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Layer-bound, low-displacement normal faults, arranged into a broadly polygonal pattern, are common in many sedimentary basins.
Despite having constrained their gross geometry, we have a relatively poor understanding of the processes controlling the
nucleation and growth (i.e. the kinematics) of polygonal fault systems. In this study we use high-resolution 3-D seismic reflection
and borehole data from the northern North Sea to undertake a detailed kinematic analysis of faults forming part of a seismically
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Hordaland Group. Growth strata and displacement-depth profiles indicate faulting commenced during the Eocene to early
Oligocene, with reactivation possibly occurring in the late Oligocene to middle Miocene. Mapping the position of displacement
maxima on 137 polygonal faults suggests that the majority (64%) nucleated in the lower 500 m of the Hordaland Group. The
uniform distribution of polygonal fault strikes in the area indicates that nucleation and growth were not driven by gravity or
far-field tectonic extension as has previously been suggested. Instead, fault growth was likely facilitated by low coefficients of
residual friction on existing slip surfaces, and probably involved significant layer-parallel contraction (strains of 0.01-0.19) of the
host strata. To summarize, our kinematic analysis provides new insights into the spatial and temporal evolution of polygonal fault
systems.
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ABSTRACT: 14 

Layer-bound, low-displacement normal faults, arranged into a broadly polygonal pattern, 15 

are common in many sedimentary basins. Despite having constrained their gross geometry, 16 

we have a relatively poor understanding of the processes controlling the nucleation and 17 

growth (i.e. the kinematics) of polygonal fault systems. In this study we use high-resolution 3-18 

D seismic reflection and borehole data from the northern North Sea to undertake a detailed 19 

kinematic analysis of faults forming part of a seismically well-imaged polygonal fault system 20 

hosted within the up to 1000 m thick, Early Palaeocene-to-Middle Miocene mudstones of the 21 

Hordaland Group. Growth strata and displacement-depth profiles indicate faulting 22 
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commenced during the Eocene to early Oligocene, with reactivation possibly occurring in the 23 

late Oligocene to middle Miocene. Mapping the position of displacement maxima on 137 24 

polygonal faults suggests that the majority (64%) nucleated in the lower 500 m of the 25 

Hordaland Group. The uniform distribution of polygonal fault strikes in the area indicates that 26 

nucleation and growth were not driven by gravity or far-field tectonic extension as has 27 

previously been suggested. Instead, fault growth was likely facilitated by low coefficients of 28 

residual friction on existing slip surfaces, and probably involved significant layer-parallel 29 

contraction (strains of 0.01-0.19) of the host strata. To summarize, our kinematic analysis 30 

provides new insights into the spatial and temporal evolution of polygonal fault systems. 31 

 32 

1. INTRODUCTION 33 

Polygonal fault systems have been documented in over 100 basins worldwide and 34 

comprise large numbers of layer-bound, low-displacement (<100 m throw), normal faults, 35 

which in plan-view have a polygonal arrangement and cover areas of up to 2,000,000 km2 36 

(Fig. 1 and review by Cartwright 2011). These polygonal fault systems occur within fine-37 

grained sedimentary successions, which commonly form seals for hydrocarbon reservoirs 38 

(e.g. Cartwright et al. 2007; Jackson et al. 2014), CO2 storage sites (e.g. Arts et al. 2004), and 39 

nuclear waste disposal sites (e.g. Dehandschutter et al. 2005a). Because polygonal fault 40 

systems have the potential to reduce or enhance the sealing capacity of such fine-grained 41 

sedimentary successions (e.g. Gay and Berndt 2007; Huuse et al. 2010), it is critical to 42 

understand their kinematics. 43 

In general, polygonal faulting appears linked to dewatering and compaction of fine-44 

grained sediments (e.g. Cartwright et al. 2003), although the exact driving mechanism(s) 45 

remain(s) unclear. Several mechanisms have been proposed including: (1) density inversion 46 

by differential compaction between the host succession and the overlying strata (Henriet et al. 47 
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1988; Watterson et al. 2000); (2) internal layer-parallel extension of the host succession 48 

driven by gravitational sliding (Higgs and McClay 1993; Clausen et al. 1999); (3) hydraulic 49 

fracturing due to differential compaction and overpressure build-up (Cartwright 1994b, a); (4) 50 

syneresis (i.e. spontaneous contraction of a sediment-water gel (Dewhurst et al. 1999); (5) low 51 

coefficients of residual friction that are too low to sustain in situ stresses along the fault plane 52 

(Goulty 2001, 2002, 2008); (6) particle dissolution during diagenesis, which induces tensile 53 

stresses of sufficient magnitude for normal faulting (Shin et al. 2008; Cartwright 2011); and 54 

(7) yielding, which describes behaviour of clays not captured by classic Mohr-Coulomb or 55 

Drucker-Prager criteria (Laurent et al. 2012). There is thus clearly a lack of consensus on the 56 

mechanism driving polygonal faulting, reflecting, at least in part, our poor understanding of 57 

their kinematics.  58 

This study examines the kinematics of a polygonal fault system developed in the 59 

Cenozoic succession of the northern North Sea. The area of interest covers ~740 km2 and 60 

contains >1500 faults, forming part of a significantly larger, basin-scale system (Cartwright 61 

and Lonergan 1996). Due to the availability of comprehensive lithological and mineralogical 62 

data, and high-quality 3-D seismic reflection data, the northern North Sea provides an ideal 63 

natural laboratory to study the geometry and kinematics of polygonal fault systems. We 64 

extract detailed stratigraphic thickness variations throughout the host succession to constrain 65 

the timing of faulting and map the geometry and displacement distributions of 137 polygonal 66 

faults in this system. This approach allows us to constraining polygonal fault kinematics, 67 

including their nucleation sites and growth history. Finally, we obtain accurate 1-D and 2-D 68 

strain estimates to investigate the effect of this fault system on the compaction of the host 69 

strata.   70 

 71 
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2. GEOLOGICAL SETTING 72 

The North Viking Graben formed during the Middle Jurassic to Early/Middle Cretaceous 73 

in response to crustal extension (Fig. 2). Jurassic rifting was characterised by rapid tectonic 74 

subsidence and formation of large-displacement normal faults that bounded graben and half-75 

graben (Badley et al. 1988; Yielding 1990; Faerseth et al. 1997). The post-rift sag phase 76 

began in the Early Cretaceous, marking the transition from fault- to thermally-controlled 77 

subsidence (Joy 1993; Jordt et al. 2000; Kyrkjebø et al. 2001; Faleide et al. 2002). 78 

Subsequently, the North Viking Graben has undergone two major uplift events: (1) an early 79 

Palaeocene phase related to rifting, magmatism, and the break-up of the NE Atlantic (e.g. 80 

Nadin and Kusznir 1995); and (2) a middle Miocene phase, possibly related to long-81 

wavelength doming during regional compression (e.g. Løseth et al. 2013). 82 

During the sag phase, the North Viking Graben was filled by sediment derived from the 83 

uplifted basin margins, with up to 5 km of predominantly fine- to very fine-grained, marine 84 

mudstones deposited (i.e. Shetland, Rogaland, Hordaland and Nordland groups; Fig. 2d) 85 

(Rundberg 1989; Jordt et al. 2000; Anell et al. 2012). This study focusses on a regionally-86 

extensive polygonal fault system hosted within the Early Palaeocene-to-Middle Miocene 87 

Hordaland Group. The Hordaland Group is underlain by the Balder Formation (Rogaland 88 

Group), which primarily consists of poorly-consolidated mudstone and volcanic tuff (Knox 89 

and Holloway 1992; Graham et al. 2003). The top of the Hordaland Group and the 90 

polygonally faulted succession is marked by the mid-Miocene unconformity, a regional 91 

unconformity formed by non-deposition and erosion that spans approximately 10 Ma (e.g. 92 

Eidvin and Rundberg 2001; Løseth et al. 2013). This erosional event was followed in the Late 93 

Miocene to Early Pliocene by deposition of the sandy Utsira Formation and, during the 94 

Pliocene and Pleistocene, by marine mudstones of the Nordland Group (e.g. Jordt et al. 1995; 95 

Rundberg and Eidvin 2005).  96 
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After deposition, the Hordaland Group, which hosts the polygonal fault system of 97 

interest, has undergone the first stage of silica diagenesis, i.e. the transformation of 98 

amorphous, biogenic silica (opal-A) to cristobalite/tridymite lepispheres (opal-CT), which 99 

changed the density and acoustic properties of the host sequence, thereby giving rise to a 100 

discrete, mappable seismic reflection (Wrona et al. 2017a; Wrona et al. 2017b). The co-101 

existence of silica diagenesis and polygonal fault systems in other basins (Davies et al. 2006) 102 

has led some authors to suggest a genetic link between polygonal faulting and diagenesis 103 

(Shin et al. 2008; Davies et al. 2009; Cartwright 2011; Davies and Ireland 2011). It is thus 104 

worth noting that the transformation from opal-A to opal-CT probably migrated upward 105 

through the lower Hordaland Group, initiating in the Middle or Late Eocene and continuing, 106 

potentially, to the present (Wrona et al. 2017a). Apart from the opal-A/CT transformation, the 107 

Hordaland Group shows no other significant compositional and diagenetic changes affecting 108 

physical rock properties (Wrona et al. 2017b). 109 

 110 

3. DATA 111 

3.1 Well data 112 

This study uses well data from exploration well 35/10-1 and 35/11-5, which constrain the 113 

age, composition, and diagenetic state of the Hordaland Group mudstones in the North Viking 114 

Graben (Wrona et al. 2017a). Moreover, we use checkshot data from exploration well 31/2-8 115 

to convert a sub-volume of the 3-D seismic volume from time- to depth domain (Fig. S1). For 116 

the depth conversion, we defined four intervals: (1) water column; (2) Nordland Group; (3) 117 

Hordaland Group (i.e. the interval containing the polygonal fault system); and (4) sub-118 

Hordaland Group strata. We derive best-fit linear velocity-depth functions for each interval 119 

using checkshot data of exploration well 31/2-8, converting two-way traveltimes 120 

(milliseconds) to depths (metres) (Fig. S1). 121 
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 122 

3.2 3-D seismic data 123 

We use a 3-D seismic volume (MN9201_R05) volume covering an area of ~1440 km2 124 

(Fig. 2a, b). The data were recorded using a series of 3600 m long streamers with 144 groups. 125 

This setup results in a nominal 36-fold coverage with a line spacing of 25 m. These multi-126 

channel data were recorded with a vertical sampling of 4 ms. The seismic volume is time-127 

migrated and zero-phase processed with SEG reverse polarity; i.e. an acoustic impedance 128 

increase with depth is represented by a negative reflection event (black), and a decrease in 129 

acoustic impedance with depth is represented by a positive reflection event (white) (e.g. Fig. 130 

2d).  131 

Vertical seismic resolution describes the ability to image a geological feature (e.g. a bed 132 

or fault) and is, to a first degree, a function of the dominant frequency and seismic velocity in 133 

the interval of interest (Brown 2004). Seismic resolution can be defined as the limit of 134 

separability, i.e. the thickness below which reflections from two successive interfaces start to 135 

interfere and appear as a tuned reflection package, and the limit of visibility, i.e. the minimum 136 

thickness at which reflections from two successive interfaces can be imaged (Brown 2004). 137 

Using the dominant frequency of our seismic reflection data (50 Hz) (Fig. 2d) and the average 138 

p-wave velocity of the Hordaland Group (~2000 m s-1) (Fig. S1), the limit of separability (i.e. 139 

a quarter of the wavelength) is ~10 m, whilst the limit of visibility can be as low as ~1 m (i.e. a 140 

thirtieth of the wavelength) depending on the signal-to-noise ratio of the data and the acoustic 141 

impedance contrasts at the interfaces (Brown 2004). The data are thus of sufficient quality to 142 

allow us to map fault displacements and stratigraphic thickness variations as small as 10 m. 143 

 144 

4. METHODS 145 
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4.1 Seismic interpretation 146 

We map seismic reflections bounding the top and base of the polygonal fault system over 147 

an area of ~740 km2 (mid Miocene unconformity and top Balder Formation; Fig. 2d). We also 148 

map a high-amplitude seismic reflection produced by the opal-A/CT transformation (Wrona et 149 

al. 2017a), calculating the coherency attribute (sensu Bahorich and Farmer (1995), along this 150 

horizon to highlight the geometry and extent of the polygonal fault system (Fig. 2b). Because 151 

the polygonal fault system contains >1500 faults in the study area (Fig. 2b), we select a 152 

representative sub-volume (7.5 × 6.2 × 1.8 km) in which to conduct a quantitative geometric 153 

and displacement analysis (Fig. 3). We consider the sub-volume to be representative because 154 

the polygonal faults inside and outside its extent are all bound to the Hordaland Group; 155 

display uniform distributions of fault strikes consistently, and exhibit similar planar-to-listric 156 

cross-sectional geometries (Fig. 2). 157 

To constrain the timing of faulting, we map thickness variations in faulted host strata. In 158 

particular, we identify hanging wall wedges that expand towards bounding faults, and cross-159 

fault thickening, i.e. thickness increases from foot- to hanging wall (e.g. McLeod et al. 2000; 160 

Childs et al. 2003; Bell et al. 2014). To reveal these detailed stratigraphic thickness variations, 161 

we map eleven horizons (including the top and base of the polygonally faulted succession) 162 

within the depth-converted sub-volume, thereby defining ten stratigraphic packages (Fig. 3), 163 

allowing to generate high-resolution structural and thickness (isopach) maps (Figs. 4, 5). The 164 

structural maps are complemented by length-weighted rose diagrams of polygonal faults 165 

developed at that particular structural level (Fig. 4). The thickness maps shown on Fig. 5 are 166 

calculated between adjacent horizons, such that Fig. 5a shows thicknesses between the 167 

horizons shown on Fig. 4a, b. Note that we chose the number of horizons so that the thickness 168 

maps depict values well above the (vertical) seismic resolution, i.e. the limit of separability 169 

(~10 m). 170 
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The use of seismic stratigraphically defined thickness variations to constrain the timing of 171 

faulting comes with several uncertainties. First, it is worth noting that, although the observed 172 

thickness variations are sometimes small (10-20 m; see Fig. 5), they are above the seismic 173 

resolution, i.e. the limit of separability of ~10 m. Second, it may be argued that the observed 174 

thickening is strain related, merely being an artefact of complex fault interaction or 175 

differential compaction. However, based on the observation that: (1) thickness changes occur 176 

away from fault branchlines; and (2) the difference in burial between the hanging wall and 177 

footwall strata is relatively small due to the small fault throws, fault geometry-induced strain 178 

and differential compaction appear less likely to cause the observed across-fault thickness 179 

changes.  180 

 181 

4.2 Fault analysis 182 

To understand the kinematics of the polygonal fault system, we map 137 faults imaged in 183 

the selected area using strike-perpendicular seismic sections and coherency time slices 184 

(Bahorich and Farmer 1995). We extract the height and length, as well as the average strike 185 

and dip of these faults (Fig. 6). We also extract displacement-depth profiles and strike-186 

projections to understand the kinematics of these faults (e.g. Walsh and Watterson 1989; 187 

Nicol et al. 1996). Displacement-depth profiles are extracted from each fault using strike-188 

perpendicular seismic sections that intersect the high-displacement centres of the faults. To 189 

extract fault displacement, we: (1) correlate multiple seismic reflections across the fault plane; 190 

(2) identify the foot and hanging wall cut-offs of these reflections, i.e. the intersection points 191 

of the reflections and the fault; (3) measure the fault throw (t) and heave (h) as the vertical or 192 

horizontal distance between foot and hanging wall cut-offs, respectively; and (4) calculate the 193 

dip-parallel fault displacement (d) from the throw and have using Pythagoras’ theorem (Figs. 194 

7, 8): 195 
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𝑑2 = 𝑡2 + ℎ2 (1) 

While the extraction does not include a strike-slip component, the polygonal faults 196 

studied here show no independent evidence of strike-slip displacement either (e.g. lateral 197 

offset of pre-kinematic depositional systems). Displacement-projections are extracted from 198 

four randomly-selected faults using strike-perpendicular seismic sections (Figs. 9, S2). 199 

Finally, we map the geometry these faults in dip section (Fig. 10) and cross-plot the extracted 200 

geometric data, such as fault height and dip (Fig. 11). 201 

 202 

4.3 Strain estimation 203 

To understand strain variability in polygonal fault systems, we use line and area 204 

measurements to estimate the layer-parallel strain at various structural levels in this system. 205 

The linear strain (εr) describes the change in length (Δr=r0-r1) relative to the initial length (r0) 206 

of a previously unstrained marker: 207 

𝜖𝑟 =
𝛥𝑟

𝑟0
 

(2) 

We approximate the initial length by the length of the section under consideration. The 208 

change in length is calculated as the sum of the fault heaves. The bed segments and fault 209 

heaves are extracted from 5.4 km long seismic sections located within the sub-volume, in four 210 

orientations and at multiple depths (Fig. 12). Because seismic sections oblique to normal 211 

faults may overestimate the measured strain, we also calculate strains from stratigraphic 212 

horizons. The areal strain of a surface describes the change in area (ΔA=A0-A1) relative to an 213 

initial area (A0) of a previously unstrained marker: 214 

𝜖𝐴 =
𝛥𝐴

𝐴0
 

(3) 
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To estimate this strain, we approximate the initial area (A0) by the extent of the map and the 215 

final area (A1) by the extent of the horizon without faults (Tab. 1). To allow a comparison to 216 

previous studies, we also convert areal to linear strains, assuming horizontal isotropy (Tab. 1), 217 

by relating area and length: 218 

𝐴 = 𝜋𝑟2 (4) 

While these techniques capture visible deformation, it is worth noting that these estimates 219 

do not include sub-seismic deformation. Previous studies of tectonic faults, for instance, 220 

suggest that sub-seismic faults accommodate 25-60% of the total strain (Marrett and 221 

Allmendinger 1992). While previous studies suggest that polygonal faults can have 222 

displacements below the seismic resolution of this study contributing small amounts of strain 223 

(Henriet et al. 1988; Henriet et al. 1991), it is possible that the above calculation 224 

underestimates the layer-parallel strain in the system (see discussion). Finally, it is worth 225 

noting that, since these estimates are based on 3-D surfaces (rather than 2-D maps), the effect 226 

of folding is explicitly considered in our strain estimates. Folding a 3-D surface with constant 227 

area can result in an apparent area reduction when comparing 2-D maps before and after 228 

folding. This apparent area reduction would contribute to lateral strain estimates. To remove 229 

this artificial effect, we use 3-D surfaces (rather than 2-D maps) to estimate areal strains. 230 

Contractive strains are positive in our notation. 231 

 232 

5. RESULTS 233 

5.1 Fault geometries 234 

The Hordaland Group-hosted fault system displays the characteristic polygonal pattern, 235 

including numerous fault segments linked in plan-view (Lonergan et al. 1998). The faults 236 

displace the opal-A/CT reflection, with fault heights varying between 100-800 m and lengths 237 
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from 100 to 3300 m (Fig. 2 and 10). The faults strikes show no dominant direction (Figs. 238 

2,4,11). We identify a single tier that tips out upward and downwards onto the top Balder and 239 

mid-Miocene unconformity reflections, respectively. Fault geometries ranging from planar to 240 

listric in cross-section (Fig. 10). The planar faults have average dips of c. 20-50° (Fig. 10a), 241 

whilst the dips of the listric faults decrease from c. 50° to c. 20° with depth (Fig. 10b). Planar 242 

faults are commonly antithetic to listric faults (e.g. Fig. 2d). 243 

 244 

5.2 Stratigraphic thickness variations 245 

We observe prominent across-fault thickening (by up to 80 m) in the lower Hordaland 246 

Group (Fig. 5f-h) and more subtle across-fault thickening (10-30 m) in the middle (Fig. 5d, e) 247 

and upper Hordaland Group (Fig. 5a,b). The percentage of faults showing across-fault 248 

thickness changes varies from ~10% in the upper (Fig. 5b) to ~50% in the lower Hordaland 249 

Group (Fig. 5g).The system also changes from isolated fault traces in the upper Hordaland 250 

Group (Fig. 5a,b) to a densely connected network in the middle Hordaland Group (Fig. 5f) 251 

back to isolated fault traces in the lower Hordaland Group (Fig. 5h). 252 

 253 

5.3 Fault displacement 254 

Overall, 36% (49 of 137) of the mapped faults have symmetric, cone-shaped, c-type (Fig. 255 

8a-c) displacement profiles (cf. Muraoka and Kamata 1983), whereas 64% (88 out of 137) 256 

display asymmetric, b-type profiles, with the bulk of displacement occurring below their mid-257 

point (Fig. 8d-f). Faults with b-type profiles show the highest displacements (up to 200 m) in 258 

the lower Hordaland Group, i.e. strata that were likely undergoing the opal-A/CT 259 

transformation (Wrona et al. 2017a) (Fig. 8f). Whereas fault heaves are relatively high (up to 260 

200 m) (Fig. 8e), throws are only slightly higher (up to 50 m) in these strata than observed at 261 
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shallow depths (Fig. 8d). Strike-projections of fault displacement highlight that multiple 262 

displacement maxima occur on the fault surface, typically occurring at broadly similar 263 

structural depths (Fig. 9). These projections also show relatively low displacement gradients 264 

(<0.2) near the upper (compared to the lower) tips of the faults (>0.2), and predominantly 265 

inclined upper tip lines and displacement contours. We note a correlation between the style of 266 

displacement-depth profile and fault geometry, with the majority of planar and listric faults 267 

having c- and b-type profiles, respectively (Figs. 8, 9). We also note that faults with b-type 268 

displacement-depth profiles are longer (~800 m), taller (~200 m) and accommodate more 269 

displacement (~60 m) than those with c-type profiles (Fig. 11c, d). 270 

 271 

5.4 Strain estimates 272 

Linear layer-parallel strains calculated from seismic sections resemble the b-type 273 

displacement profiles in that they show an asymmetric depth-dependent increase from 0.01 to 274 

0.18 (Fig. 12). This pattern is persistent, occurring irrespective of the orientation of the 275 

seismic sections used for measurement. Linear layer-parallel strains calculated from structural 276 

maps show the same pattern; an asymmetric depth-dependent increase from 0.02 to 0.19 (Tab. 277 

1) 278 

 279 

6. DISCUSSION 280 

6.1 Fault nucleation sites 281 

This section infers the sites of fault nucleation from displacement data of 137 polygonal 282 

faults in the system. Displacement data of normal faults provide insights into their nucleation 283 

(and growth), particularly where they nucleate (e.g. Barnett et al. 1987; Walsh et al. 2003; 284 

Baudon and Cartwright 2008; Jackson and Rotevatn 2013). Displacement distributions were 285 
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first used to study the growth of blind faults, i.e. faults that do not interact with the surface 286 

(Watterson 1986; Barnett et al. 1987). According to the ideal model for the growth of a blind 287 

fault, displacement decreases from a maximum at the centre of the fault to zero at the tip line 288 

of the fault. The model predicts fault growth by radial tip-line propagation without migration 289 

of the position of maximum displacement. For an ideal blind fault, the point of maximum 290 

displacement therefore coincides with the point of fault nucleation. Displacement maxima 291 

may, however, move away from the point of nucleation due to segment linkage (e.g. Peacock 292 

and Sanderson 1991; Cartwright et al. 1995), mechanical heterogeneity (e.g. Gross 1995; 293 

Wilkins and Gross 2002), and/or mechanical interactions with adjacent structures (e.g. Nicol 294 

et al. 1996; Maerten et al. 1999; Morgan et al. 2015). 295 

Displacement data extracted from 3-D seismic reflection data have been used to study the 296 

kinematics of polygonal faulting. For example, Neagu et al. (2010) extracted throw-depth 297 

profiles for 40 faults in a polygonal fault system in the Vøring and Møre basins, offshore mid-298 

Norway and showed that throw maxima, typically indicating fault nucleation sites, occur both 299 

above and below the opal-A/CT transformation. These measurements do not however include 300 

fault heaves, which means that they probably underestimate displacement in the lower, 301 

shallow-dipping part of these broadly listric faults where fault heaves contribute a significant 302 

component to the total displacement. As such, their conclusion that the displacement maxima 303 

(i.e. nucleation sites) are also above the opal-A/CT transformation may be somewhat 304 

uncertain. Davies and Ireland (2011) extract three displacement-depth profiles from a 305 

polygonal fault system in the Vøring Basin and argue that the observed increase in fault 306 

displacement above the opal-A/CT transformation shows that differential subsidence due to 307 

silica diagenesis occurred in the hanging wall of these faults, and that this drove upward fault 308 

propagation (Fig. 8a in Davies and Ireland 2011). However, Davies and Ireland (2011) do not 309 

document: (1) how displacement was measured; (2) how throw measurements in time were 310 

In review



converted into metres; and (3) whether these profiles are representative for the large number 311 

of faults in the system. Another study by Laurent et al. (2012) extracts throws for 30 faults in 312 

a polygonal fault system imaged in 3D seismic reflection data in the Vøring Basin using a 313 

sequential stratigraphy analysis (Pauget et al. 2009). The analysed faults are planar, 314 

suggesting that throw measurements are broadly representative of the overall displacement. 315 

Despite having a larger number of faults than Davies and Ireland (2011) and although they do 316 

not suffer from measurement issues related to a listric fault-dominated systems (Neagu et al., 317 

2010), Laurent et al. (2012) do not use their throw measurements, which show maxima above 318 

and below the opal-A/CT transformation, to infer polygonal fault kinematics. To summarise, 319 

the application of displacement data to understand the kinematics of polygonal faulting has 320 

thus far been inconclusive. 321 

In this study, we find that 64% (88 of 137) of the analysed faults have b-type 322 

displacement depth-profiles with displacement maxima located in the lower Hordaland 323 

Group, below the opal-A/CT transformation (Fig. 8). This suggests that faults nucleated at 324 

this structural level, an interpretation supported by our observation of growth strata indicating 325 

fault activity in the lower Hordaland Group (see Section 6.3). 326 

 327 

6.2 Fault mechanics 328 

We now discuss the mechanics of polygonal fault nucleation and growth. Fault 329 

nucleation is commonly explained by initial failure of the host strata, which can be predicted 330 

from the friction angle (φ) of the host strata and the effective horizontal and vertical stress. A 331 

friction angle of 17° for the lower Hordaland Group is determined by Wensaas et al. (1998) 332 

using triaxial testing of side-wall cores from exploration well 25/7-2 (Fig. 2a). While this 333 

friction angle describes the current consolidated state of the host strata, the angle was 334 
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probably lower during fault nucleation, which likely occurred during shallow burial of these 335 

sediments, based on the observation that the faults reached the seabed and controlled the 336 

accumulation of growth strata. For example,  Moore and Lockner (2007) indicate that the 337 

angle of friction can be as low as 3.4° in water saturated smectitc clays, such as those 338 

characterising the Hordaland Group mudstones. While it is difficult to determine the exact 339 

angle of friction of these sediments prior to fault nucleation, we can discuss the mechanics 340 

underlying fault nucleation, which are independent of a particular angle of friction. 341 

First, we calculate the effective vertical stress (σ’v), which is the difference between the 342 

lithostatic vertical stress (σv) and the pore fluid pressure (pf): 343 

𝜎′𝑣 = 𝜎𝑣 − 𝑝𝑓 (5) 

with the lithostatic vertical stress (σv) being: 344 

𝜎𝑣 = 𝑔 𝜌𝑠 𝑧 (6) 

where g is the gravitational acceleration (9.81 m s-2), ρs is the average (bulk) density of the 345 

lower Hordaland Group (~2000 kg m-3; Wrona et al. 2017a) and z is the depth (0-1 km). The 346 

pore fluid pressure can be expressed as the sum of the hydrostatic (ph) and excess pore fluid 347 

pressure (pe):  348 

𝑝𝑓 = 𝑝ℎ + 𝑝𝑒 (7) 

with 349 

𝑝ℎ = 𝑔 𝜌𝑤 𝑧 (8) 

 350 

where ρw is the salt water density (1146 kg m-3) (Rider and Kennedy 2011). The effective 351 

horizontal stress (σ’h) can now be calculated by: 352 
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σ′h = K0 σ′v (9) 

where K0 is the coefficient of earth pressure at rest. The coefficient of earth pressure at rest for 353 

normally consolidated clays that have not been pre-compressed or pre-sheared (Terzaghi 354 

1996), such as the mudstones of the Hordaland Group (Wensaas et al. 1998), can be 355 

calculated from the friction angle using Jaky’s (1948) equation: 356 

𝐾0 ≈ 1 − 𝑠𝑖𝑛 (𝜑) (10) 

Possible angles of friction of 3.4-17° translate into earth pressures at rest of 0.7-0.94, which 357 

are in line with reported values for normally consolidated clays (Mayne and Kulhawy 1982; 358 

Jones 1994; Craig 2013). 359 

Under these conditions, the stresses follow the K0-path leading to 1-D compaction 360 

without sediment failure and fault nucleation (Fig. 13a, b). However, it is clear that failure and 361 

faulting occurred in the Hordaland Group. An early mechanical explanation for failure 362 

focussed on pore fluid overpressure (Cartwright 1994a, b). This hypothesis has subsequently 363 

been challenged by Goulty (2002), who argued that pore fluid overpressure causes the 364 

differential stress to decrease as the Mohr circle moves to the left (Engelder and Fischer 1994; 365 

Miller 1995), therefore avoiding failure or causing failure to occur in the tensile regime. A 366 

second mechanical explanation for fault nucleation invokes a reduction of the horizontal 367 

stresses (Cartwright and Lonergan 1996). To induce sediment failure and fault nucleation, the 368 

horizontal stress would need to be reduced to at least: 369 

𝜎′ℎ = 𝐾𝑎 𝜎′𝑣 (11) 

where Ka refers to the active earth pressure for non-cohesive sediments (Fig. 13d): 370 

𝐾𝑎 =
1 − 𝑠𝑖𝑛 (𝜑)

1 + 𝑠𝑖𝑛(𝜑)
 

(12)  
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For cohesive sediments, the horizontal stress would need to be reduced to (Fig. 13c; Bell, 371 

1915): 372 

𝜎′ℎ = 𝐾𝑎 𝜎′𝑣 − 2𝑐√𝐾𝑎 (13) 

Subsequent suggestions for causes of horizontal stress reduction include syneresis (Dewhurst 373 

et al. 1999) and diagenesis (Shin et al. 2008; Cartwright 2011). There are, however, open 374 

questions regarding the plausibility of these processes; e.g. can syneresis and/or diagenesis 375 

reduce the horizontal effective stress to the point of shear failure at shallow depths (i.e. <100 376 

m), as required for the syneresis model, and at low transformation rates, as required for 377 

diagenetic model? In our opinion, additional experimental studies, specifically designed to 378 

quantify the horizontal stress reduction in sediments and sedimentary rocks during syneresis 379 

and diagenesis, are required to decide if these two processes truly offer plausible explanations 380 

for the nucleation of polygonal fault systems. 381 

After discussing the mechanics of fault nucleation, we can examine the mechanism 382 

driving fault growth. In general, slip along polygonal faults has been explained by low 383 

coefficients of residual friction (Goulty 2001, 2002, 2008). Rock mechanics predicts slip 384 

when the shear stresses at the fault overcome the residual shear strength. Although residual 385 

shear strengths of the Hordaland Group mudstones have not been determined, measurements 386 

on the stratigraphically equivalent London Clay indicate low angles of residual friction (φr ≈ 387 

9°; Bishop et al. 1971). Under these conditions, the following equation (Jaeger et al. 2009): 388 

𝐾′ = (√1 + tan(𝜑𝑟)2 − tan(𝜑𝑟))
2

 
(14) 

predicts that earth pressures of (𝐾′ ≈ 0.9) would suffice for these faults to slip (Fig. 13e). As 389 

this values (0.9) lies within the range of possible values of earth pressures at rest (𝐾0 ≈ 0.7 −390 

0.94), low coefficients of residual friction offer a plausible explanation for the growth of 391 

these fault. Moreover, it is possible to speculate whether polygonal fault growth is more 392 
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generally controlled by coefficients of friction. Or, to put it another way, do polygonal fault 393 

systems exclusively grow in sediments that show a significant reduction in coefficients of 394 

friction during deformation? Note that this hypothesis could be tested by measuring 395 

coefficients of residual friction for a significant number of stratigraphic successions hosting 396 

polygonal fault systems. 397 

 398 

6.3 Timing of fault activity 399 

This section infers the timing of fault activity using high-resolution stratigraphic 400 

thickness maps. Previous studies constrain the timing of polygonal faulting by observing 401 

growth strata in 2-D seismic sections (Cartwright 1994a, b; Cartwright and Lonergan 1996) 402 

and/or stratigraphic thickness maps (Watterson et al. 2000; Stuevold et al. 2003; Morgan et al. 403 

2015). As thickness maps are more robust than 2-D sections, we use stratigraphic thickness 404 

maps to constrain the timing of polygonal faulting in the northern North Sea. In the Hordaland 405 

Group-hosted polygonal fault system, thickness changes are most pronounced in the lower 406 

Hordaland Group (Fig. 5f-h), indicating that the main period of syn-depositional faulting 407 

occurred in the Eocene to Early Oligocene. Minor thickness changes (10-30 m) in the 408 

overlying, middle (Fig. 5d, e) and upper Hordaland Group (Fig. 5a,b) may result from 409 

continued activity until the late Oligocene-to-Miocene, or displacement decreases towards the 410 

upper fault tips. 411 

 412 

6.4 Fault growth 413 

After nucleation, normal faults grow in size and displacement, with the former typically 414 

involving tip-line propagation and segment linkage. In this study, fault growth was examined 415 

using a series of displacement-depth profiles and strike-projections (Fig. 8, 11). The analysis 416 
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shows two types of displacement-depth profiles: 64% (88 of 137 faults) have asymmetric b-417 

type profiles with the bulk displacement in their lower halves and 36% (49 of 137 faults) have 418 

symmetric, cone-shaped c-type profiles (Fig. 8). Because faults with c-type profiles are 419 

generally: (1) smaller than the ones with b-type profiles (Fig. 11b); (2) have planar as opposed 420 

to listric geometries; and (3) are antithetic fault with b-type profiles (e.g. Fig. 2d), we suggest 421 

that the small planar faults accommodate bending stresses generated during hanging wall 422 

rollover of the large listric faults. Hence, the primary faults in this system are probably the 423 

larger ones defined by b-type displacement-depth profiles. 424 

As outlined in Section 6.2, slip along these faults can, to a first degree, be explained by 425 

low coefficients of residual friction (Goulty 2001, 2002, 2008). Second order displacement 426 

(i.e. cumulative slip) variations may however help us understand the growth of this system. 427 

The primary faults show b-type displacement-depth profiles with high values in the lower 428 

Hordaland Group (Fig. 8f). Since the lower Hordaland Group has undergone silica diagenesis, 429 

it may be argued that displacement accumulation was driven by opal-A/CT transformation 430 

(e.g. by repeated slip due to horizontal stress reductions during opal-A dissolution). 431 

Irrespective of the problems associated with this argument (see Section 6.2), it is also possible 432 

to explain high displacement values by continues slip along the fault segments that nucleated 433 

first, i.e. the ones that nucleated in the lower Hordaland Group. It is thus not necessary to 434 

invoke silica diagenesis as a driver of fault growth to explain the observed displacement 435 

profiles and fault kinematics. 436 

 437 

6.5 Orientation 438 

Clausen et al. (1999) suggest that, based on their recognition of a dominant NW-SE strike 439 

within a broadly polygonal array, faults within the Hordaland Group developed due to 440 
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westward-directed gravitational sliding influenced by a far-field tectonic stresses. In contrast, 441 

our analysis of fault strikes along a horizon close to the intra-Oligocene unconformity mapped 442 

by Clausen et al. (1999) reveals a more-or-less uniform distribution of fault strikes (Fig. 2b). 443 

This observation is confirmed by extracting fault orientations along eleven horizons (Fig. 4) 444 

and by 3-D mapping of 137 polygonal faults within the sub-volume (Fig. 11a). The NW-SE 445 

strike we observe along only the deepest horizon reflects the orientation of major tectonic 446 

faults, rather than the polygonal fault system (Fig. 4k). We therefore conclude that this 447 

polygonal fault system shows no dominant fault strike, suggesting gravitational sliding and 448 

far-field tectonics played no or an imperceptible role in the growth of this system. 449 

 450 

6.6 Strain 451 

Polygonal fault systems consist of large numbers of normal faults with variable strike 452 

orientations and displacements of up to 200 m (Fig. 8). Early studies have suggested that the 453 

layer-parallel displacement of these faults is accommodated by regional extension of the host 454 

succession (e.g. Higgs and McClay 1993; Clausen et al. 1999); a hypothesis further developed 455 

by recent field studies suggesting polygonal faults form due to radial extension (Antonellini 456 

and Mollema 2015; Petracchini et al. 2015). As outlined above, it is difficult to explain the 457 

observed uniform distribution of fault strikes in this system by unidirectional gravity-driven 458 

or tectonic extension, but could radial extension of the host succession explain the observed 459 

fault displacement? Cartwright and Lonergan (1996) demonstrate that observed layer-parallel 460 

displacement on polygonal faults in the North Sea could be explained by: (1) external 461 

extension or (2) internal contraction of the host strata. External extension of these layer-bound 462 

fault systems requires strains of approximately 0.06 to 0.19 (Cartwright and Lonergan, 1996), 463 

which would need to be accommodated by compression or extrusion of host strata on the 464 

basin margins. Since there is still no evidence for either of these processes in the North Sea, 465 
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we conclude that the argument of Cartwright and Lonergan (1996) relating the observed 466 

layer-parallel fault displacement primarily to internal contraction of the host strata, is still 467 

valid.  468 

To estimate the contractive strain in the system, we apply zero lateral strain boundary 469 

conditions to the host succession (sensu Cartwright and Lonergan 1996). Previous studies 470 

estimate layer-parallel strains of 0.06-0.19 (Cartwright and Lonergan 1996) and ~0.01 471 

(Watterson et al. 2000) in polygonal fault systems. Using the same method as these studies, 472 

we measure linear layer-parallel strains of 0.01-0.18 (Fig. 12). Since seismic sections oblique 473 

to normal faults may overestimate these strains, we also calculate areal strains of eleven 474 

horizons and subsequently derive linear strains of 0.02-0.19, assuming horizontal isotropy 475 

(Fig. 4 and Tab. 1). Our estimates suggest that the Cenozoic polygonal fault system, we study 476 

here, accommodated layer-parallel strains of 0.01-0.19 depending on the depth of observation, 477 

which lies within the range of previously reported values for this system (Cartwright and 478 

Lonergan 1996). 479 

At this point it is worth noting that, based on recent field studies, we may underestimate 480 

the total amount of strain in this system. A brief summary of field studies reveals that 481 

polygonal fault systems have been documented in: (1) Paleogene mudstones in Belgium 482 

(Henriet et al. 1988; Henriet et al. 1991; Verschuren 1992; Dehandschutter et al. 2004; 483 

Dehandschutter et al. 2005a; Dehandschutter et al. 2005b); (2) Cretaceous chalk in France and 484 

the UK (Hibsch et al. 2003); (3) Cretaceous chalk in Egypt (Tewksbury et al. 2014); (4) 485 

Jurassic sandstones in the US (Antonellini and Mollema 2015); and (5) Cretaceous to 486 

Paleogene carbonates, cherts, and marls in Italy (Petracchini et al. 2015). Whilst earlier 487 

studies examining polygonal fault systems in the field mapped faults as discrete slip surfaces 488 

(Henriet et al. 1988; Henriet et al. 1991; Verschuren 1992; Dehandschutter et al. 2004; 489 

Dehandschutter et al. 2005a; Dehandschutter et al. 2005b), recent work suggests that 490 
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‘individual’ polygonal faults actually consist of dense clusters of slip surfaces (Tewksbury et 491 

al. 2014; Antonellini and Mollema 2015; Petracchini et al. 2015). If the polygonal faults 492 

mapped in this study consist of slip surfaces with displacements below the seismic resolution 493 

(<10 m), we would underestimate the total strain in the system. Previous studies of tectonic 494 

faults suggest that sub-seismic faults can accommodate 25-60% of the total strain (Marrett 495 

and Allmendinger 1992). This highlights that layer-parallel contractive strains could as high 496 

as 0.32 in the Hordaland Group system presented here. 497 

Comparing layer-parallel strains with those resulting from conventional compaction is 498 

important to understand the overall deformation of the succession hosting the polygonal fault 499 

system. To estimate strains resulting from compaction, it is necessary to constrain on the 500 

initial and current porosity of the host strata. While the current porosity of these strata is 501 

~0.35 (Wrona et al. 2017a; Wrona et al. 2017b), the initial porosity is poorly constrained. 502 

Considering initial porosities of 0.45 to 0.85, the predicted volumetric strains vary between 503 

0.22 and 0.59. This simple estimate highlights that this polygonal fault system accommodates 504 

layer-parallel contractive strains (0.01-0.19) on the same order of magnitude as conventional 505 

compaction (0.22-0.59). 506 

 507 

7. CONCLUSIONS 508 

We examine the kinematic evolution of polygonal faulting in the northern North Sea 509 

using high-resolution 3-D seismic reflection and borehole data. Stratigraphic thickness 510 

variations suggest the fault system initiated in the Eocene to Early Oligocene, and was likely 511 

reactivated in the Late Oligocene to Middle Miocene. Displacement data indicate most (64%) 512 

faults nucleated in the lower part of the host succession. The exact trigger for polygonal fault 513 

system initiation remains elusive, although fault growth can be explained by low coefficients 514 
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of residual friction. In contrast, the wide range of fault strikes suggest basin-tilting and 515 

associated gravity-driven tectonics played no significant role in the initiation of this system, 516 

and that far-field tectonic stresses did not perturb the seemingly radially isotropic stress field. 517 

Strain estimates demonstrate that polygonal faulting resulted in significant layer-parallel 518 

contraction (strains: 0.01-0.19), approaching the same order of magnitude as conventional 519 

compaction. 520 

 521 
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 533 

FIGURES 534 

Fig. 1: Schematic diagram of a polygonal fault system comprised of a large numbers of layer-535 

bound, low-displacement (<100 m throw) normal faults, which have a more-or-less polygonal 536 

arrangement in plan-view. 537 
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 538 

Fig. 2: a) Simplified structural map of the North Viking Graben, North Sea, highlighting 539 

major faults; the Horda, East Shetland Platform and Utsira High (after Holgate et al. 2013) 540 

and the outline of the 3-D seismic survey (b) in red; b) Outline of 3-D seismic survey 541 

(MN9201_R05) with coherency attribute map of seismic reflection of the opal-A/CT 542 

transformation in the Hordaland Group showing the characteristic polygonal fault pattern with 543 

more-or-less uniform distribution of fault strikes; the outline of the sub-cube (c), the location 544 

of exploration well 31/2-8 and the position of the key seismic section (d) are also indicated; c) 545 

coherency attribute map of sub-crop showing the position of polygonal faults used for detailed 546 

displacement extraction (Fig. 12); d) Arbitrary, fault-perpendicular seismic section showing 547 

listric polygonal faults that are confined to the Hordaland Group in the North Viking Graben. 548 

 549 

Fig. 3: 3-D visualisation of depth-converted seismic sub-volume used for comprehensive 550 

seismic interpretation of eleven stratigraphic horizons (red dotted lines) within the interval 551 

hosting the studied polygonal fault system. 552 

 553 

Fig. 4: Structural maps of stratigraphic horizons (a-k) showing the polygonal fault systems at 554 

different depth levels. Length-weighted rose diagrams extracted with NetworkGT (Nyberg et 555 

al. In Review), show a more-or-less uniform distribution of fault strikes (a-i). 556 

 557 

Fig. 5: Thickness maps between stratigraphic horizons (Fig. 4) with example seismic sections 558 

(X-Y). On these maps, hanging wall wedges appear as gradual colour changes towards the 559 

fault (a, b, e), while across fault thickening appears as discrete colour jumps across faults (d-560 
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j). These changes are also shown on representative strike-perpendicular seismic sections, 561 

inserted in the top right corner of these maps. Note that map c) contains no fault-related 562 

thickness changes and therefore is no accompanied by a seismic section. 563 

 564 

Fig. 6: 3-D diagram of displacement distribution on normal fault illustrating the key fault 565 

properties (average strike, -dip, maximum length and -height) that were measured. 566 

 567 

Fig. 7: Example of a planar polygonal fault (a) with c-type displacement-depth profile (b) in 568 

comparison with an example of a listric polygonal fault (c) with b-type displacement-depth 569 

profile (d). 570 

 571 

Fig. 8: Throw-, heave- and displacement-depth profile of c-type (a-c) and b-type faults (d-f). 572 

Note the bulk displacement accumulated in the lower Hordaland Group. 573 

 574 

Fig. 9: Displacement-strike-projection of four polygonal faults (a-d). Note that: (1) the bulk 575 

displacement has been accumulated in the lower Hordaland Group; (2) these faults show 576 

multiple displacement maxima at similar depth levels and (3) that they have low displacement 577 

gradients (<1) at the top. Branch lines are shown as dotted lines. 578 

 579 

Fig. 10: a) Planar (i.e. constant dip) geometries of faults with c-type displacement-depth 580 

profiles and b) listric (i.e. downward decreasing dip) geometries of faults with b-type 581 

displacement-depth profiles in strike-perpendicular cross-section. 582 
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 583 

Fig. 11: Cross-plots of a) average strike and dip, b) maximum length and height, c), 584 

maximum height and displacement, and d) maximum length and displacement for 137 585 

polygonal faults with b-type and c-type displacement depth profiles (Fig. 3). Note that these 586 

faults show no preferred orientation (a) and that b-type faults are longer, higher and 587 

accommodate more displacement than c-type faults (b-d). 588 

 589 

Fig. 12: Seismic sections with lateral strain discretised onto polygonal faults. Strain was 590 

extracted from seismic sections in four directions (a-d). Note that the bulk strain has been 591 

accumulated in the lower Hordaland Group. See Figure 2b for location of sections. 592 

 593 

Fig. 13: a) Mohr circles of effective stresses for burial under earth pressure at rest (K0) 594 

relative to Coulomb failure envelope based on current mechanical properties of the lower 595 

Hordaland Group (Wensaas et al. 1998); b) Mohr circles of effective stresses for burial under 596 

earth pressure at rest (K0) relative to Coulomb failure envelope based on mechanical 597 

properties of ‘weak’ clays (Moore and Lockner 2007), as expected during shallow burial; c) 598 

Mohr circles of effective stresses for burial for active earth pressure (Ka) relative to Coulomb 599 

failure envelope with cohesion and friction angle of the lower Hordaland Group (Wensaas et 600 

al. 1998); d) Mohr circles of effective stresses for burial for active earth pressure (Ka) relative 601 

to Coulomb failure envelope based on mechanical properties of ‘weak’ clays (Moore and 602 

Lockner 2007), as expected during shallow burial; e) Mohr circles of effective stresses for 603 

burial for earth pressure (K’) relative to Coulomb failure envelope for low coefficients of 604 

residual friction (φr ≈ 9°; Bishop et al. 1971). 605 
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 606 

TABLES 607 

 608 

Horizon A0 [km2] A1 [km2] ΔA [km2] εA r0 [km] r1 [km] Δr [km] εr 

a 46,61 44,82 1,78 0,04 3,85 3,78 0,13 0,02 

b 46,61 42,83 3,78 0,08 3,85 3,69 0,28 0,04 

c 46,61 39,58 7,03 0,15 3,85 3,55 0,54 0,08 

d 46,61 36,89 9,71 0,21 3,85 3,43 0,75 0,11 

e 46,61 36,91 9,69 0,21 3,85 3,43 0,75 0,11 

f 46,61 36,92 9,69 0,21 3,85 3,43 0,75 0,11 

g 46,61 30,72 15,88 0,34 3,85 3,13 1,28 0,19 

h 46,61 33,55 13,05 0,28 3,85 3,27 1,03 0,15 

i 46,61 32,59 14,01 0,30 3,85 3,22 1,12 0,16 

j 46,61 30,66 15,95 0,34 3,85 3,12 1,29 0,19 

k 46,61 39,90 6,71 0,14 3,85 3,56 0,51 0,07 

Tab. 1: Area measurements and strain calculation for horizons shown on Fig. 4. 609 

 610 

SUPPLEMENTARY FIGURE 611 

Fig. S1: Plot showing check-shot data of exploration well 31/2-8 (orange) and linear velocity-612 

depth functions (black), derived to convert seismic sub-cube from time to depth domain. 613 

Location of exploration well 31/2-8 is displayed on Fig. 2b. 614 

 615 

Fig. S2: Seismic sections with fault displacement data used for the generation of the strike 616 

projection shown on Figure 11c. The 24 seismic sections are shown in order from east to west 617 

according to the strike projection. Note that the sections are five times vertically exaggerated. 618 

 619 
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