𝑥

𝜕𝑥
+  

𝜕𝑣𝑦

𝜕𝑦
 = 0 133 

 134 
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𝑤ℎ𝑒𝑟𝑒 
𝜕𝑣𝑥

𝜕𝑥
= 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑓𝑎𝑢𝑙𝑡 𝑠𝑙𝑖𝑝 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑖𝑛 𝑡ℎ𝑒 𝑥 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝑟𝑒𝑠𝑝𝑒𝑐𝑡 𝑡𝑜 𝑥, 135 

𝜕𝑣𝑦

𝜕𝑦
= 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑎𝑢𝑙𝑡 𝑠𝑙𝑖𝑝 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑖𝑛 𝑡ℎ𝑒 𝑦 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝑟𝑒𝑠𝑝𝑒𝑐𝑡 𝑡𝑜 𝑦 136 

 137 

Equation 2:  138 

𝑣𝑥 =  𝑣0,  𝑣𝑦 = 0,  where 𝑦 = 𝑥 tan(𝜙𝐻𝑊) 139 

 140 

where 𝑣𝑥 = the velocity in the x direction (parallel to the fault plane), 143 

𝑣𝑦 = the fault slip velocity in the y direction (perpendicular to the fault plane), 141 

𝑣0 = the known fault slip velocity in the hangingwall, 142 

𝜙𝐻𝑊 = the angle of the trishear angle in the hangingwall 144 

 145 

Equation 3: 146 

𝑣𝑥 =  𝑣𝑦 = 0,  where 𝑦 = −𝑥 tan(𝜙𝐹𝑊) 147 

 148 

where 𝑣𝑥 = the velocity in the x direction (parallel to the fault plane), 151 

𝑣𝑦 = the fault slip velocity in the y direction (perpendicular to the fault plane), 149 

𝑣0 = the known fault slip velocity in the hangingwall, 150 

𝜙𝐹𝑊 = the component of the trishear angle in the hangingwall  152 

 153 

Equation 4:  154 

(𝑣𝑥)𝑖 =  𝑣𝑖 cos(𝜙𝑖) , (𝑣𝑦)
𝑖

=  −𝑣𝑖 sin(𝜙𝑖) 155 

 156 

where (𝑣𝑥)𝑖 = the fault slip velocity in the x direction for the i
th

 section, 158 

(𝑣𝑦)
𝑖

= the fault slip velocity in the y direction for the i
th

 section, 157 

𝑣𝑖 = the fault slip velocity in the i
th

 section, 159 

𝜙𝑖 = direction of the fault slip in the i
th

 section 160 

 161 

The angle of the trishear zone (), the velocities normal (vx) and parallel (vy) to the fault plane, 162 

and the fault slip velocity (v0) may vary. As the fault slips, its upper tip may propagate into the 163 

cover and its related trishear zone, the rate of which is controlled by the propagation-to-slip 164 

(P/S) ratio. As the fault propagates through the cover, the trishear zone moves with it and at a 165 
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rate that is independent of the fault slip (Hardy and Ford, 1997). As velocity within the trishear 166 

zone does not have to be linear or homogeneous to conserve cross-sectional rock area (Zehnder 167 

and Allmendinger, 2000), the concentration factor (CF), which controls the velocity distribution 168 

in the trishear zone, may also be varied. Where trishear is homogeneous or linear (CF ~ 1), 169 

rocks are rotated uniformly, perpendicular to the fault plane. Where trishear is heterogeneous 170 

or non-linear (CF ≠ 1), rocks in the centre of the trishear zone are rotated to a greater degree 171 

than those near the edges (Zehnder and Allmendinger, 2000; Johnson and Johnson, 2002). As 172 

the trishear zone does not have to be symmetrical to conserve cross-sectional area (Zehnder and 173 

Allmendinger, 2000), the degree of trishear symmetry may also be varied. Rocks entering the 174 

trishear zone are not limited to the prekinematic strata. As synkinematic strata are deposited 175 

atop the growing fold, portions within the trishear zone may also be folded or at least displaced 176 

by the propagating fault tip.  177 

 178 

There are an infinite number of kinematic motions within the trishear zone that may conserve 179 

cross-sectional rock area (Zehnder and Allmendinger, 2000), thus understanding the most 180 

important trishear parameters and their mechanical significance is paramount for understanding 181 

how folds grow. To date, only very few attempts (Khalil and McClay, 2002; Ford et al., 2007; 182 

Jin et al., 2009; Conneally et al., 2017) have been made to relate changes in fold geometry with 183 

time to trishear parameters. By forward modelling fault-propagation fold geometries and their 184 

synkinematic strata, we may be able to predict characteristic fold shapes associated with 185 

particular trishear parameters so that they may be related to geological features and factors in 186 

nature, but which may shed light on how fault-propagation folds grow. Importantly, these 187 

trishear models are purely conceptual, but by varying their parameters, we may be able to 188 

compare their geometrical predictions for fault-propagations with natural examples to find 189 

reasonable parameter values and bounds, and to speculate on their geological significance.   190 

 191 

Trishear parameters and model setup 192 

During trishear modelling, various parameters (see Figs. 4 – 5 for definitions) may be changed 193 

at any time during the model run. These parameters are associated with the stratigraphy (e.g. 194 

prekinematic and synkinematic thickness), the fault (e.g. geometry, dip, throw), and the trishear 195 

zone itself (e.g. concentration factor, trishear symmetry, trishear angle, the propagation-to-slip 196 

ratio). In the forward models, the nature and location of deformation during fault slip is 197 

controlled by the trishear apical angle, the propagation-to-slip ratio, the concentration factor, 198 

and the degree of trishear symmetry. The apical angle controls the width of the deformation 199 
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above the fault tip, whereas the P/S ratio controls how rapidly the fault tip and the trishear zone 200 

propagates through the cover (Hardy and Ford, 1997; Allmendinger, 1998; Zehnder and 201 

Allmendinger, 2000; Hardy and Allmendinger, 2011; Zhao et al., 2017). The concentration 202 

factor controls the intensity, location and focus of deformation within the trishear zone, whereas 203 

the trishear symmetry controls whether shear is focused towards the hangingwall or footwall 204 

(Zehnder and Allmendinger, 2000).  205 

 206 

Although all of the aforementioned trishear parameters may change in the trishear model, only 207 

some may plausibly change in nature. For example, we speculate that the P/S ratio may change 208 

due to the rheology of the host rock (cf. Couples et al., 1998; d'Alessio and Martel, 2004), the 209 

depth in the crust at which deformation occurs (Hardy and Ford, 1997), and the regional strain 210 

rate (cf. Nicol et al., 1997; Hardy and McClay, 1999; Meyer et al., 2002; Mueller, 2017). 211 

Similarly, the apical angle is likely a function of the cover strength (Allmendinger, 1998) or 212 

strain hardening (Conneally et al., 2017), both of which may relate to how localised strain 213 

becomes as a function of host rock rheology. Although concentration factor is also likely related 214 

to the cover rheology (as it controls the intensity, position and focus of deformation within the 215 

trishear zone), the geological significance of this parameter is poorly constrained.  216 

 217 

In the forward models presented here, only one parameter was varied at a time to investigate its 218 

effect on fault-propagation fold geometry and the architecture of synkinematic strata (see Table 219 

2). The initial model included a sequence of isopachous, prekinematic layers with a fault tip at 220 

its base. Although the trishear model is dimensionless, individual parameters are scaled relative 221 

to one-another (e.g. slip increment is scaled to the layer thickness). Normal fault throw 222 

increased during the model run at a constant rate, with the geometry of the overlying fold 223 

measured at each step (see Fig. 4). Once the fold within the prekinematic cover was breached, 224 

we stopped the model, and no further measurements were recorded for fold geometry. In all 225 

cases, synkinematic strata was deposited atop the growing fold at regular fault throw increments 226 

such that any fold-related accommodation was filled and no at-surface structural relief 227 

developed. Furthermore, our models did not incorporate erosion of pre- or synkinematic strata. 228 

In this way, growth strata record the strain and the complete geometric development of the 229 

fault-propagation fold. The thickness of the synkinematic strata and the width of lateral thinning 230 

were then recorded throughout the model run (see Fig. 5). For simplicity, when describing the 231 

fold shape, we define the ratio of the fold width to fold amplitude as the ‘fold-shape-factor’ 232 

(FSF). When fold width is greater than fold amplitude, FSF > 1; when fold width and amplitude 233 
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are the same, FSF ~ 1; when fold width is less than fold amplitude, FSF < 1. See Fig. 6 for a 234 

summary of the trishear modelling results.  235 

 236 

The effects of trishear on fold geometry 237 

In this section we describe how the cover thickness, fault dip, P/S ratio, trishear angle, 238 

concentration factor and symmetry of the trishear zone within the trishear model is predicted to 239 

affect fault-propagation fold geometry.  240 

 241 

Cover thickness 242 

Variations in cover thickness reflect the depth of fault nucleation. Low cover thicknesses are 243 

likely when the fault nucleates at shallow depths, whereas high cover thicknesses are indicative 244 

of when the fault nucleates at greater depths. As cover thickness increases above a propagating 245 

normal fault, the duration of folding increases as there is a larger amount of rock above the 246 

upper fault tip. Given the greater duration of folding (cf. Williams and Chapman, 1983; Johnson 247 

and Johnson, 2002), greater cover thicknesses are associated with wider and higher amplitude 248 

folds (Fig. 6A). In addition, as cover thickness increases, the width of the fault-propagation fold 249 

increases (Fig. 7). Fold width is established very early and remains largely constant, irrespective 250 

of cover thickness. Fold amplitude does not change for a given cover thickness and gradually 251 

increases with increasing fault throw. In all cases, the FSF decreases with ongoing fault slip. 252 

This is because fold width is established early during fault slip while the amplitude is still 253 

relatively small, but with continued fault slip, amplitude increases while width does not 254 

significantly change. As fold width is significantly larger for thicker cover thicknesses, the 255 

initial FSF is also larger. Finally, as the cover thickness increases, the dip of the fold limb 256 

decreases for a given fault throw. This is because the top of the fault-propagation fold is further 257 

away from the propagating fault tip for a thick rather than thin cover.  258 

 259 

Fault dip 260 

Variations in fault dip may be controlled by the lithology of the hosting strata, its depth, the 261 

presence of pre-existing structures (Barnett et al., 1987; Walsh and Watterson, 1988; Pei et al., 262 

2014), but how fault dip impacts the geometry and size of folds developed at their upper tips 263 

has largely been investigated using physical models (Tsuneishi, 1978; Withjack et al., 1990; 264 

Withjack and Callaway, 2000) but rarely quantified. As fault dip decreases, the duration of 265 

folding increases as there is a larger volume of rock ahead of the upper fault tip. Furthermore, 266 

shallowly-dipping faults are capable of generating larger folds compared to steeply-dipping 267 



9 

 

faults because the latter breach the surface more rapidly (Fig. 6B), similar to observations in 268 

physical models (Horsfield, 1977; Withjack et al., 1990). The fold amplitude increases 269 

gradually and at the same rate as increasing fault throw. However, shallowly-dipping faults take 270 

longer to reach large fold amplitudes (Fig. 8A1 - A4) compared to steeply-dipping faults (Fig. 271 

8B1 - B4), as a greater amount of displacement is accommodated as heave on shallowly-dipping 272 

faults, as opposed to throw (which controls fold amplitude) on steeply-dipping faults. 273 

Moreover, shallowly-dipping faults may reach similar fold amplitudes as their steeply-dipping 274 

counterparts, but much later during fold growth. As fault dip increases, the width of the 275 

associated fault-propagation fold decreases. Irrespective of fault dip, the near-final fold width 276 

is established very rapidly during fold growth (Fig. 8), in contrast to the fold amplitude. After 277 

an initial phase of rapid widening, fold width increases very slowly with increasing fault throw, 278 

similar to that observed in mechanical models (cf. Finch et al., 2004; Hardy, 2011; e.g. Smart 279 

and Ferrill, 2018). As fold amplitude and width develop at different rates as a function of the 280 

fault dip, the FSF may be significantly different between steeply- and shallowly-dipping faults 281 

(Fig. 6B). Overall, the FSF decreases with ongoing fault throw regardless of fault dip, although 282 

shallow faults have higher FSF values compared to steep faults (Fig. 8). The fold limb dip 283 

progressively increases with ongoing fault throw, however, steeply-dipping faults are 284 

associated with steeply-dipping fold limbs (Fig. 8B), whereas shallowly-dipping faults are 285 

associated with shallowly-dipping fold limbs (Fig. 8A).  286 

 287 

Our trishear analysis suggests fold width is established relatively early during deformation, 288 

similar to physical (e.g. Withjack et al., 1990) and mechanical models (e.g. Finch et al., 2004; 289 

Hardy, 2011, 2013; Smart and Ferrill, 2018). We also show that fault dip strongly affects fold 290 

shape and particularly, how rapidly the width or amplitude develops. Numerical models from 291 

Patton (2004) suggested that fault dip is only important at relatively shallow depths when the 292 

fault is buried by a thin veneer of prekinematic strata (cf. Fig. 3 in Patton, 2004). In contrast, 293 

the forward models here and the published physical models suggest that the fold width and 294 

amplitude are influenced by fault dip even if covered by relatively thick cover (cf. Fig. 7B). 295 

However, in the forward models presented here and in published physical models (e.g. Withjack 296 

et al., 1990), the fault may be regarded as relatively shallowly buried. 297 

 298 

Propagation-to-slip (P/S) ratio 299 

The geological significance of the P/S ratio is poorly understood. Previous studies have 300 

interpreted the P/S ratio as related to the rheology of the overburden (Hardy and Ford, 1997; 301 
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Allmendinger, 1998) and the regional strain rate (Hardy and Ford, 1997; Hardy and McClay, 302 

1999). Where the P/S ratio is high, the cover is thought to be relatively strong and homogeneous 303 

while low P/S ratios have been associated with relatively weak, heterogeneous cover (Hardy 304 

and Finch, 2006, 2007). Where the regional strain rate is high, the P/S ratio of the faults (if 305 

strain was distributed equally across the array) may be expected to also be high (cf. Hardy and 306 

Ford, 1997; Hardy and McClay, 1999). In addition, we speculate that the P/S may also reflect 307 

strain localisation in rifts (cf. Cowie et al., 2005) and early vs. late rift phases (cf. Cowie, 1998; 308 

Gupta et al., 1999; Gawthorpe and Leeder, 2000), where an increase in slip rate and strain 309 

localisation may promote rapid upper fault tip propagation (and hence higher P/S ratios) on 310 

large, mature faults towards the rift axis, although these remain untested. Whatever its 311 

significance, folds associated with high P/S values are breached earlier than those with low P/S 312 

values (Fig. 9), similar to prior studies (Hardy and Ford, 1997; Allmendinger, 1998; Khalil and 313 

McClay, 2002; Allmendinger et al., 2004; Jin et al., 2009; Welch et al., 2009; Pei et al., 2014; 314 

Zhao et al., 2017). As the P/S ratio increases, the duration of folding decreases. Furthermore, 315 

low P/S ratios are associated with larger folds and lower FSFs (Fig. 6C), largely because the 316 

near-final fold width (regardless of the P/S value) is established relatively early during fold 317 

growth, while amplitude develops gradually. As folds associated with high P/S values are 318 

breached relatively early compared to those associated with low P/S values, and so the 319 

maximum dip of the fold limb before breaching is lower for a high P/S ratio (e.g. Figs. 5 - 6 in 320 

Hardy and McClay, 1999).  321 

 322 

Trishear angle 323 

Variations in trishear angle likely reflect the rheology of the deforming rock mass. More 324 

specifically, large trishear angles may reflect relatively wide zones of deformation that may be 325 

expected in relatively weak strata, whereas narrow trishear angles likely reflect localised, 326 

intense deformation in strong, brittle cover strata (Allmendinger, 1998; Hardy and Finch, 2007; 327 

Conneally et al., 2017). As trishear angles likely reflect the rheology of the cover, they may be 328 

also intimately related to the P/S ratio (cf. Jackson et al., 2006). In other words, where the cover 329 

is ductile and weak, the trishear angle is large but the P/S is low, whereas brittle, strong cover 330 

is associated with a small trishear angle and high P/S ratio.  331 

Trishear angle strongly controls fold geometry (Fig. 6D; cf. Allmendinger, 1998; Allmendinger 332 

et al., 2004). As the trishear angle is increased, so does the fold width (Fig. 10), which is 333 

established rapidly and early in the fold evolution similar to the trishear models of Hardy and 334 

McClay (1999; in their Fig. 3), and the physical models of, for example, Withjack et al. (1990; 335 
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in their Figs. 4, 6 and 7). The fold amplitude, in contrast to the width, is unaffected by the 336 

trishear angle and simply increases with increasing fault throw. As trishear angles affect fold 337 

width, but not the fold amplitude, high FSF values are associated with larger trishear angles. 338 

Regardless of the trishear angle, the FSF decreases with increasing fault throw. For a given 339 

fault throw, folds associated with large trishear angles have steeper fold dips, whereas folds 340 

with small trishear angles are breached before the dipping fold limb becomes steep. Folds 341 

associated with small trishear angles do not reach the steep limb dips or low FSF values 342 

typically associated with large trishear angles. This is because they are breached relatively early 343 

during fold evolution, compared to folds with large trishear angles, which are breached 344 

relatively late and only at high throws.  345 

 346 

Concentration factor (CF) 347 

Similar to the trishear angle, the mechanical significance of concentration factor and its relation 348 

to natural examples is still poorly understood. However, given that it describes the intensity, 349 

position and focus of deformation in the trishear zone, it might also be related in some way to 350 

the rheology of the cover (cf. Zehnder and Allmendinger, 2000). However, in contrast to the 351 

P/S ratio and trishear angle, the geological significance of the concentration factor, and its 352 

reasonable bounds in nature, have not been explored. Linear velocity fields (CF ~ 1) are 353 

characterised by a single, smooth and broad fold (Fig. 6E) while non-linear velocity fields (CF 354 

≠ 1) are characterised by either double fold hinges (cf. A1 – A3 in Fig. 1) at very low 355 

concentration factors (CF << 1) that dissipates with ongoing deformation (cf. A4 in Fig. 11), or 356 

negligible folding at very high concentration factors (CF >> 1; Fig. 6E). Fold width is strongly 357 

controlled by concentration factor; at low, non-linear or at linear concentrations factors (i.e. ≤ 358 

1), folds are wide, whereas at high, non-linear concentration factors (i.e. >> 1), folds are 359 

narrower and poorly-developed (Fig. 11). Regardless of the concentration factor, if a fold 360 

develops, the fold width is established early during deformation. In contrast, fold amplitude is 361 

not affected by the concentration factor, and again simply increases with increasing fault throw. 362 

Given fold width is dependent on the concentration factor but amplitude is not, low non-linear 363 

and linear concentration factor (i.e. ≤ 1) folds are associated with high FSF values whereas 364 

relatively high concentration factor (i.e. > 1) folds are associated with low FSF values. 365 

Irrespective of the concentration factor, the FSF value decreases with increasing fault throw 366 

(Fig. 11). At low non-linear or linear concentration factors (i.e. ≤ 1), the dip of the fold limb 367 

does not significantly change (cf. Fig. 11). However, very high concentration factors (i.e. >> 368 

1), as shown in Fig. 6E, generate almost no folding and thus, where folds are present, they are 369 
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very narrow and have steeply-dipping fold limbs or appear similar to block faulting (cf. Jin and 370 

Groshong, 2006). In contrast, low non-linear concentration factors (i.e. < 1) may even produce 371 

multiple fold hinges associated with each edge of the trishear zone (A1 - A3 in Fig. 11), as 372 

shown by Zehnder and Allmendinger (2000; in their Figs. 4 and 6).  373 

 374 

Trishear symmetry 375 

The symmetry of the trishear zone describes how strain is distributed in the vicinity of the 376 

propagating fault tip (Fig. 6F). In natural examples and physical models, the trishear zone is 377 

rarely symmetrical (e.g. Jin and Groshong, 2006; Ford et al., 2007; Jin et al., 2009) and is often 378 

focused towards the hangingwall or footwall (Table 2). Although what controls the degree and 379 

direction of trishear asymmetry is also poorly understood, it might be related lithological 380 

changes across the fault, or potentially strain hardening. For example, if salt is largely present 381 

in only the hangingwall (e.g. Figs. 5C and 10C in Lewis et al., 2013; Fig. 2D in Jackson and 382 

Lewis, 2013), folding may preferentially focused towards the footwall side.  383 

 384 

Asymmetric shear that is focused towards one side of the fault, towards the hangingwall for 385 

example, is typically associated with negligible degrees of folding (A1 – A4 in Fig. 12). 386 

Furthermore, fault-propagation folds associated with symmetrical trishear (B1 – B4 in Fig. 12) 387 

are generally larger, as they continue to grow for longer periods and remain intact for longer 388 

than their asymmetrical counterparts. Where the trishear zone is asymmetric, but only slightly 389 

focused towards one side of the fault (e.g. 60% towards the hangingwall; Ford et al., 2007; cf. 390 

Table 1), the degree of folding is similarly focused towards that side. Although fold amplitude 391 

is not affected by trishear symmetry and is instead, like the other models, related to fault throw, 392 

folds associated with symmetrical trishear are better developed and wider than their 393 

asymmetrical counterparts. Symmetrical trishear leads to wide folds that establish their width 394 

relatively early during fold growth (B1 – B4 in Fig. 12), whereas asymmetrical folds are very 395 

narrow (A1 – A4 in Fig. 12). Folds with symmetrical trishear are also typically associated 396 

shallowly dipping fold limbs compared to folds with asymmetrical trishear. In addition, FSF 397 

values for symmetrical shear scenarios decrease with ongoing fault slip. In contrast, asymmetric 398 

shear leads to complex FSF values, where FSF values initially increase and then decrease.  399 

 400 

Predictions of fault-propagation fold shape, size and growth 401 

 402 
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Having forward modelled the fold geometry for each of the trishear parameters, we summarise 403 

which factors control the amplitude, width and shape of the fold, as well as those that control 404 

when the fold is breached and the dip of the fold limb (Fig. 6). By systematically describing the 405 

fold geometry and evolution, our results may permit a more detailed and considered application 406 

of the trishear kinematic model to natural examples. Fold amplitude is unrelated to any of the 407 

trishear parameters, instead simply increasing in concert with fault throw. In contrast, the fold 408 

width is highly dependent on the trishear parameters. Wide folds are associated with thick 409 

cover, shallowly-dipping faults, low P/S ratios, high trishear angles, low non-linear or linear 410 

concentration factors, and symmetrical trishear. In contrast, narrow folds are associated with 411 

thin cover, steeply-dipping faults, high P/S ratios, small trishear angles, high non-linear 412 

concentration factors, and asymmetrical trishear. Although fold width does increase with 413 

increasing fault throw, width is established early during fold growth. As the fault heave is less 414 

than the fold throw for a given displacement on steeply-dipping normal faults, fold width is 415 

established early and then slowly increases with fault heave. In contrast, fault throw is accrued 416 

gradually and thus, fold amplitude increases at a similar rate to fault throw. Given that fold 417 

amplitude develops gradually, while fold width is established early, FSF decreases with 418 

ongoing fault slip. Moreover, FSFs are initially large but exponentially decrease to smaller 419 

values in the latter stages of fold growth (cf. FSF on Figs. 7 – 12). In other words, folds are 420 

initially wide with small amplitudes but with increasing throw on the underlying normal fault, 421 

the fold amplifies at a greater rate than it widens. The only exception is likely to be where the 422 

fault dip is < 45°, as the heave would be greater than the throw for a given displacement on a 423 

shallowly-dipping normal fault.  424 

 425 

The point the propagating fault tip breaches the surface is dependent on the amount of rock 426 

ahead of the propagating fault tip, how quickly the tip propagates through the cover, and the 427 

manner in which deformation is distributed. Folds associated with thin cover and steeply-428 

dipping faults are breached relatively rapidly as the amount of rock in front of the tip is less 429 

than that in a setting characterised by thick cover and shallowly-dipping faults. High P/S ratios 430 

mean that there is only a short amount of time before the fold is breached, with high throws 431 

also associated with fold breaching. Low trishear angles, very high concentration factors, and 432 

asymmetrical trishear all lead to very narrow, intense zones of deformation focused above the 433 

propagating fault tip, a situation leading to rapid breaching of the fold. In contrast, more 434 

protracted folding is associated with thick cover, shallowly-dipping faults, low P/S ratios, high 435 

trishear angles, low concentration factors, symmetrical shear and low fault throws.  436 
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 437 

Synkinematic architecture 438 

Fault-propagation folds have a marked impact on the distribution and architecture of 439 

synkinematic strata (Gawthorpe et al., 1997; Corfield and Sharp, 2000; Corfield et al., 2001; 440 

Gawthorpe and Hardy, 2002; Patton, 2004; Lewis et al., 2015). In the prior section, we used 441 

kinematic models to show how trishear parameters (see Fig. 4) affected the duration of folding 442 

(and timing of fold breaching), and fold geometry and size through time (see Fig. 6 for a 443 

summary). Here, we discuss how these same trishear parameters may affect the architecture of 444 

the synkinematic strata in response to fold growth so that particular parameters may be related 445 

to natural examples. In all cases, we assumed that sedimentation rate equalled or exceeded the 446 

rate of fold amplification, filling the available accommodation without being subjected to 447 

erosion (cf. Hardy and Ford, 1997). In all cases, synkinematic strata thin and onlap onto the 448 

fold hinge and thicken basinwards until the fold is breached. For simplicity, we define ‘fold-449 

related accommodation’ as periods when the fold has not been breached (Fig. 2E – F; cf. Fig. 450 

3A in Gawthorpe et al., 1997), and ‘fault-related accommodation’ as periods when the fold has 451 

been breached and the fault tip has reached the surface (Fig. 2C – D; cf. Fig. 3B in Gawthorpe 452 

et al., 1997). For each parameter and throughout fold growth, the footwall to hangingwall 453 

(HW:FW) thickness and the width of stratal thinning were also measured (Fig.  5).  454 

 455 

Increased prekinematic cover thicknesses generate wide fault-propagation folds and are thus 456 

associated with wider zones of synkinematic stratigraphic thinning (Fig. 13A). In contrast, thin 457 

prekinematic cover thicknesses are associated with narrow folds and narrow zones of 458 

stratigraphic thinning. The HW:FW thickness, irrespective of the cover thickness, is largely 459 

similar. Given that thick cover also promotes longer periods of folding compared to thin cover, 460 

increased prekinematic cover thickness are associated with prolonged periods of fold-related 461 

accommodation and a relatively late and minor phase of fault-related accommodation 462 

generation (Fig. 6A). Conversely, thin prekinematic cover thicknesses are associated with 463 

relatively early breaching of the fold and therefore, only a short phase of fold-related 464 

accommodation.  465 

 466 

For a given throw, shallowly-dipping faults are associated with broader folds compared to 467 

steeply-dipping faults (Fig. 6B). Furthermore, for a given fault throw, synkinematic strata 468 

associated with folds underlain by shallow faults have much larger widths of thinning, and are 469 

associated with decreased HW:FW thickness ratios compared to folds underlain by steep faults 470 
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(Fig. 13B). Similar to the prekinematic thickness variations, as shallowly-dipping faults breach 471 

folds relatively late in the deformation history, fold-related accommodation is likely to 472 

dominate the synkinematic architecture. In contrast, steeply-dipping faults may have some fold-473 

related accommodation during the early part of fault slip and fold growth, but the fold is likely 474 

to be breached relatively rapidly. Furthermore, fault-related accommodation likely dominates 475 

the synkinematic succession.  476 

 477 

The propagation-to-slip ratio fundamentally controls the duration of folding. As high P/S ratios 478 

lead to early breaching of the overlying fault-propagation folds, the fold-related 479 

accommodation phase is relatively short-lived and therefore, thin fold-related synkinematic 480 

wedges develop. Conversely, high P/S ratios are associated with thicker sequences of fault-481 

related synkinematic wedges (Fig. 6C). Given the rapid breaching of the fold under high P/S 482 

conditions, folding is not well-developed, and therefore, the width of zone of synkinematic 483 

stratigraphic thinning towards the fold is relatively narrow. The HW:FW thickness is largely 484 

similar for high and low P/S ratios (Fig. 13C).  485 

 486 

The trishear angle does not affect the thickness of the synkinematic strata in the footwall versus 487 

the hangingwall. However, given large trishear angles lead to broader folds, the width of 488 

synkinematic thinning increases with larger trishear angles (Fig. 13D). In contrast, small 489 

trishear angles lead to narrow folds and thus, synkinematic strata thin over a relatively narrow 490 

zone. In extreme cases, where the trishear angle is very small and strain is focused immediately 491 

above the propagating fault tip, the width of synkinematic thinning is also very narrow. Where 492 

the width of thinning is very small (less than a few 10s of metres), it may not be resolvable in 493 

seismic reflection data (cf. Botter et al., 2014).  494 

 495 

Variations in the concentration factor do not affect the HW:FW thickness ratio (Fig. 13E). 496 

However, high non-linear concentration factors (i.e. CF > 1) are associated with very narrow 497 

fold widths (Fig. 6E). Therefore, very abrupt across-fault thickening, associated with very 498 

narrow synkinematic thinning widths, preferentially develop with high concentration factors 499 

(Fig. 13E). Low non-linear or linear concentration factors (i.e. CF ≤ 1) in contrast, are 500 

characterised by large widths of synkinematic thinning. High concentration factors also lead to 501 

very early fold breaching during extension and look similar to block faulting; synkinematic 502 

wedges are therefore associated with fold-related accommodation are typically very thin and 503 

only form during the very early stages of extension. Instead, synkinematic successions are 504 
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related to fault-related accommodation phases. In nature, this might mean that the early fold-505 

related accommodation phase may not be captured in the architecture of synkinematic strata. 506 

In contrast, low non-linear or linear concentration factors (i.e. CF ≤ 1) are associated with broad 507 

zones of synkinematic thinning and are breached relatively late during extension. In some cases, 508 

multiple fold hinges develop (A1 – A3 in Fig. 11) within the trishear zone, creating complex 509 

onlap patterns (Fig. 14).  510 

When trishear deformation is preferentially focused towards one side of the fault and shear is 511 

asymmetric, the geometry of synkinematic strata significantly changes (Fig. 6F). For example, 512 

when strain is asymmetric and focused towards the hangingwall, the fault-propagation fold is 513 

breached relatively early during deformation, and the geometry of related synkinematic strata 514 

is controlled by fault- rather than fold-related accommodation (A1 – A4 in Fig. 12). If the strain 515 

is symmetric, the fold is well-developed and breached relatively late during extension (B1 – B4 516 

in Fig. 12). In response, and in comparison to the case of asymmetric shear, synkinematic strata 517 

thins over a wider region onto a symmetric fold (Fig. 13F) and is dominated by fold-related 518 

synkinematic wedges. The HW:FW ratio is similar regardless of the asymmetric shear (Fig. 519 

13F).  520 

 521 

Discussion 522 

 523 

What controls the geometry and size of fault-propagation folds during their growth? 524 

The growth of fault-propagation folds has implications for structural restorations in areas of 525 

extension (e.g. Lingrey and Vidal-Royo, 2015), the tectono-stratigraphic development of rifts 526 

(e.g. Gawthorpe and Leeder, 2000; Sharp et al., 2000a; Sharp et al., 2000b; Jackson et al., 2006), 527 

and the distribution and geometry of synkinematic hydrocarbon reservoirs (Lewis et al., 2015). 528 

However, the growth of fault-propagation folds, in terms of their size and shape, is rarely 529 

quantified or systematically explored.  530 

 531 

Prior studies show that the geometry, size and occurrence of fault-propagation folds in nature 532 

and in models may be related to particular trishear parameters; however, the relative importance 533 

of these parameters is poorly constrained (Hardy and Ford, 1997; Allmendinger, 1998; Hardy 534 

et al., 1999; Allmendinger et al., 2004; Jin and Groshong, 2006; Hardy and Allmendinger, 535 

2011). By using forward kinematic models, we have identified how each trishear parameter 536 

affects not only the fold growth, but also its geometry and size with ongoing fault slip, and thus, 537 

the synkinematic architecture. Our trishear results predict that fault-propagation folds attain 538 
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their near-final width during the early stages of deformation, while fold amplitude increases 539 

gradually at the same rate as increasing fault throw (e.g. Figs. 7 – 12). This is similar to physical 540 

models (e.g. Figs. 6 – 7 in Withjack et al., 1990; Figs. 6 – 8 in Miller and Mitra, 2011) and 541 

mechanical models (e.g. Fig. 7 in Finch et al., 2004; Fig. 5 in Patton, 2004; Fig. 2 in Hardy, 542 

2011; Fig. 2 in Hardy, 2013; Fig. 3 in Smart and Ferrill, 2018). Likewise, seismic reflection 543 

studies (e.g. Fig. 4A in Corfield and Sharp, 2000; figures 4 and 6 in Corfield et al., 2001) 544 

indicate fault-propagation folds in nature also attain their near-final width early during 545 

extension, although typically poor imaging at substantial burial depths makes it difficult to 546 

constrain fold growth spatially and temporally in high-resolution. Furthermore, the forward 547 

models presented here provide a framework whereby natural structures and their associated 548 

growth strata may be compared to, and permit the relative importance of these parameters to be 549 

ranked.  550 

 551 

Our analysis suggests that the P/S ratio is arguably, the most important control on the 552 

occurrence, geometry and evolution of a fault-propagation fold (Fig. 6C): the lower the P/S, the 553 

longer a point will reside in the trishear zone, and the greater opportunity the rock will have to 554 

deform (Williams and Chapman, 1983; Allmendinger et al., 2004; Pei et al., 2014). Regardless 555 

of other parameters, if the P/S ratio is very high, there is little time for the strata to become 556 

folded before the upper fault tip propagates through the succession and folding ceases. 557 

Therefore, P/S likely controls the occurrence of fault-propagation folds, or at least the 558 

propagation rate is the principal control (Hardy and Allmendinger, 2011). This is because the 559 

fault tip does not have to propagate into the cover even if the displacement rate is high (e.g. P/S 560 

~ 0 for the forced folds in the Rhine Graben; Ford et al., 2007). In contrast, if the displacement 561 

rate is low, but the propagation rate is very high, the cover is breached rapidly and no folding 562 

occurs.  563 

 564 

If there is sufficient time for the strata to become folded, the shape, size and evolution of the 565 

fault-propagation fold is increasingly influenced by the other parameters. Concentration factor, 566 

trishear symmetry, trishear angle and cover thickness may, in their extremes, inhibit the 567 

occurrence of fault-propagation folds, although this is still dependent on the P/S ratio. The fault 568 

dip has only a minor control on fold occurrence, as regardless of fault dip, a fault-propagation 569 

fold may form. In summary, we can rank the relative importance of the trishear parameters in 570 

terms of whether a fold develops at all, and whether they control subsequent fold shape: (1) 571 
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P/S; (2) concentration factor, (3) trishear symmetry, (4) trishear angle, (5) cover thickness (i.e. 572 

burial depth), and (6) fault dip.  573 

 574 

What is the mechanical significance of the trishear parameters in nature? 575 

Although trishear adequately describes the first-order geometry of growing fault-propagation 576 

folds, the mechanical significance of these trishear parameters are poorly understood. Here, we 577 

discuss the possible geological significance of each of the trishear parameters in turn, drawing 578 

on our forward modelling results and observations from natural examples (cf. Fig. 6). 579 

 580 

The cover thickness reflects the burial depth at which the normal fault may nucleate (Fig. 15A 581 

– A’). Fault-propagation folds associated with very small cover thicknesses may form above 582 

near-surface faults (e.g. Reykjanes Peninsula, Iceland - Grant and Kattenhorn, 2004; Kilauea, 583 

Hawaii - Martel and Langley, 2006; Modoc Plateau, US - White and Crider, 2006; Blakeslee 584 

and Kattenhorn, 2013), whereas large cover thicknesses may be associated with thick-skinned 585 

rift systems (e.g. Halten Terrace, Norway - Corfield and Sharp, 2000; Coleman et al., 2017; 586 

Gulf of Suez, Egypt - Khalil and McClay, 2002; Farsund Basin, Norway - Phillips et al., 2018).  587 

Normal faults in the crust typically vary between 50 and 90 (Walsh and Watterson, 1988), 588 

and  may be controlled by the depth in the crust at which the fault nucleates (Hardy and Ford, 589 

1997), the dip of a pre-existing and subsequently reactivated structural weaknesses (Khalil and 590 

McClay, 2002; Pei et al., 2014), or lithological and rheological changes in the faulted host rock 591 

(Welch et al., 2009). For example, a shallowly-dipping shear zone formed during earlier 592 

contraction may be reactivated during later extension (cf. Khalil and McClay, 2002; Phillips et 593 

al., 2016) , and as such, newly formed faults may exploit the pre-existing weakness and inherit 594 

a shallow dip (Fig. 15B). In contrast, near-surface, sub-vertical fissures may be reactivated as 595 

steep-dipping normal faults during later extension (Fig. 15B’; e.g. Kaven and Martel, 2007; 596 

Trippanera et al., 2015; Bubeck et al., 2018). 597 

 598 

Prior studies have speculated that the P/S ratio and the trishear angle may be related to the 599 

strength of the cover (e.g. lithology and mechanical heterogeneity; Hardy and Ford, 1997; 600 

Allmendinger, 1998; Hardy and McClay, 1999). This may explain why fold widths are greater 601 

and deformation is more distributed for weaker vs. stronger units, and multi-layer vs single-602 

layers (Withjack et al., 1990; Patton et al., 1998; Finch et al., 2004). For example, salt or shale 603 

within a rheologically heterogeneous succession may inhibit fault-propagation (Fig. 15C; 604 

Couples et al., 1998; Roche et al., 2012, 2013), whereas homogeneous, rheologically strong 605 
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and predominantly brittle cover comprised of, for example, igneous rock, or well-lithified 606 

carbonate or sandstone, may promote high propagation-to-slip ratios (Fig. 15C’; cf. Hardy and 607 

Finch, 2007; Welch et al., 2009; Pei et al., 2014). In addition, multi-layered ductile cover may 608 

cause widening of the trishear zone, promoting distributed deformation either by layer-parallel 609 

slip (cf. Withjack et al., 1990; Sharp et al., 2000a; Khalil and McClay, 2002; Welch et al., 2009) 610 

or tectonic thinning (cf. Brown, 1988; e.g. Finch et al., 2004; Egholm et al., 2007), (Fig. 15D). 611 

Conneally et al. (2017) suggest that the extent of the trishear zone could also be related to strain 612 

hardening, where, after a given amount of faulting and folding, the area over which future strain 613 

can occur narrows. Such strain deformation near the fault tip may also lead to higher P/S ratios. 614 

Furthermore, P/S ratio and trishear angle may be intimately related; as the trishear angle 615 

narrows, deformation is localised above the propagating fault tip, the fault tip may propagate 616 

more rapidly, and the folded cover may thus be breached earlier (cf. Figs. 9 – 10).  617 

 618 

In a similar way to the P/S ratio and trishear angle, the concentration factor also controls the 619 

distribution of deformation in the vicinity of the fault tip (Fig. 11; 14). It might therefore be 620 

expected that the concentration factor may too reflect changes in the mechanical properties of 621 

the rock. High non-linear concentration factors, which are associated with little to no folding, 622 

may be related to brittle, mechanically homogeneous cover. In contrast, low non-linear 623 

concentration factors, which lead to multiple fold hinges (A1 – A3 in Fig. 1 ; A – A’ in Fig. 624 

14), may be associated with secondary faults that develop above and which may splay-off from, 625 

the underlying propagating fault tip. If secondary faults develop above the upper fault tip (e.g. 626 

Fig. 6 in Withjack et al., 1990; Fig. 7 and 17B in Sharp et al., 2000a; Fig. 10 in Allmendinger 627 

et al., 2004; Fig. 6 in Ferrill et al., 2011), it is possible that small-scale, ‘parasitic’ fault-628 

propagation folds could form within the larger fault-propagation fold (Fig. 15E). Eventually, as 629 

the secondary faults are rotated in the footwall of and ultimately  breached by later secondary 630 

faults (e.g. Withjack et al., 1990; Jackson et al., 2006), additional minor fold hinges may 631 

develop, changing the overall shape of the fold.  632 

 633 

The final parameter that controls where and how deformation is distributed in the trishear model 634 

is trishear symmetry. Where trishear models have been used to replicate examples in nature and 635 

physical models, the trishear zone has rarely been symmetrical (Table 1 and references therein), 636 

but has not been explicitly linked to geological features in natural examples such as across-fault 637 

mechanical heterogeneity, pre-existing weaknesses or fault geometry (Fig. 15F – F’). If there 638 

was a mechanical difference between the footwall and hangingwall of the deforming host rock, 639 
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it might be possible for the distribution of deformation to be asymmetric either side of the fault 640 

(Fig. 16). If a detachment horizon, such as salt, is present only in the hangingwall  (e.g. Figs. 5 641 

and 10 in Lewis et al., 2013; Fig. 16A), the extent of deformation may also be different either 642 

side of the fault. Alternatively, if the fault changes dip as it propagates upwards, the trishear 643 

angle and the degree of asymmetry may also change (e.g. Fig. 13A in Jin and Groshong, 2006). 644 

As discussed earlier, changes in fault dip may be due to lithology, strain hardening, burial depth 645 

or pre-existing weaknesses (cf. Fig. 15B). 646 

 647 

An intra-cover detachment controls whether prekinematic cover is welded to the rigid 648 

basement, as is assumed in trishear models. During trishear, the cover is thinned or thickened 649 

to preserve cross-sectional area (Erslev, 1991; Hardy and Ford, 1997), although Stearns (1978) 650 

noted that, when the cover is not welded to the basement, it remains isopachous, whereas cover 651 

that is welded to the basement is thinned and stretched (e.g. Fig. 3 in Mitra, 1993). The degree 652 

of cover-basement welding also dictates the velocity distributions (x and y in Fig. 3) and thus, 653 

whether or not the sedimentary cover moves in the direction of faulting (Johnson and Johnson, 654 

2002). Regardless of its mechanical heterogeneity, if the cover is welded to the basement, the 655 

cover moves in the direction of fault slip. If the cover is completely detached and is free to slip 656 

along the basement-cover contact, the cover moves vertically. If the cover is partially detached, 657 

the cover moves obliquely with respect to the fault (Johnson and Johnson, 2002). Trishear in 658 

contrast to mechanical models, thus only suitably describes cover that is welded to the basement 659 

(Zehnder and Allmendinger, 2000; Johnson and Johnson, 2002).  Furthermore, if a detachment 660 

is present, such as thick salt and/or shale (e.g. Withjack and Callaway, 2000; Ford et al., 2007; 661 

Jackson and Lewis, 2016; Coleman et al., 2017; cf. Figs. 15C, 16A), this may permit the cover 662 

to slip relative to the basement, so that a trishear model may be invalid (Johnson and Johnson, 663 

2002). Where there is an abrupt transition between faulting below and folding above a 664 

propagating fault tip due to the presence of an intra-cover detachment (cf. “forced folds” after 665 

Withjack and Callaway, 2000), in which case layer-parallel slip is likely, trishear may not be a 666 

valid kinematic model for understanding or reconstructing the growth of extensional fault-667 

propagation folds. 668 

 669 

What are the limitations of trishear? 670 

Although kinematic models such as trishear reproduce the overall strain and geometry of fault-671 

propagation folds in homogeneous sequences (Hardy and McClay, 1999; Cardozo et al., 2003; 672 

Cardozo et al., 2011), the simplicity of the velocity field is likely inadequate to capture the 673 
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processes associated with mechanical heterogeneity (e.g. flexural slip, rheological 674 

heterogeneity, fluid pressure, compaction), or deformation associated with geometrically 675 

complex, non-planar faults (e.g. Fig. 5 in Johnson and Johnson, 2002). Trishear also assumes 676 

that deformation is geological instantaneous and strictly in-plane (Allmendinger, 1998); in 677 

reality, folding and faulting does not occur across the entirety of the fold instantaneously 678 

(Hardy, 2011), may vary along-strike (Sharp et al., 2000b; Conneally et al., 2017) and 679 

deformation may be oblique (Grant and Kattenhorn, 2004). This may affect how deformation 680 

is distributed in the vicinity of the propagating fault tip. Likewise, trishear models assume that 681 

there is a distinct mechanical contrast between the basement and the cover (e.g. Hardy and Ford, 682 

1997), but this too is an oversimplification and may affect how strain is distributed in the 683 

vicinity of the fault. Furthermore, trishear models may not be appropriate for some scenarios. 684 

One such example, is for forced folds trishear models may not be appropriate for forced folds 685 

where high-resolution growth strata demonstrate the along-strike flow of ductile material within 686 

the detachment (e.g. Richardson et al., 2005). In addition and as noted by Ford et al. (2007), 687 

trishear models may only predict the geometry of a single fold at any one point in time. This 688 

has implications for structural restoration in ancient extensional basins, in which multiple folds 689 

may have grown at similar times and in the vicinity of one-another. Salt-rich basins containing 690 

large amounts of extension-related growth folding (e.g. Jackson and Lewis, 2016; Coleman et 691 

al., 2017) may again not be appropriate for trishear models. Ductile lithologies also may locally 692 

affect the velocity distribution in and around the trishear zone, and thus, it is perhaps unrealistic, 693 

especially for small fault displacements and low strain rates, where the hangingwall may 694 

deform in a ductile rather than brittle manner (e.g. Fig. 7 vs. 8 in Withjack and Callaway, 2000).  695 

Natural examples of fault-propagation folds are undoubtedly compacted as they are buried; 696 

however, post-formation processes like compaction are not normally incorporated explicitly 697 

into the trishear model (e.g. Khalil and McClay, 2002). Differential compaction may increase 698 

the amplitude of the fold and the dip of the fold limbs, but decrease the FSF for a given fault 699 

throw. Although trishear models without compaction closely resemble the geometry of fault-700 

propagation folds in nature (cf. Table 1), the best-fit occurs when compaction is explicitly 701 

included (see Jin et al., 2009 for a discussion of compaction in trishear models). 702 

 703 

By forward modelling fold geometry, the controlling trishear parameters can be determined 704 

(Allmendinger, 1998; Cardozo et al., 2003; Cardozo et al., 2011; Hardy and Allmendinger, 705 

2011), and when used in conjunction with high-resolution growth strata, the evolution of the 706 

fold can be reconstructed through time and the geometric misfit between the model and natural 707 
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example minimised. However, given the array of fold shapes that can be produced using the 708 

model parameters, a single solution often does not exist (e.g. Cardozo et al., 2011). Instead, a 709 

range of trishear parameters may be permissible, making it difficult to explicitly relate 710 

geological factors to particular trishear parameters. For example, uncertainty in the location of 711 

the fault tip will generate a wide range of acceptable models (Ford et al., 2007), with significant 712 

implications for other trishear parameters. To truly understand how folds grow and the 713 

controlling parameters on geometry and size, kinematic models need to be quantitatively 714 

compared with natural examples, and physical (e.g. Withjack et al., 1990) or mechanical models 715 

(e.g. Finch et al., 2004).  We tackle this in Chapter 5. Further inverse modelling (Allmendinger, 716 

1998; Cardozo et al., 2011) is also required to explore a realistic parameter space for natural 717 

examples.  718 

 719 

Conclusions 720 

By varying parameters in a kinematic trishear model, we predict the geometry and size of 721 

extensional fault-propagation fold geometry. We suggest that fold amplitude is dependent 722 

primarily on fault throw, while width, which more strongly controls the FSF (as fold width  723 

typically has a greater range than amplitude) and fold limb dip through time is very dependent 724 

on cover thickness, propagation-to-slip ratio, trishear angle, concentration factor and shear 725 

symmetry. Our analysis suggests that the propagation-to-slip ratio is the dominant control on 726 

fold growth, and only when the propagation-to-slip ratio is relatively low, may the other trishear 727 

parameters exert a control on the fold shape and development.  728 

 729 

Trishear models predict that fold width is established relatively early and rapidly while fold 730 

amplitude is accrued gradually during extension. However, further comparisons need to be 731 

undertaken in order to investigate whether the same is true for physical models and in nature 732 

(see Chapter 5). Especially given that kinematic models do not consider complexities such as 733 

mechanical and rheological heterogeneity.  734 

 735 

We do not pretend to understand what these trishear parameters correlate to in nature, but we 736 

propose a geological reason for each which reflect rheological heterogeneity, pre-existing 737 

weaknesses, secondary deformation, the depth of fault nucleation. This highlights possible 738 

factors that may be investigated in future work.  739 

 740 
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Finally, our forward models show that the architecture of synkinematic strata, if deposited at 741 

the same or a greater rate than the fold growth rate, are highly sensitive to model parameters. 742 

Model parameters that promote wide folds dramatically affect the lateral width over which 743 

synkinematic strata thin. In contrast, as the fold amplitude is related to fault throw, the ratio 744 

between the hangingwall and footwall thickness is largely similar irrespective of the model 745 

parameters. With that said, we show that parameters that prolong the folding duration are 746 

characterised by fold-related synkinematic wedges, while rapid fold breaching, are 747 

characterised by abrupt, step-like synkinematic strata that thicken towards the surface-breached 748 

fault, for much of the extension duration.  749 
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 987 

Figure captions 988 

 989 

Figure 1. - Development of a fault-propagation fold above a 70° dipping normal fault, modified 990 

from Finch et al. (2004). The thickness of the prekinematic strata is 22 units, equivalent to ~ 991 

5.5 km. Model width is 150 units, equivalent to ~ 37.5 km. Displacement is (A) 1.5 units, ~375 992 

m; (B) 3.5 units, ~ 875 m; and (C) 7.5 units, ~ 1875 m. Layering is for visualisation only. 993 

 994 

Figure 2. - Examples of fault-propagation folds in physical models (A - Withjack et al., 1990), 995 

numerical models (B - Allmendinger, 1998; Jackson et al., 2006), seismic reflection data (C, D 996 

– Lewis et al., 2015) and in the field (E, F – Lewis et al., 2015). Inset in F shows the context of 997 

the synkinematic strata in the field outcrop photograph (E) and interpretation (F) with respect 998 

to the Hadahid Monocline, Gulf of Suez, Egypt (Lewis et al., 2015). 999 

 1000 

Figure 3. - (A) The trishear velocity field. Velocities are uniform and parallel to the fault in the 1001 

hangingwall and zero in the footwall. (B) The velocity distribution in the trishear zone is 1002 

derived using Equations 1 – Modified after Hardy and Ford (1997), Allmendinger (1998), 1003 

Zehnder and Allmendinger (2000), and Johnson and Johnson (2002).   1004 

 1005 
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Figure 4. - Trishear parameters and terminology. Terminology after Erslev (1991), Hardy and 1006 

Ford (1997), Allmendinger (1998), and Zehnder and Allmendinger (2000). 1007 

 1008 

Figure 5. - Schematic showing parameters and terminology for the description of synkinematic 1009 

growth strata. The hangingwall-to-footwall thickness ratio (HW:FW) is the maximum vertical 1010 

thickness of the synkinematic hangingwall strata divided by the footwall strata. 1011 

 1012 

Figure 6. - Predictions of fold geometry and size, and synkinematic strata architecture derived 1013 

from forward trishear models, corresponding to changes in (A) cover thickness, (B) fault dip, 1014 

(C) propagation-to-slip ratio, (D) trishear angle, (E) concentration factor, (F) trishear symmetry. 1015 

Left column – poorly-developed folds associated with typically shorter periods of folding which 1016 

are breached relatively early during fold growth. Right column – well-developed folds 1017 

associated with typically longer durations of folding which are breached relatively late during 1018 

fold growth. 1019 

 1020 

Figure 7. - Effect of cover thickness on fold geometry, size and synkinematic architecture with 1021 

increasing fault throw. Plots for the fold amplitude, width, fold-shape-factor (FSF) and fold 1022 

limb dip are also shown for thin (filled circles; black line) and thick (hollow circles; grey line) 1023 

cover thicknesses. Panels A1 - A4 and B1 - B4 represent snapshots of the fold growth for a 1024 

given fault throw. Fold breaching is shown on the plots where the line stops. Details of the 1025 

forward models are described in Table 2. 1026 

 1027 

Figure 8. - Effect of fault dip on fold geometry, size and synkinematic architecture with 1028 

increasing fault throw. Plots for the fold amplitude, width, fold-shape-factor (FSF) and fold 1029 

limb dip are also shown for shallow (hollow circles; grey line) and steep (filled circles; black 1030 

line) fault dips. Panels A1 - A4 and B1 - B4 represent snapshots of the fold growth for a given 1031 

fault throw. Fold breaching is shown on the plots where the line stops. Details of the forward 1032 

models are described in Table 2. 1033 

 1034 

Figure 9. - Effect of the propagation-to-slip (P/S) ratio on fold geometry, size and synkinematic 1035 

architecture with increasing fault throw. Plots for the fold amplitude, width, fold-shape-factor 1036 

(FSF) and fold limb dip are also shown for low (hollow circles; grey line) and high (filled 1037 

circles; black line) P/S ratios. Panels A1 - A4 and B1 - B4 represent snapshots of the fold growth 1038 
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for a given fault throw. Fold breaching is shown on the plots where the line stops. Details of 1039 

the forward models are described in Table 2. 1040 

 1041 

Figure 10. - Effect of the trishear angle on fold geometry, size and synkinematic architecture 1042 

with increasing fault throw. Plots for the fold amplitude, width, fold-shape-factor (FSF) and 1043 

fold limb dip are also shown for large (hollow circles; grey line) and small (filled circles; black 1044 

line) trishear angles. Panels A1 - A4 and B1 - B4 represent snapshots of the fold growth for a 1045 

given fault throw. Fold breaching is shown on the plots where the line stops. Details of the 1046 

forward models are described in Table 2. 1047 

 1048 

Figure 11. - Effect of the concentration factor on fold geometry, size and synkinematic 1049 

architecture with increasing fault throw. Plots for the fold amplitude, width, fold-shape-factor 1050 

(FSF) and fold limb dip are also shown for low, non-linear (hollow circles; grey line) and linear 1051 

(filled circles; black line) concentration factors. Panels A1 - A4 and B1 - B4 represent snapshots 1052 

of the fold growth for a given fault throw. Fold breaching is shown on the plots where the line 1053 

stops. Details of the model is described in Table 2. White arrows indicate synkinematic onlap. 1054 

 1055 

Figure 12. - Effect of trishear symmetry on fold geometry, size and synkinematic architecture 1056 

with increasing fault throw. Panels A1 - A4 and B1 - B4 represent snapshots of the fold growth 1057 

for a given fault throw. Plots for the fold amplitude, width, fold-shape-factor (FSF) and fold 1058 

limb dip are also shown. As all of the asymmetrical folds were breached and had negligible 1059 

amounts of folding, only the symmetrical trishear folds were plotted. Fold breaching is shown 1060 

on the plots where the line stops. Details of the forward models are described in Table 2. 1061 

 1062 

Figure 13. - Effect of the trishear parameters on the width of thinning (left) and hangingwall-1063 

to-footwall (HW:FW) thickness ratio (right) for synkinematic strata with increasing fault throw. 1064 

Circles represent the snapshots of fold growth shown in Figs. 7 - 12. (A) - cover thickness, (B) 1065 

– fault dip, (C) – propagation-to-slip ratio, (D) – trishear angle, (E) – concentration factor, and 1066 

(F) trishear symmetry. 1067 

 1068 

Figure 14. - Summary for how concentration factor (CF) may lead to complex synkinematic 1069 

stacking patterns. (A – A’) – very low, non-linear concentration factors ~ 0.5, (B – B’) – linear, 1070 

concentration factor ~ 1.0, and (C – C’) – very high, non-linear concentration factor ~ 2. The 1071 

fault-propagation fold geometry is shown (A – C). To highlight the width of thinning and 1072 
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complex thinning pattern (yellow), the top of the prekinematic strata (white) and basement 1073 

(hatched) has been flattened and restored. White arrows indicate onlap onto the fold. 1074 

 1075 

Figure 15. - Possible causes of variations in trishear parameters due to geological factors. (A) 1076 

– cover thickness, (B) – fault dip, (C) – propagation-to-slip ratio, (D) – trishear angle, (E) – 1077 

concentration factor, and (F) – trishear symmetry. 1078 

 1079 

Figure 16. - Possible causes of trishear asymmetry. (A) – Salt pinches out in the footwall 1080 

allowing deformation to be focused into the hangingwall. (B) – Asymmetric damage zone due 1081 

to early linkage and formation of a through-going fault may cause deformation to be focused 1082 

preferentially into the hangingwall. 1083 

 1084 

Table 1. - Trishear comparisons to published fault-propagation folds in physical and numerical 1085 

models, and in natural examples. *Values not explicitly recorded by the original study, but 1086 

measured by this work. 1087 

 1088 

Table 2. - Specifications for the trishear forward models shown in Figs. 7 - 13. Only a single 1089 

trishear parameter was tested in any particular run. The investigated parameter for a particular 1090 

model run is shaded. The corresponding figures are also indicated.   1091 
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Example 
Fault  
dip 

Trishear 
angle 

Propagation-to-
slip ratio (P/S) 

Trishear  
symmetry 

Maximum cover 
thickness Reference 

Clay model; 
Withjack et al., 1990 75 40* -0.3* Asymmetrical  

(68% towards footwall)* 5 cm* Allmendinger, 1998 

Clay model;  
Withjack et al., 1990 75 80 -1.5 Symmetrical 5 cm Hardy and McClay, 1999 

Hamadat Monocline, 
Gulf of Suez 65 120 -1 to -0.1 Symmetrical 690 m Khalil and McClay, 2002 

Mechanical model 90 32 -3 Symmetrical 10 km Cardozo et  al., 2003 

Clay model 60 70 -4 to -1 Asymmetrical  
(55% towards footwall) 6 cm Jin and Groshong, 2006 

Clay Model 90 70 -3 to 0 Asymmetrical  
(60% towards footwall) 6 cm Jin and Groshong, 2006 

Gulf of Suez from 
Withjack et al., 1990 67 50 -2 to -1.2 Asymmetrical  

(54% towards hangingwall) 1500 m Jin and Groshong, 2006 

Southern Vorges 
Fault Zone, Rhine 
Graben 

70 120 -3 to 0 Asymmetrical  
(60% towards hangingwall) 350 - 400 m Ford et al., 2007 

Guebwiller Fault 
Zone, Rhine Graben 70 120 -3 to 0 Asymmetrical  

(60% towards hangingwall) 450 – 900 m Ford et al., 2007 

Illfurth Fault Zone, 
Rhine Graben 70 120 -1 to 0 Asymmetrical  

(60% towards hangingwall) 350 – 500 m Ford et al., 2007 

Table 1



Example 
Fault  
dip 

Trishear 
angle 

Propagation-to-
slip ratio (P/S) 

Trishear  
symmetry 

Maximum cover 
thickness Reference 

Gilbertown Graben 60 - 52 60 -40 to -6 Asymmetrical  
(58% towards hangingwall) 700 m Jin et al., 2009 

Hadahid Fault Zone, 
Gulf of Suez 77 81 1.89 Symmetrical 300 m Cardozo et al., 2011 

Hadahid Fault Zone, 
Gulf of Suez 71 99 1.87 Symmetrical 360 m Cardozo et al., 2011 

Hadahid Fault Zone, 
Gulf of Suez 69 62 1.9 Symmetrical 300 m Cardozo et al., 2011 

Hadahid Fault Zone, 
Gulf of Suez 75 64 1.43 Symmetrical 360 m Cardozo et al., 2011 

Hadahid Fault Zone, 
Gulf of Suez 80 22 0.75 Symmetrical 460 m Cardozo et al., 2011 

Clay model from 
Withjack et al., 1990 70 - 75 40 - 50 -2.25 to -1.234 Symmetrical 5 cm Cardozo et al., 2011 

Clay model from 
Withjack et al., 1990 72 50 - 70 -2 Symmetrical 5 cm Cardozo et al., 2011 

Clay model from 
Withjack et al., 1990 73 - 75 40 - 80 -1.75 to -2.25 Symmetrical 5 cm Cardozo et al., 2011 

Clay model from 
Withjack et al., 1990 75 30 - 70 -1.75 to 2.0 Symmetrical 5 cm Cardozo et al., 2011 

Table 1 (contd)



Model 
number 

Prekinematic 
cover thickness 

Fault 
dip 

Trishear 
angle 

Propagation-to-
slip ratio (P/S) 

Trishear 
symmetry 

Concentration 
factor 

Figure  
number 

1 2 units 70 50 0.5 Symmetrical 1 (linear) 4.7; 4.13A 

2 6 units 70 50 0.5 Symmetrical 1 (linear) 4.7; 4.13A 

3 4 units 30 50 0.5 Symmetrical 1 (linear) 4.8; 4.13B 

4 4 units 50 50 0.5 Symmetrical 1 (linear) 4.8; 4.13B 

5 4 units 70 50 1 Symmetrical 1 (linear) 4.9; 4.13C 

6 4 units 70 50 2 Symmetrical 1 (linear) 4.9; 4.13C 

7 4 units 70 30 0.5 Symmetrical 1 (linear) 4.10; 4.13D 

8 4 units 70 70 0.5 Symmetrical 1 (linear) 4.10; 4.13D 

9 4 units 70 50 0.5 Symmetrical 0.5 (non-
linear) 4.11; 4.13E;  

10 4 units 70 50 0.5 Symmetrical 1 (linear) 4.11; 4.13E;  

11 4 units 70 50 0.5 Symmetrical 1 (linear) 4.12; 4.13F 

12 4 units 70 50 0.5 Asymmetrical 1 (linear) 4.12; 4.13F  

Table 2
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