
1 

Nixon, C.,Sanderson, D. J. and Bull, J. M. (2011). Deformation within a 1 

strike-slip fault network at Westward Ho!, Devon U.K.: Domino vs 2 

conjugate faulting. Journal of Structural Geology, 33, 833-3 

843.(doi:10.1016/j.jsg.2011.03.009). 4 

 5 

Deformation within a strike-slip fault network at 6 

Westward Ho!, Devon U.K.: domino vs conjugate 7 

faulting 8 

 9 

Casey W. Nixon1, David J. Sanderson1,2,3, Jonathan M. Bull1 10 

 11 

1 School of Ocean and Earth Science, University of Southampton, National 12 

Oceanography Centre Southampton, SO14 3ZH. 13 

2 School of Civil Engineering and the Environment, University of 14 

Southampton, SO17 1BJ. 15 

3 EPT, BP Exploration Operating Company Limited. Chertsey Road, 16 

Sunbury-on-Thames, TW16 7BP. 17 

A system of NE trending left-lateral faults and NW-trending right-lateral faults 18 

at Westward Ho! (north Devon, U.K.) cut steeply dipping (w60_) strata. Faults 19 

were accurately mapped in the field and from aerial photography, and lateral 20 

separations of marker beds measured along the fault traces. These data are 21 

used to examine the displacements within the network of interacting faults and 22 
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to calculate variations in the density and relative proportions of the fault sets. 23 

The displacements are also used in a tensor analysis of the strain and, 24 

together with block rotations, used to restore the deformation. The results 25 

show a range of heterogeneity within the fault network, both in terms of the 26 

fault patterns and strain. Some sub areas show a dominance of one fault set, 27 

with regularly spaced larger displacements, separating relatively weakly 28 

deformed blocks with smaller antithetic faults. Within these areas up to 20_ 29 

rotation of the faults and bedding produces a domino style deformation that 30 

accommodates up to w15% extension. The domino regions are separated by 31 

areas of conjugate faulting, in which both sets of faults are equally developed 32 

and have similar displacement ranges. Conjugate areas have little or no 33 

rotation of the bedding and generally lower strains than domino regions. 34 

 35 

 36 

1. Introduction 37 

The major aim of this paper is to characterise the deformation and kinematic 38 

behaviour within a strike-slip fault network and demonstrate the applicability to 39 

other fault networks.  The geometry, connectivity, displacement distribution, 40 

role of different fault sets and strain distribution are important to understanding 41 

fault networks. These features are important for controlling the behaviour of 42 

the rock mass.  For example, fault networks provide pathways for fluid flow 43 

that are important in the generation, exploration and production of 44 

hydrocarbons, groundwater and mineral deposits, and in understanding the 45 
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distribution of displacement and earthquakes in active systems (e.g. King, 46 

1986; Sibson, 1989; Taylor et al., 2004). 47 

Much work has been done to determine the movement and formation of 48 

individual faults (Muraoka and Kamata, 1983; Barnett et al., 1987; Walsh and 49 

Watterson 1988; Nicol et al., 1996; Kim et al., 2001) and interacting fault 50 

segments (Peacock, 1991; Peacock and Sanderson, 1994, 1995; Cartwright 51 

et al., 1995; Childs et al., 1995; Huggins et al., 1995; Taylor et al., 2004).  52 

Such studies have increased our understanding of the growth and evolution of 53 

individual fault zones (Cox and Scholz, 1988), particularly for strike-slip faults 54 

(Aydin and Schultz, 1990; Peacock, 1991; Peacock and Sanderson,1995; Du 55 

and Aydin, 1995; Kim et al., 2003).  Single sets of faults may become 56 

organised to accommodate crustal deformation, as in the case of domino 57 

faulting and associated block rotations (Luyendyk et al., 1980; Nur et al., 58 

1986; Axen, 1988; Peacock et al., 1998) or more commonly two or more fault 59 

sets may interact to produce a fault network.  The simplest example of this is 60 

a pair of conjugate faults (e.g. Freund, 1974; Nicol et al., 1995; Zhao and 61 

Johnson, 1991; Kelly et al., 1998).   62 

This paper seeks to extend and develop such studies to large fault networks, 63 

within which deformation may be distributed with varying degrees of 64 

heterogeneity as a result of the interaction and localization of displacement 65 

and strain (e.g. Zhang & Sanderson 2001).  It describes and identifies the 66 

characteristics and behaviour on a mesoscale strke-slip fault network at 67 

Westward Ho!, north Devon,  Furthermore, it assesses the variation in 68 

geometry and kinematics that exist within the network, focussing on the way 69 
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that the faults interact with one another, the spatial variations in their geometry 70 

and the strain that is produced.   71 

Strike-slip systems are very suitable for such analysis since most of the 72 

significant variation is presented in map-view.  Hence the requirements for this 73 

study were a well exposed surface with many faults and a detailed (and 74 

steeply dipping) stratigraphy that would allow accurate determination of fault 75 

displacement throughout the network.  The wave-cut platform at Westward 76 

Ho!, north Devon, provides such conditions. 77 

 78 

2. Geological Setting 79 

The strike-slip faults at Westward Ho! cut Upper Carboniferous stratigraphy 80 

comprising repeated, coarsening upwards cycles of mudstones, siltstones and 81 

sandstones, originally deposited in a deltaic environment (Elliot, 1976).  These 82 

cycles are divided into two units (Fig. 1): the Westward Ho! Formation (~400 83 

m) and the Bideford Group (~800 m) (Walker, 1970; Elliot, 1976; Higgs et al., 84 

1990).  This detailed stratigraphy provides a basis for the accurate 85 

determination of displacement along the faults.   86 

WNW-trending upright folds are observed in the Bideford Group and formed 87 

during Variscan deformation (Sanderson 1984) that inverted the basin at the 88 

end of the Carboniferous period.  The strike-slip faults are divided into NE-89 

trending left-lateral faults and NW-trending right-lateral faults, implying a N-S 90 

directed maximum horizontal principal stress during deformation. 91 

Much of SW Britain was affected by late Variscan NW-SE strike-slip faulting 92 

(Dearman, 1963) that cross-cuts earlier folds and thrusts.  This deformation 93 
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was part of a late Variscan right-lateral shear zone that transected southern 94 

Europe during the Late Palaeozoic (Arthaud and Matte, 1977; Badham, 95 

1982), as a result of right-lateral transpression due to oblique NW-SE 96 

convergence between the African and European plates (Coward and McClay, 97 

1983; Sanderson, 1984; Barnes and Andrews, 1986; Holdsworth, 1989). 98 

The strike-slip faults at Westward Ho! clearly post-date the Variscan folds and, 99 

hence, are either related to this late Variscan event or to later Cretaceous-100 

Tertiary N-S shortening (Lake and Karner, 1987; Chadwick, 1993; Peacock 101 

and Sanderson, 1998).  The precise age or cause of the faults in the area is 102 

not required for this study, because the faults do not appear to show signs of 103 

multiphase movement or reactivation.  What is important is that the faults are 104 

strike-slip in nature and, hence, their displacement can be characterised by 105 

measuring the mapped offsets of the known stratigraphy. 106 

The map (Fig. 1) shows two dominant sets of faults cutting steeply dipping 107 

(>60º) beds.  The faults are interpreted as forming a strike-slip fault network 108 

on the basis of: 109 

1) In map view, they form two sets with relatively straight traces at about 110 

60-70º to each other (Fig. 2); 111 

2) The NW-SE set consistently produces right-lateral separations of 112 

marker beds, whereas the NE-SW trending set has consistent left-113 

lateral separations (Figs. 3, 4); 114 

3) Both sets of faults are sub-vertical and their intersection is steeply 115 

plunging (Fig. 2b); 116 

4) Both sets have sub-horizontal slickenside lineations (Fig. 2b); 117 
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5) Occasional fold hinges are offset laterally by the faults and have both 118 

limbs offset with the same separation. 119 

Both fault sets extend layering sub-parallel to bedding strike (~E-W).  The 120 

possibility that they could have developed as normal faults prior to the 121 

steepening of the beds can be dismissed because the faults cross-cut the 122 

folds and have similar geometry and separations on opposite limbs (point 5 123 

above). 124 

 125 

3. Methodology 126 

3.1 Mapping 127 

The fault network at Westward Ho! is continuously exposed along a 4 km-long 128 

wave-cut platform, with a width of 200-400 m (Fig. 1).  Digital aerial 129 

photography of the wave-cut platform was acquired at low tide in 2006 and 130 

made available courtesy of the Channel Coast Observatory.   The images 131 

have a pixel resolution of 0.1 m (equivalent to a 1:5000 scale film) and are 132 

orthorectified.  These aerial images were used to provide excellent base maps 133 

for detailed mapping, and to expand the field mapping to cover the entire 134 

coastal strip.   135 

Marker beds on either side of faults were correlated and their lateral 136 

separations measured.  The maps were integrated with previous mapping by 137 

Walker (1970) and Higgs et al. (1990).  Structural data were also collected, 138 

including bedding and fault orientations, as well as slickenside measurements 139 

where possible. 140 
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 141 

3.2 Displacement analysis 142 

The orthorectified aerial images were imported into ArcGIS with all the field 143 

data and interpreted marker beds.  The cut-offs of marker beds were digitized 144 

along most faults, allowing the calculation of separations at locations along 145 

fault traces.  Data from ArcGIS were exported to spreadsheets for further 146 

analysis and display (d-x plots, rose diagrams, etc.). 147 

Lateral separations of beds on the sub-horizontal wave-cut platform 148 

approximate the strike-slip displacement of the faults. In the field, direct 149 

measurement of separation was done using a 30 m tape.  Measurements of 150 

lateral separations also used the measuring tool in ArcGIS.  Comparison of 151 

these two approaches showed excellent agreement and separations are 152 

considered to have errors of < 0.5 m for large faults, with direct field 153 

measurement of separations on small faults being accurate to ~10 mm. 154 

Given displacement and fault orientation are available for many positions 155 

along faults, we displayed the information in four ways: 156 

1) Displacement-distance (d-x) plots were produced for selected faults, 157 

where the distance (x) may be the length along the fault trace or the 158 

projection of this length along some chosen direction.  The latter type of 159 

plot is mainly used to look at the interactions of NW and NE trending 160 

faults and, hence, the N-S direction is a convenient common reference.  161 

Where faults intersect each other, displacement profiles were produced 162 

for each interacting fault branch and extrapolated to the intersection 163 

point.  Consequently, no displacement was allocated to the intersection 164 
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point because it represents an abrupt change in displacement from one 165 

fault branch to another.  166 

2) Displacement-orientation plots, which are simply scatter-plots of 167 

displacement against fault strike for each fault segment, are used to 168 

indicate differences in the displacement characteristics for the different 169 

fault sets. 170 

3) Length-weighted rose diagrams were obtained by calculating the 171 

total trace length within varying orientation bins.  In general a 15º class 172 

interval was used centred on a 1º step around the circle.  These plots 173 

are mainly to examine the variation in frequency and orientation of the 174 

fault sets in different subareas. 175 

4) (Length x displacement) weighted rose diagrams are similar to 176 

length-weighted rose diagrams, except that the distribution of the 177 

product of trace length x displacement is plotted against orientation.  178 

These plots therefore indicate the dominant displacements on the 179 

different fault sets throughout the network.   180 

3.3 Strain determination 181 

Strain analysis was conducted using a technique based on the method 182 

developed by Peacock and Sanderson (1993).  This approach involves the 183 

calculation of a displacement tensor Dij , that is formed from the cross-product 184 

of the unit vector normal to the fault plane, (n) and the displacement direction 185 

within the fault plane, (s u), where u is a unit vector in the slip direction and s 186 

is the displacement on the fault  Peacock and Sanderson (1993) applied this 187 

approach to n faults sampled along a line of length L, using a weighting factor 188 
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(w) to correct for the orientation bias of such samples, where Dij = ws (n x u).  189 

The Lagrangian strain tensor is Eij, is given by: 190 

   Eij  = n/L Σ [ (Dij + Dji)/2 ]     1 191 

The same approach is valid for sampling on a plane. The weight (w) is 192 

determined from the angle between the fault normal and the plane.  As the 193 

strike-slip faults are sub-vertical, both the fault normal and displacement 194 

vector are sub-horizontal and, hence, the weighting factor can be ignored (i.e. 195 

w→1).   196 

If the fault trace strikes at an angle θ to north then: 197 

  n =  (-sinθ,  cosθ)    and     u =  (cosθ, sinθ)   2 198 

and 199 
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where s is +ve for left-lateral and –ve for right-lateral faults. The term n/L in 201 

equation 1 represents the fault density and is replaced in the planar sample by 202 

Σ(tracelength)/area (Σt/A) , the 2-D equivalent of the fault density.  Thus the 203 

Lagrangian strain tensor is given by 204 

  Eij  = 1/A Σ t (Dij + Dji)/2 ]      4 205 

The eigenvectors and eigenvalues of the strain tensor provide estimates of 206 

the orientation and magnitude of the principal strains.   207 

 208 
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4. Fault Network Characteristics 209 

4.1 Spatial distribution and magnitude variation of fault sets 210 

The two sets of strike-slip faults vary in their relative abundance throughout 211 

the Westward Ho! area (Fig. 1, 3, 4).  The northern area (Fig. 3) is dominated 212 

by a series of long left-lateral faults, whereas the adjacent region to the south 213 

(Fig. 4b) has approximately equal distributions of left- and right-lateral faults.  214 

By contrast, in the central part of the study area (Fig. 4a) large right-lateral 215 

faults are dominant.  This variation is clearly seen in the rose diagrams of the 216 

trace-length distributions that show a dominance of left-lateral faults in the 217 

northern area (Fig. 5a) and right-lateral faults in the south-central area (Fig. 218 

5c) with a region of more equal representation of both sets in the centre (Fig. 219 

5b) 220 

Fault displacements may be as large as 80 m, but 79% of the overall fault 221 

trace-length has displacements less than 10 m.  The distribution of fault 222 

displacements varies (Fig. 6).  In the left-lateral dominated area in the north, 223 

faults with displacements >10 m form about half the mapped trace-length and 224 

all are left-lateral (Fig. 6a).  In contrast, in the north central area (Fig. 4b) only 225 

10% of the trace length is formed from large (>10 m) displacement faults, 226 

which include both left- and right-lateral sets.  227 

The (length x displacement) weighted rose diagrams (Fig. 5) further 228 

emphasize that the dominant fault set changes across the area.  The north 229 

central area still has equal proportions of both fault sets (Fig. 5e), whereas the 230 

areas to the north and south have a dominance of left (Fig. 5d) and right (Fig. 231 

5f) lateral displacement, respectively.  232 
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The left-lateral dominated areas in the north (Fig. 3) and at the southern limits 233 

of the study area are characterised by large magnitude (10-80 m) left-lateral 234 

faults, and large magnitude right-lateral faults characterise the right-lateral 235 

dominated central area (Fig. 4a).  The large left-lateral faults are more closely 236 

spaced (75-100 m) than their right-lateral counterparts (100-200 m) and have 237 

smaller displacements than the largest right-lateral faults.   238 

4.2 Displacement profiles and interaction of fault sets 239 

Isolated faults are relatively uncommon and tend to be small faults with a 240 

simple pattern of displacement that increases from zero at the tips to a 241 

maximum value, usually near the centre of the fault trace (Fig. 7a).  This 242 

pattern has been widely described before (e.g., Barnett et al., 1987). 243 

Y- or T- shaped intersections are where a fault abuts against a fault of the 244 

other set (e.g., Fig. 7b).  Displacement changes abrubtly on AB at the 245 

intersection (C), which corresponds to a similar change on CD.  Thus, both 246 

faults show similar displacement patterns as they approach their intersection 247 

point, such that the displacements on both faults almost cancelling out one 248 

another.  Another important feature of many Y-shaped intersections is that the 249 

displacement on the abutting fault (CD) increases away from the intersection 250 

(c.f. splays discussed below).   251 

X-shaped intersections result when two faults cross-cut one another.  They 252 

are much less frequently than Y-intersections, and are commonly small 253 

displacement (<10 m) faults (e.g., Fig. 7c).  For example, a left-lateral fault 254 

(AB) and a right-lateral fault (CD) have displacements of 4 m and 8 m at 255 

points A and C, respectively, with tips at B and D (Fig. 7c).  At the intersection 256 
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point, the displacements decrease to about 2 m on both faults at steps of ~1 257 

m.  Assuming that these faults were propagating towards their tips, much of 258 

the displacement was possibly achieved prior to their intersection. The 259 

similarity in the stepping of the displacement and the lack of offset suggests 260 

that one fault is not simply displacing the other.  Such intersections cannot be 261 

reconstructed by the movement of rigid blocks and must involve significant 262 

internal deformation of the fault blocks.  They may form due to sequential 263 

movement of the fault sets (Freund, 1974; Ramsay and Huber, 1987; Zhao 264 

and Johnson, 1991) or simultaneous movement of the two fault sets 265 

(Horsfield, 1980; Nicol et al., 1995).  At Westward Ho!, these X-intersections 266 

are usually developed in mud-rich parts of the sequence. 267 

All faults that abut or cross-cut each other produce Y- or X- shaped 268 

intersections, respectively.  Still, two additional intersection geometries are:  269 

Antithetic fault interactions result when smaller displacement faults abut (or 270 

occasionally cross-cut) larger displacement faults with the opposite motion 271 

sense, producing a series of Y- (and occasionally X-) shaped intersections 272 

along the major fault.  They generally produce small steps in the d-x profiles of 273 

the dominant faults.  For example, the left-lateral fault (AB) in Fig. 7d has a 274 

displacement (18 m) with two interacting antithetic faults (CD - 10 m and EF - 275 

2 m).  Both antithetic faults maintain a near constant displacement 276 

approaching the main fault and at the intersection.  At the intersections, the 10 277 

m and 1 m displacements on CD and EF produce corresponding changes in 278 

the displacement on fault AB.  A series of antithetic faults on the same wall of 279 

the dominant fault created stepped displacement changes and 280 
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characteristically is a geometry by which faults reduce displacement towards 281 

their tip (e.g., Fig. 7d). 282 

Synthetic faults are where a major fault branches, producing a series of Y- 283 

shaped intersections and lenses.  The splays generally have smaller 284 

displacements with the same sense of motion, and occur at a small angle 285 

(generally < 30º) to the major fault.  Splays that rejoin the main fault produce 286 

lenses.   287 

Figure 7e shows a left-lateral fault with a displacement of ~60 m that has a 288 

series of splays (at E and G) and lenses (between C and D).   The total 289 

displacement on the main fault is determined by combining the displacements 290 

C to D with that on the main trace between C and E.  This determination 291 

produces a displacement profile with two main steps at E and G.  A simple 292 

splay occurs at G with a ~6 m step in displacement onto the splay, that 293 

branches from the main fault and extends for ~75 m to a tip at H.  Another 294 

splay occurs at E with a ~20 m step in displacement onto the splay, that 295 

branches from the main fault and extends for ~200 m to a tip at F.  Note that 296 

in both cases, the maximum displacement for the splay is at the intersection 297 

(E and G) with the main fault. 298 

The development and spatial distribution of these different interactions varies 299 

throughout the study area.  The north central area (Fig. 4b) has many Y- and 300 

X-shaped intersections of small-magnitude faults in areas between large 301 

magnitude faults.  In contrast, the northern area (Fig. 3a) has a more 302 

organised arrangement of large left-lateral faults that have intersections with 303 

smaller interacting antithetic faults (and some synthetic faults).  These 304 
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synthetic and antithetic faults are more concentrated in the damage area (Fig. 305 

3b) between these two regions.   306 

4.3  Strain 307 

The Lagrangian strain tensor, determined from the fault displacements, shows 308 

a variation in the maximum extension from < 5% to > 15% (Fig. 8, Table 1).  309 

The largest extension (15.5%) is in the northern area, with 10.4% in the 310 

damage area and 5.3% in the north central area.  The strains increase to the 311 

south (Fig. 8b).  The strain in the northern area is accommodated by the block 312 

rotation and larger displacement along the left-lateral faults.  It is about three 313 

times greater than in the north central region, which has approximately equal 314 

numbers of left- and right-lateral faults with negligible block rotation.   315 

An overall E-W (N093ºE) extension is present in the north central area of 316 

conjugate faults (Fig. 4b), changing to ENE-WSW (N068ºE) in the northern 317 

area.  In the central area, the trend is WNW-ESE (N114ºE) where right-lateral 318 

faults dominate (Fig. 4a).  Furthermore, the changes in extension direction 319 

coincide with changes in percentage extension (Fig. 8).  This change supports 320 

the idea that greater rotational strains are developed where one fault set 321 

dominates in different areas of the fault network. 322 

A graph of the % maximum extension against N-S distance (Fig. 8b) illustrates 323 

a progressive change in strain between the northern, central and southern 324 

areas.    The extension in an E-W direction is ~5% in the northern area and is, 325 

hence, compatible with the E-W extensions in the conjugate region to the 326 

south such that no discontinuities are required at subarea boundaries. 327 
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Strain restoration (Fig. 9) was performed by dividing a region into blocks of 328 

stratigraphy bounded by the main faults.  The blocks were rotated until the 329 

stratigraphic bedding was orientated approximately E-W with fault 330 

displacements removed.  This procedure produced a restoration with only 331 

minor gaps and overlaps (Fig. 9).  The north-central area was restored by 332 

removing the displacements on the two sets of faults without rotation (Fig. 9a).  333 

In contrast, the northern area, which is dominated by left-lateral faults, shows 334 

a pronounced left-lateral shear accompanied by N-S shortening or left-lateral 335 

transpression that is accommodated by large displacements on the left-lateral 336 

faults and clockwise rotation of the intervening blocks (Fig. 9b).  This is 337 

consistent with the compatibility of deformation between the regions.  Thus, 338 

the larger strains in the northern area are accommodated by the increased 339 

rotation.  340 

The fault densities of the four sub areas were also calculated (Table 1), where 341 

a density of 25 km-1 means that 25 km of fault trace-length is present in each 342 

square km of wave-cut platform.  Again, fault densities vary between areas 343 

and even between right-lateral and left-lateral dominated areas.   344 

 345 

5.  Domino v Conjugate faulting 346 

Variation in fault style on the wave-cut platform at Westward Ho! can be 347 

interpreted with reference to conjugate and domino models.   Conjugate 348 

systems comprise similar numbers of the two intersecting sets of faults with 349 

their opposite displacement senses, which accommodate pure shear bulk 350 
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deformation with little rotation of bedding.  The maximum and minimum 351 

principal stress directions (σ1 and σ3) bisect the angle between the two fault 352 

sets, with σ1 as the acute angle (~60°) bisector (Fig. 10).  Domino faulting, on 353 

the other hand, consists of mainly one fault set, producing fault bounded 354 

blocks which rotated during deformation (e.g. Axen, 1988) (Fig. 10).  Fault 355 

blocks may have internal deformation due to the presence of smaller 356 

magnitude faults.  The distribution and arrangement of small faults within a 357 

fault block can sometimes counteract the rotation of the fault block (Peacock 358 

et al., 1998).   359 

 360 

5.1 Conjugate Area 361 

An area of conjugate faults is found in the north-central area and separates 362 

the right-lateral and left-lateral dominant areas (Fig. 8).  In this area, both left-363 

lateral and right-lateral faults are developed to a more-or-less equal degree 364 

(Fig. 5b, e).  The maximum weighted azimuth for the fault sets are N320°E for 365 

right-lateral faults and N030°E for left-lateral faults with a bisector at N355°E, 366 

which is assumed to approximate the maximum horizontal compressive stress 367 

direction during deformation.  The area consists dominantly of small-368 

displacement (< 10 m) faults that compose 90% of the trace fault length (Fig. 369 

6b).  The fault density is 28 km-1 and the faults produce 5.30% extension in an 370 

E-W direction (Table 1). 371 

Small-displacement faults typically form conjugate Y- and X-shaped 372 

intersections, which have similar displacements and experience related 373 

changes in displacement at intersection points (Figs 7b, 7c).  Within this 374 
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region, the overall strike of bedding is approximately E-W, and is only locally 375 

deflected adjacent to both sets of faults.  Restoration of the fault blocks does 376 

not require rotation and produces small gaps and overlaps (Fig. 9).  These 377 

characteristics attest to an approximately pure shear deformation. 378 

 379 

5.2 Domino Area 380 

The domino areas are much larger than the conjugate areas.  The northern 381 

area (Fig. 3) best exemplifies this style of deformation, having an abundance 382 

of large left-lateral faults (Fig. 5a, d).  The central area (Fig. 4a) has some 383 

characteristics of a right-lateral domino domain. 384 

a) Northern area 385 

Left-lateral faults have a modal orientation of N050°E, which is a 20° 386 

clockwise rotation when compared with the modal orientation of left-lateral 387 

faults in the conjugate area.  They have displacements of 10-80 m and 388 

compose 49% of the total trace length for all faults in the subarea (Fig. 9b, 389 

Table 1) accounting for most of the displacement (Fig. 5d).   390 

The northern domino area has approximately half the fault density (11km-1) of 391 

the conjugate area, but has about three times the extension (15.5%). The 392 

orientation of maximum extension is N068°E.  The strike of bedding between 393 

the dominant faults is N110°E, which agrees well with the 20° clockwise 394 

rotation inferred from the fault rotation. The strain restoration illustrates the 395 

importance of block rotation of stratigraphy in the domino area, which 396 

accounts for the rotation of faults and bedding (Fig. 9).  397 

b) Central area 398 
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Many features in the central (Fig. 4a) area fit a right-lateral domino model: 399 

trace length (Fig. 5c) and displacement (Fig. 5f) predominantly related to right-400 

lateral faults.  The right-lateral area has both antithetic and synthetic faults, 401 

compared to the well developed antithetic faults between the main faults in the 402 

northern area.  The fault density (19 km-1) is intermediate between the 403 

northern domino area and the north-central conjugate area, mainly due to the 404 

greater development of both sets of faults between the larger faults. This 405 

geometry shows that the internal fault-block deformation of the right-lateral 406 

dominated areas is greater with conjugate sets, forming small-displacement 407 

Y- and X-shaped fault intersections between large, widely spaced, right-lateral 408 

faults.  The lack of rotation in the right-lateral domains could be due to greater 409 

internal deformation and the distance between large faults (Axen, 1988).   410 

 411 

5.3 Damage Area 412 

The southern limit of the northern domino area occurs in the region 413 

surrounding the outcrop of the Rocknose Sandstone (Fig. 3b).  This area is 414 

dominated by several large-displacement left-lateral faults with orientations of 415 

about N030°E.  Displacement along the main left-lateral faults is small where 416 

they curve with many small antithetic and synthetic faults, forming damage 417 

lenses, producing a large fault density of 39 km-1.  The complexity of the fault 418 

geometry in this area is enhanced by the development of synthetic splay faults 419 

and transfer faults across the lenses. 420 

This damage area is situated between the well-developed conjugate and 421 

domino areas.  It inherits some damage features related to the transition from 422 
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domino to conjugate and the change from left-lateral to right-lateral dominant 423 

areas, and is related to the change in fault dominance and kinematic 424 

behaviour (i.e. simple shear to pure shear). 425 

 426 

6.  Discussion 427 

Displacement distribution profiles across individual faults within the network 428 

can be broadly categorised into two types: 429 

a) Conjugate interactions involving Y- and X-shaped intersections 430 

between faults with similar magnitudes.  Similar kinematic 431 

characteristics have been found in other areas.  Peacock (1991) 432 

described conjugate interactions between faults in Scotland where 433 

displacements on one fault are related to the other as the intersection 434 

point was approached.  He also noted that conjugate intersections 435 

were associated with rapid loss of displacement at fault tips, much like 436 

examples in Figs 7b and c.   437 

b) Antithetic and synthetic interactions, where large faults are linked to 438 

sets of smaller displacement faults with opposite and similar 439 

displacement senses, respectively.  The smaller faults produce a series 440 

of systematic steps in the displacement profile of the larger fault.  Kim 441 

et al. (2000) also found this change in displacement magnitudes for 442 

numerous antithetic fault interactions at Crackington Haven in North 443 

Cornwall, where small step-like decreases in displacement occurred 444 

like the main left-lateral fault in Fig. 7d. 445 
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The fault geometries, displacement distribution and the strain variation in the 446 

study area are heterogeneously developed throughout the whole strike-slip 447 

network.  Conjugate areas lying between domino areas.  This relationship has 448 

been observed in other types of fault systems where the dominant fault sets 449 

change.  For example, McClay et al. (2002) described conjugate areas of 450 

normal faults in the east African rift system between areas dominated by east-451 

dipping normal faults and west-dipping normal faults.  Similarly, Fossen and 452 

Hesthammer (1998) described adjacent domino and conjugate (horst and 453 

graben) regions in the Gullfaks field in the Northern North Sea.    454 

The strain distribution throughout the fault network at Westward Ho! indicates 455 

a more organised system with greater strains being accommodated by the 456 

development of domino regions that interact with each other.  These domino 457 

regions have displacement and strain localized onto one of the fault sets with 458 

slip and rotation creating a change in orientation for the maximum extension.  459 

Where two domino regions with opposite dominant fault sets, interact with 460 

each other, a conjugate region forms. 461 

The existence of distinct conjugate and domino regions within the fault 462 

network allows a comparison between the two (summarized in Table 2): 463 

The conjugate area has symmetrical fault trends with similar trace-lengths and 464 

displacements on opposing fault sets.  Evidence for significant rotation of 465 

either the faults or the stratigraphy is absent.   Similar characteristics are 466 

found in other conjugate networks, for example the strike-slip fault networks in 467 

the Yilgarn Craton of western Australia (Vearncombe, 1998) and Nash Point 468 

in south Wales (Bourne and Willemse 2001).  The fault network map for Nash 469 

Point is very similar to that for the conjugate area at Westward Ho! (Fig. 10a 470 
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and Fig. 4b), showing faults cross-cutting each other, forming conjugate fault 471 

intersections.  Similar characteristics were also seen for conjugate normal 472 

faults (Nicol et al..1995; Ferrill et al., 2000, 2009). 473 

In contrast, the domino area contains a dominant fault set, with asymmetrical 474 

trace length and displacement weighted rose diagrams.  Both the faults and 475 

bedding show a systematic rotation.  Strike-slip movement in southern 476 

California also exhibits these domino characteristics with regions rotated 477 

clockwise and anti-clockwise depending on the dominant fault set.  For 478 

example, the Mojave Desert Block has rotated anti-clockwise due to a 479 

dominance of right-lateral fault movement (Dokka and Travis, 1990), whereas 480 

the NE area of the Mojave Desert Block has accumulated a clockwise rotation 481 

due to the dominance of left-lateral faults (Luyendyk et al., 1980; Dokka and 482 

Travis 1990).  Furthermore, the original domino models observed by Wernicke 483 

and Burchfiel (1982) and Proffett (1977) in the Basin and Range region of the 484 

USA show similar characteristics for a normal fault system. 485 

The applicability of these characteristics from the study area to other fault 486 

networks means that we can use them to identify whether a fault network is 487 

behaving in a domino or conjugate fashion (i.e. simple shear or pure shear, 488 

respectively) and whether it is kinematically homogeneous or heterogeneous.   489 

For the cases discussed here, the fault sets are at a high angle to layering 490 

which has a minimal affect on the resulting geometries.  This means that the 491 

observations and characteristics are easily related to strike-slip and normal 492 

fault networks.  However, this study cannot be as easily related to thrust 493 

regimes where layer-parallel detachment is usually more dominant and 494 

strongly influences fault geometry.   495 
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In this study, methods and observations, which have previously been used for 496 

individual faults, have been developed and applied to describe and the  497 

geometry, kinematics and deformation of a fault network.  This is an important 498 

step forward in fault analysis as faults are rarely occur individually and without 499 

associated deformation.  Hence, analysing faults on a network scale is vital to 500 

understanding the brittle deformation of the crust. 501 

 502 

7. Conclusions 503 

Detailed mapping on a well exposed wave-cut platform at Westward Ho!, 504 

north Devon is used to characterize a strike-slip fault network. The fault 505 

network comprises NW trending right-lateral faults and NE trending left-lateral 506 

faults.  Geometric interactions between faults involve conjugate, antithetic and 507 

synthetic arrangements and include Y- and X-shaped intersection points, the 508 

former being most common.  509 

Changes in the size and proportion of the fault sets within the fault network 510 

can be relate to variations in bulk strain and kinematic behaviour, whilst 511 

preserving strain compatibility between different domains.  Areas with domino-512 

fault geometries have: 513 

a) A dominant fault set with an asymmetry in (length x displacement) 514 

weighted rose diagrams.   515 

b) A distinction between larger displacement, regularly spaced, faults of 516 

the dominant set and smaller antithetic faults in the intervening blocks.  517 

The smaller faults interact with the larger faults to produce changes in 518 

displacement along their lengths. 519 
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c) Systematic rotation of both the dominant faults and bedding. 520 

In contrast, areas with overall conjugate-fault geometry have: 521 

a) Equal development of both sets of faults, and each have similar ranges 522 

of displacement.  523 

b) The interactions between faults typically produce abutting or cross-524 

cutting relationships with displacement changes affecting both 525 

intersecting faults. 526 

c) Little or no rotation of the bedding.    527 

Domino areas accumulated greater strains, with extensiona of ~15% 528 

compared with <5% in conjugate areas.  The higher strains are usually 529 

accommodated by a greater proportion of large-displacement faults and 530 

rotation of the maximum horizontal extension.    531 

Restoration of fault displacement shows rotational strains in the domino areas 532 

and irrotational (pure shear) strain in the conjugate areas.  Boundaries 533 

between these deformation domains are difficult to determine due to the limits 534 

of the exposures, but appear to be sub-parallel to bedding strike (i.e. E-W).  535 

Both the domino and conjugate areas have similar E-W extensions of ~ 5% 536 

and, hence, there is compatibility of strain across their boundaries.  Damage 537 

zones can also be found between domains with lenses at fault bends and 538 

complex zones where faults die out against a large conjugate fault.  539 

The techniques developed for the study area to analyse the fault patterns, 540 

interactions and resulting strains should be applicable to other fault networks.  541 

They can be used to analyse the deformation style, heterogeneity and 542 

strain/displacement localization within fault networks. 543 
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 703 

Figure Captions 704 

 705 

Figure 1. Interpreted aerial photograph of the wave-cut platform at 706 

Westward Ho! showing the main sandstone units.  The northern area 707 

corresponds to Figure 3 and the central area to Figure 4.  Inset is a 708 

location map of the area.  Image/Data courtesy of the Channel Coastal 709 

Observatory. 710 

 711 

Figure 2. a) Length-weighted rose diagram of the study area with grey 712 

representing right-lateral faults and black for left-lateral faults.  b) Equal-713 

area stereographic projection of fault data throughout the area.  Dotted 714 

lines represent right-lateral faults and solid lines represent left-lateral 715 

faults. 716 

 717 

Figure 3. a) Map of the northern area in Figure 1, which shows the 718 

dominance and slight rotation of left-lateral faults.  b) An enlarged fault 719 

map of a damage zone at the southern limits of the northern area (Fig. 720 

3a).  The location of the D-X plots in Figures 7a, d and e are indicated.  721 

Solid lines represent faults with grey and black for right- and left-lateral 722 

faults, respectively. 723 

 724 

Figure 4. a) Map of the central area in Figure 1, which shows the 725 

dominance of right-lateral faults.  b) An enlarged fault map of the north 726 

central area showing a greater concentration of smaller magnitude faults 727 
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of both fault sets.  The location of the D-X plots in Figures 7b and c are 728 

indicated. Solid lines represent faults with grey and black as right- and 729 

left-lateral faults, respectively. 730 

  731 

Figure 5. Length-weighted rose diagrams for: a) the northern area; b) the 732 

north central area; c) the central area.  733 

(Length x displacement) weighted rose diagrams for: d) the northern 734 

area; e) the north central area; f) the central area with a dominance of 735 

right-lateral faults.  Note the change in dominance from north to south.  736 

Grey represents right-lateral faults and black represents left-lateral 737 

faults. 738 

 739 

Figure 6. Plot of displacement against azimuth for: a) the northern area; 740 

b) the north central area. 741 

 742 

Figure 7. Plots of displacement against distance for different fault 743 

interactions in which left- and right-lateral displacements are plotted as 744 

+ve and –ve, respectively:  a) an isolated fault; b) Y- shaped intersection; 745 

c) X-shaped intersection; d) antithetic fault interactions; e) synthetic 746 

fault interaction with a damage lens, and a reconstructed profile for the 747 

main fault without the lens is also plotted.  For each d-x plot an inset 748 

shows the plan-view geometry of the fault intersection. 749 

 750 



33 

Figure 8. a) Diagram showing the orientations of the principal horizontal 751 

extensions for different sub areas.  b) Graph of % extension plotted 752 

against distance.  753 

 754 

Figure 9. Strain restoration diagrams a) the conjugate area (Fig. 4b) and 755 

b) the domino area (Fig. 3a). 756 

 757 

Figure 10. Schematic diagram illustrating typical fault geometries: a) 758 

Conjugate fault network where faults have similar magnitudes and the 759 

maximum stress direction bisects the acute angle of intersection; b) 760 

Domino fault network with a dominant fault set and rotation of fault 761 

blocks.  Arrows indicate far-field loading. 762 
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