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Abstract

Fracturing and gouge formation absorb [?]50% of earthquake energy on low displacement (<1-2 km) faults in isotropic crust. To
assess how these processes absorb earthquake energy in anisotropic crust, we performed field and microstructural investigations
on the 110 km long, 0.4-1.2 km displacement, Bilila-Mtakataka Fault (BMF), Malawi. Where the fault is parallel to surface
metamorphic fabrics, macroscale fractures define a 5-20 m wide damage zone. This is narrow relative to where the BMF
is foliation-oblique (20-80 m), and to faults with comparable displacement in isotropic crust (740-120 m). There is minimal
evidence for cataclasis and microfracturing along the BMF; therefore, despite its 110 km length and geomorphic evidence for
My 7-8 earthquakes, widespread fault zone fracturing has not occurred. We attribute lack of damage to fault growth along
shallow and deep-seated pre-existing weaknesses. This conclusion implies that earthquake energy dissipates differently along

incipient faults in isotropic and anisotropic crust.
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Abstract

Fracturing and gouge formation absorb >50% of earthquake energy on low displacement (<1-
2 km) faults in isotropic crust. To assess how these processes absorb earthquake energy in
anisotropic crust, we performed field and microstructural investigations on the 110 km long,
0.4-1.2 km displacement, Bilila-Mtakataka Fault (BMF), Malawi. Where the fault is parallel
to surface metamorphic fabrics, macroscale fractures define a 5-20 m wide damage zone.
This is narrow relative to where the BMF is foliation-oblique (20-80 m), and to faults with
comparable displacement in isotropic crust (~40-120 m). There is minimal evidence for
cataclasis and microfracturing along the BMF; therefore, despite its 110 km length and
geomorphic evidence for Mw 7-8 earthquakes, widespread fault zone fracturing has not
occurred. We attribute lack of damage to fault growth along shallow and deep-seated pre-
existing weaknesses. This conclusion implies that earthquake energy dissipates differently

along incipient faults in isotropic and anisotropic crust.
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Key points
e The Bilila-Mtakataka Fault in Malawi has a narrow (5-20 m) footwall damage zone
given its 0.4-1.2 km displacement and 110 km length.
e Gouge formation is limited, and the Bilila-Mtakataka Fault has a low maximum
displacement to length ratio.
e Limited fracturing implies earthquakes along pre-existing crustal weaknesses

dissipate less energy into fault zones than in intact crust.

Plain language summary

Earthquakes release energy, some of which is radiated as seismic energy to the Earth’s
surface where it causes ground shaking that poses a risk to human life and infrastructure.
However, much of this earthquake energy is also dissipated into the rocks surrounding the
fault, which causes them to fracture and fragment. This fracturing process is thought to be
particularly prevalent in low displacement (<1-2 km total displacement) faults as the fault
grows by breaking surrounding intact rock. In this study, we demonstrate through field and
microscale observations of the Bilila-Mtakataka Fault in southern Malawi that despite its low
displacement (0.4-1.2 km) and inferred history of Mw 7-8 earthquakes, only limited
fracturing of the surrounding rock has occurred. We propose that this limited fracturing
results from earthquakes along the Bilila-Mtakataka Fault that rupture along pre-existing
weaknesses in Malawi’s crust. If true, then the partitioning of earthquake energy between
seismic energy and fracturing in the surrounding crust will be influenced by whether the

earthquake is exploiting a pre-existing weakness in the Earth’s crust.
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1. Introduction
Pre-existing mechanical weaknesses in the crust, such as joints, bedding planes, and
metamorphic fabrics can profoundly affect earthquake rupture propagation [Allen, 2005;
Hecker et al., 2021; Heermance et al., 2003; Litchfield et al., 2018]. Over multiple
earthquake cycles, these weaknesses may therefore influence the progressive development of
fault rocks and wall rock fracturing, and thus the ability of faults to transmit fluids [Butler et
al., 2008; Crider & Peacock, 2004] and to be detected in geophysical surveys [Kelly et al.,
2017]. Furthermore, in continental rifts, normal faults that reactivate well-oriented pre-
existing weaknesses can lengthen rapidly at relatively small displacements [Collanega et al.,
2019; Hecker et al., 2021; Paton, 2006; Walsh et al., 2002]. Interactions between pre-existing
crustal weaknesses and faults can therefore affect seismic hazard [Heermance et al., 2003]
and the extent to which fault zone fluid flow can focus minerals into economically viable

deposits [Micklethwaite & Cox, 2004].

Fault zone structure is typically described by: (1) one or more relatively narrow ‘fault cores’
that comprise fault breccias, cataclasites, and/or gouges, and can include one or more
principal slip zones [Sibson, 1977], and (2) a surrounding ‘damage zone’, where fracture
density is high relative to the host rocks but shear displacements are small and the original
protolith is preserved [Caine et al., 1996]. Gouge formation and damage zone fracturing can
occur in response to quasi-static fault tip propagation [Lockner et al., 1991; Renard et al.,
2018] and chemical alteration [Lacroix et al., 2015]. In seismogenic faults, gouges and
damage zones also develop when energy released during an earthquake is partially absorbed

by rocks surrounding the fault, as described by:

ET == (EG +EF)+ER
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(1)
where Er is the total earthquake energy release, Er is radiated seismic energy, and Ec and Er
are the energy required to create a slip surface (fracture energy) and slide along that surface
(frictional energy) respectively [Kanamori & Rivera, 2006]. Ec and Er cannot be
distinguished based on geological observations of fault zones; however, together these terms
can be considered to represent dissipative processes that reduce the Er available to reach the

surface [Kanamori & Rivera, 2006; McKay et al., 2021; Shipton et al., 2006].

Several lines of evidence suggest that in isotropic crust, fault damage and gouge primarily
form during early fault growth. First, a scaling between damage zone width and total fault
displacement is only observed for displacements <1-2 km [Savage & Brodsky, 2011; Torabi
et al., 2020]. Field observations and particle analysis of gouges also suggest that Ec and Er
account for a much higher proportion of Er in earthquakes in intact rock (>50%) than in
earthquakes along high displacement faults [1-10%; Chester et al., 2005; Wilson et al., 2005].
Finally, damage zone fracturing is particularly prevalent at geometrical complexities
[Bistacchi et al., 2010; Childs et al., 2009; Tinti et al., 2005], and these complexities tend to

be smoothed as fault accumulates displacement [Sagy et al., 2007].

The structural evolution of faults in anisotropic crust is, however, unclear, with examples of
foliation-parallel faults that are relatively narrow [Butler et al., 2008; Heermance et al., 2003;
McBeck et al., 2019; Wedmore et al., 2020; Zangerl et al., 2006] or of comparable width
[Bistacchi et al., 2010; Soden et al., 2014; Wheeler & Karson, 1989] to a fault with
equivalent displacement that cross-cuts foliation or is hosted in isotropic crust. These
contrasting observations may reflect variations in confining pressures and temperatures

[McBeck et al., 2019; Soden et al., 2014; Williams et al., 2018], relative orientations of the
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fault, mechanical weakness, and regional principal stresses [Donath, 1961; Fletcher et al.,
2020; Misra et al., 2015], the composition and spacing of fabrics [Beacom et al., 2001;
Williams et al., 2018], and/or the presence of strain-hardening phyllosilicates [Bistacchi et
al., 2010; Faulkner et al., 2008] and mechanically isotropic cataclasite [Kirkpatrick et al.,
2013]. Therefore, when investigating the structural evolution of faults in anisotropic crust, it

IS important that the influence of these various factors can be separated.

Here, we investigate the Bilila-Mtakataka Fault (BMF), a 110 km long normal fault in
southern Malawi with geomorphic evidence for Late Quaternary Mw 7-8 earthquakes [Hodge
et al., 2018, 2020; Jackson & Blenkinsop, 1997]. The BMF provides important constraints on
near-surface fault zone development in anisotropic crust as it shows variable geometrical
relationships with surrounding Proterozoic metamorphic fabrics, and thick sequences of
isotropic cataclasite have not developed [Hodge et al., 2018]. Furthermore, in the context of
normal fault growth models [Rotevatn et al., 2019; Walsh et al., 2002], the BMF’s 0.4-1.2 km
maximum displacement implies it is in its early stages of growth, and field examples of
active crustal-scale low-displacement normal fault are comparatively rare [Biegel & Sammis,
2004; Gawthorpe & Leeder, 2000]. Our field and microstructural analyses of the BMF can
therefore document the effects of pre-existing anisotropies on earthquake energy dissipation

around an incipient but >100 km long normal fault.

2. The Bilila-Mtakataka Fault
The BMF is situated in southern Malawi in the amagmatic Makanjira Graben, which geodetic
models indicate accommodates ~0.7 mm/yr extension between the San and Rovuma plates near
the southern end of the East African Rift’s Western Branch [Fig. 1; Wedmore et al., 2021]. The

BMF is expressed at the surface by an escarpment that juxtaposes Proterozoic Southern
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Irumide Belt gneisses in the footwall against hanging wall post-Miocene sediments and, at the
1-10 km scale, follows gently to steeply dipping NW-SE striking amphibolite-granulite facies
Southern Irumide Belt metamorphic fabrics [Fig. 1b; Dawson & Kirkpatrick, 1968; Hodge et
al., 2018; Jackson & Blenkinsop, 1997; La6-Davila et al., 2015; Walshaw, 1965]. At the base
of the escarpment is a continuous 110 km long, 5-28 m high soil-mantled scarp, which on the
basis of topographic profiles, is interpreted to have formed in at least two Mw 7.8 + 0.3
earthquakes, with the most recent event likely occurring within the past 10,000 years [Hodge
et al., 2018, 2020]. Variations in scarp height and strike have been used to divide the BMF into
six sections (Figs. 1a and b); however, at depths >5 km, these sections may root onto one or

two sub-planar weaknesses [Hodge et al., 2018].

The BMF footwall escarpment has a maximum height of ~300 m (Fig. 1). Several
groundwater boreholes in the BMF hanging wall intersected basement rock at depths <40 m,
while others encountered sediments to a maximum drilling depth of 60 m [Fig.1a; Dawson &
Kirkpatrick, 1968; Walshaw, 1965]. Locally, hanging wall basement rock is exposed adjacent
to the BMF scarp [Walshaw, 1965]. These observations suggest a relatively thin but variable-
thickness sequence of post-Miocene sediments in the BMF hanging wall. A conservative
upper bound for their thickness is 500 m, which is the thickness of syn-rift sediments across
strike of the BMF’s northern tip at the southwestern end of Lake Malawi (Fig. 1), and where
total regional extension is greater than elsewhere along the BMF [Scholz et al., 2020].
Combining a range of hanging wall sediment thicknesses of 50-500 m with the 300 m high
footwall escarpment and an estimated BMF dip of 42-60° [Hodge et al., 2018; Stevens et al.,
2021], we propose its maximum displacement, Dmax, is 0.4-1.2 km. Given a fault length (L) of
110 km, the Dmax:L ratio is ~0.004-0.011. In the context of normal fault growth models, these

observations place the BMF in the initial stages of growth (20-30% of fault lifespan) with
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substantial fault lengthening but relatively little displacement [Rotevatn et al., 2019; Walsh et

al., 2002].

3. Field and Microstructural Observations
Samples and structural measurements were collected along two rivers oriented approximately
perpendicular to the BMF scarp near the villages of Kasinje and Mua (Figs. 1-3, Table S1).
These sites were chosen because they represent locations with fault-parallel and fault-oblique
foliations. Microstructural investigations were made with a petrological microscope on thin
sections cut perpendicular to a foliation where present. To quantify fracture density in these
samples, we measured the length of microfractures in quartz and feldspar grains in three 8-15
mm? regions per sample using FracPaQ v2.2 [Healy et al., 2017], and then divided the total
microfracture length by the region’s quartzofeldspathic grain area [Wedmore et al., 2020].
Backscatter electron imaging and Energy Dispersive Spectroscopy (EDS) analyses were also
performed on selected samples (Table S1) using a Zeiss Sigma HD Field Emission Gun
Analytical Scanning Electron Microscope (SEM) in the School of Earth and Environmental
Sciences at Cardiff University. Samples were coated with 10 nm of carbon, and the SEM data
were acquired with a 15 keV beam energy, 8.9 mm working distance, and 60 um and 120 um

aperture for point analyses or EDS maps respectively.

Along the ~ 20 km long Mua segment, the BMF scarp is oblique to a gently-dipping curvi-
planar cohesive foliation in biotite gneisses (Fig. 2a). This gneissic foliation is defined by
mm-spaced bands of quartz + feldspar alternating with bands of biotite + garnet + hornblende
(Fig. S2d). Samples from within 2 m of the 13 m high BMF scarp by the Naminkikowe
River, including directly from the scarp itself, contain mm-scale quartzofeldspathic and

biotite grains that are locally (15-30% by area) surrounded by a fine-grained (<10 pum grain
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size) matrix that consists of fragmented quartzofeldspathic and chlorite grains (Figs. 2, S2,

and S3).

At distances 2-20 m from the scarp, a gently NE-dipping set of joints, with a subordinate
subvertical N-S striking joint set, is observed in outcrop (Fig. 2c). Joint spacing is 0.01-0.1 m
near the fault and increases to >0.1 m at distances 20-350 m from the scarp (Figs. 2c and
S2c¢). In all samples 2-350 m from the BMF scarp at Mua, mm-scale quartzofeldspathic
grains are crosscut by a microfractures, however, there is no evidence for shear across these
microfractures. Microfractures are 1-50 um thick and contain a brown fine-grained fill
identified by qualitative EDS as chlorite and Fe-oxide (Figs. S2 and S4). Microfracture
density (~1-4 mm-?) does not increase with proximity to the fault over our 350 m long

transect (Figs. 4 and S2).

Along the ~20-km long Kasinje segment, the BMF is parallel to a foliation defined by
quartzofeldspathic bands alternating with bands of hornblende + garnet + biotite (Fig. 3).
Adjacent to the 16 m high BMF scarp by the Mtuta River, including in scattered exposure on
its immediate hanging wall side, is a 5 m wide interval of fractured rock with 0.1-1 m spaced,
foliation-parallel joints (Figs. 3b and S5a). In this macroscopically fractured interval, bands
of intact quartzofeldspathic domains and calcite veins are locally interlayered with 10 — 100
pum bands of fragmented plagioclase and calcite (Figs. 3d, S4d, S5b). No macroscopic, fault-
related deformation is observed in the hanging wall more than 16 m from the scarp (Figs. 3a
and S4f). Samples from this hanging wall section and >5 m into the footwall contain mm-
scale quartzofeldspathic grains that are cross-cut by chlorite veins (Figs. S4 and S5). As in
the Mua transect, microscale fracture density is 1-4 mm™ and does not vary systematically

along the 80 m long transect (Fig. 4).
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4. Bilila-Mtakataka Fault Zone Structure
We now place our field and microstructural observations of the BMF in the context of
conceptual fault zone structure models [Caine et al., 1996]. At Mua, we interpret that the
fine-grained matrix observed in a 2 m thick cohesive unit adjacent to the scarp (Figs. 2 and
S3) formed from grain-scale fragmentation and sliding (i.e., comminution) during slip along
the BMF. Evidence for displacement along the BMF is localised within this protocataclasite
unit [sensu Woodcock & Mort, 2008]. This 2 m wide unit provides a minimum estimate of
fault core width at Mua, because the hanging wall is not exposed at this locality (Figs. 2a and
4). We define the BMF footwall damage zone at Mua as the region 2-20 m from the scarp
where there is no evidence of grain-scale comminution but relatively closely spaced (0.01-0.1
m) joints are present (Fig. 2c). Although the hanging wall damage zone is not exposed at
Mua, it is unlikely to be more than three times wider than the 20 m footwall damage zone
[Biegel & Sammis, 2004; Savage & Brodsky, 2011]. Therefore, we suggest that the total

width of the damage zone at Mua is 20-80 m.

A near complete footwall to hanging wall section through the BMF is exposed at Kasinje
(Fig. 3), however, no distinct gouge or cataclasite layers that would typically define a fault
core are observed. We cannot rule out that the lack of a fault core represents incomplete
exposure or sampling, although a 2 m thick protocataclasite similar to that observed at Mua
should have been clearly visible. We interpret that the full width of the BMF damage zone is
contained within the interval of closely spaced foliation-parallel joints that extends ~5 m
from the scarp into the footwall, < 16 m into the hanging wall (Fig. 3a) and are not seen

outside this interval.
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Calcite veins are observed within the damage zone at Kasinje. Calcite is a common alteration
product in fault zones elsewhere in Malawi [Williams et al., 2019], and these veins may be
linked to precipitation from shallow (depths <5 km) Ca?* rich meteoric waters in Malawi
[Davalos-Elizondo et al., 2021]. Veins at Mua and >5 m from the scarp at Kasinje are
dominantly made of Fe-oxide and chlorite; however, the number of these veins is not related
to distance to the BMF scarp (Figs. 4, S2, S4, and S5). These minerals are not a common low
temperature (<300 °C) alteration product [Tulloch, 1979], nor is dissolved iron typical of
hydrothermal fluids in Malawi [Davalos-Elizondo et al., 2021]. We therefore suggest these

veins formed before current rift-related faulting.

Analyses of fault zones are always limited by erosion of incohesive fault rocks and lack of
exposure [Shipton et al., 2019]. Nevertheless, at Kasinje the BMF exhibits a composite scarp
indicating relatively minor scarp erosion since the most recent BMF earthquake [Hodge et
al., 2020]. We also note that incohesive fault rocks are preserved adjacent to fault scarps in
similar environments and rock types elsewhere in southern Malawi [Wedmore et al., 2020;
Williams et al., 2019] and in other subtropical regions of the East African Rift’s Western

Branch [Delvaux et al., 2012; Ring, 1994; Vittori et al., 1997; Wheeler & Karson, 1989].

5. Discussion

5.1 Fault damage and the earthquake energy budget

At both Kasinje and Mua, a macroscopic damage zone is observed. Although there is scatter
in data compilations, the ratio between fault displacement and damage zone width is typically
~0.1 for faults with comparable displacement (~102-10% m) to the BMF [Savage & Brodsky,
2011; Torabi & Berg, 2011]. The 5-20 m wide damage zone at Kasinje, where the BMF is

foliation-parallel, is therefore narrow compared to that predicted for a fault with the same
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displacement in isotropic crust (40-120 m) and to Mua (20-80 m) where the BMF is foliation-
oblique. It follows that when an earthquake on the BMF reactivates near-surface
metamorphic foliations, less earthquake energy is dissipated on gouge formation and
damage-zone widening (i.e., Ec and Es in Eq. 1) than if it were propagating through intact
rock or across pre-existing weaknesses [Chester et al., 2005; Heermance et al., 2003; Wilson
et al., 2005]. Deep-seated (>5 km depth) pre-existing weaknesses may control the BMF’s
geometry [Hodge et al., 2018; Williams et al., 2019], and so could also contribute to the small
release of Ec and Er during BMF earthquakes. This could account for the lack of increased
microfracturing in both the Kasinje and Mua damage zones (Figure 4) compared to the
damage zone of a low displacement fault in isotropic crust [Anders & Wiltschko, 1994;

Mitchell & Faulkner, 2009].

If less earthquake energy is spent on dissipative processes during earthquake ruptures on the
BMF, these ruptures can radiate more seismic energy and host more coseismic slip
[Heermance et al., 2003; Kanamori & Rivera, 2006]. This is consistent with relatively large
single-event slip/length ratios derived from topographic profiles across the BMF’s scarp
[Hodge et al., 2020]. Our hypothesis is also supported by studies of continental plate
boundary faults, which tend to inherit pre-existing weaknesses and exhibit narrow fault cores

relative to their displacement [McKay et al., 2021].

5.2 Implications for fault growth and fault detection in anisotropic crust

Not all faults that follow pre-existing weaknesses exhibit narrow damage zones given their
displacement. We suggest that the factors that have facilitated limited wall rock fracturing
around the BMF are the favorable orientation of pre-existing weaknesses relative to the

regional stresses [Fig. 1a; Hodge et al., 2018; Williams et al., 2019], and that it has yet to
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develop thick sequences of mechanically isotropic fault cataclasite and gouges [Kirkpatrick et
al., 2013]. The relatively low phyllosilicate content and cohesive nature of the foliation
around the BMF [Hodge et al., 2018; Walshaw, 1965], which prevents multiple foliation
planes from reactivating, may also have been important in reducing near-surface fault

damage [Bistacchi et al., 2010].

It is common to use geophysical techniques such as seismic refection surveys or fault zone
guided waves to investigate the internal structure, mechanics, and extent of active faults [e.g.
Ben-Zion, 1998; Cochran et al., 2009; Ellsworth & Malin, 2011; Li et al., 2014]. However,
our study of the BMF implies that it may be challenging to image faults in anisotropic crust
using these techniques as it will be difficult to distinguish whether seismic velocity contrasts
are caused by the limited fault-related fracturing or the pre-existing weakness itself [Gulley et
al., 2017; Kelly et al., 2017; Simpson et al., 2020]. In continental rifts that are accumulating
synrift sediments, normal faults that reactivate pre-existing weaknesses can be imaged using
seismic reflection surveys [Collanega et al., 2019; Phillips et al., 2016; Walsh et al., 2002].
In these cases, pre-existing weaknesses have been proposed to facilitate rapid fault normal
lengthening; however, these studies cannot resolve fault structure at scales <10 m. Our
findings from the BMF suggest that normal faults with low displacement to length ratios can
form relatively narrow damage zones, even when their length is sufficient to crosscut the
crust. During their early stages of growth, these faults will therefore be less effective conduits

for fluid flow than a fault with equivalent displacement in isotropic rock.

6. Conclusions
Using field and microstructural observations, we find that where southern Malawi’s Bilila-

Mtakataka Fault (BMF) is parallel to surrounding metamorphic foliations, it has a relatively
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narrow damage zone (5-20 m wide), compared to sites where it is foliation-oblique (20-80
m), and to a fault in isotropic crust with comparable displacement [~40-120 m wide for 0.4-
1.2 km displacement fault; Savage & Brodsky, 2011; Torabi & Berg, 2011]. Minimal
evidence for BMF microfracturing and grain comminution is observed regardless of whether

the BMF is parallel or oblique to surface foliations.

The general observation of poorly developed fault rocks and a narrow damage zone along the
BMF, which is particularly clear where it is parallel to surface fabrics, can be explained if
earthquake slip on the BMF reactivates pre-existing weaknesses. These weaknesses are
favorably oriented in the regional stress state [Hodge et al., 2018; Williams et al., 2019], and
we propose reactivation would result in relative little energy being dissipated into
accumulating fault gouge and damage [Kanamori & Rivera, 2006; Wilson et al., 2005]. This
reduction in the amount of dissipative energy is consistent with the high single-event
displacement to length ratio of the BMF [Hodge et al., 2020]. We suggest that these
observations may be applicable to other low-displacement faults that inherit well-oriented
pre-existing weaknesses, particularly normal faults in continental rifts. If true, then since less
energy is consumed by dissipative processes on these faults, the seismic energy radiated by

earthquakes along them will be unusually large.
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Figure 1: Geologic and geomorphic context of the Bilila-Mtakataka Fault (BMF). (a) The six

sections of the BMF scarp [Hodge et al., 2018] underlain by a 12 m resolution TanDEM-X

digital elevation model, and (b) its surrounding geologic units and foliation orientations

[Dawson & Kirkpatrick, 1968; Hodge et al., 2018; Walshaw, 1965]. Inset in (a), the BMF

location in the context of the East African Rift. Azimuth of minimum horizontal stress (Shmin)

from a focal mechanism stress inversion [Williams et al., 2019]. (c) Regional scale cross

section through the BMF at the point of its maximum footwall relief [Jackson & Blenkinsop,



573  1997], with key as in (b). Black line and shading represent mean and range of topography in a
574  swath 2.5 km either side of the line shown in (a) [Schwanghart & Scherler, 2014].
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578  Figure 2: Field site at Mua with microstructural observations of BMF-related deformation. (a)
579  Unmanned aerial vehicle (UAV) photograph underlain by geologic/geomorphic units with
580 (inset) equal area stereonet depicting foliation and joint orientations. (b) Exposure adjacent to

581  the BMF scarp, and (c) damage zone at Mua with <0.1 m spaced joints that are oblique to the
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foliation. (d) Backscatter electron image of thin section from sample adjacent to the BMF
scarp with comminuted plagioclase (Plag.) and chlorite (Chl.) grains surrounding K-feldspar
(Kfs.) clasts. Mineral identification based on EDS map shown in Fig S3a. Bt.; Biotite, Ap.;
Apatite. (e) Photomicrograph in plane polarised light (PPL) of area shown in (d). Qfs,

Quartzofeldpathic porphyroclast.
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Figure 3: Field site at Kasinje with microstructural observations of BMF-related deformation:
(a) UAV image of site, (b) BMF damage zone exposure, and (c) oblique view of scarp and
knickpoint. (d) Backscattered electron image of fragmented plagioclase (Plag.), calcite (Ca.),
and apatite (Ap.) grains from sample adjacent to scarp. Kfs.; K-feldspar, Bt.; Biotite. (e)

Photomicrograph of region shown in (d) taken in Cross Polarised Light (XPL).
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Figure 4: Area-weighted average microscale fracture density in quartz and feldspar grains
plotted against horizontal distance from the BMF scarp. Error bars represent the fracture
density range over the three sample areas analysed within each thin section. Extent of
different fault zone structure components also shown for Mua and Kasinje; lines dashed for

where interpretation is based on maximum extent of component due to limited sampling.
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Introduction

Figures S1-S5 provide additional context of the geomorphology around the Bilila-
Mtakataka Fault, to our field observations, and microstructural analysis.

Table S1 lists the samples on which microstructural analysis was performed, their
lithology, and their sampling locality.
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Figure S1: (a) Overview of the Bilila Mtakataka Fault's (BMF) footwall geomorphology
taken from the Chirobwe-Ncheu Fault escarpment. See Fig. 1a for location. (b&c) cross
sections through the BMF field localities at (b) Mua and (c) Kasinje. Black line and
shading represent mean and range of topography in a swath 2.5 km either side of
profiles in (d) [Schwanghart & Scherler, 2014]. (d) Map with extent of Mua and Kasinje
segments of the BMF and context of cross sections in (b) and (c). Geological units from
[Walshaw, 1965] and [Hodge et al,, 2018], and are underlain by a TanDEM-X digital

elevation model.



Figure S2
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Figure S2: Field and photomicrographs from the BMF exposure at Mua. (a) Thin sections
scan in plane polarised and cross polarised light (PPL and XPL respectively) of
protocataclasite sample taken adjacent to exposed section of scarp at Mua. (b)
Photomicrograph from the sample adjacent to the damage zone in PPL indicating
foliation oblique veins in quartzofeldspathic grains. (c) Knickpoint at Mua, which is
located beyond the damage zone where joints (blue strike and dip symbols) have >0.1 m
spacing, dip moderately to the west, and cross cut the gently dipping foliation (red strike
and dip symbols). (d) Photomicrograph in sample from near knickpoint where foliation



oblique veins with fine grained brown fill are still prevalent. (e) Outcrop 350 m from the
scarp at Mua where (f) a high density of veins is still observed in thin section. Inset in (c)
and (d) are equal area rose plots of fracture segment orientations weighted by length
[Healy et al., 2017]. Rose plots and reported fracture densities are for the three sample
areas measured in each thin section.



Figure S3
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Figure S3: Analysis of matrix in BMF protocataclasites from Mua. (a) False color Energy
Dispersive Spectroscopy (EDS) element map with underlain Backscatter Electron Image
for area shown in Figure 2d in the main text, in thin section sampled from the Bilila-
Mtakataka Fault scarp at Mua. Kfs.; K-feldspar, Plag.; Plagioclase feldspar, Bt.; Biotite, Chl.;
Chlorite, Ap.; Apatite. (b) Thin section scan of protocataclasite 0.1 m from scarp. In (c), an
image threshold has been applied to (b) using ImageJ, with the dark areas interpreted to
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represent cataclasite matrix. The proportion of the image interpreted as matrix using this
method is given in the top right of (c). (d&e) Equivalent to (b&c), but for a sample T m
from the scarp. Note these are upper limits of matrix area, as undeformed biotite grains

will be interpreted as matrix.



Figure S4
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Figure S4: Representative images of microfracture networks around the BMF. Number
next to label indicates horizontal distance thin section was sampled from the BMF scarp.
Where applicable, insets show photomicrographs from a petrological microscope of the
equivalent area in the SEM image. (a) Backscattered electron image (BSE) of chlorite
veins in sample 2 m from BMF scarp at Mua (Fig. 2b) where grain-grain contacts are
preserved. (b&c) Fe-oxide veins in thin sections from samples at greater distances from
the BMF scarp at Mua. (b) is an Energy Dispersive Spectroscopy (EDS) element map
underlain by BSE image and (c) is a BSE image. (d) Calcite veins adjacent to the BMF
scarp at Kasinje in photomicrograph taken in XPL. (e&f) EDS element maps underlain by
BSE image highlighting chlorite veins in samples of (e) footwall and (f) hanging wall



country rock at Kasinje. Interpretation of vein fills in (a) and (c) from EDS point spectra.
Kfs.; K-feldspar, Plag.; Plagioclase feldspar, Bt.; Biotite, Chl,; Chlorite, Ca.; Calcite, Ap.;
Apatite.



Figure S5
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Figure S5: Field and micrographs of BMF exposure at Kasinje. For context of figures
localities, see Fig. 3a in the main text. (a) Exposure adjacent to the BMF scarp with closely
spaced foliation parallel joints. (b) Sample adjacent to scarp with fragmented calcite and



plagioclase clasts taken in XPL. (c) Footwall exposure adjacent to the BMF damage zone
at Kasinje show location of (d), photomicrograph taken in PPL of oblique veins with fine-
grained brown fill in weakly foliated migmatic gneiss. (e) Exposure at base of Kasinje
knickpoint with foliation parallel joints. Also shown is location of thin section in (f) where
veins are aligned to the foliation. (g) Exposure in hanging wall of the BMF showing
context of (h) with foliation parallel veins. Reported fracture densities and rose plots in
(d), (f), and (h) are for fracture segment orientations weighted by length as in Figs S2.
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Table S1. Samples used in microfracture density and Scanning Electron Microscope

(SEM) analysis

Sample Distance Longitude Latitude Lithology Fracture SEM analysis
from BMF (E) (S) density
scarp (m)* (mm)*
Mua
MBMF19- 0.1 34.5204  14.2941 Protocataclasit 3.2'H EDS point spectra &
03 e mapping
MBMF18- 1 34.5204  14.2941 Protocataclasit 1773
02 e
MBMF18- 2 34.5204 14.2941 Biotite gneiss 2,2}?'87 EDS point spectra
03
MBMF18- 8 34,5204  14.2941  Biotite gneiss 3.3%%
04
MBMF18- 16 34.5204  14.2941  Biotite gneiss 3.209% EDS point spectra &
05 mapping
BMF1-2 17 34.5204  14.2941  Biotite gneiss 2.0°94
MBMF18- 56 34.5199  14.2946  Biotite gneiss 2753
06
MBMPF18- 120 34.5195  14.2950  Biotite gneiss 0.8%5
07
MBMF19- 160 345193  14.2950  Biotite gneiss 2.7°98
01
MBMF19- 215 34.5188  14.2952  Biotite gneiss 1.47%3
02
MBMF18- 350 34.5182 14.2970 Biotite gneiss 4.2f'11_'42 EDS point spectra
08
Kasinje
BMF4-4 0.1 34.6410  14.5244  Altered gneiss 43708 EDS point spectra
K18-04 3 34.6410  14.5244 Migmatic 2.4%5% EDS point spectra &
gneiss mapping
K18-03 9 34.6410  14.5244 Migmatic 4655
gneiss
K18-06 16 34.6410  14.5244  Altered gneiss 3.4%97 EDS point spectra &
mapping
K18-01 19 34.6408  14.5245  Hornblende- 2.7%5%
biotite gneiss
K18-07 30 34.6413  14.5244 Quartzofeldspa  3.7'0%
thic gneiss
K18-08 62 346418  14.5250  Hornblende- 1.2%9]

biotite gneiss
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Note. *Measured as distance between sample and fault scarp along a horizontal line
perpendicular to fault scarp. Distances <10 m, measured in field with tape measure,

distances >10 m measured based on handheld GPS locations with an accuracy of 3-5 m.

tArea-weighted average microfracture density for the three sample areas measured
within each sample [Wedmore et al., 2020]. Plus and minus values represent range of
fracture densities over the three sample areas.
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