
Durham Research Online

Deposited in DRO:

07 July 2016

Version of attached �le:

Accepted Version

Peer-review status of attached �le:

Peer-reviewed

Citation for published item:

L�ap�adat, Alexandru and Imber, Jonathan and Yielding, Graham and Iacopini, David and McCa�rey, Kenneth
J.W. and Long, Jonathan J. and Jones, Richard R. (2016) 'Occurrence and development of folding related to
normal faulting within a mechanically heterogeneous sedimentary sequence : a case study from Inner Moray
Firth, UK.', in The geometry and growth of normal faults. London: Geological Society of London, SP439.18.
Special publications. (439).

Further information on publisher's website:

https://doi.org/10.1144/SP439.18

Publisher's copyright statement:

SP439 The Geometry and Growth of Normal Faults. Edited by C. Childs, R. E. Holdsworth, C. A.-L. Jackson, T.
Manzocchi, J. J. Walsh and G. Yielding. https://doi.org/10.1144/SP439.18 c© Geological Society of London 2016.

Additional information:

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in DRO

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full DRO policy for further details.

Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971

http://dro.dur.ac.uk

http://www.dur.ac.uk
https://doi.org/10.1144/SP439.18
http://dro.dur.ac.uk/19207/
http://dro.dur.ac.uk/policies/usepolicy.pdf
http://dro.dur.ac.uk


1 
 

Occurrence and development of folding related to normal faulting within a 1 

mechanically heterogeneous sedimentary sequence: a case study from Inner Moray 2 

Firth, UK  3 

A. Lăpădat
1*

, J. Imber
1,2

, G. Yielding
2

, D. Iacopini
3

, K.J.W. McCaffrey
1

, J.J. Long
4

, R.R. 4 

Jones
4 

5 

1

Department of Earth Sciences, Durham University, Durham, DH1 3LE, UK  6 

2

Badley Geoscience Ltd., Hundleby, Spilsby, Lincolnshire, PE23 5NB, UK  7 

3

Geology and Petroleum Geology Department, University of Aberdeen, Aberdeen, AB24 3UE, UK
 

8 

4

Geospatial Research Ltd., Suites 7 & 8, Harrison House, Hawthorne Terrace, Durham, DH1 4EL, 9 

UK  10 

 11 
*

Corresponding author (e-mail: i.a.lapadat@durham.ac.uk) 12 

 13 

Abbreviated title: Folding related to normal faulting 14 

 15 

 Abstract 16 

Folds associated with normal faults are potential hydrocarbon traps and may impact the 17 

connectivity of faulted reservoirs. Well-calibrated seismic reflection data that image a normal 18 

fault system from the Inner Moray Firth basin, offshore Scotland, show that folding was 19 

preferentially localized within the mechanically incompetent Lower-Middle Jurassic pre-rift 20 

interval, comprising interbedded shales and sandstones, and within Upper Jurassic syn-rift 21 

shales. Upward propagation of fault tips was initially inhibited by these weak lithologies, 22 

generating fault propagation folds with amplitudes of ~50 m. Folds were also generated, or 23 

amplified, by translation of the hangingwall over curved, convex-upward fault planes. These 24 

fault bends resulted from vertical fault segmentation and linkage within mechanically 25 

incompetent layers. The relative contributions of fault propagation and fault-bend folding to 26 

the final fold amplitude may vary significantly along the strike of a single fault array. In areas 27 

where opposite-dipping, conjugate normal faults intersect, the displacement maxima are 28 

skewed upwards towards the base of the syn-rift sequence (i.e. the free surface at the time of 29 

fault initiation) and significant fault propagation folding did not occur. These observations 30 

can be explained by high compressive stresses generated in the vicinity of conjugate fault 31 
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intersections, which result in asymmetric displacement distributions, skewed toward the 32 

upper tip, with high throw gradients enhancing upward fault propagation. Our observations 33 

suggest that mechanical interaction between faults, in addition to mechanical stratigraphy, is 34 

a key influence on the occurrence of normal fault-related folding, and controls kinematic 35 

parameters such as fault propagation/slip ratios and displacement rates. 36 

Introduction 37 

 Folding related to normal faulting is mainly the result of fault propagation and linkage 38 

at different stages of the growth of normal faults (Withjack et al, 1990; Schlische, 1995; 39 

Janecke et al, 1998; Corfield and Sharp, 2000; Sharp et al, 2000; Ferrill et al, 2005; White 40 

and Crider, 2006; Jackson et al, 2006; Ferrill et al, 2007; Ferrill et al, 2012; Tvedt et al, 2013; 41 

Tavani and Granado, 2015). The main mechanisms generating fault-related folds in 42 

extensional domains are: (i) flexural deformation around vertical and lateral tips of 43 

propagating blind faults (fault-propagation folding) (Walsh and Watterson, 1987; Ferrill et al, 44 

2005); (ii) folding between overlapping / underlapping, vertically or laterally segmented 45 

faults (Rykkelid and Fossen, 2002; Childs et al, this volume; Rotevatn and Jackson, 2014); 46 

(iii) translation of the hangingwall over a bend in a fault plane (Groshong, 1989; Xiao and 47 

Suppe, 1992; Rotevatn and Jackson, 2014); (iv) distributed shear deformation (Fossen and 48 

Hesthammer, 1998; Ferrill et al, 2005); and (v) frictional drag (Davis and Reynolds, 1984). 49 

Mechanical properties of the host rocks exert a primary influence on normal fault geometry 50 

and development of extensional folds (Ferrill et al, 2007; Ferrill and Morris, 2008; Tvedt et 51 

al, 2013). With the help of analogue, numerical and kinematic models (Groshong, 1989; 52 

Whitjack et al, 1990; Dula, 1991; Saltzer and Pollard, 1992; Hardy and McClay, 1999; 53 

Johnson and Johnson, 2002; Jin and Groshong, 2006), researchers have shown that changes 54 

in fault dip, strain rate and thickness of the incompetent layer also control the development of 55 

extensional fault-related folds. For example, thick incompetent layers will tend to inhibit fault 56 

propagation and promote formation of fault-tip monoclines (Withjack and Callaway, 2000). 57 

Nevertheless, models are constrained by imposed boundary conditions and are usually 58 

designed to test a single mechanism. Growth of the faults is a dynamic process in which fault 59 

geometry, slip-related stress perturbations and strain rates can vary in both space and time 60 

(Cowie, 1998; Gupta and Scholz, 2000) and, as a consequence, different processes might be 61 

responsible for the generation of folds during the evolution of a normal fault system. 62 

Numerical models, supported by seismological evidence, indicate that faults develop and 63 
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interact within heterogeneous stress fields resulting from regional tectonic stress and local 64 

stress perturbations (Cowie, 1998; Gupta and Scholz, 2000). This heterogeneity induces local 65 

variations in fault slip, fault propagation and strain rates (Willemse et al, 1996; Crider and 66 

Pollard, 1998; Gupta et al, 1998; Gupta and Scholz, 2000; Willemse and Pollard, 2000; White 67 

and Crider, 2006), key parameters in controlling the development of extensional monoclines 68 

(Withjack et al, 2000; Hardy and Allmendinger, 2011). We still know relatively little about 69 

the possible influence of heterogeneous stress distributions on the development of fault-70 

related folding (White and Crider, 2006), and have yet to explain the variable occurrence and 71 

development of extensional folding along single fault arrays.  72 

In this paper we use 2- and 3D seismic reflection data from the Inner Moray Firth basin, 73 

offshore Scotland, to investigate the influence of host-rock lithology, and fault geometry and 74 

fault interaction on the development of normal fault-related folds. First, we describe the 75 

three-dimensional geometries of the faults and folds using 3D seismic data. We map the fault 76 

throw distributions, and describe variations in the thicknesses and geometries of the syn-rift 77 

seismic sequences, to interpret the spatial and temporal (i.e. kinematic) evolution of the faults 78 

and folds. Next, we augment these observations with interpretations of faults and folds from 79 

regional 2D seismic lines, to investigate the relationship between fold growth, fault 80 

propagation and fault interaction across the basin. We show that: (i) normal fault-related folds 81 

can be generated by different mechanisms that vary in importance in time and space along a 82 

single fault array; (ii) the heterogeneous mechanical properties of the host rocks control the 83 

fault segmentation and associated ductile deformation; and (iii) the occurrence and 84 

development of normal fault-related folds is influenced not only by mechanical stratigraphy 85 

and fault plane geometry, but also by mechanical interaction between the faults themselves. 86 

Specifically, the variability of extensional folding along the strike of a fault array can be 87 

explained by the enhanced vertical propagation due to mechanical fault interaction between 88 

opposite-dipping normal faults. 89 

Geological setting 90 

 Regional tectonic framework 91 

The studied fault system is located in the Inner Moray Firth (IMF) basin (Figure 1). The 92 

basin is characterized by NE-SW striking normal faults that accommodated an Upper 93 

Jurassic-Early Cretaceous extensional episode which resulted in the opening of the North Sea 94 

rift system (Ziegler, 1990; Thomson and Underhill, 1993; Davies et al, 2001). Some authors 95 
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proposed a transtensional opening of the IMF basin (Roberts et al, 1990). We have no 96 

evidence for fault oblique displacement, but previous studies considered that faults in the area 97 

of interest are dominated by dip-slip displacement (Underhill, 1991; Davies et al, 2001; Long 98 

and Imber, 2010) and that any strike-slip movement was associated mainly with Great Glen 99 

Fault (to the northwest of the present study-area) and post-dated Mesozoic rifting (Underhill, 100 

1991). Regional, Late Cretaceous post-rift subsidence and sedimentation were followed by 101 

Cenozoic uplift and reactivation of some of the faults. These faults show very mild post-102 

Cretaceous reactivation, as indicated by small-scale folding of the Base Cretaceous horizon 103 

(H7 on Figure 1b), but there is no evidence of large inversion structures affecting the 104 

geometries of the pre-inversion folds. 105 

 Stratigraphic framework and mechanical stratigraphy 106 

The stratigraphy of the IMF can be divided into pre-, syn- and post-rift tectono-stratigraphic 107 

sequences (Figure 1 and 2). Our study investigates deformation within the upper part of the 108 

Triassic to Early - Middle Jurassic, pre-rift succession (pre-H3 horizons), and within the Late 109 

Jurassic, syn-rift succession (H3-H7) (Figure 2). We used information from nearby wells and 110 

published literature (Stevens, 1991) to infer the presence of three main mechanical units, 111 

based on stratigraphic variations in the net-to-gross ratio (Figure 2). 112 

Horizon H1, which follows a strong and regionally continuous seismic reflection, 113 

corresponds to the top of the mechanical unit 1 (MU 1). Well data indicate that H1 follows 114 

the top of the pre-rift, Triassic alluvial plain sandstones of the Lossiehead Formation (> 100 115 

m thick; Figure 2). These strata overlie the Permian to Permo-Triassic Hopeman, Bosies 116 

Bank and Rotliegend formations, all of which are dominated by sandstone lithologies. In turn, 117 

the Permian deposits unconformably succeed the Devonian Old Red Sandstone (Goldsmith et 118 

al, 2003; Glennie et al, 2003). Based on the high net-to-gross of the Lossiehead Formation 119 

and underlying strata, we infer that MU 1 is likely to be mechanically “competent”, here 120 

defined as being susceptible to deformation by seismic-scale faulting. 121 

The upper part of the pre-rift sequence (H1-H3 interval; Figure 2) comprises a ~300 m thick 122 

succession of interbedded sandstones and shales with a net-to-gross ratio of 38%, which we 123 

define as mechanical unit 2 (MU 2). We infer that the alternation of competent sandstones 124 

and less competent shale layers is likely to favour layer-parallel slip (Watterson et al, 1998). 125 

At the time of rifting, these Lower-Middle Jurassic sediments may have not been completely 126 

lithified, and were probably characterised by a reduced strength contrast between the 127 
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sandstones and weaker shale layers. However, results of discrete element method modelling 128 

have shown that deformation can be partitioned between layers with small strength contrast at 129 

low confining pressure conditions (Schöpfer et al, 2007), with faults initiating in the slightly 130 

more competent sandstone layers. We hypothesise that thicker and relatively stiffer sandstone 131 

intervals within the MU 2, such as the 50-60 m thick "H" and "I" reservoir sandstones of the 132 

Beatrice Field (Stevens, 1991), may favour fault nucleation and propagation (see section 133 

Spatial and stratigraphic variations in fault throw and fold amplitude), whilst the intervening 134 

shale intervals (e.g. Lady's Walk Shale) may inhibit fault propagation (Figure 2). This overall 135 

arrangement is likely to promote vertical segmentation of faults. 136 

The syn-rift sequence (H3-H7 mapped horizons) thickens toward the main faults and is 137 

dominated by Upper Jurassic shales, which we define as mechanical unit 3 (MU 3). This 138 

succession is likely to be mechanically “incompetent”, here defined as being susceptible to 139 

distributed (i.e. ductile) deformation. Hangingwall reflectors within several hundreds of 140 

metres of the mapped faults clearly dip toward the graben (synthetic layer dips sensu Ferrill 141 

et al, 2005), with hangingwall syncline depocentres shifted away from the fault. Previously, 142 

these folds have been interpreted as the result of differential compaction of the shale-143 

dominated syn-rift sequence (MU 3) overlying the older and more rigid pre-rift, footwall 144 

formations (MU 1 and 2) (Thomson and Underhill, 1993). While we do not exclude the 145 

possibility that some folds are the result of compaction, we show below that the analysed 146 

hangingwall folds display structural patterns that cannot be attributed to compaction, and that 147 

compaction effects are secondary with respect to other mechanisms. 148 

Dataset and methods 149 

 Seismic and well data 150 

The dataset used in this study comprises a 3D reflection seismic survey acquired over the 151 

Beatrice Field (Linsley et al, 1980; Stevens, 1991) and several regional 2D seismic lines that 152 

are orientated NW-SE, orthogonal to the main structure of the Inner Moray Firth Basin. The 153 

3D time-migrated seismic data covers an area of 11 x 22 km, and has a crossline and inline 154 

spacing of 12.5 m. The dominant frequency for the interval of interest is between 30-40 Hz, 155 

with velocities ranging between 2500-3500 m/s (Figure 3a), resulting in a vertical seismic 156 

resolution of 15-30 m. Velocity data from the Beatrice wells indicates a consistently 157 

increasing velocity with depth, with no significant lateral or vertical velocity variations 158 

(Figure 3a). There are no significant variations in geometry between time and depth data, just 159 
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a relatively uniform expansion by a factor of 1.55 on the depth profiles (Figure 3b). As a 160 

result, we used the two-way-time data to measure parameters such as fault throw and the 161 

amplitude of the hangingwall folds. However, when we analysed attributes such as fault dip, 162 

the fault surfaces have been converted to depth in order to show the realistic geometries of 163 

the faults. Eight seismic horizons were mapped in total (seven in detail: H1-H7) within the 164 

pre-rift and syn-rift stratigraphic intervals, with Beatrice Field wells providing information on 165 

the associated lithological formations. The study focusses on the segmented, SE-dipping 166 

ABC fault array (see box in Figure 1c), supplemented by examples from other fault systems 167 

to highlight salient points. 168 

 Methods 169 

We used several methods to analyse the distribution and growth of the faults and folds: 170 

(i) Throw-distance (T-x) profiles and throw-depth (T-z) profiles enabled us to investigate 171 

the lateral and vertical variations in discontinuous fault throw and continuous deformation 172 

(folding), and to analyse the lateral and vertical linkage of faults (Walsh and Watterson, 173 

1991; Childs et al, 1996; Mansfield and Cartwright, 1996; Hongxing and Anderson, 2007; 174 

Long and Imber, 2010; Tvedt et al, 2013; Jackson and Rotevatn, 2013; Rotevatn and Jackson, 175 

2014). For T-x profiles, fault throw was measured perpendicular to the strike of the fault 176 

every 125 m (every 10th inline), with more dense sampling points near the fault tip or where 177 

the fault complexity required it;  178 

(ii) Isochore thickness maps and expansion indices were used to analyse the timing of 179 

faulting and folding (Tvedt et al, 2013; Jackson and Rotevatn, 2013) and to constrain the 180 

position of the upper tip-line at the time of deformation. The expansion index (Thorsen, 181 

1963) is defined by the ratio between the maximum thickness of a chosen syn-rift interval in 182 

the hangingwall of a fault (adjacent to the fault surface, or within the synclinal depocentre) 183 

and the thickness of the equivalent interval in the footwall;  184 

(iii) Fault surface analysis provided insights into the relations between fault geometry and 185 

linkage style, expressed by parameters such as fault dip, fault cylindricity and throw variation 186 

(Ziesch et al, 2015), and distribution of ductile deformation. Cylindricity measures the 187 

deviation of a fault surface from a best-fit planar surface (Ferrill, 2000; Jones et al, 2009; 188 

Ziesch et al, 2015);  189 

(iv) Seismic trace and coherency attributes (a combination of instantaneous phase, tensor, 190 

discontinuity and semblance attributes) (Chopra and Marfurt, 2005) were used in some cases 191 
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to enhance the visibility of deformational patterns at the limit of seismic resolution within the 192 

hangingwall folds (Iacopini and Butler, 2011), or to highlight the fold geometry (dip, dip-193 

azimuth) and stratal onlaps onto fold limbs. 194 

 Observations of normal faults and fault-related folds from 3D seismic data 195 

 Geometric characteristics of the studied faults and fault-related folds 196 

At H1 (Top Triassic) level, the studied fault system comprises three left-stepping normal fault 197 

segments named A, B and C. These are separated by two relay zones. The relay ramp 198 

between faults A and B is at an early stage of breaching (Figure 1c). At the base syn-rift level 199 

(H3), the relay ramps are completely breached by the footwall faults, forming a continuous 200 

fault trace. Bends in the fault trace are associated with minor, hangingwall splay faults 201 

(Figure 4a). This downward bifurcation, (with intact or partially breached relay ramps at 202 

depth, and breached relay ramps at shallower levels), seems to be a common feature in our 203 

area of study (see section Spatial and stratigraphic variations in fault throw and fold 204 

amplitude).  205 

The seismic sequence between the H3 and H7 horizons thickens toward the analysed faults, 206 

consistent with their syn-sedimentary nature. The ABC fault array is part of a larger NE-SW 207 

striking normal fault system that dips SE, along with the faults bounding the Beatrice Field 208 

structure, here named D, E, F and G. These two major fault systems are linked within the 209 

syn-rift sequence (on horizons H6-H7) by smaller segments (segments b and c) that splay 210 

upward from the main faults (Figure 4b and 4c). The upper tip-lines of fault C and the SW 211 

continuation of fault B (named B2) are buried within the H3-H5 interval, and are overlain by 212 

parallel seismic reflections. These observations indicate that the faults become inactive 213 

during the later syn-rift stage, when linkage of the AB fault with the D fault occurred. Faults 214 

B2 and C are located within a larger syn-rift transfer zone comprising the synthetic dipping D 215 

and E faults, but also the opposite (NW) dipping faults H, I and J (Figure 4a), with which B2 216 

and C form a conjugate normal fault pair (Figure 4d).  217 

At H1 level, we observe that the deepest structural levels lie immediately adjacent to the fault 218 

trace (Figure 1c), whilst at H3 (base syn-rift) and H6 (intra-syn-rift) levels, the depocentres 219 

are shifted further into the hangingwall, with increasing distance from the fault on 220 

progressively younger syn-rift horizons (Figure 4a and 4b). At H3 level, the faults are 221 

bordered on the hangingwall side by monoclinal folds with limbs that dip in the same 222 
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direction as the fault (Figure 4a and 4c). However, not all the faults are associated with folds 223 

at horizon H3 level: faults B2 and C appear to have depocentres adjacent to the fault trace 224 

(Figure 4a and 4d). Hence, an intriguing question is why do some faults display hangingwall 225 

folds and depocentres that are shifted into the hangingwall, whilst others in the same array 226 

lack folds and are characterized by depocentres adjacent to the fault trace? The fact that the 227 

folds are developed within the pre-rift sequence, and that their location does not necessarily 228 

correspond with the major depocentres suggests that the generating process cannot be entirely 229 

attributed to differential compaction (cf. Thomson and Underhill, 1993). 230 

Seismic attribute analysis using the instantaneous phase attribute shows that folds associated 231 

with the B2 fault are associated with clear, antithetic-dipping axial planes that separate the 232 

upward-widening monocline from the hangingwall synclines (Figure 5a and 5b). This fold 233 

does not display vertical axial planes and thinner hangingwall dipping limbs, which are 234 

characteristic for compaction folds in the hangingwalls of normal faults (Skuce, 1996). The 235 

instantaneous phase attribute also highlights seismic reflections within the syn-rift sequence 236 

that onlap onto the steep limb of the monocline. These onlaps are an indication of the fold 237 

growth, rather than the effect of compaction. Furthermore, a combined tensor-semblance-238 

discontinuity attribute indicates the presence of secondary faults (steeply dipping normal 239 

faults or even small reverse faults) associated with the monocline that, presumably, 240 

accommodated folding (Figure 5c). These secondary faults resemble the hangingwall 241 

deformation structures of normal fault-propagation folds modelled in clay (Withjack, et al 242 

1990), and described in other rift settings which exhibit extensional fault-propagation folds, 243 

e.g. Suez Rift, NW Egypt (Sharp et al, 2000; Khalil and McClay, 2002). 244 

Fault dips are commonly observed to be gentler within the syn-rift and late pre-rift sequences 245 

(mechanical units 3 and 2) compared with the early pre-rift sequence (MU 1) (e.g. see 246 

segments b, e and f in Figure 4c and 4d; and the fault dip attribute map in Figure 9b). The 247 

change in fault dip therefore corresponds to the change in lithology from the mechanically 248 

competent Triassic sandstones (H1 and below), to the Lower-Middle Jurassic interbedded 249 

shale-sandstone succession (H1-H3) and Upper Jurassic shales (H3-H7). The overall effect is 250 

to generate pronounced convex upward fault geometries (Figure 4c and 4d) but, because the 251 

upward transition to gentler fault dips occurs within the pre-rift interval, differential 252 

compaction should be secondary in respect to other factors. We can explain the difference in 253 

dips by the variation in shear failure angles within rocks that have different mechanical 254 

properties (Mandl, 1988), with higher angle faults developed within the mechanically 255 
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competent Triassic sandstones (MU 1). These observations have important consequences for 256 

understanding the vertical segmentation of faults across the different mechanical units, a 257 

point we return to in the following section. 258 

 Spatial and stratigraphic variations in fault throw and fold amplitude 259 

Figure 6 is a T-x profile showing the variation in throw (i.e. the discontinuous component of 260 

vertical displacement) along the strike of faults A, B and C. We observe a systematic 261 

decrease in throw towards the SW, with the largest throws within the pre-rift sequence (H1 262 

level) reaching 300 ms (~450 m) along fault A and decreasing to a maximum of ~100 ms 263 

(~155m) along fault C. Note that fault A continues beyond the NE limit of the 3D seismic 264 

volume. The profiles for faults A and B display distinct throw minima that correlate with 265 

undulations in the fault trace, fault surface corrugations and the locations of transverse 266 

hangingwall folds (Figure 1c, Figure 6 and Figure 9a). These observations suggest that at H1 267 

level, fault A comprises at least three linked fault segments and fault B comprises two linked 268 

segments (B1 and B2 in Figure 1c). We propose that faults A and B formed through the 269 

coalescence of multiple fault segments and that “corrugation zones” mark the locations of 270 

former segment boundaries (Figure 6 and Figure 9a). 271 

The syn-sedimentary nature of the faults is reflected by a systematic, upward decrease in 272 

throw within the syn-rift interval (H3-H7) (Figures 6 and 7), and by the horizontal pattern of 273 

the throw contours projected onto the fault surface (Figure 8) (Childs et al, 2003). Some of 274 

the throw-depth (T-z) profiles display an upward decrease in throw within the pre-rift interval 275 

(between H1 and H2-H3 for profiles P2-P6; Figure 7) as a consequence of folding. Figure 6 276 

shows that the amplitude of folding (measured on H3) approximately compensates for 277 

decreases in throw, and varies significantly along the strike of the fault. Folds are not 278 

observed adjacent to faults B2 and C, which display throw maxima at H3 level, i.e. at the top 279 

of the pre-rift interval (profiles P7-P9, Figure 7 and Figure 8). Another observation that can 280 

be made from the T-z profiles is that within the syn-faulting interval, the throw values for H6 281 

and H5 markers are very similar (Figure 7), which indicates either that the ~40-50 ms (60-80 282 

m) displacement post-dated deposition of H5-H6, or that the ratio of fault throw rate to 283 

sedimentation rate may have decreased during this interval. 284 

Previous studies have shown that bends in a fault plane, such as those described in the 285 

previous section, can result from vertical fault segmentation and linkage within an 286 

incompetent mechanical unit (Childs et al, 1995). Fault L (Figure 1c, Figure 2 and Figure 287 
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10) provides a clear example of vertical segmentation across contrasting mechanical units. 288 

Figure 2 and Figure 10c show there is a marked upward decrease in the dip of fault L, which 289 

corresponds to the lithological boundary between the mechanically competent Triassic 290 

sandstones of MU 1 and the interbedded, Early-Middle Jurassic succession of MU 2. This 291 

change in dip coincides with a throw minimum that separates two distinct throw maxima 292 

within MU 1 and the Middle Jurassic H and I Sands (H2) within MU 2 (Figure 2 and Figure 293 

10b). Based on these observations, we infer that the upper, en-echelon segments La, Lb and 294 

Lc (Figure 10) probably nucleated within the Middle Jurassic H and I sands, and linked with 295 

the deeper L1 and L2 segments within the underlying, incompetent Lady's Walk Shale 296 

formation. This vertical linkage generated a convex upward fault geometry, with a 297 

pronounced bend developed in the linkage zone (Figure 2), expressed by the gentle fault dips 298 

and displacement minima (Childs et al, 1995). The fault bend geometry is controlled by the 299 

spatial position of the upper segments (e.g. La, Lb and Lc) relative to the location of the 300 

deeper main faults (e.g. L1 and L2). Essentially, the fault bend (or fault ramp) is controlled 301 

by the separation distance between the vertically segmented normal faults, with the widest 302 

ramp corresponding to the largest segment separation. As a consequence, the locations of the 303 

bends in the fault plane can be variable along strike of the fault array and explains the 304 

observed geometries of the analysed faults (Figures 9 and 10). The changes in fault dip 305 

correspond, in some cases, with downward-bifurcation of fault segments, in which relay 306 

ramps are breached at shallower levels but remain intact at depth (Figure 10). These fault 307 

patterns, which are similar to the geometry of the faults A and B, are unusual for coherent 308 

fault models that describe fault growth by upward-bifurcation (Walsh et al, 2003), suggesting 309 

again vertical linkage (Marchal et al, 2003; Jackson and Rotevatn, 2013; Rotevatn and 310 

Jackson, 2014) by downward propagation of segments that nucleated within the shallower 311 

Jurassic sequence.  312 

The relationship between vertical segmentation and folding is illustrated in Figure 4c and 4d. 313 

Here, we observe that segments b, e and f dip gently within the syn-rift section and that the 314 

linkage with the deeper main faults varies along strike. Close to its lateral tip (where the 315 

displacement is small), fault F is not hard-linked to the overlying segment f. Instead, the two 316 

faults are separated by a monocline that overlies the upper tip line of fault F (Figure 4a, 4b 317 

and 4c). Analogue models indicate that discontinuities within layering (analogous to the 318 

heterogeneities in mechanical properties of the MU2 and MU3) tend to promote breaching of 319 

the monocline by downward propagation of a fault that nucleates at shallow depths above the 320 
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footwall of the main, underlying fault, and which are not initially hard-linked to the main 321 

fault (Bonini et al, 2015).  322 

A similar situation is indicated by high reflector dips observed above other fault arrays within 323 

the 3D seismic volume. For example, horizon H3 displays high reflector dips above the tip 324 

lines of segments La, Lb and Lc (Figure 10a, H3 horizon dip map). This observation is 325 

consistent with folding ahead of the propagating tip of the “L” segments (Ferrill et al, 2007; 326 

Long and Imber, 2010). With increasing displacement, we suggest that the monocline 327 

(expressed by high reflector dips at H3 level), is likely to be breached completely and 328 

subsequent translation of the hangingwall across the convex upwards fault plane will increase 329 

the amplitude of the initial fault propagation fold, possibly completely overprinting it. The 330 

final amplitude of the fold will therefore vary along strike as a function of the initial 331 

amplitude of fault propagation-fold, the amount of throw, and the geometry of the fault bend. 332 

 Summary of key observations and inferences 333 

Mechanical unit 1 is characterised by steeply dipping faults that accommodated localized 334 

displacement with little evidence for associated folding. Fault dips are gentler within MU 2 335 

and 3, reflecting the lower shear failure angles associated with these mechanically less 336 

competent units, and vertical linkage zones with the main faults. Fault propagation folds 337 

overlie the upper and lateral tip lines of faults within MU2 and 3, and we infer that the 338 

competence contrast between MU 1 and the overlying strata promoted vertical segmentation 339 

and linkage of faults. Contrary to a previous study, several observations suggest that 340 

differential compaction is unlikely to have been the primary mechanism responsible for fold 341 

generation. We now investigate the fold growth in more detail. 342 

Folding mechanisms 343 

Fault-propagation folding 344 

Isochore thickness maps provide insights not only into the growth of the faults but also on the 345 

early growth and development of the fault related folds. Figure 11 shows the stratigraphic 346 

thickness of the early syn-rift interval (H3-H4). Hangingwall syncline depocentres are 347 

observed along the strike of faults A and B. Figure 11b is a graph of the stratigraphic 348 

thickness of the H3-H4 interval measured along strike of the fault in the footwall, in the 349 

hangingwall and within the hangingwall syncline. We observe that the maximum recorded 350 

thickness is located predominantly within the syncline depocentres. Similar thicknesses in the 351 
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footwall and in the proximal part of the hangingwall along parts of A and B suggests that, at 352 

the time the H3-H4 sequence was deposited, parts of these faults were blind and overlain by a 353 

gentle monocline, with growth strata onlapping the monocline limb (Figure 11b and Figure 354 

10). At this stage, the amplitude of the monocline reached ~ 40 ms (50-60 m), indicated by 355 

the difference in the real stratigraphic thicknesses of the syn-faulting deposits in the syncline 356 

and in the proximal part of the hangingwall, with the condition that this latter thickness is 357 

similar to the stratigraphic thickness in the footwall (Figure 11b). We suggest that vertical 358 

propagation of faults A and B was inhibited within the ductile, shale-dominated Early-Middle 359 

Jurassic sediments, most likely within the Lady’s Walk Shale Formation, considering that 360 

horizon H2 is also folded. Other faults from the study area that exhibit vertical segmentation 361 

(e.g. faults L, N) display lateral offsets or dip linkage (and associated bends in the fault plane) 362 

within the same stratigraphical level. 363 

The formation of a fault propagation fold is controlled by the relative position of the upper 364 

tip-line of the faults with respect to the mechanical stratigraphy, in our case, by the presence 365 

of MU 2. Our observations show that the elevation of the vertical tip-line was very variable 366 

along the strike of the fault ABC, hence a question arises: why in some places was the upper 367 

tip line buried beneath the free surface (developing a fault propagation-fold) whilst in other 368 

places, for example along the conjugate fault pairs B2-H and C-I, did the fault breach the 369 

depositional surface shortly after the onset of rifting? We do not have any evidence from 370 

wells, or from the analysis of the seismic facies, of any significant lateral changes in lithology 371 

or a decrease in thickness of MU 2, which together could enhance upward propagation of the 372 

faults and early surface breaching. Expansion indices show constantly higher values for faults 373 

C and B2 for the H3-H4 interval, compared with segment B1 and parts of A (Figure 11c). 374 

These high expansion indices can be an indicator of the high displacement rates on these two 375 

faults during deposition H3-H4, which is consistent with their early breaching of the surface. 376 

We propose a mechanical explanation for these observations in the Discussion section.  377 

Fault-bend folding 378 

The present-day fold amplitudes on horizon H3 are very variable (stippled line on the T-x 379 

profile, Figure 6), and larger than the amplitudes inferred to be solely the result of initial fault 380 

propagation folding (Figure 11). Figure 9b shows that the lateral distribution of folds 381 

correlates well with the extent of regions characterised by upward decreases in dip of the 382 

ABC fault plane. We observe that the fold amplitude is largest where there is a more 383 
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pronounced change in the fault dip with depth (adjacent to faults A and B1) (Figure 6). The 384 

increase in the fold amplitude of H3 also seems to correlate with increasing displacement of 385 

the H1 horizon (Figure 6). At shallower levels, Figure 4b and 4c show that the H6 horizon 386 

developed a broad anticline flanked by a depocentre immediately adjacent to the trace of fault 387 

b, and another broad, distal synclinal depocentre parallel with the fault trace. This 388 

morphology is similar to the hangingwall geometries developed above ramp-flat-ramp normal 389 

faults (McClay and Scott, 1991; Rotevatn and Jackson, 2014). We will come back to discuss 390 

the relation between fault-bend and fold amplitude in the following sections. 391 

 Analysis of normal faults and fault-related folds from a regional (basin-wide) 392 

dataset 393 

2D geometry of faults and fault-related folds 394 

To obtain a more representative sample of the extensional fault-related folds from the IMF 395 

basin, we analysed a further 57 cross-sections from the regional 2D seismic dataset in 396 

addition to measurements of the 18 faults interpreted from the 3D survey. Examples of the 397 

analysed extensional folds are illustrated in Figure 12. Most of the faults terminate within the 398 

syn-rift sequence and are associated with monoclinal folds above their upper tip points 399 

(Figure 12a and 12b). Some of the monoclines are breached by their associated faults, 400 

resulting in normal drag-like fold geometries within the hangingwall (Figure 12e). The 401 

following key observations suggest that the analysed monoclines originated as fault 402 

propagation folds: (i) the folds display an upward widening geometry; (ii) there is a 403 

qualitative relationship between the amplitude of the monoclines (breached or unbreached) 404 

and the amount of throw recorded within the pre-rift sequence; and (iii) in some, but not all 405 

cases, reflectors within the syn-rift sequence onlap onto the fold limbs (Figure 12a, 12b and 406 

12c). Where stratal onlaps are absent, seismic reflectors within the syn-rift sequence have a 407 

sub-parallel to slightly divergent pattern away from the fault, with minor differences in 408 

thickness between the hangingwall and footwall strata. This observation can be explained by 409 

the relatively high sedimentation rates (150-400 m/Myr) in this part of the basin (Davies et al, 410 

2001), which exceeded the relatively low fault displacement rates (Nicol et al, 1997). This 411 

interpretation is consistent with the relatively low expansion indices for the H3-H4 interval, 412 

compared to the younger analysed intervals (Figure 11c). Consistent with our interpretations 413 

of the 3D seismic data, breaching of fault propagation folds occurs either by upward 414 

propagation of the main faults from below, or by downward propagation of shallower fault 415 
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segments that nucleate within the syn-rift sequence (i.e. MU 3), typically within the footwall 416 

domain of the monocline (Figure 12c, 12e and 12f). In the latter case, vertical linkage with 417 

the deeper faults may give rise to irregular fault traces. 418 

In summary, our observations and inferences based on the basin-wide, 2D seismic dataset 419 

corroborate our initial conclusions based on detailed analysis of the (spatially restricted) 3D 420 

seismic dataset, providing confidence in the general applicability of our results. We now 421 

undertake a quantitative analysis of fold growth and breaching using the combined results 422 

from both datasets. 423 

Quantitative analysis of fold growth and breaching 424 

Our observations show that conjugate faults (e.g. faults B2, C and H, I) tend to breach the 425 

depositional surface soon after the onset of rifting. We therefore sub-divide the data into two 426 

categories based on the fault geometry. “Simple” normal faults are those not associated with 427 

a conjugate pair, whilst “conjugate” normal faults are those that interact (and may share a 428 

sub-horizontal branch-line) with opposite-dipping faults (Figure 12 and 13). Conjugate 429 

normal faults may display a cross-sectional V-style geometry if throw is similar on both 430 

faults and a Y shape, if displacement is larger on one fault than the other (Nicol et al, 1995). 431 

The amplitudes of breached and intact monoclines were measured for two horizons, H3 and 432 

H4. Although the data are relatively scattered, we observe that conjugate faults tend to have 433 

smaller associated fold amplitudes compared with simple faults (Figure 13a and b). For 434 

example, only 8% of the analysed simple normal faults have no associated folding on horizon 435 

H3, compared to 41% of the conjugate faults (Figure 13a). 51% of the simple normal faults 436 

in our sample are associated with folds that accommodate more than half of the total throw 437 

(i.e. ratio of fold amplitude/total throw > 0.5; Figure 13a), compared with only 8% of the 438 

conjugate faults. 439 

Figure 13 also shows that fold amplitudes vary from 0% to 100% as a proportion of the total 440 

displacement (fault throw + fold amplitude) on the two interpreted horizons: H3 (top MU 2) 441 

and H4 (intra MU 3). By comparing the ratio of fold amplitude to the total throw on each 442 

horizon, we are able to explore the influence of the two different mechanical units on the 443 

magnitude of ductile deformation. The extensional fold amplitudes measured for horizon H4 444 

are typically larger than the fold amplitudes of horizon H3 (Figure 13a and b). The largest 445 

amplitude recorded for an intact monocline (fold amplitude/total throw = 1) for H4 is 120 ms 446 

compared with 50 ms for H3. Larger amplitude values observed for breached monoclines 447 
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(fold amplitude/total throw < 1) can be explained by increased bed rotation within relay zones 448 

(e.g. between vertically segmented faults) and/or by movement of the hangingwall across a 449 

bend in the fault surface, which we discuss, below.  450 

Fault-propagation fold geometries (in terms of monocline amplitude and wavelength) can be 451 

described by kinematic parameters such as propagation to slip ratio (P/S) and apical angle, 452 

which together define the trishear zone of deformation located above propagating blind faults 453 

(Hardy and Allmendinger, 2011). P/S ratio, the main controlling factor on the amplitude of 454 

the fold, represents the propagation of the fault with respect to the displacement accrued, and 455 

is influenced by the mechanical properties of the rocks and the effective confining pressure 456 

(Cardozo et al, 2003). Incompetent lithologies tend to inhibit fault propagation by 457 

accommodating larger amounts of strain before failure, while more competent layers are 458 

characterized by localized brittle shear fractures. The larger fold amplitudes observed on 459 

horizon H4 compared to those associated with H3 are consistent with lower P/S ratios 460 

associated with propagation of the fault through the shale-dominated H3-H4 interval. This 461 

interval, which is part of the syn-rift, mechanical unit 3, has a higher proportion of 462 

incompetent shale layers (>90 %) than MU 2 (62%). This observation suggests that fault 463 

propagation rates, as a proportion of fault displacement rate, vary according to the ratio of 464 

incompetent versus competent lithologies, given that the bulk thickness of the two 465 

stratigraphic intervals is similar. The relatively early breaching of the interbedded MU 2 – 466 

despite its likely propensity to deform by layer-parallel slip – is consistent with the models of 467 

Bonini et al. (2015), which indicate breaching of the monocline by downward propagation of 468 

a fault that nucleates at shallow depths above the footwall of the main fault. 469 

As previously shown, vertical linkage may generate a bend in the fault plane that, with 470 

increasing displacement, will promote further fold growth as a result of hangingwall 471 

translation over the convex upward fault plane. Figure 13d shows a series of vectors, plotted 472 

in fold amplitude vs. total throw space, that illustrate the growth of fault-bend folds on 473 

horizon H3 within the 3D seismic survey area. The left-hand point on each vector 474 

corresponds to the amplitude of the precursor fault propagation fold (zero in some cases). The 475 

right-hand point on each vector corresponds to the final fold amplitude (at the cessation of 476 

fault movement) resulting from fault propagation and fault-bend folding. According to 477 

Groshong (1989), the relationship between fault throw and the amplitude of a fault-bend fold 478 

depends primarily on the bend geometry, which is given by the change in fault dip. The 479 

maximum throw on the faults presented in Figure 13d is similar to the thickness of MU 2, 480 
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hence we assume a linear relationship between fault throw and fault-bend folding, since 481 

horizon H3 (top of MU2) is not completely displaced over the fault bend. In this situation, 482 

steeper gradients (e.g. vectors A and B) correspond with more pronounced bends in the fault 483 

surface, while lower gradients (e.g. vector C) are characteristic of more planar faults, which 484 

lack or have smaller associated folds (Figure 13d and 9). These observations suggest that the 485 

final fold amplitude is the result of both fault propagation and fault-bend folding processes, 486 

and that the relative importance of each mechanism may vary significantly along the strike of 487 

a single fault array. 488 

 489 

Discussion: mechanical interaction between faults and implications for fault 490 

propagation and fold development 491 

Geomechanical models indicate that faults interact within the elastic stress fields of 492 

neighbouring segments, resulting in asymmetric displacement distributions and preferential 493 

locations of slip and/or fault propagation (Willemse et al, 1996; Crider and Pollard, 1998; 494 

Maerten et al, 1999). Maerten et al (1999) used boundary element models to analyse the 495 

displacement distribution for Y-shape conjugate normal faults within a homogeneous elastic 496 

medium, whilst Young (2001) used finite element models to investigate the slip distribution 497 

for V-shape conjugate normal faults within a heterogeneous elastic medium (Figure 14). 498 

Their results showed that conjugate faults are characterized by asymmetric vertical 499 

displacement gradients, supporting previous observations from seismic data (Nicol, 1996). 500 

They postulated that the asymmetry is unlikely to be the result of nucleation of faults on 501 

different layers, but rather is the effect of mechanical interaction between the opposite 502 

dipping segments. The models showed that conjugate normal faults display asymmetric 503 

displacement distributions that vary with distance between the conjugate segments and the 504 

mechanical properties of the material (Young, 2001). Figure 14c shows how the Poisson’s 505 

ratio of the layer containing the fault intersection (i.e. the branch line) influences the fault 506 

displacement distribution. The threshold of volumetric strain is lower for less compressible 507 

rocks (higher Poisson’s ratio) resulting in high horizontal compressive stresses within the 508 

fault intersection region. In this case, the mechanical models predict an upward shift of the 509 

locus of maximum displacement towards the upper fault tip. This skewed displacement 510 

distribution, with higher displacement gradients near the upper tip, implies a greater tendency 511 

for preferential upward fault propagation. Specifically, previous studies have shown that the 512 
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spatial energy release rate, which is a measure of the energy required for a fracture to 513 

propagate, is directly proportional to displacement and displacement gradients (Aydin and 514 

Schultz, 1990; Willemse and Pollard, 2000).  515 

The displacement analysis of simple and conjugate normal faults from the IMF basin shows 516 

that the displacement maxima for conjugate normal faults is shifted upwards in the 517 

stratigraphic section, to within mechanical unit 2. In contrast, simple normal faults tend to 518 

have displacement maxima within MU 1 (e.g. Figure 6). The smaller fold amplitude to total 519 

throw ratios associated with conjugate faults (Figure 13) can therefore be explained by high, 520 

upward fault propagation rates due to mechanical interaction between the opposite dipping 521 

faults. As a consequence, conjugate normal faults that intersect within layers with low 522 

compressibility display geomechanical characteristics favourable for migration of stress 523 

concentrations near the upper fault tips. These stress perturbations enhance upward 524 

propagation of the fault, generating higher P/S ratios and result in the early breaching of the 525 

free surface, and the development of low amplitude extensional folds, or no folding at all. 526 

Nevertheless, because some of the conjugate pairs may have formed as a result of incidental 527 

intersection of opposite dipping faults (Nicol et al, 1995), it is possible that the faults initially 528 

developed as isolated simple normal faults, without mechanical interaction with other faults, 529 

at an incipient stage in their evolution. As a consequence, some conjugate faults, typically 530 

displaying Y type geometries, may exhibit symmetrical displacement distributions and 531 

associated fault propagation folding that is similar to simple normal faults. Further analysis of 532 

these faults is required to test this hypothesis. 533 

Our findings show that the development of normal fault-propagation folds can vary 534 

significantly within a sedimentary basin and will depend not only on the presence of 535 

incompetent layers capable of inhibiting fault propagation and causing vertical fault 536 

segmentation, but also on the distribution of stress perturbations caused by mechanically 537 

interacting normal faults (Figure 15). We hypothesise similar relationships should exist 538 

between faults and folds in other extensional basins. Seismic data from the Wytch Farm oil 539 

field in the Wessex Basin (southern England) reveal similar, vertically segmented normal 540 

faults. Displacement maxima are shifted towards the upper fault tips (within the Middle 541 

Jurassic Top Cornbrash sandstones) for conjugate faults, compared with the more 542 

symmetrical throw distribution for simple normal faults, which have displacement maxima 543 

within the Lower Jurassic Bridport and Triassic Sherwood sandstones (see figures 17 and 18 544 

E in Kattenhorn and Pollard, 2001). The same mechanism can potentially explain the variable 545 
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development of the normal fault propagation-folds seen in other rift settings, such as the Suez 546 

Rift, NW Egypt (Figure 16, from Whipp, 2011). Here, folds are poorly-developed adjacent to 547 

the conjugate West Gordi and East Gordi normal faults. In contrast, large amplitude breached 548 

monoclines are developed adjacent to the “simple” Hadahid fault or the rift-border fault 549 

(Figure 16, from Whipp, 2011). The section in Figure 16 is overly-simplified, but Whipp 550 

(2011) showed that the faults dip at ca. 80° within the basement and overlying Nubian 551 

sandstone. In the overlying, interbedded sequence, fault dips decrease to 60-70°, and the 552 

faults are vertically segmented. It is likely that translation of the hangingwall monoclines 553 

(such as that associated with the Hadahid Fault) across the irregular fault surface contributed 554 

to the amplification of the fold amplitude, similar to the example presented from IMF and 555 

synthesized in the model shown in Figure 15.  556 

Conclusions 557 

Our observations from the Inner Moray Firth basin show that:  558 

(i) The development of a normal fault-related fold can be explained by the contribution 559 

of several mechanisms, the relative importance of which change during the growth of the 560 

normal fault system. The mechanisms evolve from fault-propagation folding, vertical and 561 

horizontal segment linkage to fault bend folding (Figure 15).  562 

(ii) The heterogeneous mechanical properties of the host rocks control the fault 563 

segmentation and amplitude of fault propagation folding. Shale-rich incompetent layers 564 

inhibit fault propagation generating larger amplitude unbreached monoclines. The larger fold 565 

amplitudes observed in the shale-rich, syn-rift sequence (mechanical unit 3) compared with 566 

the underlying, interbedded pre-rift sequence of similar thickness (mechanical unit 2), 567 

demonstrate the importance of the ratio of incompetent to competent strata (net-to-gross 568 

ratio) in arresting upward fault propagation and controlling the magnitude of ductile 569 

deformation.  570 

(iii) The occurrence and development of the normal fault-related folds is influenced not 571 

only by the mechanical stratigraphy and fault geometry, but also by the mechanical 572 

interaction between fault segments of a normal fault system. Although incompetent 573 

stratigraphic units, dominated by weak lithologies can inhibit vertical propagation of the 574 

faults, generating vertical segmentation or development of monoclines above the fault 575 

vertical tip-lines, we showed that some faults can breach the free surface very early without 576 

developing fault-tip monoclines. The variability of normal fault-related folding can be 577 
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explained by the enhanced vertical propagation due to mechanical interactions between 578 

opposite dipping normal faults. 579 
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Figures  

 

Figure 1 a. Schematic structural map of Inner Moray Firth (IMF) basin (modified from Long and 

Imber, 2010). b. Regional 2D seismic section across IMF, showing the main interpreted horizons and 

faults.  c. TWT structural map of pre-rift horizon H1 (Top Triassic). The letters represent the names of 

the analysed normal faults from the 3D seismic data. The red rectangle delineates the detailed area of 

analysis. The yellow stippled lines mark the transvere fold hinges separating the depocenters 

associated with faults A and B. 
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Figure 2. Uninterpreted and interpreted seismic section (with 2x vertical exaggeration) from the 

studied 3D volume. The mapped horizons and the main mechanical stratigraphic units are shown in 

the interpreted version. Lithological formations were separated into three mechanical stratigraphic 

units based on the net-to-gross ratios obtained from the Beatrice Field well data.  
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Figure 3 a. Time-depth (T-Z) curves from the Beatrice Field wells showing different velocity 

gradients for wells which penetrated the footwall or the hangingwall sections of the faults. For depth 

conversion, we used the T-Z relationship derived from the wells which penetrated the thicker syn-

faulting sequences deposited within fault-controlled depocenters because we are interested in 

quantifying deformation located mainly within the hangingwalls of the faults. This younger, syn-

faulting section is characterized by slightly lower velocities compared with the older pre-rift sequence 

in the footwall. b. Comparison of throw distribution in time (ms) with throw distribution in depth (m). 

The pattern of throw distribution is very similar, but the throw-depth plot shows a vertical expansion 

of ~1.55. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

33 
 

 

Figure 4 a. TWT structural map of horizon H3 (top pre-rift and top mechanical unit 2); the letters 

represent the names of the analysed normal faults from the 3D seismic data. The red rectangle borders 

the A, B and C faults which are analysed in detail. The traces of the faults A and B are bordered by 

longitudinal folds on the hangingwall side. The steepest reflector dips occur on the fold limb adjacent 

to the fault traces and are consistently down towards the basin. b. TWT structural map of horizon H6 

(intra syn-rift). Note the basinward migration of the hinge line of the hangingwall syncline and the 

decrease in the density of the faults compared with the fault density within the pre-rift sequence (see 

Figure 1c or 4a). 
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Figure 4 c. and d. Interpreted seismic profiles orthogonal to the studied faults. Location in Figure 4a 

and b (see text for detailed description). 
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Figure 5 a. 3D view of the breached monocline along Fault B; b. Section (S3) displaying the 

instantaneous phase attribute and showing the breached monoclines associated with Fault B. The 

instantaneous phase attribute enhances visualization of the reflector configuration, and highlights the 

onlap of reflectors onto the limb of the monoclinal fold. c. Hangingwall fold associated with Fault A 

(location in Figure 4a) with combined tensor-semblance-discontinuity attribute volume (right) that 

enhances visualization of secondary faults within the hangingwall of Fault A. 
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Figure 6. Throw-distance profiles for the 3 analysed fault segments A, B and C (located in Figure 4a). 

The throw decreases systematically from NE (right) to SW (left), and from the pre-rift (H1) to syn-rift 

horizons (H3-H6 horizons). The component of ductile deformation (folding) on the H3 horizon was 

measured separately (stippled line). 
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Figure 7. Throw-depth (ms) plots for 9 profiles across the studied faults. The maximum throw is 

located within the pre-rift section (pre-H3) but varies along the strike of the fault array. The SW part 

of the B segment and C segment (P7-P9) are characterised by throw maxima at the base syn-rift level 

(H3). For the other profiles, the lower throw values at base syn-rift are the result of folding. 
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Figure 8. Throw distribution on the A, B and C faults, with horizon cut-offs projected onto the fault 

surface (continuous line for hangingwall cut-offs and discontinuous line for footwall cut-offs).  Note 

that the maximum displacement is located within the pre-rift sequence for the A and B1 faults. For 

faults B2 and C, the maximum displacement is shifted upwards towards the base syn-rift.  
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Figure 9. Strike projections of the analysed fault surfaces displaying: a. fault cylindricity attribute 

indicating possible zones of lateral corrugation (cz); b. fault dip – note the sharp decrease in fault dip 

above horizon H1. This change in dip corresponds with a change in lithology, from the Triassic 

sandstone (mechanical unit 1) to Jurassic shale-sandstone interbedded sequence (mechanical unit 2; 

see Figure 2).  
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Figure 10 a. 3D diagram showing segmentation of Fault L (location in Figure 1c and 5a) and the 

main interpreted horizon surfaces adjacent to the fault. Fault-related deformation is characterised by 

the high bed dips associated with the uppermost surface (H3) in the vicinity of the fault trace Lc and 

above the adjacent blind segments. b. Strike projection of Fault L contoured for throw. c. Strike 

projection of Fault L contoured for dip. 
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Figure 11 a. Isochore thickness map of the H3-H4 early syn-rift sequence. b. Graph with the 

thickness of the H3-H4 growth sequence measured in the immediate vicinity of the fault trace, in the 

footwall (dashed red line), in the hangingwall (light black line) and in the hangingwall syncline (bold 

black line). The fault propagation folds (FPF) are identified where maximum thicknesses are recorded 

within the hangingwall syncline, and the thicknesses of syn-rift strata within the footwall and 

proximal part of the hangingwall are similar. c. Expansion indices measured along strike of the faults. 
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Figure 12. Examples of fault-propagation folds associated with different sets of “simple” and 

“conjugate” normal faults, interpreted from regional 2D seismic profiles across the IMF (see text for 

explanations). 
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Figure 13 a. Ratio of fold amplitude to total throw vs. total throw for horizon H3 (part of mechanical 

unit 2) measured on both 2D and 3D seismic data on two types of faults, simple normal faults and 

conjugate normal faults. b. Ratio of fold amplitude to total throw vs. total throw for horizon H4 (part 

of mechanical unit 3). c. Fold amplitude vs. total throw measured for the two horizons, H3 and H4. d. 

Fold amplitude vs. total throw for horizon H3 measured on faults from the 3D seismic data set only. 

A, B, C are measurement localities for the faults displayed in Figure 9. The vectors show possible 

evolution of folding with increasing fault throw (see text for explanation). Fault-propagation folds are 

characterized by vectors with a gradient of 1.0 (folding = throw), while fault-bend folds are 

characterized by vectors with gradients from 0.11 to 0.5. The gradients correlate with the change in 

fault dip within mechanical unit 2 with higher gradients reflecting a larger change in fault dip (see 

Figure 9). 
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Figure 14. a. Configuration of the elastic boundary element model for conjugate normal faults with a 

“Y”-type geometry within a homogeneous whole elastic space, from Maerten (1999). b. Results of the 

modelled displacement distribution (Maerten, 1999). c. Calculated displacement distributions for 

conjugate normal faults with a “V”-type geometry located within a heterogeneous elastic material, 

derived from finite element method modelling (Young, 2001). Note the asymmetric slip distribution, 

skewed towards the upper fault tip, for models in which the fault intersection lies within a layer that 

has a higher Poisson’s ratio than the surrounding material (i.e. ν2 > ν1).  
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Figure 15. Schematic model summarising the mechanisms responsible for generating spatial and 

temporal variability in normal fault-related folding within IMF. The heterogeneous sedimentary unit 

favours fault restriction, segmentation and development of fault-propagation folds (1, 2). Linkage of 

the main deeper fault with the upper en-echelon segments can generate convex-upward fault 

geometries and further development of fault-bend folding (3) (modified from Lacazette, 2001). The 

bend in the fault plane (and the associated folding) is localized and depends on the lateral separation 

between the upper segments and the main fault. Conjugate faults tend to breach early the depositional 

surface without developing significant folds ahead of the propagating upper tip (4). 
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Figure 16. Geological cross-section from Suez Rift (modified from Whipp, 2011). Note the large 

amplitude hangingwall folds associated with the simple normal faults (Hadahid fault, the rift-border 

fault). The conjugate West and East Gordi faults display little or no folding in their hangingwalls. 

 

 

 


