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Abstract 22 

Exploring how normal faults evolve is important for understanding the dynamic 23 

processes underlying the initiation and evolution of rift systems. Early-stage fault growth 24 

has been largely under-explored due to resolution limitations in seismic reflection data 25 

and the lack of three-dimensional exposures in the field. Physical analogue modelling 26 

offers a unique way to visualize and analyse early-stage fault growth. Here, we present 27 

results from an innovative analogue modelling approach that allows us to resolve fault 28 

growth in 4D through the use of a medical-grade, X-ray computed tomography (CT) 29 

scanner, as well as top-view time-lapse photography and digital image correlation (DIC) 30 

analysis.  31 

We show that faults establish their vertical height at the earliest stage of deformation and 32 

laterally grow via a cyclical growth pattern, alternating between periods of rapid 33 

lengthening associated with relay-breaching and segment linkage, and periods 34 

characterised by throw accumulation. As extension continues, strain is partitioned onto 35 

increasingly fewer, optimally spaced and orientated faults, which continue to lengthen 36 

via segment linkage; faults in stress shadows, and/or with double conjugate boundaries, 37 

become inactive. It is the first time that fault lengthening and throw have been tracked in 38 

4D with such high-fidelity and that this style of cyclical fault growth has been resolved, 39 

representing significant advances in our understanding of normal fault growth from 40 

segment-scale to network-scale, made possible only by the innovative use of X-ray CT-41 

scanning.  42 

 43 
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1. Introduction 44 

Understanding how normal faults grow provides important insights into the distribution 45 

of extensional strain (e.g., Gupta et al., 1998; Cowie et al., 2000; Meyer et al., 2002; Walsh 46 

et al., 2003) and the tectonostratigraphic development of rift basins (e.g., Gawthorpe & 47 

Leeder, 2000; McLeod et al., 2002; Ge et al., 2017; Henstra et al., 2017; Jackson et al., 48 

2017; Rotevatn et al., 2019; Pan et al., 2021, 2022; Carpenter et al., 2022). The growth of 49 

normal faults has historically been described by two end-member models: (1) the 50 

propagating fault model and (2) the constant-length model (Figure 1). According to the 51 

propagating fault model, faults grow via a synchronous increase in fault length and 52 

displacement/throw (e.g., Walsh & Watterson, 1988; Dawers et al., 1993; Cartwright et 53 

al., 1995; Walsh et al, 2003). By contrast, the constant-length model states that faults 54 

reach their near-maximum length relatively quickly, after which they grow mainly by 55 

accrual of displacement/throw (e.g., Walsh et al., 2002, 2003; Nicol et al., 2005, 2020; 56 

Jackson & Rotevatn, 2013; Tvedt et al., 2016; Rotevatn et al., 2019; Sahoo et al., 2020; 57 

Carpenter et al., 2022). Several studies (e.g., Jackson et al., 2017; Rotevatn et al., 2019; 58 

Nicol et al., 2020b) suggest that faults likely follow a hybrid model of the two, adhering to 59 

the propagating fault model for the first 20-30% of their lifespan and the constant-length 60 

model for the remainder (Figure 1) (see also Finch and Gawthorpe, 2017). A step-wise or 61 

cyclical fault growth model has also been suggested (Cartwright et al., 1996; Filbrandt et 62 

al., 2007; Schlagenhauf et al., 2008; Pan et al., 2021), whereby faults grow via alternating 63 

phases of lengthening and displacement/throw accumulation, with faults in stress 64 

shadows becoming inactive as strain localises onto optimally placed faults (Figure 1). 65 

This hypothesis has not yet been verified, however, likely because: 1) syn-kinematic 66 

(growth) strata from the earliest stage of faulting, which can provide a direct record of 67 

early-stage fault growth (e.g., Childs et al., 2003; Jackson et al., 2017), are poorly 68 
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imaged/resolved in seismic reflection data due to being thin and/or deeply buried; 2) the 69 

spatial resolution of typical industry airgun seismic reflection datasets means that only 70 

faults with >5-10 meters of displacement, and stratigraphic units of comparable 71 

thickness, will be imaged (Pickering et al., 1997; Faleide et al., 2021), and 3) growth strata 72 

are often poorly exposed in the field. 73 

Analogue tectonic models, however, can offer unique insights into early-stage normal 74 

fault growth patterns and the development of rift basins, given they allow us to: (i) directly 75 

observe incremental changes in their geometry (e.g., displacement/throw and length) 76 

and kinematics (e.g., initiation, slip rate, and fault death); and (ii) assess the impact of 77 

various parameters on fault and rift development, including extension obliquity and pre-78 

existing structures (e.g., Vendeville et al., 1987; Mansfield & Cartwright, 2001; Hus et al., 79 

2005; Filbrandt et al., 2007; Schlagenhauf et al., 2008; Whipp et al., 2016; Zwaan et al., 80 

2016, 2019; 2021a, b; Chauvin et al., 2018; Rotevatn et al., 2019; Osagiede et al. 2021; 81 

Wang et al., 2021; Carboni et al., 2022; Schmid et al., 2022a). However, the analysis of 82 

analogue models is traditionally based on overhead (i.e., top-view) images of the model 83 

top surface and side-view images taken through transparent sidewalls (e.g., 84 

Schlagenhauf et al., 2008; Mayolle et al. 2023, see Zwaan et al. 2022 and references 85 

therein). Due to the opaque nature of the modelling materials used in such models, fault 86 

geometries and evolution at depth, the temporal changes in the subsurface geometry of 87 

individual faults or the fault network as a whole, and/or how these might relate to their 88 

surficial expression (e.g., segmentation), cannot be directly assessed. 89 

In this paper, however, we present the results of an innovative approach that allows us 90 

to track fault growth in three-dimensional space and through time (4D) in an analogue 91 

rifting model, made possible by the combined use of a medical-grade X-ray computed 92 
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tomography (CT) scanner and overhead image analysis. We focus on how fault length, 93 

throw, and height change through time (including the early, previously un-resolved 94 

stages of fault growth), and how these changes in geometric parameters relate to fault 95 

segment interaction and linkage. This is the first time that changes in fault length and 96 

throw have been tracked at such close temporal intervals and in fully three dimensions.  97 

 98 

2. Methodology 99 

2.1. Model materials 100 

Granular materials are routinely used to simulate brittle parts of the lithosphere. In this 101 

study, we use quartz sand from Carlo AG (ø = 60-250 µm) (www.carloag.ch; Zwaan et al. 102 

2018) to represent the upper crust. The sand is sieved from ~30 cm above the model 103 

surface to guarantee a density of ~1560 kgm-3 (Schmid et al., 2020c), with the sand 104 

subsequently flattened with a scraper at every 1 cm to create stratigraphic layering (e.g., 105 

Zwaan et al., 2019). We then add a thin (c. 1 mm) dusting of denser (1890 kgm-3) 106 

corundum sand every 1 cm to create a slight density contrast that would make layering 107 

visible on CT scans. The angles of internal peak and stable friction are 36.1˚ and 31.4˚, 108 

respectively, for the quartz sand, and 37˚ and 32˚ for the corundum sand (Zwaan et al., 109 

2018); both types of sand have very similar mechanical properties, thus adding layers of 110 

corundum sand as marker intervals does not significantly alter the model development 111 

or more specifically, the fault geometry and kinematics (e.g., Zwaan et al., 2016; Zwaan 112 

& Schreurs, 2017).  113 

The bottom viscous layer, which simulates the ductile lower crust, is 4 cm-thick and 114 

consists of a near-Newtonian (viscosity η; ca. 1.5x105 Pa s; stress exponent η=1.06-1.10; 115 

Zwaan et al., 2018) viscous mixture of SGM-36 polymethylsiloxane (PDMS) silicone 116 

http://www.carloag.ch/
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(manufactured by Dow Corning) and the same corundum sand is used for layering in the 117 

overlying sand layer described above (ρ specific = 3950 kg m-3; Panien et al., 2006; Zwaan 118 

et al., 2016, 2019). This silicone/corundum sand mixture is mixed at a 1:1 weight ratio to 119 

have a similar density to that of quartz sand (~1560 kgm-3), preventing the viscous layer 120 

from buoyantly rising in an unrealistic manner (Zwaan et al., 2016, 2019). The properties 121 

of the model materials are summarised in Table 1.  122 

2.2. Model set-up 123 

The general model apparatus we use for our rifting model is the same as the one applied 124 

by Zwaan et al. (2016; 2019; 2020; 2021a, b) (Figure 2). This apparatus contains a fixed 125 

base plate with two sidewalls that move independently of each other, their motion 126 

controlled by precise, computer-guided motors. 127 

The base of the model set-up consists of alternating 1 cm-wide strips of RG 50 128 

polyurethane foam and 5 mm-wide plexiglass strips which is placed on top of the fixed 129 

base plate, above which the brittle and viscous model layers are added (Figure 2). Note 130 

that no seed (i.e., a structural weakness) is applied at the base of the brittle sand layer to 131 

initiate rifting, as has been done in previous models using this same apparatus (Zwaan 132 

et al., 2016, 2019, 2021a, b), and in other analogue models (Le Calvez et al., 2002; 133 

Filbrandt et al., 2007; Liang et al., 2021; Osagiede et al., 2021; Schmid et al., 2022a, b). 134 

Instead, the model is relatively free to develop faulting in the sand layer, thus permitting 135 

the “natural” initiation and evolution of the arising fault network.  136 

The sidewalls are moved apart by a total of 4 cm (i.e., each sidewall 2 cm), and the model 137 

set-up base is compressed prior to addition of the brittle-viscous model materials; this 138 

allows the model to expand uniformly as the sidewalls move apart during the model run. 139 
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As a result, the overlying model materials are extended, and the model reaches a final 140 

width of 34 cm. The model is extended at a rate of 400 mm/hr, which is a relatively high 141 

extension rate compared to previous studies using this apparatus (rates between 3 142 

mm/hr and 100 mm/hr; Zwaan et al., 2016; 2019; 2020; 2021a, b). We apply this relatively 143 

fast rate given this was needed to form any structures within the sand pack, without the 144 

use of a seed or other pre-defined weakness. Extension is briefly stopped every 2 mm of 145 

extension for the model to be CT-scanned, which is not considered to have significantly 146 

affected model evolution. Information on scaling can be found section 1 of the Appendix.  147 

2.4. Model monitoring and analysis 148 

Two Nikon D810 (36 MP) DSLR cameras mounted above the model apparatus and 149 

oriented at an angle of c. 30° take time-lapse photos of the model surface throughout 150 

extension, at fixed increments of 2 mm. Markers with known coordinates are placed in 151 

each corner of the apparatus for geo-referencing. To quantify surface deformation, we 152 

apply digital image correlation (DIC) analysis, which tracks particle patterns as they 153 

displace throughout the duration of the model run (e.g., Adam et al., 2005; Boutelier et 154 

al., 2019; Zwaan et al., 2020, 2021a, b, Schmid et al., 2022a, b). For the DIC analysis, the 155 

model area is subdivided into small interrogation windows for which local displacement 156 

vectors are calculated on subsequent images using a cross-correlation algorithm. The 157 

resulting local displacement vectors are assembled into incremental displacement 158 

maps for the in-plane displacement components ux and uy. Postprocessing includes 159 

outlier filtering to detect spurious vectors within a 3 x 3 neighbourhood (Westerweel and 160 

Scarano, 2005) and their replacement by an iterative interpolation requiring at least two 161 

adjacent vectors.  162 
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For quantifying onset, duration, and intensity of faulting, we use the small strain tensor 𝑒 163 

obtained from displacement gradients with: 164 

 𝑒𝑖𝑗 =
𝜕𝑢𝑖

𝜕𝑥𝑗

 (1) 

with the components, 165 

 𝑒 = [
𝑒𝑥𝑥 𝑒𝑥𝑦

𝑒𝑦𝑥 𝑒𝑦𝑦
] (2). 

We show the quantitative deformation evolution in strain maps using the maximum 166 

principal strain 𝑒𝑚𝑎𝑥. In contrast to the components of the small strain tensor,  𝑒𝑚𝑎𝑥 is 167 

independent of the coordinate system and is obtained from 𝑒 via 168 

 𝑒𝑚𝑎𝑥 =
𝑒𝑥𝑥 + 𝑒𝑦𝑦

2
+ √(

𝑒𝑥𝑥 − 𝑒𝑦𝑦

2
)

2

+ 𝑒𝑥𝑦
2  (3). 

 169 

For analysing the spacing evolution of active faults, we create extension-parallel swath 170 

profiles (20 mm width) of incremental 𝑒𝑚𝑎𝑥values at the model centre (i.e., x = 0 mm). For 171 

each time step, values are normalized using the maximum occurring value for 172 

comparison. 173 

To reveal its internal evolution, the model is scanned using a medical X-ray CT scanner 174 

(64 slice Siemens Somatom Definition AS X-ray CT-scanner). The CT scan volumes 175 

consist of single image slices perpendicular to the long model axis (and parallel to the 176 

experimental extension direction) with a resolution of ~0.72 x 0.72 mm/pixel (given a scan 177 

matrix of 512 x 512 pixels and a 370 x 370 mm scan window) and a slice thickness of 0.6 178 

mm. The scan images are converted from DICOM files (the standard format for CT files) 179 
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into SEG-Y files (the standard format for seismic data) using the software GeoAnalog, so 180 

that images can be loaded into and interpreted within Petrel seismic interpretation 181 

software in a similar manner to a 3D seismic reflection volume (i.e., with inlines, 182 

crosslines and depth slices).  183 

The terminology used to describe the geometry of the fault network is shown in Figure 3, 184 

with additional information on overlapping faults and fault segment interaction provided 185 

in Section 2 of the Appendix. Fault throw and length are measured at every time step 186 

(every 2 mm of extension), starting from 22 mm of extension, when the faults have 187 

sufficiently large throws to be imaged and thus measured in the 3D CT dataset. We use 188 

cardinal directions to describe the models, i.e., one side of the CT-scanned model is 189 

north, and the opposite side is south (see Figure 2).  190 

 191 

3. Results 192 

In this section we qualitatively describe the overall structural development of the model, 193 

from the initiation to the cessation of extension. We then focus on three segmented 194 

faults in order to quantify how they evolve, focusing on fault development between 22 195 

mm of extension and 40 mm of extension, i.e., towards the end of extension.  196 

3.1. Overview of fault expression and evolution 197 

Faulting along the long axis of the model can first be seen after 6 mm of extension 198 

(Figures 4 and 5), although these are considered edge effects (see Zwaan et al., 2016, 199 

2019). Due to the higher resolution of the top-view images compared to the CT scans, the 200 

overhead DIC analysis can image fault activity earlier than observed in the CT scans. For 201 

example, some incipient faulting across the centre of the model can be seen at around 8 202 
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mm extension in the overhead images (Figure 4) and at around 12 mm extension in the 203 

CT scan (Figure 5). From 10-14 mm extension, there are many closely spaced, seemingly 204 

low-throw faults observed both in the DIC results and CT scans (Figures 4 and 5). 205 

Between 20-22 mm extension (Figures 4 and 5), some faults appear to become more 206 

active, or at least are characterised by better-defined surface traces. Fault traces can be 207 

mapped at depth by 22 mm extension, and at that point, faults have already reached their 208 

maximum height, spanning the base of the model to the surface. In the later stages of the 209 

model run (post-26 mm extension), longer and better-developed faults start to form 210 

grabens. Small and low activity faults can be seen between the larger structures (Figures 211 

4-5). Faults maintain a constant dip of ~64˚ throughout the model run (see section 4.1). 212 

Even though throw is too low to be directly visible at the earliest stages of faulting in the 213 

more qualitative top view strain maps (Figure 4) and the CT scanner images at shallow 214 

depth (Figure 5), the swath profile analysis allows strain distribution to be quantified 215 

across the top of the model from the earliest stages of extension on, showing the number 216 

of active faults, fault spacing, as well as strain localisation throughout the extension of 217 

the model (Figure 6 and Supplementary Figures 10-13). Maxima in the 𝑒𝑚𝑎𝑥swath profiles 218 

across the centre of each model delineate active faults (Figure 6). 219 

 The spacing and amount of active faults changes between the early and later stages of 220 

the model (Figure 6). At 6 mm extension, there are ~25 active faults across the swath 221 

profile, faults are spaced an average of ~1.1 mm apart, and the percentage of normalised 222 

strain on each fault is between 4-8% (Figure 6a). At 14 mm and 22 mm extension, there 223 

are ~23 active and ~21 active faults across the swath, faults are spaced ~1.05 and ~0.95 224 

mm apart, and normalised strain on faults is between ~0.2-0.9 and ~0.1-0.75, 225 

respectively (Figure 6b-c). At 30 mm extension, there are ~20 active faults spaced ~0.8 226 
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mm apart, with normalised strain on faults varying from ~0.5-0.9 (Figure 6d). At 38 mm 227 

extension, there are ~16 active faults, spaced ~0.6 mm apart, and normalised strain on 228 

faults varies from ~0.05-0.95; only four faults have a normalised strain >0.25 (Figure 6e). 229 

Generally, as extension continues, the number of active faults decrease, the spacing 230 

between faults increases, and the amount of strain on different faults across the width 231 

of the model becomes more varied, with more strain being accommodated onto 232 

increasingly fewer faults. 233 

3.2. Detailed fault analysis 234 

Having looked at the general patterns and styles of fault network development, we will 235 

now focus on three specific segmented faults, tracking temporal changes in their length 236 

and throw. We chose these three faults (F1-3) because they have sufficient throw to be 237 

imaged relatively early in the model run, and because they show different types of 238 

interactions with adjacent faults. These three faults are labelled in CT scan images in 239 

Figure 7.  240 

3.2.1. Fault 1 241 

On the model top surface, F1 is 650 mm long and has a maximum throw of 30 mm at the 242 

end of extension (Figure 8). The shape of its throw length profile at maximum extension 243 

is generally symmetrical and bell-shaped with two throw maxima (Figure 8D). It has a N-244 

S strike and dips to the E (Figure 7). F1 consists of three segments (referred to as F1A-C) 245 

that are initially separate, but which eventually link via tip propagation and linkage (Figure 246 

8). At its final length, F1 has a conjugate fault boundary (see Figure 3) at its northern tip 247 

and a synthetic boundary at its southern tip. 248 

At 22 mm of extension, the segments comprising F1 are not linked and their tips are 249 

underlapping (Figure 8a). The length and throw of F1C at this time are 120 mm and 1 mm, 250 
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respectively (Figure 8a). Subsequently, between 22 mm and 28 m of extension, the tips 251 

of F1A-C propagate, such that the tips of F1B and F1C overlap, although the segments 252 

themselves are not physically linked (Figure 8b). F1A eventually physically links with F1B 253 

at 32 mm of extension (Figure 8b), meaning the length and throw of the now-linked 254 

segments are 340 mm and 9 mm, respectively (Figure 8b). Before F1A and F1B physically 255 

link, their tips did not overlap, resulting in tip-to-tip linkage (Figure 8b). Between 32 and 256 

36 mm of extension, F1AB lengthens to 380 mm and accrues a total of 19 mm of throw 257 

(Figure 8c). At 38 mm of extension, the relay between F1A-B and F1C is breached (Figure 258 

8c), bringing the total length and throw of the newly formed fault to 640 mm and 24 mm, 259 

respectively (Figure 8c). The length of F1 then remains relatively stable (up to 650 mm), 260 

although the maximum throw increases to 30 mm by the end of extension (Figure 8d).  261 

3.2.2. Fault 2 262 

F2 is 900 mm long and has a throw of 31 mm at the end of extension (Figure 9). The shape 263 

of its throw length profile at maximum extension is generally asymmetrical and bell-264 

shaped with two throw maxima (Figure 9C). It strikes N-S and dips to the E (Figure 7). F2 265 

consists of two segments (referred to as F2A-B) that are initially separate, but which 266 

eventually link (Figure 9). F2 has a synthetic fault boundary at its northern tip and a free 267 

southern tip, noting that the southern tip is close to the edge of the model (Figure 9). 268 

At 22 mm of extension, the tips of segments F2A and F2B are underlapping and F2 is 269 

surrounded by many small, low-throw faults (Figure 9a). At this time, F2A is 460 mm long 270 

and has a throw of 2 mm (Figure 9a). Subsequently, between 22 and 30 mm of extension, 271 

F2A grows by tip propagation, and has total length and throw of 550 mm and 13 mm, 272 

respectively (Figures 9b). The tips of F2A and F2B overlap at 30 mm extension and the 273 

relay ramp between the segments breaches at 32 mm extension (Figure 9b), and the now-274 
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linked F2 has a length and throw of 820 mm and 15 mm, respectively (Figure 9b). Between 275 

32 mm and 40 mm of extension, F2 grows slightly via tip propagation, bringing its final 276 

length and throw to 900 mm and 31 mm, respectively (Figure 9c).  277 

3.2.3. Fault 3 278 

F3 is 1550 mm long with a maximum throw of 40 mm at the end of extension (Figure 10). 279 

It strikes N-S and dips to the W (Figure 7). The shape of its throw length profile at 280 

maximum extension is asymmetrical and triangular with two main throw maxima (Figure 281 

10D). F3 consists of three segments (referred to as F3A-C) that are initially separate, but 282 

which eventually link (Figure 10). Both the northern and the southern tips of F3 have 283 

conjugate boundaries with adjacent segments (Figure 10). 284 

At 22 mm of extension, F3B has a length of 680 mm and a throw of 2 mm, whereas F3A 285 

and F3C are not yet resolvable until 24 mm and 26 mm of extension, respectively (Figure 286 

10a; Supplementary Figure 16). Between 22 mm and 26 mm extension, F3B lengthens 287 

slightly via tip propagation to 690 mm, and accumulates a throw of 6 mm (Figure 10b). At 288 

28 mm extension, F3A and F3B overlap and the relay ramp between them breaches, 289 

bringing the total length and throw of the now-linked system to 1280 mm and 7 mm, 290 

respectively, while the tips of F3B and F3C overlap but remained unlinked (Figure 10b). 291 

Between 28 mm and 32 mm of extension, F3A/B accumulates a total of 20 mm of throw 292 

and lengthen to 1340 mm (Figure 10c). The relay ramp between F3A/B and F3C is 293 

breached at 34 mm of extension, bringing the total length and throw of the now-linked 294 

system (i.e., F3) to 1530 mm and 30 mm, respectively (Figure 10c). Between 34 and 40 295 

mm of extension, F3 does not appreciably lengthen (1530 mm total), whereas throw 296 

increases to 40 mm by the end of extension (Figure 10d).  297 
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 298 

4. Discussion 299 

The throw and length of three faults (and their associated segments) are measured at 300 

every 2 mm of extension, from 22 mm to 40 mm (Figures 8-11). These faults show a 301 

cyclical pattern of growth, comprising periods of rapid lengthening followed by prolonged 302 

throw accumulation. Here we will compare the results of our model to previous analogue 303 

modelling studies and to data from natural examples of normal faults, exploring the 304 

validity of cyclical fault growth model, as well as discussing the processes and products 305 

of strain localisation within fault networks. 306 

4.1. Comparison to natural faults and previous physical analogue model studies 307 

Throw-length profiles of faults in this model are similar to those in nature: generally 308 

triangular or bell-shaped and often asymmetric and/or with multiple 309 

displacement/throw maxima and minima (e.g. Figures 8-10), with the latter indicating 310 

position where segments link, commonly via relay ramp breaching (e.g., Huggins et al., 311 

1995, Soliva & Benedicto, 2004; Densmore et al., 2004 for examples of throw-length 312 

profiles from outcrop studies, and  e.g., Walsh et al., 2003; Nicol et al., 2005; Jackson et 313 

al., 2013, 2017; Ze & Alves, 2019; Lathrop et al., 2021 for examples of throw-length 314 

profiles derived from 3D seismic reflection studies). Modelled faults also follow a broadly 315 

similar growth pattern to those identified in natural systems; at the array scale, faults 316 

experience a relatively brief period of lengthening, followed by a more protracted period 317 

of throw accumulation (e.g., Walsh et al., 2002, 2003; Nicol et al., 2005; Jackson & 318 

Rotevatn, 2013; Henstra et al., 2015; Fossen & Rotevatn, 2016; Hemelsdaël & Ford, 2016; 319 

Tvedt et al., 2016; Childs et al., 2017; Jackson et al., 2017; Rotevatn et al., 2019). Fault 320 

growth will be detained in detail later in the discussion (section 4.3).  321 
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We use the same apparatus as Zwaan et al., (2016; 2019; 2020; 2021a, b), however our 322 

study differs from those previous models because it does not use a seed to initiate 323 

faulting. Models with seeds form one main rift along the length of the seed, which is ideal 324 

for studying topics such as rift interaction and rift basin propagation, whereas our model 325 

set-up allows for a more distributed fault network to develop, which is more suited to a 326 

more detailed analysis of the growth of individual segmented faults and their host 327 

networks.  328 

Despite differences in modelling approach, our results are consistent with previous 329 

sandbox analogue studies that measured fault throw and length through time (see 330 

Schlagenhauf et al., 2008; Wang et al., 2021; Schmid et al., 2022a; Mayolle et al., 2023). 331 

Schlagenhauf et al. (2008) document a hybrid style of fault growth, characterised by an 332 

initial period of rapid lengthening (around one-third of the model duration), followed by a 333 

stage of displacement accrual, during which time little or no lengthening occurs, and that 334 

persists for the remainder of the model. They theorize that faults have cyclical growth 335 

patterns and state that faults cannot have a D/L>1, such that once a fault approaches 336 

that ratio, it will lengthen via segment linkage and return to a period of displacement 337 

accrual (Schlagenhauf et al., 2008). Our high-resolution models confirm their hypothesis 338 

and in fact, captures multiple stages of this cyclical growth (Figure 11). The set-up and 339 

analysis of Schlagenhauf et al. (2008) had two major differences to our model. First, foam 340 

wis compressed and extended only in the middle of their model, which results in uneven 341 

extension across the length of the model and somewhat unrealistic, curvilinear faults 342 

(Schlagenhauf et al., 2008). In contrast, extension is uniformly distributed, and faults 343 

remain relatively straight across the length of our model (Figure 2). Second, 344 
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Schlagenhauf et al. (2008) tracks displacement and length with an overhead laser 345 

tracker, whereas we use 3D CT scans to in order to visualise fault interactions at depth.  346 

Wang et al. (2021) model fault reactivation in response to non-coaxial extension, finding 347 

that reactivated faults follow a constant-length model, whereas non-reactivated (i.e. 348 

‘new’) faults follow a propagating fault model. Faults are measured twice (at 2 and 3 cm 349 

of extension); between those time steps, fault displacement increases, and the faults 350 

link with adjacent segments (Wang et al., 2021). Wang et al. (2021) consider that these 351 

faults grow via the propagating growth model. However, we speculate that this could 352 

simply be one phase of cyclical growth as shown in our model, suggesting that if growth 353 

was tracked at higher resolution or if extension was to continue, faults would likely 354 

experience a more protracted stage of post-linkage throw accrual.  355 

No matter how closely spaced synthetic faults are our models, all faults have a constant 356 

dip of ~64˚ and thus do not form vertically branching or listric faults as seen in nature 357 

(e.g., Soliva et al., 2008). The reason that fault dip does not change could be due: 1) in 358 

our model, extension being induced by the expanding foam at the bottom of the model, 359 

but in nature it could be induced by forces acting from the side of the system as well, so 360 

this could cause our faults to behave differently; 2) during the early stages of extension 361 

(pre-20 mm), the faults are too closely spaced together to allow for later changes in dip, 362 

or; and 3) changes in fault dip may require us to use models with thicker sand layers or 363 

additional extension. 364 

  365 
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4.2. Strain Localisation 366 

As fault networks evolve, strain is partitioned onto fewer, optimally positioned faults 367 

(e.g., Cowie, 1998; Gawthorpe & Leeder, 2000; Cowie & Roberts, 2001; Pan et al., 2021). 368 

Strain localisation is also seen in our models, with numerous short, low-throw, very 369 

closely spaced faults characterising the initial stages of extension, and fewer, longer, 370 

larger-throw, more widely spaced faults defining the latter stages of extension (Figure 6). 371 

Throughout extension, strain progressively becomes more localised, and the amount of 372 

strain on each fault becomes more varied. Specifically, between 6 mm and 38 mm of 373 

extension, the average spacing between faults increases from ~1.1 mm to ~0.6 mm and 374 

the total number of active faults decrease by 36%, with the bulk of strain across the width 375 

of the model only being accommodated by four faults at the end of the model (Figures 6a 376 

and 6e). During extension, faults that are optimally positioned (i.e., faults with synthetic 377 

boundaries and that are not located in the stress shadows of larger structures) continue 378 

to grow via segment linkage, while faults that have conjugate boundaries with adjacent 379 

faults and/or that lie in the stress shadows of larger structures become inactive and die 380 

(Figure 6). Faults that remain active continue to lengthen via segment linkage to form 381 

through-going horsts and grabens across the model that remain active throughout 382 

extension.  383 

4.3. Proposed fault growth model  384 

In the fault growth models originally proposed by Cartwright et al. (1996), and further 385 

developed by Schlagenhauf et al. (2008), Filbrandt et al. (2007) and Pan et al. (2021), 386 

faults follow a cyclical, step-wise growth pattern, alternating between stages of rapid 387 

lengthening and slow displacement/throw accrual (Figure 1). This suggests that on 388 

individual faults may grow in accordance with the constant-length model, but at the 389 
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scale of the broader fault array, growth is cyclical. It has been suggested that faults grow 390 

in this step-wise manner across all scales, from individual fault segments to entire 391 

networks; however, these previous works only capture one stage of fault growth in cm-392 

scale analogue model faults (Filbrandt et al., 2007; Schlagenhauf et al., 2008), numerical 393 

simulations (Pan et al., 2022) and km-scale natural normal faults (Pan et al., 2021).  394 

Observations from our analogue model support this cyclical fault growth model, 395 

resolving additional stages of step-wise growth (Figure 11). Each step shows a period 396 

during which throw accrues, but the fault does not lengthen significantly until two 397 

segments physically link. The newly linked fault(s) then return to a period of throw 398 

accrual until the next phase of segment linkage. We identify three stages of step-wise 399 

growth in F1 and F3, and two stages in F2 (Figure 11). The exception to this growth pattern 400 

is the increase in length in F1 from 22 mm to 24 mm of extension, although this is likely 401 

partially due to throw being too low to clearly delineate the full fault length after 22 mm 402 

extension (Figure 8a). 403 

During the earliest stages of extension, short, isolated, closely-spaced, low-throw fault 404 

segments developed and begin to accumulate throw while maintaining a relatively stable 405 

length (Figure 12a1). The tips of the fault segments then propagate enough to interact 406 

and link with adjacent synthetic fault segments, increasing their length dramatically 407 

(Figure 12a2). These fault arrays then maintain a relatively stable length with small 408 

amounts of tip propagation (mm scale in our model) while accruing throw (Figure 12a3). 409 

Faults with conjugate boundaries and faults in stress shadows do not lengthen and will 410 

eventually become inactive as strain is localised onto the larger, optimally spaced faults 411 

(Figure 12a3). Active faults across a larger scale (Figure 12b1) will then propagate a small 412 

amount until they interact and link with adjacent synthetic faults, dramatically increasing 413 
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their total length again (Figure 12b2). The newly linked faults then maintain a relatively 414 

stable length with some (mm scale in our model) tip propagation whilst accruing throw. 415 

In theory, this pattern will continue until either 1) extension stops, or 2) the fault 416 

encounters a barrier that prevents further segment linkage, such as a conjugate 417 

boundary with an adjacent fault, or 3) the fault becomes inactive due to stress being 418 

partitioned onto a more optimally situated fault. This could be tested in the future 419 

through analogue modelling with increased extension (i.e., >4 cm extension) as well as 420 

through numerical modelling.  421 

Fault segments with conjugate boundaries with adjacent segments are prevented from 422 

growing laterally. In our models, the northern tip of F1 and both the northern and 423 

southern tips of F3 have conjugate segments boundaries with adjacent structures. Fault 424 

segments become pinned relatively early, which restricts further fault growth via 425 

segment linkage or tip propagation. For example, the northern tip of F1A is pinned by a 426 

conjugate fault by 28 mm of extension, which prevent it from growing laterally for the rest 427 

of extension (Figure 8). This is likely one of the reasons that faults stop lengthening 428 

quickly; once faults start to grow laterally and interact with a conjugate fault, they are 429 

mechanically blocked from lengthening any further; this process is common across the 430 

model and in natural examples (e.g., Moriya et al., 2005; Pan et al., 2021).  431 

5. Conclusion 432 

We use an innovative analogue modelling approach to study normal fault growth by 433 

tracking fault lengthening and throw accumulation in 3D and through time. We have 434 

found the following: 435 

• Strain is increasingly localised onto fewer, larger faults through time. Faults with 436 

synthetic boundaries (i.e., segments that approach each other along strike and 437 
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dip in the same direction) will remain active, and faults in stress shadows or with 438 

conjugate boundaries (i.e., segments that approach each other along strike and 439 

dip in the opposing direct) will become inactive early and strain is partitioned onto 440 

larger faults.  441 

• Overall, faults show a step-wise growth pattern with alternating stages of 442 

lengthening and throw. Fault segments lengthen via segment linkage by 443 

interacting with adjacent fault segments and then remain at a constant length 444 

(with some minor tip propagation) while accumulating throw. Faults will again 445 

have another stage of lengthening via linking with an adjacent synthetic fault 446 

segment, and then remain at that length while accumulating throw. This cyclical 447 

growth continues until the fault either becomes inactive due to strain being 448 

localised onto another nearby fault or until extension ends.  449 

• This mechanism of cyclical fault growth has been suggested before (Cartwright et 450 

al., 1996; Filbrandt et al., 2007; Schlagenhauf et al., 2008; Pan et al., 2021), but 451 

this is the first time that several stages of cyclical fault growth have been directly 452 

observed. 453 

• These model results improve our overall understanding of fault kinematics and 454 

fault growth from the segment to the network scale and has implications in 455 

potential seismic hazards. 456 

  457 
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Supplementary Section 458 

We completed a total of four rifting models with different configurations and extension 459 

velocities for our study, but the analysis presented in this paper was completed on the 460 

most geometrically realistic model (i.e., the model with the configuration that allowed 461 

horsts and grabens to form and strain to be partitioned). Information on the additional 462 

models as well as additional figures from every stage of extension can be found in the 463 

supplementary material. 464 
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Figures 490 

 491 

 492 

Figure 1. Global displacement-length (D-L) database from Lathrop et al., 2022 (see sources therein). Fault 493 

growth trajectories of the constant-length model (e.g., Walsh et al., 2002, 2003; Nicol et al., 2005; Jackson 494 

& Rotevatn, 2013; Henstra et al., 2015;  Fossen & Rotevatn, 2016; Hemelsdaël & Ford, 2016; Tvedt et al., 495 

2016; Childs et al., 2017), the hybrid model (e.g., Jackson et al., 2017; Rotevatn et al., 2019), the 496 

propagating fault model (e.g., Morley et al., 1990; Dawers et al., 1993;  Cartwright et al., 1995; Walsh et al., 497 

2003), and cyclical fault growth model (Cartwright et al., 1996; Filbrandt et al., 2007; Schlagenhauf et al., 498 

2008; Pan et al., 2021) are shown. 499 
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 500 

 501 

Figure 2. Model set-up. A) 3D set-up of the model. B) Top view of the model. C) Cross-section view of the 502 

model with a schematic of the strength profile for viscous-brittle setup. ‘North’ has been assigned in A and 503 

B. Modified after Zwaan et al., 2020. 504 

  505 
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 506 

Figure 3. Outline of fault overlap geometries. A) Types of lateral fault tip overlap including overlapping, non-507 

overlapping, and underlapping. B) Types of fault tip boundaries including synthetic segment boundaries, 508 

conjugate segment boundaries, and free fault tips, shown in map-view, 3D-view and along strike (see 509 

Trudgill & Cartwright, 1994; Cartwright et al., 1995; Whipp et al., 2016). 510 
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 511 

Figure 4. Top-view results from surface DIC analysis of at every 4 mm of extension. Some faulting can be 512 

seen at ~6-8 mm extension. North direction is labelled in T1 and is the same throughout. There was an error 513 

with overhead imaging at 40 mm ext., and thus is not shown. Scans were taken at every 2 mm of extension 514 

and all of the images can be found as Supplementary Figures 6 and 7. 515 

 516 
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 517 

Figure 5. CT scan images at every 4 mm of extension model. Images are showing the upper part of the 518 

model (~0.5 cm from the model surface). Some faulting can be seen at ~10 mm extension. North 519 

direction is labelled in T1 and is the same throughout. Scans were taken at every 2 mm of extension and 520 

all of the images can be found as Supplementary Figure 8 and 9. 521 
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 522 

Figure 6. Swath profiles showing emax (incremental maximum normal strain) to indicate active fault 523 

wavelength. emax is normalised using the maximum occurring emax value for better comparison. Profiles 524 

are shown at A) 6 mm extension, B) 14 mm extension, C) 22 mm extension, D) 30 mm extension, and E) 38 525 

mm extension. Each local maximum in the profiles indicates an active fault. The swath profiles are taken 526 

at x=0 mm and have a width of 2 mm. Solid black lines indicate the swath profiles’ mean value. Dark and 527 

light blue areas indicate the 1 standard deviation and extrema, respectively. Active fault wavelength for 528 

every 2 mm of extension can be found in Supplementary Figure 10-13.  529 
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 530 

Figure 7. Overview and cross-section of model. A) Overhead view of model at 40 mm extension, showing 531 

the overall structures of the model. Fault 1 (F1), Fault 2 (F2), and Fault 3 (F3) are labelled. Depth of image 532 

is shown in figure B with the black dashed line. B) W-E cross-section view through F1 and F3. Location of 533 

cross section is labelled in panel A with a black dashed line. C) W-E cross-section view through F2 and F3. 534 

Location of cross section is labelled in panel A with a black dashed line. The cross-sections have a vertical 535 

exaggeration of 1:3.  536 

 537 

 538 
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539 

Figure 8. Figure showing the fault length, throw, and segment linkage for Fault 1 at A) 22 mm extension, B) 540 

32 mm extension, C) 38 mm extension, and D) 40 mm extension. These intervals were chosen to show the 541 

start of the analysis (22 mm ext.), the points of fault segment linkage (32 and 38 mm ext.), and the end of 542 

analysis (40 mm ext.). Faults are shown in cross-section and overhead view with F1A-C labelled, along with 543 

throw-length plots and a cumulative throw-length through time at every 2mm ext. The locations of the 544 

cross-sections are indicated by the yellow dashed line on the overhead image. Measurements of fault 545 

length and throw are taken at these depths. The location of Fault 1 is labelled in figure 7. Cross-sections 546 
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have a vertical exaggeration of 1:3. Cross-section and map-view images at every 2 mm extension (22-30 547 

mm) can be found in Supplementary Figure 14.  548 

 549 

Figure 9. Figure showing the fault length, throw, and segment linkage for Fault 2 at A) 22 mm extension, B) 550 

32 mm extension, and C) 40 mm extension. These intervals were chosen to show the start of the analysis 551 

(22 mm ext.), the points of fault segment linkage (32 mm ext.), and the end of analysis (40 mm ext.). Faults 552 

are shown in cross-section and overhead view with F2A-B labelled, along with throw-length plots and a 553 

cumulative throw-length through time at every 2mm ext. The locations of the cross-sections are indicated 554 

by the yellow dashed line on the overhead image. Measurements of fault length and throw are taken at 555 

these depths. The location of Fault 2 is labelled in figure 7. Cross-sections have a vertical exaggeration of 556 

1:3. Cross-section and map-view images at every 2 mm extension (22-30 mm) can be found in 557 

Supplementary Figure 15. 558 
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 559 

Figure 2. Figure showing the fault length, throw, and segment linkage for Fault 1 at A) 22 mm extension, B) 560 

28 mm extension, C) 34 mm extension, and D) 40 mm extension. These intervals were chosen to show the 561 

start of the analysis (22 mm ext.), the points of fault segment linkage (28 and 34 mm ext.), and the end of 562 

analysis (40 mm ext.). Faults are shown in cross-section and overhead view with F3A-C labelled, along with 563 

throw-length plots and a cumulative throw-length through time at every 2mm ext. The locations of the 564 

cross-sections are indicated by the yellow dashed line on the overhead image. Measurements of fault 565 
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length and throw are taken at these depths. The location of Fault 3 is labelled in figure 7. Cross-sections 566 

have a vertical exaggeration of 1:3. Cross-section and map-view images at every 2 mm extension (22-30 567 

mm) can be found in Supplementary Figure 16. 568 

 569 

 570 

Figure 3. Figure tracking fault growth through time of Faults 1-3. A) Throw through extension and B) Length 571 

through extension. Segment linkage events are indicated with dots. 572 

 573 
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 574 

Figure 4. Schematic figure showing cyclical fault growth described in this paper. Cyclical fault growth is 575 

shown here scales A, B, and C, showing repeating fault growth patterns at the fault segment, array, and 576 

network scales. A1) Fault initiation at scale A, A2) Lengthening by segment linkage at scale A, A3) 577 

Localisation and displacement/throw accrual at scale A, B1) Fault initiation at scale B, B2) Lengthening by 578 

segment linkage at scale B. According to this model, the fault array would then have a period of 579 

displacement/throw accrual, followed by an initiation and lengthening at scale C. A schematic of these 580 

steps are labelled on a schematic displacement/length plot on the left. Modified from Pan et al. 2021.  581 
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 582 

Table 1. Material properties. Values for quartz sand after Schmid et al. (2020c). Values for 583 

PDMS/corundum sand mixture after Zwaan et al. (2016; 2018). Corundum sand values after Panien et. al 584 

(2006). Corundum sand values after Panien et. al (2006).  585 

 586 

  587 
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Appendix  588 

1. Model Scaling 589 

To ensure that our model represented nature, we used standard scaling protocol based 590 

on Hubbert (1937) and Ramberg (1981). The stress ratio between the model and nature 591 

is defined as: 592 

σ∗ = σ𝑚𝑜𝑑𝑒𝑙/σ𝑛𝑎𝑡𝑢𝑟𝑒    (1)  593 

and the stress ratio is given by the equation: 594 

σ∗ = 𝜌∗𝑔∗ℎ∗  (2), 595 

where 𝜌  *, g*, and h* represent density, gravity, and length ratios, respectively. Our 596 

model yielded a length scaling factor of ℎ∗=2x10-6, a density scaling ratio of 𝜌*=5.5x10-1 597 

and a gravity scaling ratio of 1, which resulted in a stress ratio of σ∗= 1.1x10-6 (Appendix 598 

Table 1). Next, the strain rate ratio for viscous materials ε∗= 3.7x1010 was calculated with 599 

ε∗ = σ∗/η∗  (3) 600 

using the stress ratio σ∗ and the viscosity scaling ratio η∗= 3x10-17 (Appendix Table 1). We 601 

used a relatively high lower crustal viscosity, 5x1021 Pa s, which has been suggested to 602 

be typical for the early stages of magma-poor rifting (e.g., Buck, 1991). The velocity ratio 603 

v* and time ratio t* were calculated with the equation: 604 

ε∗ =
𝑣∗

ℎ∗
=

1

𝑡∗   (4)  605 

yielding v*=3.7x1010 and t*=2.7x10-11.  606 

Based on our scaling, 1 cm in our model translates to 5 km in nature, and one-hour 607 

correlates to 4.2 Ma in nature. Our model was extended at a rate of 400 mm/hr, which 608 
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scales to 48 mm/yr in nature. This is fast, but a high extension rate is required to initiate 609 

rifting without a seed, and it still aligns with upper limit of the divergence rates compiled 610 

by Brune et al. (2016). Our scaling parameters can be found in Appendix Table 1.  611 

To verify dynamic similarity between the brittle layer of our model and the upper crust, 612 

we calculated 𝑅𝑠, the ratio between gravitational stress and cohesive strength or 613 

cohesion (C) (Ramberg, 1981; Mulugeta, 1998): 614 

𝑅𝑠 = 𝑔𝑟𝑎𝑣𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ⁄  615 

𝑅𝑠 = (𝜌𝑔ℎ2)/𝐶  (5) 616 

Assuming a cohesion of 12 MPa for rocks in the upper crust and a cohesion of 12 Pa in 617 

the sand (c*=10-6), we calculated 𝑅𝑠 =51 in both nature and our model. Our assumed 618 

cohesion of 12 MPa is relatively low compared to values obtained in rock deformation lab 619 

studies (e.g., Handin, 1969; Jaeger and Cook, 1976; Twiss and Moore, 1992), but is 620 

reasonable considering that the strength of the crust is generally weakened by multiple 621 

phases of deformation. The dynamic similarity between the model’s viscous mixture and 622 

the lower crust were assessed using the Ramberg number Rm, the ratio between 623 

gravitational stress and viscous strength (Weijermars & Schmeling, 1986): 624 

𝑅𝑚 = 𝑔𝑟𝑎𝑣𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ⁄  625 

𝑅𝑚 = (𝜌𝑔ℎ2)/(η𝑣)   (6) 626 

and Rm= 1.5 for both the model and nature. Since Rs and Rm are the same in the model 627 

and in nature, we consider our model to be properly scaled and thus a reasonable 628 

analogue to continental rifting.  629 
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 630 

2. Background information on overlapping faults and fault segment interaction 631 

As fault segments grow, they will invariably approach and interact with adjacent fault 632 

segments (e.g., Peacock and Sanderson, 1994; Crider and Pollard, 1998; Cowie et al., 633 

2000; Gupta & Scholz, 2000; Fossen & Rotevatn, 2016; Peacock et al., 2016). The 634 

development of overlapping lateral fault tips is an important stage of fault growth as it 635 

often occurs during fault growth via segment linkage. Fault tips can be described as 636 

underlapping, non-overlapping, and overlapping, defined according to their map-view 637 

location (Figure 3a) (e.g., Crider & Pollard, 1998; Gupta & Scholz, 2000; Hus et al., 2005; 638 

Peacock et al., 2016; Childs et al., 2017). The boundaries between fault segments can 639 

be described as either synthetic boundaries, conjugate boundaries, or free tips (Figure 640 

3b). Synthetic boundaries describe interacting fault segments with the same sense of 641 

dip direction; depending on how the segments relate to each other spatially, they could 642 

interact and link (Figure 3b) (e.g., Morley et al., 1990; Gawthorpe & Hurst, 1993; Childs 643 

et al., 1995; Whipp et al., 2016). Conjugate (or antithetic) boundaries describe stepping 644 

fault segments with opposite dip directions; these types of fault interactions typically 645 

block fault growth by not allowing additional tip propagation or segment linkage (Figure 646 

3b) (e.g., Morley et al., 1990; Gawthorpe & Hurst, 1993; Childs et al., 1995; Whipp et al., 647 

2016). Free tips are fault tips that are not interacting physically or mechanically with 648 

another fault and thus are free to propagate laterally (Figure 3b) (e.g., Morley et al., 649 

1990; Gawthorpe & Hurst, 1993; Whipp et al., 2016).  650 
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 651 

Appendix Table 1. Scaling parameters. Values from model brittle layer from Schmid et al. (2020) and 652 

viscous/ductile layer from Zwaan et al. (2018). Values for nature from Corti et al. (2003). Values for 653 

PDMS/corundum sand mixture after Zwaan et al. (2016; 2018). Corundum sand values after Panien et. al 654 

(2006). Values for nature from Corti et al. (2003). 655 

  656 
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Supplementary Material 657 

Rationale for the chosen set-up for analysis 658 

We carried out four different model set-ups inside the CT scanner (supplementary table 659 

1; supplementary figure 1) and we opted to carry out analysis only one model, here 660 

referred to as Model A, a brittle-viscous model with a 4 cm sand pack. In the brittle-661 

ductile set-up (Models A and B) we used a foam and plexiglass base because the 662 

additional weight of the viscous material would cause a pure foam base to sag. The set-663 

up for Model A can be seen in figure 2 of the main text, and that of Model B is the same as 664 

Model A, but with a 6 cm thick sandpack and an extension rate of 800 mm/hr. In the 665 

brittle-only set up (Models C and D) the plexiglass base was not needed, so a pure foam 666 

base was used and models could have a lower extension rate (8 mm/hr) due to the strain-667 

rate independent rheology of sand (Supplementary Table 1; Supplementary Figure 1). 668 

The ductile layer used in Models A and B allowed strain to be partitioned across the 669 

model, which permitted the models to have realistic geological phenomena, such as 670 

strain localisation onto larger faults and horst and graben formation (Supplementary 671 

Figures 2 and 3).  In the brittle-only set up (Models C and D) by contrast, faults were very 672 

tightly spaced with more or less equal amounts of displacement across each fault 673 

because without a ductile layer, strain had to be accommodated directly above the 674 

expanding foam (Supplementary Figures 4 and 5). We chose to conduct our analysis on 675 

brittle-ductile Model A, with a 4 cm sandpack (Supplementary Figure 2) as opposed to 676 

Model B with a 6 cm sandpack (Supplementary Figure 3) as it was the easiest to track 677 

faults in Model A. However, both models would have been acceptable choices. 678 

 679 
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 680 

Supplementary figure 1. Model set-up for brittle-only Models C and D with a pure foam base. A) 3D 681 

set-up of the model. B) Top view of the model. C) Cross-section view of the model with a 682 

schematic of the strength profile for viscous-brittle setup. Note that Model C had a 4 cm 683 

sandpack and Model D had a 6 cm sandpack. 684 
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 685 

Supplementary figure 2. Progression of Model A at 4, 10, 16, 22, 28, 34, and 40 mm extension. 686 

Photographs of the top view, top of the model in X-Ray view, and cross sections across the model are 687 

shown. Locations of each cross-section (labelled as 1-5) are on the top-view images. 688 

 689 
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 690 

Supplementary figure 3. Progression of Model B at 4, 10, 16, 22, 28, 34, and 40 mm extension. 691 

Photographs of the top view, top of the model in X-Ray view, and cross sections across the model are 692 

shown. Locations of each cross-section (labelled as 1-5) are on the top-view images. 693 
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 694 

Supplementary figure 4. Progression of Model C at 4, 10, 16, 22, 28, 34, and 40 mm extension. 695 

Photographs of the top view, top of the model in X-Ray view, and cross sections across the model are 696 

shown. Locations of each cross-section (labelled as 1-5) are on the top-view images. 697 
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 698 

Supplementary figure 5. Progression of Model D at 4, 10, 16, 22, 28, 34, and 40 mm extension. 699 

Photographs of the top view, top of the model in X-Ray view, and cross sections across the model are 700 

shown. Locations of each cross-section (labelled as 1-5) are on the top-view images. 701 



 46 

 702 

Supplementary figure 6. Top-view results from surface DIC analysis of at every 2 mm of extension from 2 703 

to 20 mm of extension. North direction is labelled in T1 and is the same throughout. 704 
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 705 

Supplementary figure 7. Top-view results from surface DIC analysis of at every 2 mm of extension from 22 706 

to 38 mm of extension. North direction is labelled in T11 and is the same throughout. 707 
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 708 

Supplementary figure 8.  Top-view results from surface DIC analysis of at every 2 mm of extension from 2 709 

to 20 mm of extension. Images are showing the upper part of the model (~0.5 cm from the model surface). 710 

North direction is labelled in T1 and is the same throughout. 711 
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 712 

Supplementary figure 9.  Top-view results from surface DIC analysis of at every 2 mm of extension from 713 

22 to 40 mm of extension. Images are showing the upper part of the model (~0.5 cm from the model 714 

surface). North direction is labelled in T11 and is the same throughout. 715 
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 716 

Supplementary figure 10. Swath profiles showing emax (incremental maximum normal strain) to indicate 717 

active fault wavelength. emax is normalised using the maximum occurring emax value for better comparison. 718 

Profiles are shown every 2 mm of extension from 2-12 mm extension. Each local maximum indicates an 719 

active fault. The position of the swath profile is at x=0 mm and has a width of 2 mm. Solid black lines 720 

indicate the swath profile mean value. Dark and light blue areas indicate the 1 standard deviation and 721 

extrema, respectively. 722 

 723 
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 724 

Supplementary figure 11. Swath profiles showing emax (incremental maximum normal strain) to indicate 725 

active fault wavelength. emax is normalised using the maximum occurring emax value for better comparison. 726 

Profiles are shown every 2 mm of extension from 14-24 mm extension. Each local maximum indicates an 727 

active fault. The position of the swath profile is at x=0 mm and has a width of 2 mm. Solid black lines 728 

indicate the swath profile mean value. Dark and light blue areas indicate the 1 standard deviation and 729 

extrema, respectively. 730 
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 731 

Supplementary figure 12. Swath profiles showing emax (incremental maximum normal strain) to indicate 732 

active fault wavelength. emax is normalised using the maximum occurring emax value for better comparison. 733 

Profiles are shown every 2 mm of extension from 16-26 mm extension. Each local maximum indicates an 734 

active fault. The position of the swath profile is at x=0 mm and has a width of 2 mm. Solid black lines 735 

indicate the swath profile mean value. Dark and light blue areas indicate the 1 standard deviation and 736 

extrema, respectively. 737 



 53 

 738 

Supplementary figure 13. Swath profile showing emax (incremental maximum normal strain) to indicate 739 

active fault wavelength. emax is normalised using the maximum occurring emax value for better comparison. 740 

Profiles is of 38 mm extension. Each local maximum indicates an active fault. The position of the swath 741 

profile is at x=0 mm and has a width of 2 mm. Solid black lines indicate the swath profile mean value. Dark 742 

and light blue areas indicate the 1 standard deviation and extrema, respectively. 743 

 744 
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745 

Supplementary figure 14.  Figure showing the growth and segment linkage for Fault 1 from 22 mm 746 

extension to 40 mm extension. Faults are shown in cross-section and overhead view. The locations of the 747 

cross-sections are indicated by the yellow dashed line on the overhead image. Measurements of fault 748 

length are taken at these depths. The location of Fault 1 is labelled in figure 7. Cross-sections have a 749 

vertical exaggeration of 1:3. 750 
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 751 

Supplementary figure 15.  Figure showing the growth and segment linkage for Fault 2 from 22 mm 752 

extension to 40 mm extension. Faults are shown in cross-section and overhead view. The locations of the 753 

cross-sections are indicated by the yellow dashed line on the overhead image. Measurements of fault 754 

length are taken at these depths. The location of Fault 2 is labelled in figure 7. Cross-sections have a 755 

vertical exaggeration of 1:3. 756 



 56 

 757 

Supplementary figure 16.  Figure showing the growth and segment linkage for Fault 3 from 22 mm 758 

extension to 40 mm extension. Faults are shown in cross-section and overhead view. The locations of the 759 

cross-sections are indicated by the yellow dashed line on the overhead image. Measurements of fault 760 

length are taken at these depths. The location of Fault 3 is labelled in figure 7 of the main text. Cross-761 

sections have a vertical exaggeration of 1:3. 762 

 763 
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 764 

Supplementary table 1. Parameters in Models A-D.  765 
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