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• In strongly asymmetric (half graben) segments of the western rift
(WR), the kinematics induced by border fault slip are likely to play
a major role in the deformation of hangingwall blocks.

• While near surface faulting patterns in hangingwall blocks are be-
coming increasingly well resolved, the relative contribution of flex-
ural strain, space accommodation (hanging wall collapse) and bulk
extension (migration of extension from border faults) is not well
understood.

Study overview

• What modes of deformation contribute to hanging wall deformation
in the WR half grabens?

• What do border and intrarift faults do in the lower crust, and how
is deformation partitioned into the mantle lithosphere.

• Can patterns of hangingwall faulting place constraints on the litho-
sphere mechanics - for instance on the relative strength of the mantle
lithosphere.

Key questions

• The typical basin width and border fault length of WR basins, sug-
gest that brittle deformation dominates to moho depths of 35 - 40
km, consistent with earthquake hypocenter depths.

• Basin profiles are often highly asymmetric (half graben), where to-
tal extensions of around 4-10 km have mainly been accommodated
on border faults.

• Border fault escarpments evidence about 1-2 km of upfift, as pre-
dicted by models of regional isostatic uplift around a major normal
fault [5].

• Hangingwalls basement shows an overall downwarping, with de-
pocenters adjacent to border faults, and sediment thicknesses reach-
ing up to 8 km.

• Geological and seismic studies reveal that significant faulting has
developed in many basin hangingwalls, with throws of up to 2 kilo-
meters [4].

• In a number of highly asymmetric basin segments, hangingwall
faults exhibit a dip domain synthetic to the border faults, with
spacing and fault throw generally decreasing away from the border
(e.g. North Basin, Malawi, see Figures below).

Structural character of western rift basins

Schematic of a WR basin (half graben). Figure adapted from Wright
et al. [6]. Lengths are representative of general features of the

western rift.

Seismic refelction image across the North Basin of the Malawi Rift,
from Shillington et al. [4]. Total horizontal distance shown is 80 km.

Models are built with the ASPECT code [1], a parallel finite element
solver for the Stokes equations. The lithosphere is modelled as an in-
compressible Maxwell visco-elastic-plastic (VEP) material, following
the approach of [2].
Following the numerical investigation of Arthur-Olive et al. [3], we
begin by simulating the elastic flexural-isostatic response of the litho-
sphere to deformation along a single throughgoing planar fault. This
model has a strong similarity the semi-analytic model of Weissel and
Karner [5, 3], although the assumption that the fault is welded (sub-
sequent to slip) is not valid here. Nevertheless, we find that the defor-
mation, particularly the flexural uplift of the footwall closely approxi-
mates the flexural-isostatic model.

Modelling approach and validation

M1: single layer - planar fault

M1 shown at total extension of 8 km. The basin width, as measured
by the distance from border fault to first prominent conjugate fault is
∼ 80 km. Black lines show plastic strain, white line shows 100 MPa
contour of the σxx component of the deviatoric stress. Faulting in the
hangingwall is mainly sythetic to the border fault. The maximum de-
formation on these synthetic faults is estimated to be around hundred
meters. The predicted maximum curvature in the flexural-isostatic
loading model of Weissel and Karner [5] is approximately 3

4α, where α
is the flexural parameter. This region, shown in the Figure, coincides
with the highest stresses, and most intense brittle flexural deformation
of the hangingwall.

.

M2: single layer - listric fault

.

M2 shown at total extension of 8 km. The hanging wall faulting
pattern consists of a prominent conjugate fault rooted to the border
fault, and a set of synthetic faults within basin. This pattern emerges
at extensions of about 4 km (half those shown here). Maximum slip
on the synthetic hangingwall faults is estimated to be about 1 km. We
note that a similar model (not shown), except with a 10 km strong
mantle layer coupled to the crust, produced similar patterns of crustal
faulting.

.

M3: three layer - planar fault

.

M3 shown at total extension of 8 km. The model setup differs to
M1 in that a strong mantle lithosphere layer is added, and decoupled
from the brittle crust via a 5 km thick ductile layer (presumed to be
the lowermost crust). In this setup a prominent conjugate fault devel-
ops, rooting at the brittle/ductile transition in the crust. A synthetic
(WRT to the border fault) dip domain develops within the basin, root-
ing onto the main conjugate fault. The deformation on these synthetic
faults is estimated to be less than a few hundred meters, significantly
less than in the listric fault model (M2).
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single layer model setup

The 2d models have constant velocity boundary conditions applied to
the sidewalls, with a full extension rate of 0.4 cm/y, and uniform com-
pensating flow through the lower boundary. The surface is tractionless,
except for some stability terms. A surface slope diffusion scheme is
used to avoid excessive deformation of the mesh. The brittle yield
stress follows the Drucker-Prager criterion. Shear band localisation
is driven by strain weakening of the cohesion and friction angle (20
MPa, 20 ◦), which both weaken to 20 percent of their value over a
strain interval of 1. The model is initialised with both random plastic
strain as well as a ‘fabric’ oriented at the optimal (Coulomb) angles, as
shown in the Figure inset. The main border faults are initialised with
a strain of 1 (fully weakened) in either a planar or listric geometry as
shown.

single brittle layer model setup

• The hangingwall deformation observed in WR half grabens is incon-
sistent with flexure of a single 40 km thick elasto-brittle layer, even
when pervasive brittle weakening (and loss of flexural rigidity) is
modelled. Models where hangingwall deformation is dominated by
flexure (e.g. M1) develop typical fault offsets on the order of 100s
meters, whereas they reach several kilometers in some WR cases
[4]; Moreover, the width of the basins developed in M1, exceeds the
typical width of WR basins.

• A model with a listric border fault and a prominent conjugate fault
that roots near the base of the brittle layer, provides intrarift fault-
ing patterns that reconcile better with observations. These models
show intrarift fault offsets of around a kilometer, and basin around
50 km, within the typical WR range.

• Conjugate faults that root onto the border fault develop in a variety
of models. The single brittle layer with listric border fault is one
example. A conjugate fault also develops in three layer model, with
a strong brittle mantle layer, decoupled by a presumed thin ductile
zone in the lowermost crust.

• At total extension (heave) lengths of 8 km, models predict basement
subsidence, relative the initial surface, of around 3 - 4 km. None of
the models produce enough basement subsidence to accommodate
sediment thicknesses (6 - 8 km) reported in some WR half grabens.

• Our models suggest that the faulting pattern observed in the upper
crust can be (surprisingly) insensitive to variations in the vertical
lithosphere strength distribution. While models with a single brittle
layer (a la Creme Brulee) can produce hangingwall faulting pat-
terns with appreciable similarity to WR basins, the inclusion of a
10 km thick, brittle mantle (model not shown) did not significantly
change this pattern.

• The inclusion of a pre-existing optimally orientated fabric, in the
models (dipping in both directions) significantly increases the ten-
dency for models to generate dip domains, whereas when models are
seeded with random noise, conjugate faulting patterns seem more
prevalent.

Discussion

————————————————————
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