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Abstract  7 

Tectonic shortening can induce a continuum of internal deformation in strata and leads to the 8 

generation of outer-arc extensional faults in evolving folds and structural traps. High-quality three-9 

dimensional (3D) seismic and borehole data from the Southern North Sea are used in this work to 10 

investigate the geometry and growth histories of outer-arc extensional faults via a detailed analysis 11 

of fault throws vs. their depths (T-z plots). The results show that faults nucleated first in more 12 

competent sandy intervals - those recording the larger fault throws between 21.3 m and 41.1 m, and 13 

a high competency ratio above 1.0. They propagated outwards to link with fault segments developing 14 

in less competent shale-rich intervals. These softer shaley intervals record fault throws between 5.2 15 

m and 19.6 m and competency ratios below 1.0. Throw-depth distributions suggest fault growth via 16 

segment linkage whereby the segments with the larger throws propagate outwards towards each other 17 

to then link to strata recording small fault throws. Fault traces are also narrower, more localised and 18 

less segmented compared to incompetent shale-rich intervals.  Recognising the geometry and growth 19 

histories of outer-arc extensional faults as those in this work is crucial to understanding how faults 20 

evolve and grow near folds and horizontally shortened traps. It also provides information on the 21 

timing of fault activity, a parameter directly affecting sub-surface fluid flow and the sealing potential 22 
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of faults in geological reservoirs. As a corollary, we show that the loci where outer-arc faults first 23 

nucleated and subsequently propagated from is recorded by anomalous fault-throw distributions. 24 

Keywords: 3D seismic data; horizontal shortening; outer-arc normal fault; fault throw segmentation; 25 

mechanical stratigraphy; seismic resolution. 26 

 27 

1. Introduction 28 

Outcrop geological information, seismic data, and numerical models are frequently used to 29 

investigate the geometry and growth history of tectonic faults (Peacock and Sanderson, 1991; Cowie 30 

and Scholz, 1992; Kim et al., 2000; Cartwright et al., 1995; Kim and Sanderson, 2005; Maunde et al., 31 

2021). These methods have shown that faults grow as isolated structures in their early stages, with 32 

their subsequent propagation continuing via soft linkages between different fault segments to, finally, 33 

develop hard-linked strands (Cartwright et al., 1995; Mansfield and Cartwright, 2001; Peacock and 34 

Sanderson, 1991; Dawers and Anders, 1995; Lohr et al., 2008). In the published literature, this has 35 

led to the well-established concepts of ‘linked’ or ‘coherent’ faults, which contrast to the ‘isolated’ 36 

fault growth models that are typical of discrete faults that do not interact in time and space (Barnett 37 

et al., 1987; Walsh and Watterson, 1988; Walsh et al., 2002).  38 

Notwithstanding the above concepts, it is hard to discriminate between fault growth models in 39 

practical terms, as linked or coherent faults are commonly part of a larger zone of deformation that 40 

includes discrete, ‘isolated’ structures (Nicol et al., 2005). Also, the continuous, progressive process 41 

under which faults grow in the three-dimensional space results in the formation of large-scale fault 42 

traces via segment linkage for both ‘coherent’ and ‘isolated’ structures, a character that results in the 43 

overprinting of geological and structural data from the ‘isolated’ phases of fault growth (Mansfield 44 

and Cartwright, 2001; Cartwright et al., 1995; Dawers and Anders, 1995). Compounding this 45 

problem, a great part of the published fault-growth models are based on the analysis of large, tectonic 46 

faults that are well documented in seismic data and outcrop but are linked to (i.e. grew from) pre-47 
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existing basement structures, which are a major control on fault propagation. In parallel, faults that 48 

propagate through mechanically layered rock sequences commonly show changes in dip that are 49 

visible in cross-section, with steeper fault segments occurring in competent intervals (e.g., limestones, 50 

quartzites and sandstones) and gently dipping fault segments being more common in softer intervals 51 

(e.g., shales, clays and muds) (Peacock 2002; Roche et al. 2012; Ferrill et al. 2017). Such changes in 52 

dip along a fault segment can locally cause the refraction of fault trajectories as the fault propagates 53 

through mechanically layered strata - slip along gently dipping fault segments in the less competent 54 

strata intervals is accompanied by the dilation (enlargement) of steep fault segments in the competent 55 

intervals (Peacock and Sanderson 1991; Ferrill et al. 2017). The resulting dilated (steep) segments of 56 

refracted faults and fractures can potentially enhance fluid migration. 57 

This work aims at characterising the geometry and growth histories of outer-arc extensional 58 

faults through the detail mapping of fault geometry and throw distributions using high-resolution 59 

seismic and borehole data from the Broad Fourteens Basin, Southern North Sea (Fig. 1). The 60 

availability of such seismic data means that individual faults could be mapped, and the geometries 61 

and growth histories of 258 fault traces quantified in detail. This information was used to determine 62 

the way fault traces vary through time, and how their geometries relate to the sedimentary successions 63 

that interact with growing faults. In contrast with the published literature, the faults investigated in 64 

this article are not rooted in basement units, so the factors controlling their growth are not controlled 65 

by any pre-existent structural inheritance. The investigated faults comprise normal dip-slip systems 66 

of outer-arc extensional faults that resulted from tectonic buckling (horizontal shortening) of 67 

Cretaceous stratigraphic units. In summary, this article aims to address the following research 68 

questions: 69 

 70 

a) What fault geometries are associated with the horizontal shortening of outer-arc regions of folds? 71 

b) What mode(s) of fault growth are associated with the progressive folding of buried successions?  72 

c) What are the mechanical controls on fault propagation in outer-arc regions of folds? 73 
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 74 

The approach in this work is important because horizontal shortening has an impact on the 75 

architecture of sub-surface reservoirs and their compartmentalisation styles; tectonic movements 76 

reactivate faults to allow the secondary migration of fluids into shallower strata (Ward et al., 2016; 77 

Bentham et al., 2013; Cartwright et al., 2007). To understand how tectonic shortening impacted, and 78 

still controls, the geometry and growth style of pre-existing fault systems, is crucial when evaluating 79 

fault zone architecture in folds and structural traps (McClay, 1990; Caine et al. 1996; Ward et al., 80 

2016).  81 

 82 

2. Tectono-stratigraphic setting of the Broad Fourteens Basin 83 

The geodynamic evolution of the Broad Fourteens Basin (BFB) was controlled by three (3) 84 

tectonic phases: 1) Pre-rift/rift onset phases (Palaeozoic), 2) Syn-rift phase (Mesozoic), and 3) 85 

Inversion phase (Late Cretaceous-Cenozoic) (Fig. 2). 86 

 87 

2.1 Pre- and rift-onset phases 88 

During the pre-rift/rift onset phase, thick lacustrine and deltaic intervals with interbedded coal 89 

seams were deposited as part of the Limburg Group (Gerling et al., 1999; Van Wijhe, 1987) (Fig. 2). 90 

Upper Rotliegend terrestrial sandstones were deposited above the so-called Saalian unconformity and 91 

became the major reservoir for Permian gas plays offshore the Netherlands (Van Wees et al., 2000; 92 

Van Verweij and Simmelink, 2002). The Zechstein Sea subsequently flooded the study area in the 93 

Latest Permian. Carbonate-evaporite cycles in Zechstein evaporites reflect fluctuations in sea level, 94 

but thick deposits of Zechstein evaporites were still deposited in the northern part of the BFB to form 95 

effective seal units for Permian gas plays (Coward, 1995) (Figs. 2 and 3). 96 

 97 
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2.2 Mesozoic syn-rift phase 98 

Rifting was intensified during the Early Triassic, leading to important differential subsidence 99 

in the Southern North Sea (Alves and Elliott, 2014; Duin et al., 2006). Aeolian sands and lacustrine 100 

claystones from the Lower and Upper Germanic Trias Group were deposited in the rapidly subsiding 101 

BFB at this time. Towards the end of the Triassic, salt tectonics and reactive diapirism occurred along 102 

extensional boundary faults near which tectonic movements were localised (Stewart and Coward, 103 

1995; Ziegler, 1992; Van Hulten, 2010). Rift-raft tectonics during the Jurassic led to the further 104 

deepening of the BFB and consequent establishment of open marine conditions (Alves and Elliott, 105 

2014; Penge et al., 1996). The deep-water Altena Group was thus deposited in the BFB, with the 106 

more bituminous Posidonia Shale Formation comprising the source interval for Jurassic oil plays in 107 

the basin (Van Wijhe, 1987; Van Verweij and Simmelink, 2002; Duin et al., 2006) (Fig. 2). 108 

A major sea-level highstand accompanied post-rift subsidence in the BFB and led to the 109 

accumulation of thick layers of chalk during the Cretaceous (Van Wijhe, 1987; Van Verweij and 110 

Simmelink, 2002).  111 

 112 

2.3 Inversion phase 113 

In the Late Cretaceous, N-S Alpine compression interrupted the hitherto predominant tectonic 114 

subsidence, with Sub-hercynean inversion reactivating Variscan faults with a reverse-dextral motion 115 

(De Lugt et al., 2003; Nalpas et al., 1995). An erosional maximum (~3000 m) took place in the centre 116 

of the inverted BFB, at the axis of tectonic inversion (Nalpas et al., 1995; De Lugt et al., 2003). Three 117 

additional inversion episodes grouped as the Laramide, Pyrenean and Savian phases took place in the 118 

BFB, and were themselves separated by periods of subsidence.  119 

The Laramide inversion reactivated Sub-hercynean faults in the Cenozoic, creating a prominent 120 

Cretaceous-Tertiary unconformity (Oudmayer and De Jager, 1993; De Lugt et al., 2003). Other basin 121 

inversion events were subsequently recorded in the Cenozoic, the largest of which coincided with the 122 
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Pyrenean Orogeny (Oligocene) and created an unconformity at the base of the Miocene (Oudmayer 123 

and De Jager, 1993; Van Verweij and Simmelink, 2002). It separates the Lower North Sea Group 124 

from the Middle North Sea Group (Wong et al., 2001). The boundary between the Middle and Upper 125 

North Sea Groups is marked by the Middle Miocene Savian unconformity (Oudmayer and De Jager, 126 

1993; Wong et al., 2001). In summary, the interval of interest to this study spans Upper Mesozoic to 127 

Lower Cenozoic strata, and was intersected by fault systems, first formed in the Upper Cretaceous, 128 

that were very mildly reactivated in the Lower Cenozoic (Fig. 2). 129 

 130 

3. Data and methods 131 

 132 

3.1. Seismic data 133 

The 3D seismic volume used in this work covers an area of 845 km2 at a water depth of c. 38 134 

m (Fig. 1). The seismic data were zero-phase pre-stack time migrated and processes at a 2-millisecond 135 

sampling interval, and a 25 x 25 m bin size. The vertical scale of the seismic data is in TWTT, and 136 

its recording length is about 3.5 seconds (Fig. 3). 137 

The high quality of the interpreted 3D seismic volume permitted a detailed visualisation and 138 

mapping of fault geometries and throw distributions (Figs. 3 to 4). Hence, interval velocities for strata 139 

crossed by wells K15-01 and K15-04 were used in our depth and thicknesses estimates of the 140 

interpreted seismic units (Table 1). Based on the observed range of interval velocities – between 2185 141 

m/s and 2856 m/s - and the dominant frequency content of the seismic data (40 Hz), the vertical 142 

resolution of the seismic data was estimated to be 13.5 m in the shallow Cretaceous to Cenozoic 143 

strata, and c. 17 m in Upper Palaeozoic and Mesozoic strata (Figs. 3 and 4). The relatively high 144 

resolution of the seismic data allowed the mapping of seismic horizons and fault traces in detail (Figs. 145 

3 and 4). 146 
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 147 

3.2. Methods 148 

 149 

3.2.1 Seismic interpretation 150 

Seismic horizons and fault traces were identified and mapped using the Petrel® seismic 151 

interpretation software. Seven (7) seismic units - S1 to S7 - were mapped and correlated with 152 

stratigraphic information from Penge et al. (1999) and van Verweij and Simmelink (2002) (Fig. 2). 153 

These seismic units include Unit S1 (Rotliegend and Limburg Groups), Unit S2 (Zechstein Salt), Unit 154 

S3 (Germanic Group), Unit S4 (Altena Group), Unit S5 (Rijnland and Schieland Groups), Unit S6 155 

(Chalk Group), and the shallower Unit S7 (North Sea Group) (Fig. 2; Table 1). 156 

Unit S5 is the main target of interest as this unit is intersected by outer-arc faults. Moreover, 157 

the unit comprise reservoir intervals inside which oil derived from the Posidonia Shale Formation 158 

(Unit S4) is stored (Van Wijhe, 1987; Van Verweij and Simmelink, 2002; Duin et al., 2006) (Fig. 2).  159 

We sub-divided Unit S5 into three (3) seismic sub-units, S5a, S5b and S5c, to further classify 160 

them into competent and incompetent intervals based on their lithologies and competency ratios. The 161 

data required for such a classification were taken from wells K15-01 and K15-04 (Table 2).  162 

 163 

3.2.2 Definition of competency ratios 164 

In this paper, competent units are sand-rich dominant lithologies with a relatively high interval 165 

velocity (Vp) and a competency ratio (C) greater than one (> 1). Softer, incompetent units are shale-166 

rich, present a relatively low interval velocity (Vp), and a competency ratio (C) of less than one (< 167 

1). Rock competency (C) is expressed as the ratio of a unit’s interval velocity  (𝑉𝛼) to the adjacent 168 

unit’s interval velocity (𝑉𝛾) (Equation 1): 169 
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 170 

𝐶 =  
𝑉𝛼

𝑉𝛾
                                                                                                                                                   (Eq. 1) 171 

  172 

This ratio assumes that interval velocity is the function of lithology (mineral and texture), 173 

density (strength and stiffness), fluid content, porosity, shear and bulk modulus, which are the primary 174 

variables that define the mechanical behaviour of an interval (Castagna et al., 1985 and Keary and 175 

Brooks 1991). Thus, as proxy, the mechanical behaviour of a rock unit is related to Vp and expressed 176 

by Equation 2 as:  177 

 178 

𝑉𝑝 =  √𝐾 +
4
3 𝜇 

𝜌
                                                                                                                                       (Eq. 2) 179 

 180 

where 𝐶 is the rock competency ratio, 𝑉𝛼 𝑎𝑛𝑑 𝑉𝛾 are rock unit interval velocity and adjacent rock 181 

unit interval velocity, respectively. In Equation 2, 𝐾 is the bulk modulus (the inverse of 182 

compressibility), 𝜇 is the shear modulus (rigidity) and 𝜌 is the density of the studied interval. 183 

Uncertainties associated with the estimated velocity-derived competency may arise either by 184 

increasing or decreasing the position in depth of the recorded sonic log readings. Errors associated 185 

with spurious sonic log estimates may also affect the interval velocity values and competency ratio. 186 

These limitations will affect the absolute value of estimated interval velocity and competency ratio.   187 

Faults that intersect competent and incompetent units were mapped to assess their geometry 188 

and reactivation history. To this mapping was added fault-throw vs. depth (T-z) data at regular 189 

intervals of 2-4 ms along their planes (Figs. 5 to 10). Fault throw vs. distance (T-x) data were also 190 

acquired along fault traces at a short distance of 12.5 m (Figs. 9 and 10). Keeping a consistently high 191 
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sampling density was important for recognising the minimum and subtle local fault throw distribution 192 

patterns as demonstrated in Tao and Alves (2019) and Alves et al. (2025). Throw data for the 193 

interpreted faults were acquired by measuring the differences between footwall and hanging-wall 194 

horizon cut-offs. These measurements were taken along the fault planes on seismic profiles 195 

perpendicular, and oblique, to local fault strike, bearing in mind local changes in fault geometry and 196 

strike. Therefore, fault throw (T) data were thus plotted against depth (z) and contoured to evaluate 197 

structural information on multiple parameters such as fault nucleation, fault segmentation, 198 

reactivation history and rock competence.  199 

Measurement of fault-throw values depend on the vertical sampling interval of the seismic data, 200 

rather than the vertical seismic resolution (Tao and Alves, 2017). The sampling interval of the seismic 201 

dataset is 2 ms, and the minimum fault offset resolved on-screen during fault-throw analysis varies 202 

from 2 ms (1.9 m) to 3 ms (3.8 m). Therefore, the sampling interval is the key factor in measuring 203 

fault-throws rather than the vertical seismic resolution. Uncertainties associated with the 204 

measurement of fault-throw values may arise from the vertical sampling rate, the positions of strata 205 

terminations and velocity estimates. Nevertheless, the technique used in this paper to quantify the 206 

differences in rock competency and fault throw is robust considering the high resolution (and quality) 207 

of the seismic volume (Figs. 3 to 6).  208 

 209 

4. Interpreted seismic units 210 

Seven (7) seismic units including, Units S1 to S7 were mapped and correlated with stratigraphic 211 

data from Penge et al. (1999) and van Verweij and Simmelink (2002) (Fig. 2). These seismic units 212 

were grouped under the three (3) main tectonic phases affecting the Broad Fourteens Basin, offshore 213 

the Netherlands (Fig. 2; Table 1). 214 

 215 
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4.1 Pre-rift/rift onset tectonic phase (Upper Palaeozoic) 216 

Units S1 and S2 were deposited during the pre-rift/rift onset phase and are Carboniferous to 217 

Late Permian in age (Fig. 2; Table 1).  218 

 219 

4.1.1 Unit S1 (Carboniferous to middle Permian) 220 

Unit S1 correlates with the Limburg and Rotliegend groups (Figs. 2 and 3). This unit is 221 

characterised by its moderate frequency and faulted low-amplitude seismic reflections (Figs. 3 and 222 

4). Its strata reach a thickness of 1642 m and a p-wave velocity (Vp) of 2856 m/s (Table 1). The lower 223 

part of Unit S1 comprises deltaic and lacustrine intervals that are part of the Limburg Group. 224 

Interbedded coal seams are part of the Westphalian Coal Measures, a key source of gas in the North 225 

Sea (Gerling et al., 1999; Van Wijhe, 1987) (Fig. 2). The upper part of Unit S1 belongs to the 226 

Rotliegend Group and comprises terrestrial sandstones of the Slochteren Formation, a major reservoir 227 

interval for gas in the study area (Verweij and Simmelink, 2002) (Fig. 2).  228 

Unit S1 is bounded at its top by a thick Zechstein salt layer (Unit S2), which provides an 229 

effective seal rock for Permian gas plays (Coward, 1995).  230 

 231 

4.1.2 Unit S2 (Late Permian) 232 

Unit S2 comprises a main salt unit and belongs to the Zechstein group (Penge et al., 1999; van 233 

Verweij and Simmelink, 2002) (Fig. 2). The unit is characterised by its chaotic, low-amplitude 234 

internal seismic reflections. It shows an average Vp of 4203 m/s and a thickness reaching 840 m 235 

(Figs. 4 and 5; Table 1). On the interpreted seismic sections, a high-amplitude faulted seismic 236 

reflector separates the lower boundary of this unit from Upper Rotliegend sandstones. Its upper 237 

boundary is characterised by continuous high-amplitude seismic reflections (Figs. 3 and 4). Large 238 
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listric faults were rooted in, or instead detached, on top of this unit. In the Southern North Sea, Unit 239 

S2 provides an effective seal rock for Permian gas plays (Coward, 1995).  240 

 241 

4.2 Syn-rift tectonic phase (Mesozoic) 242 

The syn-rift tectonic phase is materialised in the study area by Units S3, S4 and S5, which span 243 

from the Early Triassic to the Early Cretaceous in age (Fig. 2).  244 

 245 

4.2.1 Unit S3 (Early to Late Triassic)  246 

Unit S3 correlates with the Germanic Trias Group and comprises sandstones, carbonates, 247 

siltstones, and claystones (Penge et al., 1999). In seismic data, Unit S3 forms a package of moderate 248 

amplitude and moderate-to-high frequency seismic reflections. It has an average Vp of 2745 m/s and 249 

a thickness of 618 m (Figs. 3 and 4; Table 1). The unit is conformable above the bright reflections 250 

that mark the top of Unit S2 (Zechstein salt; Van Hulten, 2010). Sandstones and claystones of the 251 

Buntsandstein Formation (i.e. lower part of Unit S3) are prolific gas reservoirs, mainly where 252 

evaporites in Unit S2 have been withdrawn and salt welds were formed between Units S3 and S1 253 

(Van Hulten, 2010).  254 

 255 

4.2.2 Unit S4 (Late Triassic to Middle Jurassic)  256 

Unit S4 correlates with the Altena Group and comprises argillaceous deposits, some calcareous 257 

intercalations, and thicker carbonate and clastic intervals. In seismic data, Unit S4 forms a package 258 

of high-amplitude, high-frequency seismic reflections with an average Vp of  2067 m/s and a 259 

thickness reaching 517 m (Figs. 3 and 4; Table. 1). The more bituminous Posidonia Shale Formation 260 
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is the main source rock for oil in the Southern North Sea (van Verweij and Simmelink, 2002; Duin et 261 

al., 2006).  262 

 263 

4.2.3 Unit S5 (Late Jurassic to Early Cretaceous) 264 

Unit S5 correlates with the Rijnland Group and comprises coarse clastic intervals, carbonaceous 265 

claystones, and interbedded sandstones (van Verweij and Simme link, 2002; Van Adrichem Boogaert 266 

and Kouwe, 1993) (Fig. 2). In seismic data, this unit forms a package of high-amplitude, high-267 

frequency seismic reflections and deformed locally by closely spaced normal faults (Figs. 3 and 5). 268 

It has an average Vp of 2436 m/s and a thickness of c. 1038 m (Table 1).  269 

In this study, Unit S5 is the main interval of interest, as is deformed by outer-arc faults. It also 270 

comprises the reservoir intervals from which oil are sourced from the Posidonia Shale Formation 271 

(Unit S4) (Van Wijhe, 1987; Van Verweij and Simmelink, 2002; Duin et al., 2006) (Fig. 2).  272 

 273 

4.3 Tectonic-inversion phase (Late Mesozoic to Cenozoic) 274 

 275 

4.3.1 Unit S6 (Late Cretaceous)  276 

Unit S6 correlates with the Chalk Group and comprise limestones, marls, calcareous claystones, 277 

and glauconitic sands (van Verweij and Simmelink, 2002). Unit 6 has Vp values of c. 3907 m/s, and 278 

a thickness around 879 m (Fig. 3; Table 1). It is bounded at its top by the Base Tertiary Unconformity 279 

(horizon H6), marking the level at which an erosion maximum took place (Figs. 3, 4 and 5).  280 
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The overall thickness of this unit changes significantly, especially where maximum erosion 281 

occurred at its top (Fig. 3). The unit is characterised by chaotic internal reflections, in places with low 282 

amplitude and high frequency.  283 

 284 

4.3.2 Unit S7 (Paleocene to Recent) 285 

Unit S7 correlates with the North Sea Group, which comprises sandstones, clays, silts, locally 286 

gravel or peat and brown coal seams (van Verweij and Simmelink, 2002; Van Adrichem Boogaert 287 

and Kouwe, 1993). In seismic data, Unit S7 form a package of high-frequency, continuous and 288 

moderate to high-amplitude seismic reflections, with an interval velocity (Vp) of 2185 m /s and a 289 

thickness of c. 678 m (Figs. 3 and 5; Table. 1). The unit overlies the Chalk Group (Unit S6) and is 290 

bounded at its top by the seafloor (Figs. 2 and 4). Where maximum erosion took place, the unit 291 

directly overlies Unit 5 (Fig. 4).  292 

 293 

5. Outer-arc faults 294 

The fault systems investigated in this work are associated with horizontal shortening (buckling) 295 

of overburden rocks, with a moderate horizontal shortening of c. 24% being recorded in the study 296 

area (Figs. 3, 5 and 6).  297 

 298 

5.1 Geometry of outer-arc faults 299 

In the BFB, seismic data image closely spaced sets of normal faults that are localised in the hinge 300 

region of a broad anticline (Fig. 5). These faults are continuous and segmented, offsetting overburden 301 

strata around the hinge region of a broad anticline, with some of the upper tips eroded at horizon H6 302 
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(Fig. 5). However, some of these eroded faults appear to have been reactivated and mildly propagated 303 

upwards into Cenozoic strata (Fig. 6).  304 

Outer-arc normal fault systems in the BFB primarily result from the progressive buckling and 305 

folding of upper Mesozoic units in response to the tectonic shortening affecting the Southern North 306 

Sea in the Late Cretaceous, and accommodated a significant part of the buckling-related strain 307 

occurring in the hinge zone of a broad anticline (Figs. 3 and 6). They are laterally continuous, less 308 

segmented and linked over the main NW-SE trending anticline (Fig. 7). The faults have trace lengths 309 

of 2200–1100 m, spacings of 550-3000 m and throws between 2 ms and 28 ms (Figs. 7 and 8).  310 

Figures 7 and 8 also highlight the plan-view geometric expression of the interpreted faults 311 

through competent sand-rich and incompetent shale-rich intervals, when the fault trace sections in the 312 

competent sand-rich intervals (Unit S5c) are compared to fault trace sections in the incompetent 313 

shale-rich intervals (Unit S5a), notable changes in fault traces geometries are observed. In the 314 

competent sand-rich intervals (Unit S5c), the fault traces are closely spaced and more localised with 315 

narrower deformational zones (Fig. 7b). In contrast, incompetent shale-rich intervals (Unit S5a) have 316 

fault traces are widely spaced and less localised (Fig. 8b).  317 

 318 

5.2 Outer-arc fault throw distribution 319 

Seismic data show that the study area is characterised by keystone normal faults and deeply 320 

rooted listric faults (Figs. 3 to 6). Keystone faults sensu Rowan et al. (1999) comprise closely spaced 321 

normal faults that resulted from buckling and outer-arc stretching of strata during Late Cretaceous to 322 

Paleogene tectonic inversion (Maunde and Alves, 2022) (Figs. 3 and 5). These faults predominantly 323 

offset the Jurassic to Cretaceous strata (Units S4 and S5), with most of them terminating at the base 324 

of Tertiary boundary (H6). Outer-arc faults are dominantly characterised by a curvilinear-polygonal 325 
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pattern that strikes in a NW-SE direction, i.e. parallel to the longitudinal axis of the BFB (Figs. 4, 8 326 

and 9).  327 

The modes of propagation and growth of the interpreted outer-arc extensional faults were 328 

investigated using the geometry and distribution of representative fault throw in Figs. 9 and 10. These 329 

faults are characterised by an anomalous distributions of throw along their fault planes, with multiple 330 

throw maxima (A) separated by localised throw minima (B) (Figs. 9 and 10). Segments or zones with 331 

local throw maxima (A) indicate the intervals where faults were first nucleated at depth, whereas 332 

segments or zones with local throw minima (B) relate to the intervals in which pre-existing faults 333 

with local throw maxima (A) linked together. They mark the linkage points of pre-existing faults with 334 

larger throws (A). Thus, these anomalous faults throw distributions indicate mode of fault growing 335 

via segment linkage, as multiple segments, or zones of local throw maxima (A) are separated by 336 

segments or zones of local throw minima (B) (e.g., Maunde and Alves, 2020; Baudon and Cartwright, 337 

2008) (Figs. 9 and 10). 338 

An important aspect is that the gamma-ray curves and seismic data in this figure show that 339 

Faults F1 and F2 offset a sedimentary succession comprising sands and shales (Fig. 9). Notable 340 

variations in fault throws are recorded when the fault segments in the sand-rich intervals are compared 341 

to fault segments in the shale-rich intervals. In the sand-rich intervals, fault throws are larger and 342 

range between 14 ms to 28 ms compared to the throw values between 2 ms to 10 ms of the shale rich-343 

intervals (Fig. 9). A gradual trend in decrease of fault throw values is also noted as the faults propagate 344 

from sand-rich intervals into the shale-rich intervals (Fig. 9). Therefore, fault throws vary according 345 

to the mechanical character of specific intervals. 346 

 347 

6. Mechanical character of interpreted seismic units 348 
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The bulk lithology of the interpreted seismic units can be ground-truthed, in the study area, by 349 

wells K15-01 and K15-04. This allowed us to compute the average interval velocity (Vp), depth, 350 

thickness, and competency ratio for the seismic units interpreted in this work. 351 

Seismic Unit 5 is the main interval of interest - it forms a package of high-amplitude, high-352 

frequency seismic reflections that is locally deformed by closely spaced normal faults (Figs. 6 and 353 

7). For the purposes of this work, Unit 5 was sub-divided into three (3) sub-units, S5a, S5b and S5c, 354 

and subsequently classified into competent and incompetent intervals based on their lithology and 355 

competency ratios (Figs. 5 and 6; Table 2).  356 

 357 

6.1 Well K15-01 358 

 359 

6.1.1 Competent intervals 360 

Competent seismic sub-units crossed by well K15-01 include S5a and S5c (Fig. 5). Sub-unit 361 

S5a is a package with moderate to high-amplitude, high-frequency seismic reflections that is 362 

unconformable over Unit S4 (Altena Group) (Fig. 5). Sub-unit 5b is a sand-rich interval interbedded 363 

with thin shales lenses. It as a Vp of 2650 m/s, a thickness of 371 m in well K15-01 and a relatively 364 

high competency ratio of 1.12 (Fig. 5; Table 2).  365 

Internally, sub-unit S5c comprises a package with high-amplitude, high-frequency seismic 366 

reflections that is deformed by closely spaced normal faults (Fig. 5). This sub-unit is bounded at its 367 

top by the Base Tertiary horizon (H6), where an erosion maximum took place along the hinge of the 368 

main anticline (Figs. 5 and 6). Sub-unit S5c is predominantly sandy and characterised by its relatively 369 

high internal Vp of 2693 m/s. It is c. 404 m thick with a relatively high competency ratio of 1.23 370 

(Figs. 5 and 6; Table 2). 371 
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Based on these data, we interpret sub-units S5a and S5c as competent intervals as they are 372 

predominantly sandy, present relatively high interval velocities between 2650 m/s and 2693 m/s, and 373 

a competency ratio between 1.12 and 1.23, i.e. higher than 1.0 (Fig. 5; Table 2).  374 

 375 

6.1.2 Incompetent intervals 376 

Incompetent intervals crossed by well K15-01 include Unit S4 and sub-unit S5b (Fig. 5). Unit 377 

S4 correlates with the Altena Group and is characterised by its high-amplitude, high-frequency 378 

seismic reflections (Fig. 5). This unit is shale-rich with a relatively low interval velocity of 2178 m/s. 379 

It also has a relatively low competency ratio of 0.87 for a total thickness of c. 528 m (Fig. 5; Table 380 

2).  381 

Sub-unit S5b is marked by its high-amplitude, high-frequency seismic reflections (Fig. 5). This 382 

package contains shales intercalated with thin layer of sands. The unit is characterised by its low Vp 383 

values (2370 m/s) and relatively low competency ratio of 0.88. Its thickness reaches 260 m (Fig. 5; 384 

Table 2). 385 

Unit S4 and sub-unit S5b are interpreted as incompetent intervals due to being shaley with 386 

relatively low interval velocities between 2178 m/s and 2370 m/s, and by returning competency ratios 387 

<1.0 (Fig. 5; Table 2).  388 

 389 

6.2 Well K15-04 390 

 391 

6.2.1 Competent intervals 392 
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Competent intervals crossed by well K15-04 include sub-unit S5c, and interval with high-393 

amplitude, high-frequency seismic reflections that is also sand-rich (Fig. 6). It has a relatively high 394 

Vp of 2638 m/s, a thickness of 342 m and a competency ratio of 1.25 (Fig. 6; Table 2).  395 

 396 

6.2.2 Incompetent intervals 397 

Incompetent units crossed by well K15-04 include Units S4, and sub-units S5a and S5b. They 398 

all comprise moderate- to high-amplitude, high-frequency internal reflections (Fig. 6). Low interval 399 

velocities (Vp) of 2067 m, 2120 m, and 2450 m are respectively recorded by Unit S4, sub-unit S5a 400 

and sub-unit S5b. These values result in relatively low competency ratios of 0.75 m, 0.87 and 0.90 401 

(Fig. 6; Table 2). Unit S4 and sub-unit S5a comprise shale-rich intervals that are respectively 517 m 402 

and 212 m in thickness. The younger sub-unit S5b contains alternating sands and shales intervals for 403 

a thickness of 270 m (Fig. 6; Table 2). All these units are characterised by a relatively low competency 404 

ratio between 0.75 and 0.90. 405 

 406 

7. Fault throw distributions through the interpreted mechanical units 407 

Figures 9 and 10 show representative Faults F1, F2, F3, F4 and F5 that offset Upper Jurassic to 408 

Early Cretaceous strata. Important variations in fault throw are recorded across the identified 409 

competent and incompetent intervals (Figs. 9 and 10).  410 

 411 

7.1 Well K15-01 412 

Faults F1 and F2 are near well K15-01 and offset Late Jurassic-Early Cretaceous strata in 413 

Seismic Unit S4, and sub-units S5a, S5b and S5c (Fig. 5). Correlating the recorded Fault F1 throw 414 

values with distinct lithologies and competency ratios it becomes obvious that the competent sand-415 
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rich intervals (sub-units S5a and S5c), record relatively large fault throws between 31.8 m and 31.5 416 

m (Fig. 9a). These values contrast with the smaller fault throw of 9.8 m that is recorded in the 417 

incompetent, shale-rich sub-unit S5b (Fig 9a; Table 2).  418 

In a similar fashion, Fault F2 offsets Unit S4 and sub-units S5a, S5b and S5c. In the competent 419 

sand-rich intervals (sub-units S5a and S5c), are recorded large fault throws between 22.4 m and 21.3 420 

m. Smaller fault throws between 5.20 m and 8.50 are recorded in the incompetent (shale-rich) sub-421 

units S4 and S5b (Fig 9b; Table 2).  422 

 423 

7.2 Well K15-04 424 

Faults F3, F4 and F5 occur near well K15-04 (Fig. 6). These faults offset Jurassic-Cretaceous 425 

strata in Unit S4, and sub-units S5a, S5b and S5c. Once again, competent sand-rich intervals in sub-426 

unit S5c record fault throws of 36.3 m, 41.1 m, and 38.3 m respectively for Faults F3, F4 and F5. In 427 

the incompetent sub-unit S5a, which is also shaley, smaller fault throws of 13.3 m, 15.9 m and 14.0 428 

m were respectively recorded for F3, F4 and F5 (Figs. 10; Table 2).  429 

In sub-unit S5b, which is composed of intercalated sand-shale intervals, fault throws of 18.2 m, 430 

19.6 m and 17.3 m were recorded for Faults F3, F4 and F5. These values contrast with the larger fault 431 

throws of 36.3 m, 41.1 m, and 38.3 m of the more competent, and sandy, sub-unit S5c (Fig 10; Table 432 

2). Consequently, a gradual decrease in fault throw values is recorded as the faults propagate from 433 

competent sand-rich sub-unit S5c into the incompetent shale-rich sub-unit 5b (Figs. 9 and 10). 434 

 435 

8. Discussion 436 

8.1 Fault geometries associated with the horizontal shortening of outer-arc regions of folds 437 
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In the BFB, Late Cretaceous to Miocene tectonic inversion (shortening) affecting Northwest 438 

Europe induced a continuum of deformation, leading to the generation, and subsequent reactivation, 439 

of pre-existing fault systems in reservoirs and adjacent overburden rocks (De Lugt et al., 2003; Ward 440 

et al., 2016; Maunde and Alves, 2022). This impacted their compartmentalisation styles, as tectonic 441 

movements reactivated pre-existing faults and allowed the secondary migration of fluids into 442 

shallower strata (De Lugt et al., 2003; Ward et al., 2016). Moreover, tectonic inversion triggered the 443 

development of broad folds and their associated outer-arc extensional faults, as well as subsequent 444 

reactivation of these latter faults in subsequent deformation (inversion) stages (Figs. 5, 6 and 11).  445 

The onset of Late Cretaceous Sub-Hercynian inversion triggered the buckling of overburden 446 

strata, leading to the formation of a broad anticline and their associated outer-arc extensional faults. 447 

These structures accommodated the buckling strain and local stress distributions in the centre of the 448 

BFB (Figs. 5, 6 and 11b). The progressive buckling and folding of Meso-Cenozoic (supra-salt) strata 449 

during an intermediate stage – the Paleogene Laramide inversion phase - reactivated and lengthened 450 

the early formed faults in the hinge region of the broad anticline (Fig. 11c). The truncation of upper 451 

tip lines for these latter faults at horizon H6 signifies they were active near the hinge region of the 452 

broad anticline before the onset of the main erosional event (Figs. 5, 6 and 11c). Subsequently, the 453 

later Post-Miocene Pyrenean and Savian inversion episodes reactivated and lengthen some of these 454 

outer-arc faults into Tertiary strata (Fig. 11d).  455 

The throw-depth profiles of Faults F1 to F5 show truncation at seismic horizon H6, at the same 456 

time they terminate downwards within Unit S4 (Figs. 9 and 10). These throw-depth profiles do not 457 

always have single positive gradients and are characterised by throw profiles that resemble a C-type 458 

pattern between the upper-tip point and immediate throw minima (Baudon and Cartwright, 2008; 459 

Maunde and Alves, 2020). The lack of near-zero throw values at seismic horizon H6 (base Tertiary 460 

boundary), confirms the erosion of the fault tips by Late Cretaceous to Paleogene erosion (Figs. 9, 10 461 

and 11).  462 
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The fault-throw distribution of Faults F1 to F5 with depth is illustrated in Figs. 9 and 10 with 463 

reference to the throw-depth distributions. Fault segments or zones with local throw maxima (A 464 

segments) indicate the depth intervals or regions where pre-existing faults nucleated first within more 465 

competent intervals. Each segment (A) of these pre-existing faults propagates up-dip and/or down-466 

dip to coalesce with other pre-existing fault segments that are in similar dip and/or strike directions 467 

to form a larger fault trace (Figs. 9 and 10). Linkage points of these pre-existing fault segments occur 468 

within the incompetent unit with local throw minima (B segments).  469 

The character of these throw-depth profiles reflects vertically segmented fault arrays and fault 470 

growth by segment linkage, i.e. where two pre-existing separate faults with throw maxima (A) have 471 

propagated towards each other and linked together with a local throw minimum. Multiple local throw 472 

peaks on throw-depth profiles show that fault segmentation and linkage is a common process (Figs. 473 

9 and 10). The similarity between the dips and strikes of these fault segments, nucleating at different 474 

depths, points out to one of the key characteristics of fault reactivation by segment linkage (Maunde 475 

and Alves, 2020; Baudon and Cartwright, 2008). Therefore, the results of the interpretation fault 476 

throw-depth support the concept that vertically segmented fault arrays initially nucleate first with 477 

larger fault throw (A segments) in competent units and are later linked by smaller fault throw (B 478 

segments) faults in less competent units (Peacock and Sanderson, 1992; Childs et al., 1996).  479 

8.2 Mechanical controls on the geometry of outer-arc faults 480 

Previous studies on tectonic fault evolution have revealed that, as strain accrues in a 481 

sedimentary succession, more competent strata fracture first, whereas incompetent strata fracture later 482 

(Ferrill and Morris, 2003, 2008; Welch et al., 2009) (Fig. 13). Thus, fractures are anticipated to initiate 483 

first in more competent sedimentary layers with throw maxima and are later radially propagate 484 

outwards to linked with adjacent pre-existing faults in less competent strata with throw minimum 485 

(Fig. 12). More recently, Libak et al. (2019) have shown that fault traces are more segmented in the 486 

less competent (claystones) layers, whereas more competent (sandy) layers have fault traces that 487 
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record less segmentation and are more localised. Thus, faults tend to be less segmented (localized) 488 

with larger fault throw in more competent layers, and more segmented (deformation is less focused) 489 

in more ductile layers. Research has also shown that fault traces are steeper in the more competent 490 

layers, while being gentler in the less competent layers, a characteristic that leads to fault refraction 491 

(Ferrill et al. 2017; Peacock 2002). Also, Roche et al. (2012, 2013) showed that fault geometry is 492 

controlled by the thickness and competence of mechanical strata as well as the magnitudes of tectonic 493 

shortening, as observed in this study. 494 

The throw-depth data in Figs. 9 and 10, illustrated the mode of reactivation and growth histories 495 

of the interpreted normal faults in the study area. Regions with larger fault throw (A segments) 496 

represent zones where faults nucleate early in more competent strata with throw maxima (Fig. 13a). 497 

Each segment/zone of these latter faults propagates outwards until they encounter adjacent fault 498 

segments and link- together (Fig. 13a,b). Linkage zones are situated where smaller fault throws (B 499 

segments) are documented in incompetent strata with throw minima (Fig. 13b,c). Therefore, zones 500 

with larger fault throw (Segments A) in the throw distribution profiles are interpreted as the locus of 501 

fault nucleation, which dominantly occurs in more competent intervals (Ferrill and Morris, 2008; 502 

Welch et al., 2009) (Figs. 9, 10, 12 and 13a). 503 

Once a fault nucleates in more competent layers with throw maxima (Fig. 13a), the degree of 504 

fault growth is controlled by the mechanical behaviour and thickness of the rock (Roche et al., 2012, 505 

2013). This behaviour is connected to the competence of the rock (Fig. 12) - incompetent rock (i.e. 506 

high ductile rock) will tend to hinder fault reactivation and growth, whereas competent (i.e. low 507 

ductile rock) will tend to fracture easily (Ferrill et al., 2017). In more competent layers such as chalk 508 

and sandstones, faults tend to rapidly propagate, whereas fault propagation and growth tend to slow 509 

in less competent layers such as mudstones (Ferrill and Morris, 2008; Ferrill et al., 2017) (Fig. 12). 510 

Faults that nucleate within a more competent rock interval may rapidly propagate outward until they 511 

encounter less competent rock interval and slow down (Fig. 13b). Therefore, vertical segmented fault 512 
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throw arrays are likely to be noticeable, having established where faults are repressed from 513 

propagating into less competent intervals or layers (Fig. 13b, c). 514 

In the interpreted throw-depth data in Figs. 9 and 10, we observed evidence for fault throw 515 

segmentation where the fault zones with smaller throw (B segments) in the less competent layers 516 

linked the pre-existing fault segments with larger fault throw (A segments) in the more competent 517 

layers (Figs. 9, 10 and 13). Less competent (ductile) layers can impede the propagation of faults from 518 

other layers, so that the point of deformation can be shifted laterally across the ductile layers. Such a 519 

shift in fault position across ductile layer can result in fault segmentation, whereby the fault segments 520 

can be hard or soft-linked (Gabrielsen et al., 2016; Maunde and Alves, 2021) (Figs. 9, 10 and 13).  521 

Consequently, nucleation and subsequent propagation of fault slip from fault segments with 522 

larger throw (A segments) in the more competent layers, into the less competent layers, can define 523 

the anomalous and segmented fault throw arrays observed in the throw distribution data (Figs. 9, 10 524 

and 13). The throw-depth (T-z) interpretation support the opinion that segmented fault throw arrays 525 

firstly nucleate in the more competent layers or intervals with zones of local throw maxima (A 526 

segments) and are later linked by faults in the less competent layers or intervals with zones of local 527 

throw minima (B segments) (Ellis and Dunlap, 1988; Maunde and Alves, 2022) (Fig. 13).  528 

On the interpreted seismic sections, there is no noticeable structural expression for vertically 529 

segmented fault arrays equivalent to that shown in the schematic section of Fig. 13 or changes in fault 530 

dip geometries as faults propagate from competent into incompetent intervals (Figs. 5, 6, 9 and 10). 531 

This is because the faults are not resolved by the processed seismic dataset, and the initial segment 532 

dip-linkage faults have been distorted during post-linkage slip on the fault and also, fault segments 533 

merged during their propagation and growth, a character resulting in the adjusting of the active fault 534 

trace. Therefore, although seismic dataset may not well resolve the local faults in wholly satisfactory 535 

way, the mechanical control of these faults may leave its signature as distinct fault-throw regions (A 536 
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and B segments), which can be detected through high resolution throw-depth (T-z) mapping, as 537 

shown in Figs. 9 and 10.  538 

 539 

9. Conclusions 540 

The conclusions derived from the detailed mapping of normal faults and their throws, combined with 541 

the identification of mechanical units in the BFB, can be summarised as follows: 542 

a) Closely spaced and more localised fault arrays with narrow deformation zones are observed in 543 

relatively competent, sand-rich strata. In contrast, widely spaced and less localised fault arrays 544 

with wider deformation zones occur in the more incompetent shale-rich intervals.  545 

b) The high-resolution throw-depth mapping developed in this work shows that vertically 546 

segmented/anomalous fault throw arrays were initially nucleated in the more competent intervals, 547 

i.e. those presenting the larger fault throws. They were later linked to faults in the less competent 548 

intervals, which show relatively small fault throws. Thus, fault throw geometry can provide 549 

information about variations in the mechanical behaviour of rock units.  550 

c) Anomalous fault-throw distributions indicate fault growth through segment linkage. Hence, 551 

multiple pre-existing faults with larger fault throws propagated towards each other and were 552 

linked in the areas where throw minima are recorded.  553 

d) A consequence of fault reactivation and growth through linkage was the formation of large-scale 554 

fault traces at advanced stages. Fault linkages and intersections are important for the accumulation 555 

and trapping of fluids. Although they may lead to an overall increased in effective permeability 556 

and can thus act as vertical conduits for fluid migration into traps, they also have negative effect 557 

on seal integrity.  558 

On the interpreted seismic sections, seismic dataset may not well resolve the local faults in wholly 559 

satisfactory way, but the mechanical control of these faults may still leave an inherited signature in 560 

fault throws (regions A and B; Figs. 9 and 10). These correspond to the regions where faults linked 561 
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and can still be detected through high resolution mapping of throw-depth (T-z) data along outer-arc 562 

faults. Hence, to recognise the mechanical controls on fault geometry is a vital component of 563 

characterising both faulted hydrocarbon reservoirs and mineral provinces. 564 
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Figure captions 750 

Fig. 1. Regional map of the Southern North Sea highlighting the Broad Fourteens Basin (BFB) and 751 

the location of the study area, Dutch offshore sector.  752 

Fig. 2. Seismic-stratigraphic correlation amongst interpreted seismic units, well logs, main lithologies 753 

and the stratigraphic groups recognised in the Broad Fourteens Basin (BFB), Southern North Sea. 754 

Stratigraphic groups and main lithologies are based on Penge et al. (1999) and van Verweij and 755 

Simmelink. (2002). H1 to H6 and S1 to S7 are interpreted seismic horizons and units, respectively. 756 

GR refers to the vertical gamma-ray log responses through the stratigraphic-seismic units. K15-01 757 

and K15-07 refer to the name/location of the wells analysed in this work. 758 
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Fig. 3. a) Uninterpreted and b) interpreted seismic profile highlighting the geometry of the broad 759 

(inversion) anticline of the Broad Fourteens Basin (BFB) and associated faults. Unit S5 is highly 760 

deformed by closely spaced normal faults at the hinge region of this broad anticline. These faults are 761 

mostly truncated upwards at the base of seismic horizon H6. Deeply rooted listric faults Units S3 and 762 

S4. Unit S6 was eroded at the hinge zone of the broad anticline. 763 

Fig. 4. a) Uninterpreted and b) interpreted seismic profile showing Units S1 to S7 and associated 764 

structural features. Deeply rooted listric normal fault propagate vertically upwards into Unit S7 765 

(Cenozoic strata), without reaching the seafloor. These faults are associated with the gravitational 766 

gliding of strata that sole-out in the Zechstein salt (Unit S2), which acts as a décollement layer (rift-767 

raft tectonics cf. Penge et al., 1999). The high (green) GR readings are linked to a high shales content, 768 

whereas the low (purple) GR readings indicate that sands dominate in this intervals.  769 

Fig. 5. Zoomed-in seismic profile highlighting the geometry of faults and the internal mechanical 770 

character of Seismic Unit S4, and sub-units S5a, S5b and S5c near well K15-01. Parameters of interest 771 

include lithology, interval velocity (Vp), seismic unit thickness and relative competence. From well 772 

K15-01 data, sub-units S5a and S5c comprise sandy intervals while sub-unit S5b comprises sandy 773 

intervals with thin interbedded layer of shale. Sub-units S5a and S5c show relatively high Vp values 774 

of 2650 m/s and 2693 m/s with a high competency ratio of 1.12 and 1.23, respectively. The softer 775 

Unit S4 and S5b show relatively low Vp values of 2078 m/s and 2370 m/s and low competency ratios 776 

between 0.78 and 0.88, respectively. The high (green) GR readings are linked to a high shales content, 777 

whereas the low (purple) GR readings indicate that sands dominate in this intervals. The red DT 778 

responses represent the sonic-log readings. 779 

Fig. 6. Zoomed-in seismic profile showing the geometry of faults and mechanical character of 780 

Seismic Unit S4 and sub-units S5a, S5b and S5c near well K15-04. Parameters of interest include 781 

lithology, interval velocity (Vp), seismic unit thickness and relative competence.  Seismic Unit S4 782 

and sub-units S5a and S5b comprise shaley intervals with thin sand layers. They respectively record 783 
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Vp values of 2067 m/s, 2120 m/s, 2450 m/s and 2738 m/s, and competencies ratios of 0.75, 0.85 and 784 

0.90. In contrast, sub-unit S5c shows a relatively high Vp of 2078 m/s and a relatively high 785 

competency ratio of 1.25. Sub-unit S5c is sand-rich. The high (green) GR readings are linked to a 786 

high shales content, whereas the low (purple) GR readings indicate that sands dominate in this 787 

intervals. 788 

Fig. 7. TWTT structural maps and schematic interpretations of outer-arc faults offsetting seismic sub-789 

unit S5b. a) TWTT structural map, b) zoomed-in TWTT structural map. The figure highlights the 790 

geometry expression faults propagating through more competent sand-rich intervals in sub-unit S5c. 791 

The imaged fault arrays are closely spaced, more localised, with narrow deformation zones. They are 792 

also linked, forming a curvilinear polygonal plan-form geometry. The faults have trace lengths of 793 

1300–12000 m, a spacing of 320-1000 m, and throw maxima between 21 m and 41 m.  794 

Fig. 8. TWTT structural maps and schematic interpretations of outer-arc faults offsetting sub-unit 795 

S5a, which is shaley and relatively incompetent. a) TWTT structural map, b) zoomed-in TWTT 796 

structural map. Here, faults are widely spaced and less localised, showing wider deformation zone. 797 

The faults have trace lengths of 1500–7,000 m, a spacing of 220-2000 m, and throw maxima between 798 

13 m and 15 m. 799 

Fig. 9. Representative vertical fault throw-depth (T-z) profiles for Faults F1 and F2 near well K15-800 

01. a) Fault F1 and b) fault F2. These profiles show anomalous throw distributions along the 801 

interpreted faults. Correlations amongst fault throw distributions with lithologies and competency 802 

ratios derived from well K15-01 show that fault throws are greater (between 21.3 m and 38.8 m) in 803 

the sand-rich intervals of sub-units S5a and S5c. Shale-rich intervals present lower fault throws 804 

(between 5.2 m and 9.8 m) in Unit S4 and sub-unit S5b.  Moreover, the more competent sand-rich 805 

intervals in sub-units S5a and S5c have a relatively competency ratio between 1.12 and 1.23 (i.e. > 806 

1.0), compared to a relatively low competency ratio of between 0.78 and 0.88 (i.e. less than one) in 807 

the incompetent, shaley Units S4 and sub-unit S5b. In the Figure, zones represented by the letter A 808 
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are segments of faults with throw maxima between 21 m to 38 m. The letter B represent regions with 809 

throw minima between 6 m and 13 m.  810 

Fig. 10. Representative vertical fault throw-depth (T-z) profiles for Faults F3, F4 and F5 near well 811 

K15-04. a) Fault F1, and b) fault F2. Unit S4, and sub-units S5a and S5b comprise shaley intervals 812 

with thin sand layers. They respectively have Vp velocities of 2067 m/s, 2120 m/s, 2450 m/s and 813 

2738 m/s, resulting in competency ratios of 0.75, 0.85 and 0.90. In contrast, sub-unit S5c shows a 814 

relatively high Vp of 2078 m/s and a high competency ratio of 1.25, as it is a sand-rich interval. 815 

Correlating these differing mechanical characters (i.e. lithology and competency ratio)s with fault-816 

throw distributions shows that faults F3, F4 and F5 have higher throws (between 36.3 m and 38.8 m), 817 

in the more competent sand-rich intervals. Lower fault throws between 5.2 m and 15.6 m are recorded 818 

in shaley rich-intervals. In the Figure, A segments are the regions representing throw maxima between 819 

21 - 38 m, whereas B segments are regions with throw minima between 6 -13 m.  820 

Fig. 11. Sketch summarising the geological evolution and geometric relationship between the broad 821 

anticline of the BFB and its associated outer-arc normal faults. a) Syn-rift phase (tectonic extension), 822 

b) early phase of tectonic inversion, c) later phase of tectonic inversion and shortening, and d) post-823 

inversion phase. 824 

Fig. 12. Diagram showing the relationships amongst mechanical character, fault throw, interval 825 

velocity and rock unit competency of particular stratigraphic intervals. Competent units are 826 

characterised by a relatively high interval velocity (Vp), larger fault-throw values and a relatively 827 

high competency ratio greater than one (> 1). In contrast, incompetent units are characterised by a 828 

relatively low interval velocity (Vp), smaller fault-throw values and a relatively low competency ratio 829 

(C<1).  Rock competency is the ratio of a unit’s interval velocity (Vp) to the adjacent unit’s interval 830 

velocity. Interval velocity is a function of the strength and stiffness of a material (see sub-section 831 

3.2.2 in this paper). 832 
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Fig. 13. Diagrams showing the evolution and growth histories of outer-arc normal faults in the study 833 

area. a) Faults nucleate early in more competent intervals with local zones of throw maxima (A), 834 

these early faults accumulate higher displacement and propagates radially outwards until they 835 

encounter other fault segments that are in similar strike and dip directions to link together. b) Linkage 836 

points are situated where throw minima (B) are recorded in less competent intervals. c) The linked 837 

segments rapidly accumulate displacement and thus reduce any differences in the throw distribution 838 

profiles. These modes of fault growth concur with fault growth via segment-linkage. 839 
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Table 1. Characteristics summary of the interpreted seismic units offshore Broad Fourteen Basin, Southern North Sea. 

 

Table 2. Characteristics summary of internal mechanical character of the interpreted seismic units S4, S5a, S5b and S5c. 

 

S/N Stratigraphic 

groups/age (van Verweij 

and Simmelink. 2002) 

T
ec

to
n

ic
 

P
h

a
se

 

Main lithologies (Penge et 

al., 1999) 
Interpreted 

seismic units 

Internal seismic features of the interpreted seismic 

units 

Estimated 

thicknesses 

(m) 

Interval  

velocities (m/s)  

1 North Sea Group 

(Paleocene to Recent) 

In
v

er
si

o
n

 

P
h

as
e 

Alternating sands, clays 

and shales. 

Unit S7 High-frequency, moderate to high-amplitude and 

continuous seismic reflections characterised the seismic 

units.  Densely spaced polygonal faults. 

678 2185 

2 Chalk Group 

(Late Cretaceous) 

Limestones, marls, sands-

calcareous 

Unit S6 Chaotic internal reflections with low amplitude. The top 

of the unit (H6) generated a strong seismic reflector. 

879 3907 

3 Rijnland and Schieland 

Groups 

(Late Jurassic to Early 

Cretaceous) 

S
y

n
-r

if
t 

P
h

as
e 

claystones, some marls and 

sandstone beds. 

Unit S5 
Moderate to high-amplitude and high-frequency seismic 

reflections characterised the seismic unit. This seismic 

unit is locally deformed by faults and broad anticlines. 

1035 2436 

4 Altena Group 

(Late Triassic to Middle 

Jurassic) 

Argillaceous deposits, 

Shales and calcareous 

sediments. 

Unit S4 Characterised by a package of   moderate to high 

amplitude, sparsely faulted reflectors and high-

frequency seismic reflections. 

517 2067 

5 Germanic Trias Group 

(Early to Late Triassic) 

Sandstones, carbonates, 

siltstones and claystones. 

Unit S3 Moderate frequency and moderate to high-amplitude 

seismic reflections characterised the seismic unit.  

618 2745 

6 Zechstein Group 

(Late Permian) 

P
re

-r
if

t 
an

d
 

R
if

t 
o
n

se
t 

P
h

as
e 

Salt layers (Evaporites) 

and carbonate intervals. 

Unit S2 Chaotic and low amplitude internal reflections forms the 

seismic unit.  

840 4203 

7 Rotliegend and Limburg 

Groups 

(Early to Middle 

Permian) 

Sandstones, interbedded 

coal seams and coal 

measures. 

Unit S1 Moderate frequency and faulted amplitude seismic 

reflections characterised the seismic unit.  

1642 2856 
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S

/N
 Seismic 

units 

Well K15-01 Well K15-04 

Dominant 

lithology 

Interval 

velocity 

(m/s) 

Estimated 

thicknesses 

(m) 

Competency 

ratio of the 

interpreted 

sub-seismic 

unit 

Maximum 

fault throw 

(m) 

Mechanical 

behaviour of 

seismic 

units 

 

Dominant 

lithology 

Interval 

velocity 

(m/s) 

Estimated 

thicknesses 

(m) 

Competency 

ratio of the   

interpreted 

sub-seismic 

unit 

Maximum fault 

throw (m) 

Mechanical 

behaviour of 

the seismic 

unit Fault 

F1 

Fault 

F2 

 F3 F4 F5 

1 

U
n

it
 S

5
 

S5c 
Sands-

rich 
2693 

404 
1.23 31.5 21.3 

Competent  Sands-

rich 
2738 

342 
1.25 36.3 41.1 38.3 

Competent 

2 
S5b 

Shales-

sands 
2370 

260 
0.88 9.80 8.50 

Incompetent Sands-

shales 
2450 

270 
0.90 18.2 19.6 17.3 

Incompetent 

3 
S5a 

Sands-

rich 
2650 

371 
1.12 31.8 22.4 

Competent Shales-

sands 
2120 

212 
0.87 13.3 15.6 14.3 

Incompetent 

4 
Unit S4 

Shales-

rich 
2078 528 0.78  5.20 

Incompetent Shales-

rich 
2067 

517 
0.75 8.30 6.20 7.30 

Incompetent 


