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Abstract 27 

The lateral distribution of strength within the crust is highly variable. When subject to 28 

extension, lithologically and rheologically distinct areas of crust manifest strain differently, 29 

influencing the structural style, geometry and evolution of the associated rift system. Here, 30 

we use 3D thermo-mechanical models of continental extension to explore how pre-rift upper 31 

crustal strength variations influence rift physiography. We model a 500x500x100 km volume 32 

containing 125 km wide domains of mechanically ‘Strong’ and ‘Weak’ upper crust along 33 

with two reference domains. Crustal strength is represented by varying the initial strength of 34 

5 km3 blocks. Extension is oriented parallel to the domain boundaries such that each domain 35 

is subject to the same 5 mm/yr extension rate. Our modelling results show that strain initially 36 

localises in the Weak domain, producing a well-developed fault network, whilst little to no 37 

localisation occurs in the Strong domain, which is characterised by uniform strain. We find 38 

that although faults in the Weak domain are initially inhibited at the terrane boundaries, they 39 

eventually propagate through and ‘seed’ faults in the relatively stronger adjacent domains. 40 

We show characteristic structural styles associated with ‘strong’ and ‘weak’ crust and relate 41 

our observations to rift systems developed across laterally heterogeneous crust worldwide, 42 

such as the Great South Basin, NZ, and the Tanganyika rift, East Africa.  43 
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1 Introduction 45 

Continental rifts form atop a mosaic of crustal units, including cratons, mobile orogenic belts, 46 

magmatic terranes, and sedimentary sequences, amalgamated through multiple tectonic 47 

events. Each crustal unit has distinct lithological properties and a suite of pre-existing 48 

heterogeneities acquired through their unique tectonic evolution (e.g. Thomas, 2006). These 49 

crustal units manifest strain differently when subject to extension, influencing the 50 

development of rift systems. 51 

The relative bulk strength of a crustal volume is dependent on its lithological and rheological 52 

properties, and the presence of any heterogeneities within it, which reduce overall bulk 53 

strength (e.g. Sutton and Watson, 1986; Holdsworth et al., 2001). Strong crustal volumes may 54 

include rheologically strong cratons or relatively homogeneous granitic batholiths (e.g. 55 

Thomas, 2019; Howell et al., 2020); whilst weak volumes encompass rheologically weak 56 

sedimentary sequences and areas with pervasive heterogeneities, such as older rift systems 57 

(Cowie et al., 2005; Henza et al., 2011; Naliboff and Buiter, 2015), or orogenic belts 58 

surrounding cratons (Daly et al., 1989). Strong crust proves resistant to extension, with strain 59 

localising into adjacent weaker areas (e.g. Beniest et al., 2017; Lang et al., 2020). However, 60 

when extension occurs at a high angle to the boundaries between crustal volumes, as in the 61 

Great South Basin, New Zealand (Figure 1a) (e.g. Phillips and McCaffrey, 2019; Sahoo et al., 62 

2020), and the Lake Tanganyika Rift, East Africa (Figure 1b) (Wright et al., 2020), each 63 

volume, regardless of strength, experiences is subject to the same stress and undergoes 64 

extension, offering insights into how strain is accommodated across areas of different 65 

strength. In addition, boundaries between crustal volumes may reactivate or segment rift 66 

systems depending on their orientation, further influencing rift physiography (Doré et al., 67 

1997; Fossen et al., 2016; Vasconcelos et al., 2019). The structural style and evolution of rift 68 



systems reflects this geologically and rheologically complex crustal substrate, yet how strain 69 

is manifest across and between crust of varying strength, remains relatively unknown.  70 

In this study, we use 3D thermo-mechanical simulations of continental rifting to investigate 71 

how rift physiography varies across crustal units of varying initial strength. We extend a 72 

500x500x100 km region consisting of four 125-km wide domains, assigned different crustal 73 

strengths and oriented parallel to the extension direction (Figure 1c). The relative strengths of 74 

each domain is represented by randomly varying the initial brittle strength (parameterized 75 

through plastic strain softening)  between 5 km3 ‘Unit Blocks’, with weaker domains 76 

containing weaker Unit Blocks and a greater contrast between blocks. Our modelling results 77 

highlight how crustal strength and heterogeneities related to prior deformation influence 78 

strain localisation and rift physiography. We document characteristic structural styles 79 

associated with Strong and Weak crust, and highlight how faults developed in the weaker 80 

domains influence those developing in relatively stronger material across domain boundaries.   81 

 82 

Figure 1 – A) Top – Great south Basin, New Zealand, developed across an assortment of basement terranes including the 83 
Median Batholith (MB) and Murihiku forearc sedimentary basin (M). Faults after Sahoo et al., (2020) and Phillips and 84 
McCaffrey, (2019). Bottom – TWT structural map showing how faults terminate at a boundary with stronger material 85 
(granitic body within the Median Batholith). After Phillips and McCaffrey, 2019. B) Map of the Lake Tanganyika rift, East 86 
Africa, traversing orogenic mobile belts and an Archean craton. After Wright et al., (2020). Black arrows indicate extension 87 



direction. C) Initial numerical model setup. Initial Plastic Strain is added across the central 150 km of the model, varying 88 
between four domains of varying strength. 89 
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2 Numerical approach 91 

2.1 Modelling design and geometry 92 

We model the 3D thermo-mechanical evolution of extending continental lithosphere using 93 

the mantle convection and lithospheric dynamics ASPECT (Kronbichler et al. 2012; Heister 94 

et al. 2017; Glerum et al., 2018; Naliboff et al., 2020). The simulations span 500x500x100 95 

km and fixed outward velocities drive extension at a constant rate of 5 mm/yr (Figure 1c). 96 

Inflow along the lower boundary balances outflow, while a stress free upper boundary allows 97 

the development of topography (Rose et al., 2017).  98 

The initial lithospheric structure contains distinct lithologies with thermodynamic and 99 

rheological properties characteristic of the upper crust (0-20 km depth), lower crust (20-40 100 

km depth), and mantle lithosphere (40-100 km depth) (Figure 1c). The rheological structure 101 

follows a visco-plastic constitutive relationship, which captures both brittle (plastic) and 102 

ductile (viscous) deformation processes observed within rifts and rifted margins. Coupling 103 

brittle strain softening of cohesion and the internal angle of friction with randomized initial 104 

plastic strain (IPS) enables the formation of distributed normal fault networks (Naliboff et al., 105 

2017; Naliboff et al., 2020; Duclaux et al., 2020). We use variable distributions of the IPS 106 

along the model length to define upper crustal volumes of differing strength (e.g., distinct 107 

geologic terranes), with the cohesion and angle of internal friction decreasing linearly 108 

between defined IPS values (e.g., strain softening interval).  109 

The initial resolution throughout the model is set to 5 km, and refined to 1.25 km in the upper 110 

20 km (i.e. upper crust) across the central 150 km of the model. This approach enables a 111 

relatively high resolution in the region of interest (upper crust), while producing ‘natural’ 112 

boundary conditions at its base.  113 



2.2 Upper crustal domain strength 114 

We define four 125 km wide upper crustal domains, oriented parallel to the extension 115 

direction, to replicate different strengths. From top to bottom, the domains are assigned 116 

Reference, Weak, Strong, and Reference strengths (Figure 1c). We assign IPS values to 5 117 

km3 blocks, termed Unit Blocks, in the Upper Crust across the central 150 km of the model, 118 

termed the Damage zone.  119 

IPS values were randomly assigned to unit blocks in a binary fashion, such that a block either 120 

has the minimum or maximum value specific to that strength. The initial cohesion (20 MPa) 121 

and internal angle of friction (30o), decrease by a factor of 4 between plastic strain values of 122 

0.5-1.5.  We assign default IPS values of 0.5 to Unit Blocks within the Damage zone, with 123 

zero IPS outside of the zone. The Reference domains comprise Unit blocks with IPS of 0.5 or 124 

1, producing a potential contrast of 0.5 between blocks. The Weak domain has a 1.0 IPS 125 

contrast between unit Blocks (0.5-1.5), whilst the Strong domain has a 0.1 IPS contrast. 126 

Weaker domains contain Unit blocks with higher IPS values and greater potential IPS 127 

contrasts between adjacent blocks (Figure 1c).  128 

We explored a wide range of IPS values and combinations within each domain as well as the 129 

rate of strain weakening for different models, details of which can be found in the 130 

supplementary material. 131 
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3 Model results 133 

Each domain is subject to the same 5 mm/yr extension rate; however, how strain localises 134 

across the model varies markedly between domains and across their boundaries.  135 

 136 

Figure 2 – Top view model results. A) Initial Plastic strain in the model prior to extension, delineating the different crustal 137 
domains. B, C) Accumulated (non-initial) plastic strain at 5 (A) and 10 My (B), highlighting the different strucutral styles 138 
between domains. Non-uniform colour bar chosen to highlight strain in both the Weak and Strong domains.  139 

3.1 Weak Domain 140 

The weak domain is characterised by a high-strain, widely-spaced fault network, separated by 141 

low-strain shadows (Figure 2). Per-fault strain is ~0.5-1 and fault spacing ~5-10 km. Faults 142 

are largely perpendicular to the extension direction, although some variation occurs due to 143 

lateral fault linkages and interactions (Figure 2). The fault network is established early and 144 

remains fixed throughout the model run (See Fault A on Figure 3).  145 



3.2 Strong Domain 146 

The Strong domain is characterised by uniform strain with little to no localisation onto faults. 147 

Wide zones of increased strain start to develop towards the end of the run, adjacent to the 148 

domain boundaries (Figure 2a, 3b). The total accumulated strain across the Strong Domain is 149 

less (~18 across the transect) than that of the Weak Domain (~22) (Figure 3c), suggesting less 150 

first-order focussing of strain into the Damage Zone.  151 

3.3 Reference Domains 152 

Both Reference domains display localised faults, albeit with a lower fault spacing (~3-5 km) 153 

and per-fault strain (~0.5) than the Weak Domain (Figure 3). Faults are typically linear with a 154 

uniform spacing, and display some transient properties throughout the model run (Figure 2). 155 

Localisation onto faults occurs earlier in the top Reference domain, adjacent to the Weak 156 

domain, than in the bottom Reference domain, which is adjacent to the Strong Domain. The 157 

bottom Reference domain has a decreased per-fault strain, fault-spacing and cumulative strain 158 

compared to the top (Figure 3c).  159 



 160 

Figure 3 – A) Top view model geometry at 10 My. B) Cumulative strain transects for each domain (see red lines on A), taken 161 
at various timesteps throughout the model run. Note the migration of Fault A through time in the Weak domain. C) 162 
Comparison of cumulative strain across each domain, note the relatively uniform strain recorded in the Strong domain, 163 
compared to the stepped profile of the Weak domain.  164 

3.4 Strain localisation across domain boundaries 165 

We analyse fault geometry across the Reference-Weak and Weak-Strong domain boundaries 166 

(Figure 4). Strain is more localised in the Weak compared to the Reference domain, with the 167 

latter having a higher background strain (i.e. more distributed) (Figure 4a). The Weak-168 

Reference boundary is characterised by a ~10 km zone of diffuse strain (Figure 4a). To the 169 

south, highly localised faults in the Weak domain are inhibited at and dissipate towards the 170 

Strong domain boundary (Figure 4b). Broad zones of elevated strain characterise the 171 

boundary-proximal Strong domain and persist up to 25 km away from the boundary (Figure 172 

3b, 4b).  173 



This transition from localised to diffuse strain across domain boundaries demonstrates a 174 

‘seeding’ effect of faults in stronger domains by those in weaker domains (Figure 4). 175 

Established faults propagate into adjacent stronger domains, initially as broad zones of 176 

elevated strain that become increasingly localised. Faults in the top Reference domain are 177 

partially ‘seeded’ by those in the adjacent Weak domain. However, as the bottom Reference 178 

domain is weaker than the adjacent Strong domain, faults here are not seeded and initiate 179 

independently, accounting for the differences between the Reference domains (Figure 3). In 180 

turn, faults in the bottom Reference domain may, along with faults in the Weak domain, seed 181 

faults in the Strong Domain (Figure 4b). 182 

 183 

Figure 4 – Closeup map-view of domains boundaries with transects showing where strain is localised.. See figure 3a for 184 
locations. A) Boundary between the Reference and Weak domains. B) Weak-Strong domain boundary. Note the the broad 185 
zone of elevated strain emanating from the Weak and extending into the Strong domain.  186 
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4 Comparison to natural rift systems 188 

Our models showcase an idealised scenario where rifting occurs parallel to crustal terranes of 189 

varying strength separated by vertical boundaries. Here, we relate key first-order observations 190 

from our models to rift systems globally. 191 

Rift structural style varies markedly between domains. The Weak domain is characterised by 192 

relatively widely-spaced, high-strain faults and the Strong domain by a lack of localisation 193 

and distributed, uniform strain (Figure 2, 3). Strong bodies, such as granites, typically resist 194 

strain localisation, as exemplified by their role as ‘blocks’ in the ‘block and basin’ geometry 195 

of UK Carboniferous rift systems (Fraser and Gawthorpe, 1990; Howell et al., 2020), and the 196 

Sierra Nevada Batholith in the USA, which buffers extension in the Basin and Range (Ryan 197 

et al., 2020). Although it resists extension, the margin of the Sierra Nevada batholith is 198 

characterised by low-magnitude seismicity. We hypothesise that, across geological time, this 199 

low seismicity may be similar to our observations in the Strong domain, with the uniform 200 

strain approximating infinitesimally small and closely-spaced faults, concurring with the 201 

decrease in per-fault strain and spacing with increasing strength (Figure 3).  202 

Strain localisation occurs diachronously across the model, first in the Weak domain, and last 203 

in the Strong domain (Figure 3b). Rifting in the Great South Basin, New Zealand, initiates in 204 

the sedimentary/volcaniclastic Murihiku and Brook Street Terranes prior to the granitic 205 

Median Batholith (Figure 1a) (Sahoo et al., 2020); and extension in the Tanganyika rift 206 

rapidly localises onto border faults where the rift traverses Proterozoic mobile belts, but 207 

remains distributed across the cratonic Bangwelu Block (Figure 1b) (Wright et al., 2020). 208 

Here, the mobile belts host prominent fabrics, similar to the large IPS contrasts in the Weak 209 

domain (Figure 2a), allowing strain to localise. In contrast, the cratonic Bangwelu Block 210 

hosts only weakly-developed fabrics, analogous to the small IPS contrasts present between 211 



Unit blocks in the Strong domain, inhibiting strain localisation (Wright et al., 2020). Similar 212 

observations have been made from analog modelling studies, which show more distributed 213 

(uniform) deformation in areas of stronger basement (Samsu et al., 2021). 214 

On first consideration, rifts such as the Labrador Sea appears to contradict our model results 215 

and the geological observations described above. Here, continental rifting and breakup 216 

proceeded rapidly in the strong North Atlantic Craton and was suppressed in the weaker 217 

orogenic belts, in contrast to our model observations (Gouiza and Naliboff, 2020; Peace et al., 218 

2017). However, we note that numerous onshore heterogeneities identified in the strong 219 

North Atlantic Craton onshore extend beneath the Labrador Sea (Peace et al., 2017; Wilson et 220 

al., 2006). We suggest these heterogeneities represent weaknesses that partition the craton, 221 

forming isolated ‘islands’ of strength separated by weaknesses. As such, our homogeneous 222 

model Strong domain represents a simplification. Whilst the strong ‘islands’ resist extension, 223 

as in our model Strong domain (Figure 2), strain may rapidly localise along the surrounding 224 

weaker heterogeneities. As strain continues to localise, faults may propagate through the 225 

thick brittle upper crust, negating any upper crustal strength variation, and accelerating 226 

continental breakup (Gouiza and Naliboff, 2020).  227 

We find that faults are inhibited at boundaries with adjacent, stronger domains, before 228 

potentially propagating through (Figure 4). In the Great South Basin, faults commonly align 229 

with the boundary or segment and terminate against stronger areas (Figure 1a) (Phillips and 230 

McCaffrey, 2019; Sahoo et al., 2020). Our model observations show that as faults are initially 231 

arrested at the boundaries, diffuse areas of strain form in the stronger area, potentially 232 

analogous to damage zones in nature (Figure 3b). Once the stronger domain is sufficiently 233 

weakened by these broad zones, strain may localise and ‘seed’ faults in the stronger domains 234 

(Figure 3a).  235 



As well as upper crustal structure, mantle heterogeneities also influence rift development 236 

(e.g. Heron et al., 2019). Whilst we do not incorporate any brittle heterogeneities in the 237 

mantle lithosphere, we suggest that mantle heterogeneities influence rift location and that of 238 

eventual breakup, similar to the role played by the damage zone in our models (Figure 1c). 239 

Whilst these deeper structures may control rift location, we suggest that rift structural style 240 

and physiography is primarily controlled by upper crustal properties and structures.  241 

Our modelling highlights how upper crustal strength distributions influence rift geometry and 242 

evolution. We document characteristic structural styles associated with strong and weak crust 243 

and examine how strain is manifest across boundaries between areas of different strength. We 244 

relate our findings to multiple rift systems globally, offering additional insights into their 245 

evolution and to fundamental continental rifting processes. 246 
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