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During rifting, deformation often localizes along weaknesses originating from 
previous tectonic phases, and weaknesses in the strong upper crust or upper 
mantle are expected to particularly affect rift evolution. When simulating the in-
fluence of such weaknesses in analogue or numerical models, modellers often 
focus on either crustal or mantle heterogeneities. By contrast, here we present 
results from 3D analogue models to test the combined effect and relative impact 
of (differently oriented) mantle and crustal weaknesses on rift systems. 
 
Our model set-up involves a rigid base plate fixed to a mobile sidewall (Fig. 1). 
When this sidewall moves outward, the edge of the base plate creates a “veloci-
ty discontinuity” (VD) acting as a shear zone in the strong upper mantle. The VD 
is either parallel to the model axis, or 30˚ oblique. On top of this base plate, a 
viscous layer represents the ductile lower crust, overlain by a sand cover simu-
lating the brittle upper crust. Crustal weaknesses were included by adding 
“seeds” (i.e. smal ridges of viscous material at the base of the sand layer), or by 
pre-cutting the sand. We applied different crustal weakness orientations too. 
 

 
Figure 1. Model set-up. (a) 3D sketch of general set-up. VD: velocity disconti-
nuity representing a weakness in the upper mantle. (b) Section view depicting 
model layering and crustal weaknesses. From Zwaan et al. (2021) 
 
Without weaknesses in the model crust, a model axis-parallel VD forms a rift 
basin along the model axis (Fig. 2a, b), and an oblique VD creates a series of 
en echelon grabens (Fig. 2c). Adding crustal weaknesses strongly affects rift 
structures: reactivated pre-cut faults partially overprint and segment the VD-
induced rift zone (Fig. 2d, e), which is even more pronounced in models with 
viscous seeds. The orientation of the weaknesses with respect to both the re-
gional divergence direction and each other has an important effect on their sub-
sequent (re-) activation (Fig. 2d–k). Both the VD and modelled crustal weak-
nesses are most active when oriented orthogonally to the regional divergence 
direction, the ideal setting for normal fault development (Fig. 2d-j). In case a VD 
or crustal weakness is oriented obliquely to the regional divergence direction, it 
is less likely to be activated. Yet when the VD and the crustal weaknesses are 
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parallel, both effectively localize deformation, even when both are oblique to the 
divergence direction (Fig. 2j). Furthermore, increasing the divergence rate 
causes enhanced coupling between the VD and the overlying materials, over-
printing the dominant seed-controlled structures (compare Fig. 2i and Fig. 2k). 
 
We thus find that the orientation and relative strength of weaknesses in the 
mantle and crust, as well as divergence rates control subsequent rift structures. 
These structures can be complex due to the interplay of the above factors, and 
importantly, all form in the same divergence setting, without the need to invoke 
multiphase rifting and changing rift kinematics. These results provide a strong 
incentive to reassess the tectonic interpretation of various natural examples. 
 

 
Figure 2. Summary of model results (PIV-derived strain maps). θVD and θCW: 
angle of VD and simulated crustal weaknesses. From Zwaan et al. (2021). 
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