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Abstract 11 

Normal faults contained in multilayers are often characterised by dip refraction which 12 

is generally attributed to differences in the mechanical properties of the layers, 13 

sometimes leading to different modes of fracture. Because existing theoretical and 14 

numerical schemes are not yet capable of predicting the 3D geometries of normal 15 

faults through inclined multilayer sequences, a simple geometric model is developed 16 

which predicts that such faults should show either strike refraction or fault 17 

segmentation or both. From a purely geometrical point of view a continuous refracting 18 

normal fault will exhibit strike (i.e. map view) refraction in different lithologies if the 19 

intersection lineation of fault and bedding is inclined. An alternative outcome of dip 20 

refraction in inclined multilayers is the formation of segmented faults exhibiting en 21 

échelon geometry. The degree of fault segmentation should increase with increasing 22 

dip of bedding, and a higher degree of segmentation is expected in less abundant 23 

lithologies. Strike changes and associated fault segmentation predicted by our 24 
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geometrical model are tested using experimental analogue modelling. The modelling 25 

reveals that normal faults refracting from pure dip-slip predefined faults into an 26 

overlying (sand) cover will, as predicted, exhibit systematically stepping segments if 27 

the base of the cover is inclined. 28 

 29 
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1 Introduction 33 

Normal faults contained in multilayer sequences show a range of geometrical 34 

complexities arising from propagation-related phenomena (Fig. 1). For example, fault 35 

traces observed in cross-section are often refracted with steeply dipping segments in 36 

the strong layers and shallow dipping segments in the weak ones (Wallace, 1861; 37 

Dunham, 1948; Ramsay and Huber, 1987; Dunham, 1988; Peacock and Zhang, 1993; 38 

Mandl, 2000; Sibson, 2000; Ferrill and Morris, 2003; Fig. 1b). Fault refraction, 39 

referred to as ‘steep and flat structure’ in Ramsay and Huber (1987, p.518), has been 40 

variously attributed to either different modes of fracturing (e.g. Ferrill and Morris, 41 

2003) or to different friction coefficients within the interbedded lithologies (e.g. 42 

Mandl, 2000). A difference in mode of fracture within individual layers typically 43 

occurs at low effective stress, where one lithology (the ‘strong’ one) has a strength 44 

that facilitates failure in tension, whereas the other lithology (the ‘weak’ one) fails in 45 

shear (Schöpfer et al., 2006). Another propagation-related characteristic of normal 46 

faults is that they often display segmentation in 3D (Ramsay and Huber, 1987; 47 

Peacock and Sanderson, 1994; Childs et al., 1995; Childs et al., 1996; Walsh et al., 48 

1999; Walsh et al., 2003), providing fault segment traces that step laterally in plan 49 

view (Segall and Pollard, 1980; Peacock and Sanderson, 1991; Peacock and 50 

Sanderson, 1994; Childs et al., 1995). If the stepping of fault segments or fractures is 51 

systematic, the resulting geometry is commonly referred to as en échelon. Stepping 52 

faults can either overlap or underlap and the distance between the tips of the two 53 

faults measured parallel to the segments is the overlap (or underlap) length. Increased 54 

displacement on overlapping segments leads to the steepening of intervening relay 55 

ramps and eventually to the formation of fault-bound lenses (e.g. Larsen, 1988; 56 

Peacock and Sanderson, 1991; Walsh et al., 1999; Imber et al., 2004; Fig. 1c). Despite 57 



the importance of fault refraction and segmentation in the growth of fault zones, very 58 

few mechanical/numerical models incorporate both processes (Mandl, 2000). 59 

When a fault surface propagates through a rock volume it rarely does so as a 60 

single continuous surface but as an irregular and, to a greater or lesser extent, 61 

segmented array. Segmentation is due to local retardation or acceleration of 62 

propagation of the fault tip-line controlled by the heterogeneous nature of the rock 63 

volume (e.g. Jackson, 1987): heterogeneities occur on a range of scales, from grain-64 

scale to crustal scale. A fundamental question regarding the propagation of faults is, 65 

under which states of stress or strain is a fault expected to be (systematically) 66 

segmented? One way of addressing this question was proposed by Mandl (1987; 67 

revisited by Treagus and Lisle, 1997) who showed that Coulomb-Mohr shear failure 68 

planes will be discontinuous within homogeneous, isotropic volumes if continuous 69 

σIσII-principal planes of stress cannot be defined. Mandl’s method (1987), however, 70 

has not yet been developed into a scheme for predicting the detailed 3D geometry of 71 

segmentation within a multilayer sequence. Another approach is to investigate the 3D 72 

state of stress or strain in two different materials that are separated by a coherent 73 

interface (Treagus, 1981; Goguel, 1982; Treagus, 1983 and 1988; Mandl, 2000). 74 

These studies have shown, that under many circumstances (e.g. when none of the 75 

principal axes of stress or strain are contained within an interface, or when a shear 76 

couple is applied to two layers with different initial differential stress) principal planes 77 

of stress or strain will be discontinuous across the interface. As Treagus (1988) points 78 

out, it is, however, difficult to justify the application of this approach to faulting 79 

within multilayers, because it requires the unlikely scenario that the onset of faulting 80 

occurs simultaneously in the two materials (Treagus, 1988; Mandl, 2000). 81 



In this paper we use an alternative approach, which is non-mechanical and 82 

purely based on geometry, to investigate the circumstances in which faults are 83 

expected to be segmented within dipping multilayer sequences. Our simple geometric 84 

model of normal faults suggests that fault segmentation and/or map view (i.e. strike) 85 

refraction are inevitable consequences of fault dip refraction within dipping multilayer 86 

sequences. The basic characteristics of this model are illustrated using a simple 87 

stereonet construction showing that a continuous normal fault that refracts across a 88 

inclined bedding plane will also refract in map view if the strike of bedding and the 89 

fault are not the same (Fig. 2). In these circumstances strike refraction arises because 90 

the fault/bedding intersection lines are different for different layers (Fig. 2a); this does 91 

not occur when the fault and bedding have the same strike. Although coeval dip and 92 

strike refraction provides a means of generating a continuous fault, it requires 93 

different amounts of oblique-slip motion over different parts of the continuous fault 94 

surface (Fig. 2b and 3b). An alternative outcome, which does not require oblique-slip 95 

motion, is that the geometrical complications arising from differing fault/bedding 96 

intersection lines for different layers are accommodated by the localisation of 97 

segmented dip-slip fault arrays (Fig.3c), where the degree of segmentation depends on 98 

the relative geometries of fault and bedding: for the purposes of this paper, the degree 99 

of segmentation is the number of segments per unit length along a segmented fault 100 

array. This geometrical model provides a means of estimating the geometry and 101 

degree of fault segmentation, an approach which is tested using a plane strain physical 102 

model of faulting within a cover sequence above an underlying predefined fault with a 103 

inclined intersection with the base-cover interface. The experimental modelling 104 

results verify our geometrical approach and demonstrate, for example, that systematic 105 

stepping of fault segments in the cover above a reactivated basement fault are not 106 



necessarily kinematic indicators for oblique-slip reactivation. We then show how our 107 

simple model offers one plausible mechanism for generating highly segmented fault 108 

arrays including that shown in Fig. 1. We suggest that a continuous (non-segmented) 109 

fault in a multilayer may be the exception rather than the rule and that 110 

lithological/mechanical stratigraphy is extremely important for understanding the 111 

segmented nature of faults. This study focuses on normal fault geometries within 112 

gently dipping beds for two reasons: (i) The geometry of normal faults within 113 

horizontal to gently dipping layering is better defined than for normal faults within 114 

steeply dipping beds. (ii) Dramatic fault dip variation (refraction) often requires that 115 

layers fail in different modes (extension vs. shear failure), which is promoted at low 116 

effective stress and therefore more likely in extensional settings (e.g. Sibson, 1998). 117 

Nevertheless, our approach and general findings could be applicable to any type of 118 

fault showing fault refraction within multilayer sequences. 119 

 120 

2 Introduction to geometrical analysis 121 

The aim of this paper is to describe methods for evaluating the likely impact of 122 

differences in fault dip in different lithologies on fault surface geometry. The purely 123 

geometrical approach adopted in this study requires only a few known parameters, 124 

which can be quite often estimated for natural systems. The parameters include (i) the 125 

dips of normal faults in the two different lithologies comprising the periodically 126 

layered sequence, (ii) the thickness ratio of the two lithologies and (iii) the orientation 127 

of bedding relative to the average fault plane (which is taken to be the enveloping 128 

surface of a refracting fault). Figure 3 introduces the geometries that will be discussed 129 

in detail in the following two sections, Fig. 2 illustrates some of the geometrical 130 

parameters discussed and a list of symbols is given in Table 1. Figure 3a shows a 131 



block diagram and the stereonet solution for a planar (i.e. non-refracting) normal fault 132 

in a dipping sequence. Figure 3b shows the same sequence with a normal fault 133 

exhibiting refraction. The refracted nature of the fault plane when combined with 134 

bedding which has a different dip direction leads to a situation in which fault-bedding 135 

intersections within each lithology are different, with neither being parallel to the 136 

intersection of bedding and the ‘average’ fault plane through the multilayer (Fig. 2a). 137 

This geometric problem could be solved by generating a continuous fault plane, but 138 

this requires different fault dip directions and differing departures from pure dip-slip 139 

motion in the two lithologies (Figs. 2b and 3b). In Section 3 we consider some of the 140 

geometrical implications of this continuous fault model, which is one end-member 141 

geometry considered in this study. Figure 3c shows another quite different solution to 142 

the geometrical problem, with the fault localising first in the strong layers as an array 143 

of en échelon segments, each of which is dip-slip and has the same dip direction as the 144 

‘average’ fault. This model does not involve geometries that demand strike changes 145 

and associated oblique-slip motion, but does require fault segmentation which is in 146 

fact a relatively common phenomenon associated with faults. This model, which is 147 

our favoured solution to the geometrical issues confronted by fault growth through 148 

dipping multilayers, is the other end-member geometry considered in this study, and 149 

is described in more detail in Section 4. 150 

 151 

3 Continuous refracting faults 152 

3.1 Geometry 153 

For the geometrical model of a continuous refracting fault (Fig. 3b) we make the 154 

following assumptions: (i) Fault dips in the individual lithologies comprising the 155 

multilayer are constant irrespective of their strike or the orientation of layering. (ii) 156 



The multilayer sequence is periodically layered and consists of two materials that 157 

exhibit different fault dips. (iii) Layers containing steep and shallow dipping faults are 158 

taken to be “strong” and “weak” respectively, an assumption which is true in many if 159 

not all circumstances. The block diagram shown in Fig. 3b illustrates the 3D geometry 160 

of a continuous refracting fault. The fault trace refracts both in cross-section and in 161 

map view. The geometry of this fault can be obtained using a stereonet or 162 

numerically. 163 

 164 

3.2 Stereonet solution 165 

Consider a refracting normal fault in a periodically layered sequence consisting of two 166 

different materials. The fault dip in the strong and weak material is θs and θw, 167 

respectively, and the average fault dip, θa, is somewhere in-between. Bedding is not 168 

necessarily horizontal and need not have the same dip direction as the fault. The 169 

thickness ratio, ts/tw, of the two materials, which is the thickness of the strong layers 170 

divided by the thickness of the weak layers in the periodically layered sequence, is a 171 

variable which can either be prescribed or derived (see below). A simple stereonet 172 

construction (Fig. 4a) reveals that when the bedding dip direction is oblique to the 173 

fault dip direction, formation of a continuous refracting fault surface, which refracts at 174 

the bedding plane, is complicated by the fact that the fault planes in the two materials 175 

do not share the same intersection lineation with the bedding plane. In order to obtain 176 

a continuous surface the dip direction in one of the two materials could be changed 177 

(Figs. 4b and c). However, this leads to a change of the average dip direction. A 178 

continuous refracting fault therefore demands a change of dip direction of the faults 179 

contained in both materials (Fig. 4d). The intersection lineation of the fault planes in 180 

the two materials with the bedding plane is the same and contained within the average 181 



fault plane. The intersection lineation of the average fault with the bedding plane is 182 

the pole to a great circle that, in the case of a continuous fault, contains the poles of 183 

the faults in the strong and weak layers. This great circle could be called the fault π-184 

circle, in accordance with the nomenclature used for cylindrical folds. In the example 185 

shown in Fig. 4d the fault in the strong layers (fs) is rotated clockwise relative to the 186 

average fault (fa) whereas the fault in the weak layers (fw) is rotated anti-clockwise. 187 

The average fault dip (θa) is a function of (i) the fault dips in the strong and weak 188 

layers, (ii) the orientation of bedding (subscript b) relative to the orientation of the 189 

average fault, and (iii) the thickness ratio of the two materials ts/tw. Measured in a 190 

vertical section perpendicular to the strike of the average fault the following 191 

relationship, which is derived in Appendix A, is obtained: 192 
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 195 

where the apparent dips (primed values) are measured in this section. Thus, for 196 

predefined fault dips in the strong and weak layers and a predefined dip of the average 197 

fault, one can obtain the thickness ratio using the stereonet and Eq. (1). Alternatively, 198 

the same geometric problem can be solved numerically for predefined fault dips in the 199 

strong and weak layers and for a predefined thickness ratio. 200 

 201 



3.3 Numerical solution, maps and cross sections 202 

In the following analysis1 the constants are: (i) the fault dips in the strong and weak 203 

layers, θs and θw, respectively, (ii) the average fault dip direction, φa, and (iii) the 204 

thickness ratio, ts/tw. The orientation of bedding, φb and θb, is varied systematically 205 

and the dip directions of the fault in the strong and weak layers, φs and φw, 206 

respectively, and the average fault dip, θa, are obtained from Eq. (1) by converging to 207 

the solution using the bisection method. In order to illustrate the geometries clearly 208 

we chose a thickness ratio of 1.0 and fault dips in the strong and weak layers of 80° 209 

and 50°, respectively. These dip values and a fault refraction of 30° are typical for 210 

normal faults in limestone/mudrock sequences where faulting occurred under low 211 

effective stress (Peacock and Zhang, 1993; fig. 4). A sensitivity study where we 212 

varied the thickness ratio and the fault dips in the strong and weak layers is given later 213 

in this section. 214 

Contour plots of strike refraction, i.e. the change in strike from one lithology 215 

to the other, and the average fault dip as a function of bedding orientation relative to 216 

the orientation of the average fault are shown in Fig. 5. These plots reveal that, if 217 

bedding is dipping and has a different strike to the average fault, strike refraction 218 

occurs and the amount of refraction increases with increasing dip of bedding (Fig. 5a). 219 

Figure 5b shows that the average fault dip is a function of bedding orientation, though 220 

for the particular geometrical parameters chosen it only varies by about 10º. 221 

Additionally Fig. 5b reveals that for a particular dip of bedding the average fault dip 222 

attains its maximum value when bedding dips in the opposite direction to that of the 223 

average fault. Maps constructed using the strike-change data obtained from this 224 

                                                 
1 A MATLAB® script for obtaining the geometry of a continuous refracting fault in a 

periodically layered sequence is provided as an electronic supplement. 



approach are shown in Fig. 6a. These maps illustrate the zigzag geometry of the fault 225 

trace (strike refraction) and also show that the amount of strike refraction increases 226 

with increasing dip of bedding (Fig. 5a). The cross sections (Fig. 6b) illustrate that the 227 

average fault dip increases as the difference in dip direction between the average fault 228 

and bedding increases (Fig. 5b). 229 

As stated above, we selected a thickness ratio of 1.0 and fault dips in the 230 

strong and weak layers of 80° and 50°, respectively, to illustrate the range of 231 

continuous fault geometries that are obtained when the orientation of bedding is 232 

varied. The dependencies obtained (Figs. 5 and 6) also hold for different values of θs, 233 

θw and ts/tw, though the geometrical details will vary as a function of these three 234 

parameters. We therefore investigated the impact of thickness ratio and dip refraction 235 

on fault geometry. Figure 7a shows three map view examples of continuous refracting 236 

faults in periodically layered sequences with thickness ratios of 0.1, 1.0 and 10. The 237 

graphs in Fig. 7b and c show the differences in dip direction between the fault 238 

contained in the strong and weak layers and the average fault as a function of 239 

thickness ratio. In Fig. 7b the fault dips in the strong and weak layers are 80° and 50°, 240 

respectively, and the dip of bedding is 30º. Curves are plotted for five different 241 

orientations of bedding; we therefore vary the thickness ratio for the maps shown in 242 

the third row in Fig. 6a. We also investigated the effect of fault dips in the strong and 243 

weak layers (fault dip refraction) and thickness ratio on strike refraction (Fig. 7c) for a 244 

dip of bedding of 30º and strike difference between average fault and bedding of 90º; 245 

we therefore vary both the thickness ratio and the fault dip refraction for the central 246 

map in the third row in Fig. 6a. The strike refraction in these graphs is the distance 247 

between corresponding labelled curves and varies slightly as a function of thickness 248 

ratio. The change in fault strike in the different lithologies (φs − φa and φw − φa), 249 



however, strongly depends on the thickness ratio (Fig. 7). The maps and curves reveal 250 

that fault strike changes are typically greater in the less abundant material (see Fig. 251 

7a). Additionally Fig. 7c reveals that the greater the dip refraction the greater the 252 

associated strike refraction. 253 

Although this section highlights some interesting geometrical properties of 254 

continuous refracting faults, it is not yet clear whether these types of geometries often 255 

occur in nature. As a consequence we have extended the results obtained in this 256 

section to consider a more likely geometrical model in which segmented arrays of 257 

faults, rather than continuous refracting faults, arise from the associated complications 258 

of differing fault and bed orientations (Fig. 3c). 259 

 260 

4 Discontinuous refracting faults 261 

4.1 Geometry 262 

The zigzag fault geometry predicted by the continuous fault model (Fig. 6a) implies 263 

that the fault has oblique-slip components, which are in opposite senses in the strong 264 

and weak layers. Field evidence and numerical modelling of small-scale normal faults 265 

in high strength contrast multilayer sequences suggest that normal faults first localise 266 

within the strong/brittle layers as steeply dipping dip-slip faults or extension fractures 267 

which are later linked via shallow dipping faults in the weak/ductile layers (Peacock 268 

and Zhang, 1993; Crider and Peacock, 2004; Schöpfer et al., 2006). Thus a more 269 

realistic and our favoured initial geometry is that the fault localises in the strong 270 

layers as dip-slip faults with dip directions parallel to the average fault, which, in 271 

dipping layers, is only possible if it forms an en échelon array. In these circumstances 272 

the 3D geometry of segmented refracting faults can be derived relatively simply from, 273 

and related to, those of the continuous faults shown in Fig. 3b and described in the 274 



previous section. Assuming that the fault in the strong layers localises as an en 275 

échelon array of dip-slip faults and that these segments have the same dip direction as 276 

the average fault, then the median plane through the en échelon array will have the 277 

same orientation as the continuous fault in Fig. 3b. A block diagram showing a fault 278 

array geometry that satisfies these requirements is shown in Fig. 3c. In the following 279 

we use our simple geometric model to quantify the degree of segmentation in map 280 

view as a function of bedding orientation. A prerequisite of this exercise is, however, 281 

to define geometrical parameters that describe the geometry of en échelon arrays. 282 

 283 

4.2 Overlap length and fault separation 284 

The geometry of fault arrays with en échelon geometry can be described using the 285 

following parameters, all of which are measured in a horizontal plane in this study: (i) 286 

fault segment length, L, (ii) overlap length, O, which is the length of the rectangular 287 

region that is bounded by two neighbouring segments, (iii) separation, S, which is the 288 

normal distance between two neighbouring segments, and (iv) the difference in strike 289 

between the individual fault segments and the average fault array, ψ (Fig. 8a). These 290 

four parameters are related by the simple relationship 291 

 292 

ψtan)( OLS −=         (2) 293 

 294 

Although the geometry of an en échelon array can therefore be fully described by 295 

three parameters, the number of parameters can be reduced to two by introducing the 296 

overlap length to separation ratio, O/S, which is 2 – 4 for natural and experimental 297 

normal fault arrays (Soliva and Benedicto, 2004; Hus et al., 2005). The en échelon 298 

arrays shown in Fig. 8 were drawn using Eq. (2) for constant segment lengths L (Fig. 299 



8b) and for constant separations S (Fig. 8c), for different values of ψ and O/S. From 300 

these maps one can conclude that as the inclination of the segments, ψ, increases the 301 

degree of segmentation increases, regardless of whether we keep the segment length 302 

or the separation constant. 303 

 304 

4.3 Maps of discontinuous faults 305 

As stated above we assume that the fault segments within the strong layers have the 306 

same dip direction as the average fault since they nucleate as dip-slip faults. The strike 307 

differences between the average fault and the faults in the strong and weak layers, 308 

φs − φa and φw − φa, respectively, that were obtained for continuous faults can then be 309 

used to construct maps of discontinuous faults using Eq. (2) (see Fig. 8). This requires 310 

that we keep the overlap to separation ratio and the length of one parameter in Eq. (2) 311 

constant. For direct comparison with the continuous fault results, we have chosen a 312 

thickness ratio of 1.0. Median planes through the en échelon arrays within the strong 313 

layers have a dip of 80° and the (unsegmented) faults within the weak layers have a 314 

dip of 50°. Figure 9a shows maps constructed using the data obtained from the 315 

analysis of continuous faults and using Eq. (2) with a constant separation and an 316 

overlap to separation ratio of three (Fig. 8c); note that these maps are not horizontal 317 

slices (as shown in Fig. 6a), but are top views of the bedding plane. Essentially, these 318 

maps are aerial views of the top of a strong layer within a multilayer, where the 319 

overlying layers have been eroded. Consequently cut-effects arise in these maps, e.g. 320 

the segment traces are not oriented N-S, despite the fact that their dip direction is 321 

270º. A line joining the centres of the fault segments in these maps is the intersection 322 

lineation of bedding with (i) the median plane through the en échelon segments, (ii) 323 

the fault in the weak layers and (iii) the average fault plane (Fig. 3c). 324 



The maps show that degree of segmentation generally increases with 325 

increasing dip of bedding (Fig. 9a). The basic results for discontinuous faults are 326 

similar to the results presented above for continuous faults, because the difference in 327 

dip direction for the continuous fault (median plane through en échelon array) is the 328 

ψ- value in Eq. (2), which determines, for a given overlap to separation ratio, the 329 

degree of segmentation (Fig. 8). Thus the sensitivity study of geometrical parameters 330 

presented above for a continuous fault (Fig. 7) can be used to predict the degree of 331 

segmentation. Therefore, for example, we can infer that refracting faults within 332 

dipping multilayers are expected to exhibit a higher degree of segmentation in the less 333 

abundant lithologies. Cross sections of segmented fault shown in Fig. 9b were 334 

constructed by randomly selecting sections along the maps shown in Fig. 9a and by 335 

using the same bedding geometries as shown for continuous faults in Fig. 6b. We did 336 

not introduce another parameter that takes into account the separation of the segments 337 

as a function of bed thickness since under many circumstances no clear relationship 338 

between fracture spacing and bed thickness exists (e.g. Olson, 2004). Despite these 339 

limitations the cross sections shown in Fig. 9b illustrate that the frequency of 340 

occurrence of two segments within a strong layer generally increases with increasing 341 

dip of bedding. 342 

In this section we only determined the possible degree of fault segmentation 343 

within the strong layers. Maps and cross sections similar to Fig. 9 can also be 344 

determined for the weak layers. The general results obtained for the strong layers also 345 

hold for the weak layers, though the stepping direction of the fault segments will be in 346 

the opposite direction. This is because the median planes through the en échelon 347 

arrays in our discontinuous model are the solutions for the continuous fault model, 348 



where the faults in the two different lithologies exhibit strike changes in opposite 349 

direction (Figs. 3b and 4d). 350 

 351 

5 Experimental modelling of discontinuous faults 352 

5.1 Methodology and boundary conditions 353 

The previous two sections considered continuous and discontinuous refracting faults, 354 

respectively, which could be considered either as geometrical end-members, or stages 355 

within a growth sequence. Many studies of natural faults have shown that faults often 356 

grow as initially segmented (discontinuous) arrays that are progressively linked with 357 

increasing displacement to form a continuous fault (e.g. Peacock and Sanderson, 358 

1994; Childs et al., 1995, 1996). Although our geometrical analysis cannot predict 359 

whether faults in dipping multilayers are likely to be initially segmented or 360 

continuous, our preconception, based on outcrop studies of small scale faults, is that 361 

segmented faults are the more likely to occur. In this section we therefore present a 362 

suite of small-scale physical experiments which was designed to test our simple 363 

geometrical model whether or not segmented fault arrays with systematic stepping 364 

form under boundary conditions which are broadly equivalent to those of our 365 

geometric model. 366 

We used the sandbox modelling technique, a well-established method for 367 

modelling the development of faults in isotropic, homogeneous brittle rock (e.g. 368 

Mandl, 1988). The analogue material was dry quartz sand with a friction angle, ϕ, of 369 

33 ± 4°. Normal faults that develop in this analogue material are expected to have a 370 

dip of 45° + ϕ/2, i.e. approximately 61.5 ± 2°, according to the Coulomb-Mohr theory 371 

of faulting, and this value is confirmed in the models. A detailed account of the 372 



scaling of physical experiments and of the justification and limitations of using dry 373 

sand as an analogue material for brittle rock can be found in Mandl (2000; chapter 9). 374 

For the purpose of this study we investigated the propagation of predefined 375 

‘basement ‘ faults into a ‘cover’ sequence. There are a variety of scenarios for which 376 

our boundary conditions are appropriate, such as the reactivation of a faulted substrate 377 

overlain by an unfaulted sedimentary sequence. Alternatively the model could 378 

represent the propagation of a fault across the interface between two layers, from one 379 

type of layer, characterised by particular properties and a related fault dip, into an 380 

overlying layer, characterised by a different fault dip. For simplicity we will refer to 381 

the rigid blocks containing the predefined faults as base and the overlying sand as 382 

cover; the boundary between these two ‘units’ is the base-cover interface. 383 

In all of the three experimental configurations used a central wedge shaped 384 

base block, the hangingwall block, fits exactly between two footwall blocks (Fig. 10). 385 

The two predefined faults have a dip of 45º in all models and the dip of the base-cover 386 

interface is 0, 10 and 20º (Fig. 10a, b and c, respectively). The dip directions of the 387 

predefined faults and the base-cover interface are perpendicular to each other; the 388 

intersection of an inclined base-cover interface (Fig. 10b and c) with the predefined 389 

fault is therefore not horizontal, a feature which will be discussed below. The base 390 

blocks are confined laterally by glass plates and whilst one of the footwall blocks is 391 

fixed, the other is connected to a geared motor. The cover sequence consists of 392 

alternating layers of coloured loose sand, each layer of which is prepared by scraping 393 

piles of loose sand to the desired thickness. Faulting within the cover sequence is 394 

achieved by pulling the moveable footwall block with a velocity of ca 10cm/h; as a 395 

consequence the hangingwall block slides downwards under its own weight. 396 



Our model configurations enforce fault refraction at the base-cover interface, 397 

because the predefined faults have a 45° dip, which is lower than the dip of normal 398 

faults that develop within the cover sequence (expected fault dip of 62°). Furthermore, 399 

relative to the intersection between the predefined fault and the base-cover interface, 400 

the mode of faulting changes with the dip of the base-cover interface. For example, in 401 

the case of a horizontal base-cover interface the predefined fault represents a Mode II 402 

dislocation, since the slip vector is perpendicular to the fault-interface intersection 403 

(Fig. 10a). For a dipping base-cover interface, the predefined fault is a mixed Mode II 404 

& III dislocation, since the slip vector is oblique to the fault-interface intersection 405 

(Fig. 10b and c). Each model was extended by the same amount of bulk extension (40 406 

mm), with each predefined fault having a final throw of 20 mm at the base-cover 407 

interface. The surface of each model was photographed in 2 mm throw. Once 408 

completed, each model was saturated with water so that vertical sections could be 409 

generated and photographed for subsequent analysis. Since the resulting fault pattern 410 

in each model is symmetric we only present the results for one fault zone from each 411 

configuration. 412 

 413 

5.2 Stereonet prediction 414 

As a prelude to presenting our model results, stereonet solutions, based on 415 

our geometrical model, can be constructed for the experiments (left column in Fig. 416 

11). For convenience we choose a geographic reference frame where the predefined 417 

fault of the fixed footwall block dips towards the south (180/45; Fig. 10). In the case 418 

of an inclined base-cover interface the interface dips towards the west (270/10 and 419 

270/20, Fig. 10b and c, respectively). The plunge direction and plunge of the 420 

predefined fault / base-cover interface intersections for the three configurations are 421 



therefore (270/00), (260/10) and (250/19). In addition we can assume that antithetic 422 

faults, which nucleate at these intersections, will develop in the cover sequence due to 423 

the change in fault dip (i.e. at the kink of the sliding path as referred to by Mandl, 424 

1988). A continuous refracting fault demands that the intersection of the cover faults 425 

be the same; consequently, using a dip of 62°, the dip directions of the syn- and 426 

antithetic faults can be constructed and are 180° (no strike change) in case of the 427 

horizontal base-cover interface, 175° (synthetic) and 345° (antithetic) for the 10° 428 

dipping interface, and 170° (synthetic) and 330° (antithetic) for the 20° dipping 429 

interface (Fig. 11). If our geometrical model is valid, we therefore expect the 430 

following: (i) Neither strike change nor systematic stepping of faults developing in the 431 

cover above the horizontal interface (Fig. 11a). (ii) Either left-stepping dip-slip fault 432 

segments or continuous dextral-oblique-slip normal faults within the cover above the 433 

inclined interfaces (Fig. 11b and c). 434 

 435 

5.3 Experimental results 436 

5.3.1 Horizontal base-cover interface 437 

The earliest faults, which develop fault traces at the surface of the model, are steep 438 

synthetic faults, which are referred to as precursor faults in the literature (e.g. 439 

Horsfield, 1977). With increasing displacement, one and sometimes two shallower 440 

dipping synthetic faults develop in the footwall. Precursor faults do not extend along 441 

the entire length of the predefined fault and subsequently link along strike with 442 

shallower dipping synthetic faults to form undulating fault traces in map view (Fig. 443 

11a). Although this type of fault segmentation leads to the formation of short-lived 444 

relays, stepping of these fault segments is not systematic. With increasing 445 

displacement a single, through-going and straight master fault develops in the 446 



footwall of the precursor faults and the fault scarp gradually collapses. The master 447 

fault has a dip of ca 60º as expected form the friction angle of the sand. Two or three 448 

antithetic adjustment faults also develop within the models. New antithetic faults 449 

develop in the hangingwall of earlier antithetics, and together with contemporaneous 450 

slip along synthetic faults leads to the formation of a secondary graben that deepens 451 

and becomes narrower with increasing displacement (see cross section in Fig. 11a). 452 

 453 

5.3.2 Dipping base-cover interface 454 

Models with a dipping base-cover interface have a wedge-shaped cover sequence, 455 

which thins towards the east (Fig. 10b and c). Although faults in the thinner parts of 456 

the cover show more advanced stages of fault growth, the fault pattern is similar for a 457 

given throw to cover thickness ratio. For a 20º dipping interface initially E-W striking 458 

precursor faults exhibit a systematic left-stepping (at predefined fault throws of ca 4 459 

mm; Fig. 12). With increasing displacement the western tip of each segment typically 460 

propagates towards the west, whereas the eastern tip propagates towards the NE to 461 

link with another segment (at throws of ca 8 mm; Fig. 12). The linkage leads to 462 

hangingwall breaching of individual relays, with hangingwall segments propagating 463 

and linking with the footwall segments. Further displacement causes rotation of the 464 

breached relays, which only ceases when a through-going synthetic master fault is 465 

developed, and the array of precursory structures becomes inactive: because of fault 466 

scarp collapse, abandoned splays are not as easily seen where the fault scarp is first 467 

developed and where the cover is thinner. The average dip of this complex synthetic 468 

master fault zone is ca 60º and the dip direction is in perfect agreement with our 469 

stereonet prediction, i.e. 170º, a geometry which was originally represented by an 470 

array of fault segments (Fig. 12). Two or three antithetic faults develop, which exhibit 471 



systematic stepping on the mm-scale, which therefore cannot be seen from the 472 

photographs. The dip directions of the antithetic fault zones are in agreement with our 473 

stereonet prediction, i.e. 330º. The model with a 10º dipping interface is, as predicted, 474 

characterised by a similar fault zone evolution but with a less dramatic change in dip 475 

direction relative to the predefined fault and with the development of fewer relays 476 

(Fig. 11b). In both models contemporaneous movement along synthetic and antithetic 477 

faults leads to the formation of a secondary graben that narrows towards the east, i.e. 478 

towards the thinner part of the model. 479 

 480 

6 Interpretation of natural example 481 

In previous sections we introduced a simple model for the formation of segmented 482 

normal faults arising from fault refraction. We later verified our model using a suite of 483 

physical experiments. In light of our model we now re-examine the field example 484 

(Fig. 1) of an oblique-sinistral normal fault within a limestone/shale multilayer 485 

sequence, Kilve foreshore, Somersest, UK (see Glenn et al., 2005, for geological 486 

background of this area). The fault zone exhibits fault dip refraction (Fig. 1b), with an 487 

average fault dip difference between the limestone and shale beds in the range of 20º 488 

to 30º, and map view segmentation, with right-stepping segments (Fig. 1c). Within the 489 

shale layers good kinematic indicators (slickensides) are exposed, whereas within the 490 

limestone layers calcite infilled pull-aparts developed, that indicate precursory 491 

extension fracturing (Fig. 1a). Orientation data of the fault zone are shown in Fig.13a, 492 

together with the mean orientations of bedding, faults within the limestone and shale, 493 

and a slickenside lineation within the shale. The orientation data show that there is a 494 

strike difference between the faults in the limestone and shale layers and that the slip 495 

vector is oblique to fault/bedding intersections. Although this fault zone therefore 496 



represents a good field example for testing our model, ready comparison with our 497 

model and with associated stereonets (Fig. 4) is made much easier by rotation of the 498 

slickenside lineation together with associated orientation data in such a way that (i) 499 

the fault in the shale is dip-slip with a dip of 50º and (ii) bedding is dipping towards 500 

the south (Fig. 13b). Using the intersection of bedding with the fault within the shale, 501 

we constructed a continuous refracting fault with a fault dip within the limestone 502 

layers of 80º. The strike difference between the fault within the shale and the 503 

constructed continuous fault within the limestone layers is 24º (Fig. 13b). According 504 

to our model, therefore, we would expect a high degree of fault segmentation, with 505 

right-stepping segments within the limestone layers, and this is exactly what we 506 

observe (Fig. 1c). The measured mean dip direction of the fault segments within the 507 

limestone (φ = 271) is slightly different in comparison to the dip direction predicted 508 

for a continuous fault (φ = 282; Fig. 13b). We believe that this reflects the fact that the 509 

fault is segmented and exhibits systematic stepping, with segments that strike almost 510 

sub-perpendicular to the extension direction. 511 

 512 

7 Discussion 513 

Fault refraction is a well-documented feature of normal faults contained in multilayer 514 

sequences and occurs on a large range of scales (mm – km). Best seen on cross-515 

sectional views of faults, refraction is most often a response to different mechanical 516 

properties of different lithologies (fault refraction due to differential compaction after 517 

faulting, e.g. Davison, 1987, is not discussed here). By contrast, another propagation-518 

related phenomenon, fault segmentation, is best seen in map view of normal faults and 519 

is also a common feature of normal faults at least in their earliest stages of growth. In 520 

this paper we have developed a simple geometric model of normal faults suggesting 521 



that fault segmentation and/or strike refraction are inevitable consequences of fault 522 

dip refraction within dipping multilayer sequences. This geometrical model provides a 523 

means of estimating the geometry of 3D fault refraction and/or segmentation within 524 

multilayered sequences, an approach which we have tested using a series of plane 525 

strain physical modelling of faulting within a cover sequence above an underlying 526 

predefined fault. Our simple model suggests that the degree of fault segmentation 527 

and/or strike refraction will increase with increasing dip refraction between layers, a 528 

feature which will be promoted by high strength contrasts between layers. The model 529 

emphasizes that a continuous (non-segmented) fault in a multilayer may be the 530 

exception rather than the rule and that lithological/mechanical stratigraphy is an 531 

extremely important factor for understanding the segmented nature of faults. The 532 

experimental modelling results support our geometrical approach and demonstrate, for 533 

example, that systematic stepping of fault segments in the cover above a shallow 534 

dipping, predefined fault is not necessarily a kinematic indicator for oblique-slip 535 

reactivation. In circumstances where the orientation of the predefined faults and the 536 

cover base interface are poorly constrained we therefore advise caution regarding the 537 

interpretation of fault kinematics from systematic stepping fault segments. 538 

Mandl (1987) has shown that faults contained in isotropic, homogeneous 539 

material will be discontinuous if continuous principal planes of stress cannot be 540 

defined (see also Treagus and Lisle, 1997). This result obviously raises the following 541 

question: What controls fault segmentation, non-plane stress fields or 542 

lithological/mechanical contrasts? The answer is probably both. Non-plane stress 543 

fields arise during lateral propagation of normal faults (screw dislocation; Cox and 544 

Scholz, 1988). However, they also develop if all principal axes of stress are oblique to 545 

interfaces of materials with contrasting mechanical properties (Treagus, 1981, 1988). 546 



In both cases continuous principal surfaces of stress cannot be defined which will 547 

most likely result in the formation of discontinuous faults. It is not yet established 548 

whether the propagation process or mechanical stratigraphy is the dominant cause for 549 

fault segmentation, but we suggest that the scale of mechanical anisotropy plays a 550 

crucial role. 551 

The synthetic fault zones developed in the experimental models with inclined 552 

base-cover interfaces are highly segmented and show the progressive formation of 553 

segments, relay ramps and segment linkage, where the degree of segmentation 554 

increases with increasing interface inclination. Since the models were conducted 555 

under well-defined boundary conditions there is no doubt that the individual segments 556 

are part of the same fault zone. Although a similar growth sequence is widely 557 

accepted for the growth of strike-slip faults (e.g. review by Sylvester, 1988) there is 558 

still an ongoing debate whether segmented normal fault zones are the result of linkage 559 

of initially isolated faults or whether the segments were always part of the same fault 560 

zone, i.e. the faults are kinematically coherent (Walsh et al., 2003). The experimental 561 

modelling results clearly favour the latter. 562 

Our simple model provides geometrical predictions that are consistent with a 563 

natural fault zone within a limestone/shale sequence (Figs. 1 and 13). Stepping 564 

directions and, in particular, the degree of fault segmentation of normal faults are, 565 

however, likely to be also controlled by factors other than differences in the dip 566 

direction of fault and bedding. Although further research into the origin and nature of 567 

3D changes in principal stress directions and discontinuous principal stress planes 568 

across interfaces within heterogeneous rock volumes is required, our experimental 569 

model, for which the boundary conditions were fully controlled, provides strong 570 



support for the importance of fault/bed geometrical configurations in the generation of 571 

segmented faults within multilayered sequences. 572 

 573 

8 Conclusions 574 

• A simple geometric model suggests that continuous normal faults exhibiting 575 

fault dip refraction in multilayers will also exhibit strike refraction if bedding 576 

is dipping and has a different strike to the fault zone. The amount of strike 577 

refraction is mainly a function of fault dip refraction and the orientation of 578 

bedding relative to the fault. 579 

• The geometric model can be used to estimate the degree of fault 580 

segmentation, if it is assumed that faults nucleate first as dip-slip or 581 

extensional structures within the mechanically stronger lithology. Normal 582 

faults are expected to be segmented, if bedding is dipping and has a different 583 

strike to the fault zone, and the degree of segmentation is a function of 584 

bedding orientation, fault dip refraction and thickness ratio of the strong and 585 

weak layers comprising the multilayer. 586 

• Our model of fault dip refraction and fault segmentation and/or strike 587 

refraction has been verified using a simple physical experiment which shows 588 

that fault refraction in dipping layers causes fault segmentation with 589 

predictable directions and degrees of stepping. 590 

• Both experimental and geometrical evidence suggests that systematic 591 

stepping of normal faults in cover sequences above a predefined fault, such 592 

as a reactivated basement fault, is not necessarily an indicator of oblique-slip 593 

reactivation. 594 



• Direct application of the model to natural fault zones is likely to be 595 

complicated by the operation of other factors that also control fault 596 

segmentation and/or strike refraction. 597 
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 610 

Appendix A 611 

Derivation of Eq-1 612 

The aim of this appendix is to derive an equation that can be used to construct the 613 

geometry of a continuous refracting fault in a periodically layered sequence. A list of 614 

symbols is provided in Table 1, Fig. A-1 shows both map view and cross-section of a 615 

continuous refracting fault within a periodically layered sequence, together with the 616 

stereonet solution (see Section 3.2). In order to construct this geometry we predefine 617 

the true dips of the fault within the two lithologies, θs and θw, and dip direction/dip of 618 

both bedding and average fault, φb/θb and φa/θa, respectively. The intersection of 619 



bedding with the average fault plane can then be used to determine the dip directions 620 

of the fault within the two lithologies, an exercise that can be easily done using a 621 

stereonet (see inset in Fig. A-1 and Figs. 2, 3 and 4). The thickness ratio of the two 622 

lithologies, ts/tw, cannot be obtained from the stereonet alone. However, an equation 623 

relating the orientations of fault and bedding to the thickness ratio can be easily 624 

derived in a cross section parallel to the dip direction of the average fault (Fig. A-1). 625 

If the strike of dipping bedding is not parallel to the average fault an apparent dip of 626 

bedding, θ'b, will be observed on the fault normal cross section. As shown in this 627 

paper this orientation of bedding relative to the average fault will cause a change in 628 

strike of the fault within the strong and weak layers (strike refraction) and therefore 629 

apparent dips, θ's and θ'w, are observed in cross section (Fig. A-1). The apparent dip, 630 

θ’, of a plane in cross section can be obtained from the well-known relationship 631 

 632 

θδθ tancos'tan = ,       (A-1) 633 

 634 

where θ is the true dip and δ is the difference between the dip direction of the plane 635 

and the strike of the cross section. The three apparent dips observed in cross section 636 

are therefore given by: 637 
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 640 

Also note that the layer thicknesses observed in cross section are apparent thicknesses 641 

if the bedding dip direction is not parallel to the strike of the cross section. The 642 

thicknesses observed in cross section are increased by a factor, which depends on the 643 



orientation of bedding relative to the cross section. Our aim, however, is to find an 644 

expression that relates the orientations of fault and bedding to the thickness ratio. 645 

Consequently a factor correcting for apparent thickness will cancel out. 646 

The derivation of the desired equation is simplified by subtracting the 647 

apparent dip of bedding, θ'b, from the fault dips (Fig. A-2): 648 

 649 

 bs '' θθα −=         (A-3a) 650 

bw '' θθβ −=         (A-3b) 651 

ba 'θθγ −=         (A-3c) 652 

 653 

With the aid of the diagram shown in Fig. A-2 three equations can be obtained: 654 

 655 

 ats /tan =α         (A-4a) 656 

btw /tan =β         (A-4b) 657 

)/()(tan batt ws ++=γ       (A-4c) 658 

 659 

Substitution of Eqs. (A-4a) and (A-4b) into (A-4c) and rearranging gives: 660 

 661 
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 663 

Finally, substitution of Eq. (A-3) into Eq. (A-5) and rearrangement gives the thickness 664 

ratio, ts/tw, as a function fault and bedding orientation (Eq. 1). 665 



The dip directions of the fault in the strong and weak layers for a predefined thickness 666 

ratio can be obtained by systemically varying the average fault dip until the desired 667 

thickness ratio is obtained. 668 

 669 
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Figure captions 752 

 753 

Figure 1: Natural example of a refracted and segmented sinistral oblique-slip normal 754 

fault. (a) Map and cross-section of fault zone located NE of Quantock’s Head (ST 755 

13786 44559; see inset for location map), Kilve foreshore, Somerset, UK. Fault throw 756 

decreases from 40cm in the SE to 25cm in the NW. The fault is highly segmented 757 

both laterally (in map view) and vertically (viewed in cross-sections). White dot with 758 

arrow is slickenside lineation. Both the limestone and shale layers are laterally 759 

continuous with constant thickness; discontinuous layer map patterns are due to 760 

staircase-like erosion. Also note that the mapped area has significant topography, 761 

which generates an apparent right-stepping of the faults from one limestone bed to the 762 

other. The systematic stepping referred to in the text is observed within each 763 

limestone bed. The map was drawn at a scale of 1:100, whereas the cross-sections 764 

were constructed at a scale of 1:50; the sections are therefore slightly more detailed 765 

than the map. The cross-section shown is not a vertical slice through the fault zone, 766 

but a composite of three individual sections, which are highlighted in map as H-bars. 767 

(b) and (c): Photos of mapped fault zone. Standpoint and field of view of photos is 768 

shown on map. (b) Strike parallel photo of fault zone taken standing on layer III, with 769 

limestone layer II in the foreground and layer I in the background. Notice fault 770 

refraction. (c) Oblique photo of layer II showing a relay ramp that is developed 771 

between two right stepping fault segments within the limestone layer. FWF and HWF 772 

denote footwall and hangingwall fault, respectively. In all diagrams fault segment X is 773 

labelled for clarity. 774 

 775 



Figure 2: Lower hemisphere, equal area stereoplots illustrating the problem of 776 

continuous refracting faults. Fault orientations are given as: (dip direction φ/dip θ). 777 

Bedding is oriented (180/30) and the average fault is oriented (270/60). The symbols 778 

and parameters used in this study are shown and summarized in Table 1. In (a) the 779 

intersection lineations of the fault in strong (ls) and (lw) weak layers and the average 780 

fault (la) with bedding are given and labelled in the stereonet. Since the intersection 781 

lines are not parallel to each other a continuous, refracting fault cannot exist: a 782 

continuous fault surface demands that the intersections with bedding are the same. In 783 

(b) the dip directions of the fault in the strong and weak layers were rotated in order to 784 

obtain a continuous refracting fault plane. Consequently the intersection lineations of 785 

the fault with bedding are parallel to each other. 786 

 787 

Figure 3: Stereoplots and block diagrams illustrating the normal fault geometries 788 

discussed and analysed in this study. Bedding (180/45) and the average fault (270/59) 789 

orientation are the same in all diagrams and thickness ratio, ts/tw is 0.6. Measured 790 

parameters are shown in Fig. 2 and a list of symbols is given in Table 1. (a) Planar 791 

normal fault (i.e. with no dip or strike refraction) offsetting inclined bedding, for 792 

which the fault-bedding intersections for different layers are the parallel to each other. 793 

(b) Continuous refracting fault, a geometry that demands a difference in fault strike 794 

between different layers. The absolute strike change is greater in the less abundant 795 

layers (strong - stippled) than in the more abundant layers (weak - unornamented) and 796 

the change in dip direction is clockwise in the former and anticlockwise in the latter. 797 

(c) Block diagram of a segmented fault. For the sake of clarity segmentation is only 798 

shown for faults contained in the strong (stippled) layers. The en échelon segments 799 

have the same dip direction as the average fault. The dip of the segments is the 800 



apparent dip (measured in a cross section normal the strike of the average fault) of a 801 

median plane passing through the en échelon arrays. The fault segments are layer-802 

bound, right-stepping and pure dip-slip (slickensides are schematically indicated). The 803 

tip lines of individual segments are shown, for simplicity, as rectangular although in 804 

reality elliptical tip lines are perhaps more likely. If the fault contained in the weak 805 

layers were discontinuous rather than continuous the layer-bound dip-slip en échelon 806 

segments would be left-stepping. 807 

 808 

Figure 4: Lower hemisphere, equal area stereoplots illustrating the problem of 809 

continuous refracting faults. Fault orientations are given as: (dip direction/dip). 810 

Bedding is oriented (180/30) and the average fault dip is 60º in all plots. In (a) a 811 

continuous fault plane does not exist, since the intersections of the fault planes and the 812 

bedding plane do not coincide. In (b) the strike of the shallow dipping fault is adjusted 813 

in order to form a continuous plane. This, however, leads to anti-clockwise rotation of 814 

the average fault plane. In (c) the strike of the steeply dipping fault is adjusted which 815 

results in a clockwise rotation of the average fault plane. Stereoplot in (d) illustrates a 816 

continuous refracting fault contained within a multilayer with a thickness ratio, ts/tw, 817 

of 1.4, which was calculated using Eq. (1). 818 

 819 

Figure 5: Plot of dip of bedding versus difference in dip direction between average 820 

fault and bedding contoured for (a) strike refraction, φs - φw and (b) average fault dip, 821 

θa. Fault dips are 80° and 50° in the strong and weak layers, respectively, and the 822 

thickness ratio, ts/tw, is 1.0. All contour labels are in degrees. 823 

 824 



Figure 6: (a) Maps and (b) cross sections of continuous refracting faults for various 825 

orientations of bedding. Fault dip in the strong (stippled) and weak layers 826 

(unornamented) is 80° and 50°, respectively, and the thickness ratio is 1.0. The 827 

average fault dips towards the west in all maps and the strike and dip symbol gives the 828 

orientation of bedding. The maps were drawn using the numerical results shown in 829 

Fig. 5. 830 

 831 

Figure 7: Maps and graphs illustrating the impact of thickness ratio on the geometry 832 

of continuous refracting faults in periodically layered sequences. (a) Three map view 833 

examples for thickness ratios of 0.1, 1.0 and 10. Fault dip in the strong (stippled) and 834 

weak layers (unornamented) is 80° and 50°, respectively, the average fault dips 835 

towards the west and bedding dips 30°S. (b) and (c): Plots of differences in dip 836 

direction between the average fault and faults contained within the strong and weak 837 

layers, φs - φa and φw - φa, versus log thickness ratio, ts/tw, calculated for (a) five 838 

different φa - φb values and (b) selected dips within the strong and weak layers. In (b) 839 

the fault dips in the strong and weak layers are 80° and 50°, respectively, and the dip 840 

of bedding is 30°. In (c) the difference in dip direction between the average fault and 841 

bedding is 90° and the dip of bedding is 30°. The strike refraction in these diagrams is 842 

the vertical distance between corresponding labelled curves for the strong and weak 843 

layers. The intersections of the curves with the labelled vertical dashed lines (white 844 

dots) are the data used for constructing the maps shown in (a). 845 

 846 

Figure 8: (a) Diagram illustrating the nomenclature used to describe en échelon 847 

arrays. (b) Illustration of the variation in fault array geometries for constant segment 848 

length, L, three different ψ-values and three different overlap to separation ratios. (c) 849 



Illustration of the variation in fault array geometries similar to those shown in (b) for 850 

constant separation, S. 851 

 852 

Figure 9: (a) Maps of en échelon fault arrays exposed at the top of the strong layers 853 

as a function of bedding orientation relative to the average fault. The average fault 854 

strikes N - S and dips towards the west. Thickness ratio, ts/tw, is 1.0. The overlap 855 

length to separation ratio is 3.0 and the size of the relays (i.e. rectangular overlap 856 

region) is held constant. Bold lines are traces of fault segments (tick towards 857 

hangingwall) and thin lines are structure contours of the bedding plane. The dip of 858 

median planes through the layer-bound fault arrays is 80°. Similar maps can be 859 

constructed for the weak layers. Note, however, that en échelon faults exposed on top 860 

of the weak layers would exhibit the opposite stepping. (b) Cross sections of the fault 861 

geometries shown in (a). Cross sections are drawn normal to the strike of the average 862 

fault and for each layer a section was randomly selected from the maps shown in (a). 863 

Since faults within a mechanical multilayer typically localise first within the strong 864 

layers as (Mode I) fractures, only faults within the strong layers are shown. 865 

 866 

Figure 10: Diagrams illustrating the experimental set-ups for the three different 867 

sandbox models designed to test our geometrical approach. The models are shown at a 868 

finite throw of 2 cm and the sand cover is only partly shown (the surface of the 869 

deformed sand cover is schematically shown as dashed line). The dip of the base-870 

cover interface is 0, 10 and 20° in (a), (b) and (c), respectively. The sand cover in (a) 871 

had a uniform thickness of 6.1 cm. The sand covers in (b) and (c) were wedge shaped, 872 

7.7 cm thick in the west and 2.5 cm thick in the east in (b), and 12.2 cm thick in the 873 

west and 1.3 cm thick in the east in (c). See text for further explanation. 874 



 875 

Figure 11: Stereonet predictions of fault orientations in the sand cover (using a fault 876 

dip of 61.5°), map views of models at a predefined fault throw of 6 mm, and cross 877 

sections at a finite throw of 20 mm for the three different experiments (see Fig. 10 for 878 

boundary conditions). Only the centre of each model is shown in map view and ticks 879 

in the map views indicate locations of cross sections. 880 

 881 

Figure 12: Photographs of the top surface of sand cover above 20° dipping base-882 

cover interface (see Figs. 10c and 11c). The throw (t) of the predefined fault at the 883 

different stages of model evolution is shown. The dash-dot line at a predefined fault 884 

throw of 0 mm is the intersection between the predefined fault (dipping 45°S) and the 885 

base-cover interface (dipping 20°W); the solid lines are the predicted traces of the 886 

syn- and antithetic fault with ticks towards secondary graben. The predictions of fault 887 

orientations are also shown at a finite predefined fault throw of 20 mm, together with 888 

the footwall and hangingwall cut-offs of the predefined fault (dash-dot lines). The 889 

secondary graben diverges towards the west, where the cover is thicker. 890 

 891 

Figure 13: Lower hemisphere, equal area stereoplots of orientation data of mapped 892 

fault zone shown in Fig. 1. In (a) the raw data are shown, together with great circles of 893 

the mean orientations, and a slickenside lineation within the shale. In (b) the average 894 

orientations and the lineation are rotated in such a way that the fault within the shale 895 

is dipping 50º and pure dip-slip and bedding is dipping towards the south (these 896 

rotations permit easy comparison with the model geometries of Figs. 3 and 4). Notice 897 

that our geometrical model would predict fault segmentation, with right-stepping 898 

segments (see relay ramp in Fig. 1c). 899 



 900 

Figure A-1: Geometry of a continuous refracting fault in periodically layered 901 

sequence as seen in map view and cross section. The true dip of the fault in the strong 902 

(stippled) and weak (unornamented) layers is 80º and 50º, respectively. Thickness 903 

ratio, ts/tw, is 2/3 and the difference in dip direction between the average fault (270/57) 904 

and bedding (210/40) is 60º. Styles of poles and great circles in stereonet are the same 905 

as in Fig. 2 and 4. Parameters used throughout the paper are labelled. 906 

 907 

Figure A-2: Diagram showing a selection of angular relationships and parameters 908 

used in the derivation of Eq. (1). See Appendix A for further explanation. 909 
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