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Abstract The Malawi Rift is localized within Precambrian amphibolite-granulite facies metamorphic belts,
bounded by up to 150 km long border faults, and generates earthquakes throughout ~40 km thick crust. Rift-
related faults are inferred to exploit pre-existing weaknesses that allow rifting of otherwise dry and strong crust.
It is unclear what these weaknesses are, and how localization into weak zones can be reconciled with strength
required for lower crustal seismicity. We present results of mineral equilibria modeling, which indicate that
Proterozoic metamorphism generated dry crust dominated by a quartz-feldspar assemblage that is metastable at
current conditions. For rift propagation to be possible at current cool thermal gradients and in mechanically
strong, dry quartzofeldspathic rocks, mid- to lower-crustal strain must be localized into relatively weak,
inherited shear zones that deform primarily by aseismic, viscous creep. These shear zones are embedded within
high-strength crust, and interaction between creeping shear zones and enveloped or surrounding rocks may
locally increase stress and trigger frictional, seismic slip at mid- to lower-crustal depths. Over time, this
interaction may produce a fracture network that allows infiltration of fluids. We therefore suggest that during
rifting of previously deformed and metamorphosed crust, major faults are most likely to grow from below, with
their location and orientation prescribed by underlying inherited viscous shear zones. In this case, fluids may
infiltrate and locally weaken metastable lower crust, including allowing time-dependent fluid-driven seismicity
and local partial melting, but length-scales of this weakening is limited by the scale of the permeability network.

Plain Language Summary In Malawi, East Africa, the Earth's crust is slowly splitting apart. This
“rifting” has two unusual characteristics: (a) the crust is thick and strong and therefore difficult to split apart, and
(b) there are earthquakes at greater depth and temperature than typical for the continents. We propose that the
reason rifting occurs with these two characteristics, in this location, is that the crust is inherited from past periods
of mountain building. Based on thermodynamic principles, specifically what minerals are stable under what
conditions, we model the composition of Malawi crust in the geological past. We then compare those results to
current conditions. We find that the likely inherited composition of Malawi crust is unstable under current
conditions, but needs an addition of water to undergo reactions to new, stable minerals. We also note that
deformation is only possible in weak zones inherited from past deformation, and these zones will deform by
high-temperature flow of rock, not generating earthquakes. However, flow of local weak zones may induce
fracturing in surrounding harder rocks, generating local earthquakes and a fracture system that water can flow
along. Over time, this water infiltration can weaken the crust and ultimately allow continental rifting as seen
further north in Africa.

1. Introduction

Crustal-scale tectonic processes—including the continental rifting and mountain building events that define a
Wilson Cycle—require deformation of the lower crust. There are, however, conflicting models regarding the
strength that resides in the lower crust relative to the upper crust and lithospheric mantle, and by what mechanism
(s) the lower crust can deform (Brace & Kohlstedt, 1980; W. P. Chen & Molnar, 1983; Jackson et al., 2004; Maggi
etal., 2000; McKenzie & Fairhead, 1997). Strength is not a constant in time; evolution and internal differentiation
of continental crust occurs through metamorphic and magmatic processes such as dehydration and melting, and
these processes exert short- and long-term influences on the strength of the lower crust. For example, dehydration
of low-permeability rocks may lead to short-term embrittlement because increased pore fluid pressures decrease
effective stress (e.g., Etheridge et al., 1984; Norris & Henley, 1976; Yardley, 1983, 1986), while ultimately
increasing the long-term strength of the rocks by breaking down relatively weak hydrous minerals and removing
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grain-boundary fluids (e.g., Tenczer et al., 2006; White & Powell, 2002). Similarly, melting first induces tem-
porary weakening due to an increase in the volume and interconnectivity of low-viscosity melt (Rosenberg &
Handy, 2005), but the mobility and subsequent removal of melt ultimately increases the long-term strength of the
affected rocks by making them drier and volumetrically dominated by strong residual minerals (Brown, 1994;
Diener & Fagereng, 2014; White & Powell, 2002). These changes are difficult to reverse, and the dry and residual
mineralogy and resultant strength will commonly persist under subsequent retrograde conditions and through
overprinting tectonic events (Austrheim & Boundy, 1994; Diener et al., 2008; Jackson et al., 2004; Jamtveit
etal., 2019; Tenczer et al., 2006; White & Powell, 2002). Examples of such metamorphic inheritance are observed
where older (generally Precambrian), previously deformed and metamorphosed crust experiences tectonic
reactivation. In such cases, the relatively high crustal strength is reflected by earthquake depth-distributions
throughout the continental crust (Maggi et al., 2000; Sloan et al., 2011).

In orogenic settings, local seismicity throughout the lower crust is inferred to be a consequence of local stress
pulses within dry and strong rocks, creating permeability that then allows fluid-related weakening (Austrheim &
Boundy, 1994; Jamtveit et al., 2018). This model requires a source of transient stress and connection to an external
fluid source, which could involve earthquakes on overlying, permeable fault systems in a system driven “top-
down” (Jamtveit et al., 2018). Under these conditions, the introduction of water into previously metamorphosed
and dehydrated mid- to lower-crust may induce the growth of hydrous minerals such as phyllosilicates, reduce
grain size, increase porosity and reaction kinetics, add a grain boundary fluid, and increase pore fluid pressure
(Imber et al., 1997; Janecke & Evans, 1988; Stenvall et al., 2020; Wintsch et al., 1995; Yardley, 2009). This could
lead to drastic but localized changes in rheology that, depending on the mineral-scale mechanism, may reduce
strength and either induce local seismicity or lead to development of shear zones that accommodate viscous shear
at low stress levels (Austrheim & Boundy, 1994; Fagereng & Diener, 2011; Jamtveit et al., 2019; Yardley, 2009).
Transient earthquakes in inherited strong crust may therefore be agents of long-term weakening, but despite much
interest, the processes that allow earthquakes to occur at lower-crustal pressures (that should be sufficiently high
to suppress frictional sliding) and temperatures (that should be sufficiently high for efficient crystal-plastic creep)
remain unclear.

The Malawi Rift is an example of actively rifting continental crust where present-day earthquakes occur from
near-surface depths down to ~40 km (Camelbeeck & Iranga, 1996; Ebinger et al., 2019; Nyblade & Lang-
ston, 1995; Stevens et al., 2021). This maximum depth is consistent with estimates for the depth of the Moho
(~40 £ 5 km; Borrego et al., 2018; Njinju et al., 2019a; Wang et al., 2019), indicating that the entire crust is
seismogenic, and that there is no weak and aseismic mid- and lower crust present. Such a thick seismogenic zone
is unusual for a region of active crustal extension, and it is also difficult to reconcile rifting of strong lower crust
with the calculated available driving stresses (Buck, 2004; Kendall & Lithgow-Bertelloni, 2016; Stamps
et al., 2014). The Malawi Rift is developing in ancient crust that has experienced multiple episodes of high-
temperature metamorphism and deformation in the Proterozoic (De Waele & Mapani, 2002; Fritz et al., 2013;
Manda et al., 2019; Ring et al., 1997), but has since experienced a period of relative tectonic quiescence
(interrupted by episodes of intraplate magmatism and local Karoo and Cretaceous rifting) and cooling leading up
to the current rifting episode. As such, the Malawi lower crust as a whole is likely to be dry and strong (Craig &
Jackson, 2021; Fagereng, 2013; Jackson & Blenkinsop, 1993), yet initiation of rifting requires it to also have local
weakness (Kendall & Lithgow-Bertelloni, 2016; Stamps et al., 2014).

Deep earthquakes observed elsewhere in the East African Rift system are thought to be related to lower-crustal
fluid flow, involving mantle-derived magmas or fluids (e.g., Albaric et al., 2013; Ebinger et al., 2017; Gardonio
et al., 2018; Lavayssiére et al., 2019; Lee et al., 2016; Roecker et al., 2017; Weinstein et al., 2017). Details of the
type and source of fluids and their interaction with the lower-crustal rocks, however, remain speculative. As in
orogens, earthquakes at the high confining stresses of the lower crust require a transient stress increase or local
weakening, and neither process has been identified in the amagmatic rift setting. Here, we argue that metamorphic
inheritance is key for localized lower-crustal seismicity, but such inheritance also limits the options for available
weakening mechanisms. We use mineral equilibrium modeling to determine the likely mineralogy and fluid
content of lower-crustal rocks prior to current rifting, based on the tectonic history of Malawi. With constraints
from recently published heat flow calculations based on regional aeromagnetic data (Njinju et al., 2019b), we
consider the stability of the inherited metamorphic assemblages at current conditions, and the effects of potential
fluid addition during ongoing rifting. These calculations provide insights to the crustal conditions at which current
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rifting began, and the potential interaction between ongoing rifting, metamorphic reactions, and lower-crustal
seismicity.

2. Regional Geology, Tectonics, and Thermal Structure
2.1. Geological History

The Malawi Rift is part of the largely amagmatic Western Branch of the southern East African Rift, and extends
for 900 km southwards from the Rungwe Volcanic Province in Tanzania to the Urema Graben in Mozambique
(Ebinger et al., 1987). The Malawi Rift is characterized by a series of steeply dipping border-faults that have
typical lengths of 75-150 km and segment the Rift into grabens and half-grabens (Figure 1) (Ebinger et al., 1987;
Jackson & Blenkinsop, 1997; Lad Davila et al., 2015). The majority of the surface geology in the Rift region
consists of Proterozoic granitic to granodioritic rocks that have been variably re-worked and metamorphosed
during the Ubendian—Usagaran, Irumide, and Pan-African tectonic events (De Waele & Mapani, 2002; Fritz
et al., 2013; Manda et al., 2019; Ring et al., 1997). Northern Malawi is underlain by Ubendian—Usagaran-aged
metamorphic and magmatic rocks that experienced low- to high-P granulite-facies metamorphic conditions (750—
850°C at 0.5 GPa to ~880°C at 1 GPa) at ¢. 2.0 Ga (Ring et al., 1997). Central and southern Malawi is underlain
by rocks that likely experienced deformation and metamorphism related to both c. 1.05 Ga Irumide and c. 580—
550 Ma Pan-African Mozambique Belt events (Fritz et al., 2013; Thomas et al., 2022; Tsunogae et al., 2021). In a
regional reconstruction, Fritz et al. (2013) suggest that the crust west of Lake Malawi is dominated by Irumide
rocks that acted as a relatively rigid indentor and only experienced minor to moderate reworking in the Pan-
African. Conversely, the rocks east of Lake Malawi, namely the Unango Block in northern Mozambique/
southern Malawi, are interpreted as Irumide rocks that experienced substantial tectonic and metamorphic
reworking during Pan-African regional transpression (Figure 1). Both the Irumide and Pan-African tectonic
events reached granulite facies conditions, with T in excess of 900°C at 0.5-0.6 GPa reported from the Irumide
Belt in eastern Zambia (Karamakar & Schenk, 2016), and Pan-African conditions of 900°C at 1 GPa estimated for
southern Malawi (Kroner et al., 2001).

Subsequent to the Pan-African transpression, continental-scale Karoo rifting that occurred primarily in the
Permian-Triassic and culminated with the Jurassic Gondwana break-up led to the formation of several NE-SW
trending sedimentary basins in Malawi (Figure 1; Castaing, 1991; Catuneanu et al., 2005). These sedimentary
basins are confined to upper-crustal depths with Karoo sediments in Malawi reaching thicknesses of up to 3 km
(Castaing, 1991; Geological Survey of Malawi, 1966), although this may be an under-estimate as significant
thicknesses of Karoo sediments may have been eroded (McMillan et al., 2022). Although preserved in the
topography and sedimentary record, faults defining the main NE-SW trending Karoo basins of Malawi show little
sign of current tectonic reactivation (Figure 1a; Castaing, 1991). In northern Malawi, however, evidence is re-
ported for N-striking Karoo-age faults, interpreted as an effect of them having reactivated Precambrian structures
(Dawson et al., 2018), whereas some current major NW-striking rift features are interpreted to have been active as
strike-slip faults during Karoo rifting (Castaing, 1991; Delvaux et al., 2012; Wedmore et al., 2020). Minor, local
chlorite-epidote coatings with strike-slip lineations attest to some hydrothermal flow along these faults at Karoo
times (Delvaux et al., 2012). Following the Karoo rifting, a minor phase of NE-SW directed extension is reported
to have occurred in the Cretaceous (Castaing, 1991). This is associated with NW-striking fluvial sediments
referred to as Dinosaur Beds, and reactivation of NW-SE striking crustal-scale faults including the Mughese
Shear Zone (Castaing, 1991; Dawson et al., 2018). In addition to these faulting episodes, the Karoo was also
associated with intrusion of NE-SW striking basaltic dykes, followed by alkaline intrusions of the Chilwa
Alkaline Province (Carter & Bennet, 1973; Dixey et al., 1937). The Chilwa Province dates from the Jurassic to the
Cretaceous, and contains ring complexes and dykes striking both NW-SE and NE-SW (Bloomfield, 1961;
Geological Survey of Malawi, 1966). Castaing (1991) interpret these two dyke orientations as recording a rotation
in the primary extension direction between Karoo and Cretaceous rifting in Malawi. The Chilwa Province, and
several other intraplate African ring complexes, are proposed to have formed from a combination of astheno-
spheric and lower-crustal partial melting during extension localized to existing crustal-scale weaknesses (Nya-
lugwe et al., 2019; Vail, 1989). Some major faults are thought to have been reactivated repeatedly by post-Pan
African deformation episodes, such as the Thyolo Fault (Wedmore et al., 2020) and the Mughese Shear Zone
(Dawson et al., 2018); however, note that these are described as having minor near-surface alteration and remain
dominated by high-grade metamorphic assemblages. Overall, the Karoo and Cretaceous deformation episodes
involved reactivation of some crustal-scale shear zones and creation of some new, upper-crustal fault systems.

FAGERENG ET AL.

3 of 21



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Ge

osystems 10.1029/2023GC011305

imelel 9%e’l

- Rungwe Volcanic Province

- Triassic - Recent rift sediments

- Lurio Belt (intense Pan-African reworking)

- Txitonga Group (Neoproterozoic volcano-sediments)
- Eastern Granulite Belt (Neoproterozoic Nappes)
- Nampula Block (Mesoproterozoic)
- Southern Irumide Belt (Mesoproterozoic)
Irumide Belt (Mesoproterozoic)

- Ubendian-Usagaran Belt (Paleoproterozoic)
- Mainly Archean crust

\ Rift-related faults

\ Major shear zones

Foliation trend

Earthquakes @ z<15km
from the ISC- @ 15km <z <30km
EHB catalogue: @ z>30km
Earthquakes from: @ z<15km
Ebinger et al. (2019) [north of 12°S]and ~ © 15km <z <30 km
Stevens et al. (2021) [south of 12°S] @ z>30km
o 2.0
Earthquake 0 3.0
. magnitudes: O 4.0
16°S
050
32°E 36°E
b) A 5|0 10|0 15|0 20|0 B

£ 2000 -

5 E - Number of earthquakes

% 1000 -

g 3 - 20 40 60 80 100

Q 1 I (%] I o . L . ] . ] . I .

w 0 T T T T T 0 o
o { rumide Belt 3 Ubendian Belt L5
< 20 (e] 20 5
£ (@) o =
2 pollOc O SNEHEES og® ]
O 407 mantle? -40 ~

c) T T T T T T T T T T T T

— C D

£ 2000 : : : ' : ' ; L . :

c —1 =

_% 1000 {M‘ Mz_ N:meerzof earthquakes Cross-section

3 E ! | | | - 10 20 earthquake

w0 0 o magnitude
E ] | g o 20
< 20 20 = 0 30
2 ] 0ot [ 3 O 40
o 40 mantle? -40 = O 50

T T T T LI —
0 50 100 150 200 250
Distance(km)
Figure 1.
FAGERENG ET AL. 4 of 21



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2023GC011305

This faulting and the associated intrusive events may have led to some local upper-crustal hydration and lower-
crustal partial melting, but no wholesale rehydration or reworking of the lower crust comparable to the Prote-
rozoic events.

2.2. Current Rifting

The Malawi Rift is considered juvenile as there is no surface expression of magmatism, the faults (although long)
have relatively minor displacements of no more than a few kilometers (Carpenter et al., 2022; Ebinger et al., 1987;
Mortimer et al., 2016; Ojo et al., 2022), and the total stretching is estimated at less than 10% (Sun et al., 2021).
South of Lake Malawi, relatively well-exposed fault zones have damage zones that are typically less than 120 m
thick, well below global trends for their length and indicating a very early stage of faulting (Carpenter et al., 2022;
Williams et al., 2022a). Crustal thickness is typically in the range of 38—42 km, but there is evidence for localized
crustal thinning by up to a few kilometers in the center of the Rift (Hopper et al., 2020; Wang et al., 2019). The
lithospheric mantle, however, appears to have experienced more thinning, and may be upwarped by tens of ki-
lometers under the rift axis—requiring thermal and/or chemical alteration in addition to mechanical thinning in
the mantle (Hopper et al., 2020). Based on low Vp/Vs derived from receiver functions (Sun et al., 2021), there may
be very minor melt proportions present in the rift axis. These data cannot identify the source of this minor melt,
but the average shear velocity and Poisson's ratio in terranes flanking the rift imply that any crustal thinning and
partial melting is localized within the rift center (Borrego et al., 2018). The same studies are consistent with a
felsic to intermediate bulk composition of the crust hosting the Rift. The surface geology therefore seems
representative of the crust as a whole—also consistent with the lower-crustal metamorphic conditions that were
experienced by the current surface rocks. An exception is that a layer of mafic rocks may be present at the base of
the crust (Albaric et al., 2009; Shudofsky et al., 1987), although this is suggested to be at most a few km thick
(Julia et al., 2005; Kachingwe et al., 2015).

Current Rift-related deformation is expressed by 2.2 + 0.3 mm/year of approximately E-W extension (Wedmore
et al., 2021). Earthquakes in Malawi are associated with dominantly normal-sense focal mechanisms (Craig
et al., 2011; Ebinger et al., 2019; Williams et al., 2019), and the fault system is largely composed of faults with
normal-sense displacements as determined from topographic expression, reflection seismology or aeromagnetic
data (Williams et al., 2022c). Lower-crustal earthquakes have been recognized in the area for some time (e.g.,
Jackson & Blenkinsop, 1993; Nyblade & Langston, 1995), and recent local deployments have confirmed that
seismicity spans the thickness of the crust (Figure 1; Ebinger et al., 2019; Stevens et al., 2021). The observed
seismicity is not of sufficient cumulative moment to explain the geodetically determined strain (Ebinger
et al., 2019), meaning that either elastic strain is accumulating on locked faults, or that there is a component of
aseismic creep. Theoretically, if the ~100 km-long normal faults ruptured along their entire length and through a
seismogenic thickness equivalent to the whole crust, earthquake magnitudes could reach M,,8 (Hodge et al., 2020;
Jackson & Blenkinsop, 1997; Williams et al., 2022b). On the other hand, the faults may rupture in smaller
segments, producing smaller but more frequent events, as seen in the upper-crustal Karonga sequence of 2010
(Biggs et al., 2010; Fagereng, 2013). Where local seismic networks have been deployed and allow sufficiently
precise earthquake locations to be obtained, the earthquakes dominantly localize onto fault systems along and
under the rift axis (Figures 1b and 1c). At the southern end of Lake Malawi, a cluster of earthquakes were
observed at the base of the seismogenic zone, between 30 and 35 km depth (possibly at and above the Moho—
Figure 1c; Stevens et al., 2021). Around northern Lake Malawi, continued activity in the area of the Karonga
earthquake swarm shows clustered, frequent earthquakes in the upper crust, related to extension in the hanging
wall of the Livingstone Border Fault (Figure 1b; Biggs et al., 2010; Ebinger et al., 2019; Gaherty et al., 2019).

Figure 1. The geological and tectonic setting of the Malawi Rift. (a) Simplified geological map after Fritz et al. (2013) with active faults from Williams et al. (2022c) and
location of earthquakes in instrumental time from the ISC-EHB catalog (1964—present; Engdahl et al., 2020) and local catalogs published by Ebinger et al. (2019) and
Stevens et al. (2021). (b, ¢) Schematic geological cross-sections inspired by larger-scale interpretations in Fritz et al. (2013). Filled circles are earthquakes from the
global ISC-EBH catalog, colored as in (a). These have location uncertainties exceeding 10 km. Open circles in (b) are earthquakes recorded in a local array by Ebinger
etal. (2019), within 20 km of the cross-section line and located with <5 km vertical and <1.2 km horizontal uncertainty. Open circles in (c) are earthquakes recorded in a
local array by Stevens et al. (2021), within 100 km of the cross-section line and located with <5 km vertical uncertainty. Topography from SRTM30 outlines the rift
valley, and the surface expression of major faults are shown with red arrows. In (b) the Livingstone Border Fault is extrapolated to depth with a 60° dipping thick dashed
red line, and hanging wall faults are extrapolated with thinner red lines also at 60° dip. In (c), border fault systems on both sides of the Lake are extrapolated with dips
<60° following Stevens et al. (2021). Histograms show depth distribution of the local earthquakes shown in the cross-sections. SZ, shear zone.
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Figure 2. Photographs illustrating examples of inherited metamorphic fabrics in the currently rifting, Proterozoic basement
rocks in Malawi: (a) migmatitic fabric and (b) foliated quartz-feldspar-biotite gneiss, both near the Mughese shear zone at the
northwest shore of Lake Malawi, and (c) a fine-grained dyke reactivated as a shear zone, near the Thyolo fault in south
Malawi.

Lower-crustal seismicity, however, occurs below these events, as well as in the lower crust below the surface
expression of the Livingstone Border Fault (Figure 1b; Ebinger et al., 2019).

2.3. Conditions and Setting of Lower-Crustal Seismicity

To discuss the conditions of lower-crustal earthquakes in Malawi, we constructed a 1-D thermal gradient for the
continental crust, assuming conductive heat transfer:

T(2) = Ty + (%) + (—(QO _kQ"’)h’> (1 — exp (;—Z» (1)

where T, is the surface temperature (20°C), z is depth, Q,,, is heat flow at the base of the model, Q,, is heat flow at
the surface, k is the coefficient of thermal conductivity and 4, is the length scale for the depth-decay of radiogenic
heat production.

We set Q,, = 30 mW/m?, slightly warmer than observed on average in stable continental regions (Mareschal &
Jaupart, 2013) to reflect some increase in heatflow below the active rift, and k to a typical continental crust value
of 2.5 W/m/K (Clauser & Huenges, 1995; Petitjean et al., 2006). The value of 4, is uncertain. The upper bound is
that A, equals crustal thickness, assuming the bulk of radiogenic elements are distributed evenly throughout the
crust, but given that old, depleted crust generally has relatively low heat production (Jaupart et al., 2016), this is
unrealistic in the East African context away from relatively recent intrusions. We set £, to 10 km, which is the
thickness of the quartz-dominated upper crust in the preferred model of Nyblade and Langston (1995), and re-
flects the presence of some upper-crustal sedimentary basins and recent intrusions within a generally depleted
crustal block. We bracket the likely thermal conditions between two gradients representing the range of heat flow
values calculated from aeromagnetic data by Njinju et al. (2019b). The cooler bound is Q, = 60 mW/m?, which is
representative of the Precambrian basement away from hot springs, and the warmer bound assumes Q, = 80 mW/
m?, which is representative of Karoo-age sedimentary basins (Njinju et al., 2019b). Using these values as surface
heat flow, our model predicts thermal gradients between approximately 10 and 15°C/km for the crust in the rift
region (Figure 3). Although cold for continental crust in general and continental rifts in particular, these gradients
give temperatures of 400-600°C at the Moho, consistent with Moho temperatures calculated for other regions
with active seismicity in quartzofeldspathic to feldspathic lower crust (McKenzie et al., 2005). We note that
Njinju et al. (2019b) calculate higher thermal gradients, 22—32°C/km, based on an assumption of a linear thermal
gradient. Directly measured surface heat flow in Lake Malawi, however, is typically <80 mW/m? with only a few
examples of locally higher values that likely relate to hydrothermal flow along faults (Jones, 2020; Von Herzen &
Vacquier, 1967), such that we consider <80 mW/m? a reasonable upper bound for regional surface heat flow, and
thus that our non-linear regional thermal gradients are reasonable given the parameter choices outlined above.

The reason for the relatively deep seismicity remains debated. It may be a consequence of cold and dry crust
(Craig & Jackson, 2021), but this requires very high stresses that are difficult to reconcile in this setting without
invoking an additional weakening mechanism such as fluids or local, weak, high strain rate zones (Fager-
eng, 2013). A suggestion for local weakening is that mantle-derived fluids infiltrate the lower crust, as proposed
along the extension of the rift in Botswana (Gardonio et al., 2018), although it is unclear how such fluids may
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migrate into the lower crust. The model suggested for lower-crustal earthquakes in Indian lithosphere colliding
with the Himalayas invokes upper-crustal seismicity as a source for lower-crustal stress transients (Jamtveit
et al.,, 2018). While this may be relevant for some aftershocks from the 2009 Karonga sequence (Biggs
etal., 2010; Gaherty et al., 2019) or the 1989 Salima earthquake (Jackson & Blenkinsop, 1993), small earthquakes
without known associated upper-crustal main shocks are present throughout the Malawi crust (Ebinger
et al., 2019; Stevens et al., 2021; Figures 1b and 1c), and the Salima earthquake itself likely initiated at >30 km
depth with no known earlier upper-crustal events of note (Jackson & Blenkinsop, 1993). Inherited weaknesses due
to pre-existing structures are potentially important, but we emphasize that such structures are typical of high grade
metamorphic rocks, and include migmatites (Figure 2a), local viscous shear zones defined by foliated, finer-
grained crystals of minerals with average, rather than low, friction (such as quartz and feldspar; Figure 2b)
and shear zones localized on fine-grained dykes (Figure 2c). Although structures like these might localize viscous
shear at lower-crustal temperatures and slow strain rates (c.f. Pennacchioni & Mancktelow, 2007), they are not
frictionally weak (Hellebrekers et al., 2019). Where studied in detail, faults in Malawi appear to follow foliations
locally where reasonably well—but not optimally—oriented for reactivation, and cross-cut them elsewhere
(Hodge et al., 2018; Wedmore et al., 2020; Williams et al., 2019). A potential model is that shear zones localize
viscous deformation in the mid- to lower crust, and thus have some control on the orientation of overlying faults
(Dawson et al., 2018; Hodge et al., 2018; Kolawole et al., 2018; Wedmore et al., 2020); what Samsu et al. (2023)
suggests referring to as “soft-linked structural inheritance.” Next we will quantify the metamorphic pre-
conditioning of Malawi lower-crustal rocks, which will allow a discussion on possible weakening mechanisms
and their requirements.

3. Mineral Equilibrium Modeling
3.1. Methodology and Assumptions

Mineral equilibrium calculations are performed using the program THERMOCALC version 3.50 beta (Powell &
Holland, 1988, updated December 2019) and an updated version of the internally consistent data set of Holland
and Powell (2011, data set file tc-ds62.txt, created May 2013). Calculations were performed in the Na,O-CaO-
K,0-FeO-MgO-Al,05-Si0,-H,0-TiO,—O chemical system, and the activity—composition relations used are
those of Green et al. (2016) and White et al. (2014). Regional mapping (Geological Survey of Malawi, 1966) and
geophysical studies (Borrego et al., 2018) suggest that felsic to intermediate rocks dominate the crust in Malawi,
and two bulk-rock compositions reported by Kroner et al. (2001) were selected to represent felsic and inter-
mediate end-members that bracket the likely range of rock compositions occurring in the seismogenic zone. The
potential presence of younger felsic and alkaline igneous rocks such as the Chilwa Province is unlikely to affect
our results, as their composition, mineralogy and fluid content are similar to that of the chosen felsic end-member.
Sample MAL is a biotite gneiss interpreted to be from a granitic protolith, whereas sample MA10 is a biotite-
hornblende gneiss derived from a granodioritic protolith (Kroner et al., 2001). The measured compositions
were converted to the model chemical system by disregarding minor amounts of P,0O5 and MnO (each <0.5 wt%),
with the amounts of FeO and Fe,Oj; included as they are reported in Kroner et al. (2001).

In the modeling of high-grade metamorphic rocks that have experienced migmatization and melt loss, the bulk
rock H,O content used in the modeling is chosen such that it allows the preserved metamorphic mineral
assemblage to coexist with a minimal amount of melt (e.g., Diener et al., 2008; White et al., 2004). This mimics
the situation after final melt loss at peak metamorphic conditions, when the assemblage would have coexisted
with the last vestiges of melt (e.g., Diener et al., 2008; White et al., 2004). The pseudosection calculated for this
composition and H,O content is appropriate for investigating the peak and retrograde metamorphic history, which
in this instance encompasses the Proterozoic to modern evolution of the Malawi crust. For these calculations, the
H,O content of samples MA1 and MA10 were taken to be 0.04 and 0.2 mol%, respectively. In addition,

Figure 3. Calculated pseudosections and mineral abundance diagrams for granite gneiss sample MA1 (left column) and granodiorite gneiss sample MA10 (right
column). (a, b) Pseudosections for dry and residual bulk compositions with low H,O content. (c—f) Mineral abundances for dry and wet compositions calculated along
the 70 mW/m? geotherm. (g, h) Pseudosections for wet, water-saturated bulk compositions. The dashed line and gray envelope denotes the 70 + 10 mW/m? geotherm.
Mineral abbreviations: ab, albite; bi, biotite; cpx, diopsidic clinopyroxene; ep, epidote; g, garnet; H,O, aqueous fluid; hb, hornblende; ilm, ilmenite; ksp, K feldspar;
melt, silicate melt; mu, muscovite; opx, orthopyroxene; pl, plagioclase; preh, prehnite; pump, pumpellyite; q, quartz; sph, titanite.
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calculations were also performed for fluid-saturated versions of these samples to simulate the effects of potential
fluid addition at the current conditions of rifting.

3.2. Dry Compositions

Calculated pseudosections for samples MA1 and MA10 with a dry and residual fluid content are presented in
Figures 3a and 3b. Both rock types predominantly consist of quartz and feldspars over the entire P-T range
considered, and also show somewhat similar topologies for their overall mineral assemblages. Melt-bearing two-
pyroxene assemblages are present at the high-7-low-P conditions of Proterozoic peak metamorphism (Kar-
amakar & Schenk, 2016; Kroner et al., 2001; Ring et al., 1997). The samples are calculated to consist of similar
melt-absent two-pyroxene assemblages at medium- to high-7" and low- to medium-P conditions (Figures 3a and
3b). Garnet is present at lower 7 and higher P, and is introduced at the expense of ortho- and/or clinopyroxene,
whereas albite is present at 7 below ~500°C (Figures 3a and 3b).

Along the calculated thermal gradient relevant to current rifting, both rock types are predicted to consist pre-
dominantly of quartz, K-feldspar, albite and plagioclase, with only very minor amounts of hornblende, garnet and
clinopyroxene present (Figures 3c and 3e). The granite gneiss is calculated to consist of 30% quartz, 25%—28% K-
feldspar, 40%—45% plagioclase + albite and less than 2% hornblende + garnet (Figure 3c). The granodiorite
gneiss contains less quartz and more ferromagnesian minerals, and consists of 15% quartz, 24%-27% K-feldspar,
43%—45% plagioclase + albite, 3% hornblende, 4%—7% garnet and 3%—6% clinopyroxene (Figure 3e). The only
mineralogical change that occurs with depth in either sample is a gradual increase in the abundance of plagioclase
at the expense of albite, such that albite is not present at depths below 30 km (Figures 3c and 3e). No partial
melting is predicted unless temperatures are well above 800°C at the base of the crust (Figures 3a and 3b),
exceeding predictions by both our inferred geotherm and those by Njinju et al. (2019b).

3.3. Fluid-Saturated Compositions

Fluid-saturated pseudosections for samples MA1 and MA10 are presented in Figures 3g and 3h. Compared to the
dry compositions presented above, the higher fluid content in these versions allows a variety of hydrous minerals
to be stable. At T below ~500°C both rock types consist of muscovite-biotite—epidote—albite-bearing assem-
blages, whereas they contain hornblende—clinopyroxene—biotite—plagioclase-bearing assemblages at T above
~550°C (Figures 3g and 3h). Prehnite or pumpellyite are stable at 7 below 300°C, and both samples also become
melt-bearing at 7" above 600-700°C (Figures 3g and 3h).

Much like the dry compositions, the fluid-saturated versions of both rock types are calculated to consist pre-
dominantly of quartz, K-feldspar and albite for most depths along the inferred thermal gradient of current rifting
(Figures 3d and 3f). The fluid-saturated granite gneiss contains 30% quartz, 18%—24% K-feldspar and 36% albite
or plagioclase along with 4%-8% muscovite, 4% epidote and minor biotite (<1%; Figure 3d). The fluid-saturated
granodiorite gneiss consists of 16% quartz, 15%—-20% K-feldspar and 38%—41% albite or plagioclase along with
0%—7% muscovite, 9% epidote and 7%-9% biotite (Figure 3f). In both samples, epidote is replaced by prehnite
and pumpellyite at depths of less than ~10 km, whereas albite transforms to plagioclase at a depth of 35 km
(Figures 3d and 3f). Minor melt (~1%) is introduced at depths in excess of 35 km in both rock types.

4. Lower Crust Rheology

We combine inferred and calculated P-T conditions, compositions, and rheological models to describe a model
for the strength evolution of the crust from the end of the Pan-African metamorphic event to current rifting
(Figure 4). The thermodynamic models indicate that felsic to intermediate crustal rocks in the rift are essentially
quartzofeldspathic, with 15%-30% quartz and the rest a mixture of feldspars. Rheologically, K-feldspar, albite,
and plagioclase behave similarly in that they are relatively strong when coarse grained and dry, but weaken
significantly at small grain size or high water content (e.g., J. Chen et al., 2021; Rybacki & Dresen, 2004), and we
thus group them together, and model bulk rock rheology as a two-phase quartz—feldspar mixture. We follow
Handy et al. (1999) and consider two microstructural end-members: rocks with interconnected weak layers
(IWL), essentially representing rocks with a well-oriented penetrative foliation such as in pre-existing shear
zones; and rocks with a strong load-bearing framework (LBF), that is, rocks where any weak phases are randomly
distributed and not interconnected in a foliation, approximating the majority of the crust outside of shear zones.
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This division into foliated and non-foliated rocks is consistent with the hypothesis that fabric formation is a
dominant process localizing ductile shear (Montési, 2013).

4.1. Methods and Assumptions to Calculate a Simplified Two-Phase Rheology

For strong LBF, the bulk strain-rate is controlled by the strain-rate of the strong framework and is therefore
uniform. With this uniform strain-rate assumption the composite strength is simply the volumetrically weighted
sum of the component strengths, representing an upper-bound on bulk strength:

TLBF = Tw¢w + Ts(l - ¢w) (2)

In this equation, 7 is shear strengths of the weaker (subscript w) and stronger (subscript s) of the two phases, and
¢, is the volume fraction of the weaker phase. For viscously deforming rocks, the shear strength is given by:

3)

| Q+ PV yd?
T, = In
RT

3(n+1)/2AfIIIn:0

where Q is activation energy, P is pressure, V is activation volume, R is the universal gas constant, 7 is tem-
perature in Kelvin, y is strain-rate in the mineral phase, d is grain size, A is an empirical parameter that depends on
composition and deformation mechanism, f;,, is water fugacity, and m, n, and p are exponents that primarily
depend on the deformation mechanism. We use parameters from Lu and Jiang (2019) for quartz deformation,
which we assume to occur by dislocation creep, and from Rybacki and Dresen (2000) for feldspar deformation,
where we use the lowest flow stress from their dislocation and diffusion creep flow laws. We approximate f;,o as a
function of P and T following Shinevar et al. (2015). We assume grain size is 1 mm, on the smaller end for
crystalline rocks and as such potentially underestimating viscous strength in feldspars deforming by diffusion
creep.

In the case of IWL microstructure, strain is localized within the weaker phase and strain-rate is not uniform
(Handy, 1994; Handy et al., 1999). Instead, the strain-rate in the weak phase is elevated and becomes
(Handy, 1994):

7 = 79! 4)

where 7, is the strength contrast z,/z,, at bulk strain rate y. In contrast, the strain rate in the strong phase is reduced
relative to the bulk strain rate, and given by (Handy, 1994):

1— gb('/T‘)
s W 5
hET T, )
Using these mineral phase strain rates, the bulk stress of a rock with IWL becomes (Handy, 1994):
T = 1ol + 7 (1= g) (6)

We use the same viscous deformation parameters for IWL microstructures as we did for LBF. In other words, we
assume composition and grain size are the same, and the only difference is the presence and absence of an
interconnected fabric. This will underestimate the relative strength reduction within shear zones, relative to where
any grain size reduction or localization into compositionally controlled weaknesses have occurred.

Figure 4. Schematic cartoon cross-sections of (a) metamorphic and structural pre-conditioning of the Malawi Rift, (b) rift initiation, and (c) rift maturation. For each
stage, we also estimate the depth-dependence of temperature, shear strength, and the ratio of bulk shear strength (7) to frictional yield strength (). In the strength plots,
IWL, interconnected weak layers (solid lines) and LBF, strong load-bearing framework (dashed lines). For strength of the maturing rift, the red lines show the effect of
doubling the basal heat flow (Q,,), the green lines the effect of reducing grain size by an order of magnitude (0.1d), and the blue lines of changing from dry to hydrostatic
fluid pressure. See the text for further details.
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Following Handy et al. (1999) we also allow for the strong phase to be brittle, if the modified Navier-Coulomb
criterion for frictional sliding along well-oriented fractures gives a strength that is lower than the viscous flow
strength at a given strain rate. The strength of the relevant phase is then (Jaeger et al., 2007):

7, =0.5[a+ P(1—2)(b - 1)] sin(90° — tan™" ) 7

where A is the ratio of pore fluid pressure (P) to lithostatic pressure, p is friction coefficient,

-2
b= (\/1 +u? — ,u) ,and a = ZCO\/I; where C, is cohesive strength (shear strength at zero normal stress). For
our quartzofeldspathic rocks, we take typical “Byerlee” values of C, = 50 MPa and y = 0.6 (Byerlee, 1978).

4.2. Calculated Rheological Evolution

We first consider the rheology of the crust at the end of Pan-African transpression in Malawi. We fit a continental
thermal gradient to the estimated P-T conditions of ~900°C at 35 km depth (Figure 4a), noting that some es-
timates are warmer than this. This is a substantially warmer crust than we estimate for current rifting, but
consistent with high heat flow in active collisional margins today (e.g., Jaupart et al., 2016), for example, as a
result of advection and crustal thickening. It is also consistent with observation of migmatitic textures implying
partial melting of lower-crustal rocks now exhumed to the surface in the Malawi Rift (Figure 2a). The rheological
structure of crust with IWL and consisting of 20% quartz and 80% feldspars with this thermal gradient involves a
10 km thick brittle layer with a peak strength of ~200 MPa above a thick, viscous, weak, lower crust (Figure 4a).
Conversely, the frictional-viscous transition may be nearer 25 km deep if the crust is approximated to be intact and
contain a feldspar LBF. We highlight that irrespective of microstructure, flow strength at depths deeper than
25 km were likely very low: <100 MPa, and only a few MPa in shear zones, and even weaker in the presence of
melt. This would have promoted development of steeply dipping foliations within the transpressional shear zones
that formed at the time (Tikoff & Teyssier, 1994).

Initiation of the current rift would have occurred in crust that inherited the composition and structure developed by
the end of the Pan-African transpression (Figure 4b), but the intervening period of little tectonic activity would
have led to a cooler geotherm, as reflected by the relatively low current heat flow (Njinju et al., 2019b). Early
rifting processes also occurred locally in the Karoo and Cretaceous extensional events (Castaing, 1991), but like
current rifting, in crust with characteristics inherited from Proterozoic deformation and metamorphism. The effect
on strength, retaining a composition of 20% quartz and 80% feldspars, with any weaker minerals removed by
previous metamorphic reactions, is that crust approximated as IWL is brittle to a depth of ~15 km, with a peak
strength of ~250 MPa. Approximated as LBF, the crust is strong, brittle, and potentially seismogenic to nearly
40 km depth, with a peak strength exceeding 700 MPa (Figure 4b). In this interpretation of the current rift, there
may be viscously deforming weak zones present throughout the lower crust, but these are embedded in much
stronger, brittle crust where viscous deformation is difficult because temperatures are low, and the rocks are
coarse-grained and enriched in relatively strong, residual minerals. The same interpretation applies to Karoo and
Cretaceous rifting episodes.

In a more mature rift—where crustal thinning is occurring and heat flow at the base of the crust has increased
(Figure 4c)—the rocks are brittle to shallower depths and viscous yield strength is lower. Doubling Q,, to simulate
mantle upwelling moves the frictional-viscous transition to 12 km depth in weak IWL crust, and 25 km in strong
LBF crust (Figure 4c¢). Peak strength reduces to ~200 MPa for IWL crust and ~500 MPa for LBF crust. Another
possible effect of progressive crustal extension is a reduction in grain size that allows weakening, particularly of
feldspars that control strength of LBF microstructures (quartz is weak anyway), through a switch from dislocation
to diffusion creep (Figure 4c). Ruh et al. (2022) recently suggested such grain-size reduction as a dominant
process initiating continental rifting. Introduction of melt or other fluids into the lower crust may also lead to
weakening in several ways: the frictional resistance may be reduced by increased fluid pressure, or viscous flow
strength can be reduced by fluid-assisted dissolution-precipitation creep (a more efficient form of diffusion
creep), or by allowing retrograde reactions that increase the amount of weaker hydrous minerals (Figure 3). Going
from dry faults to a hydrostatic fluid pressure regime with a grain-boundary fluid present reduces the peak
strength in IWL crust to ~150 MPa, and allows brittle deformation in LBF crust at shear stresses <450 MPa
(Figure 4c). This is an overestimate of strength as we do not include effects of minor proportions of new, hydrous
minerals that may grow with addition of water (Figure 3). Note that other than increasing fluid pressure, all these
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weakening mechanisms promote viscous creep and lead to shallowing of the frictional-viscous transition. These
plots assume rifting dominated by tectonic faulting; substantial, further weakening than what is shown here is
possible with increased melting and transition to magmatic rifting (Buck, 2004).

In Figure 4 we have also plotted bulk shear strength, 7, versus the frictional yield strength 7. This plot illustrates
the potential for frictional slip and generation of earthquakes. A ratio of 1 indicates that frictional sliding is the
easiest and therefore preferred mechanism, while values approaching zero imply that viscous creep is dominant,
and there is unlikely to be any accumulation of elastic strain (because of very efficient creep). Intermediate values
imply that although bulk viscous creep is easier than frictional sliding, elevated stresses in higher-strength ma-
terials, such as lenses of intact LBF crust in anastomosing IWL shear zones, may lead to local frictional failure
(Beall etal., 2019; Fagereng & Beall, 2021). These plots therefore indicate the possibility of the whole crust being
seismogenic at current conditions if it is approximated as a dry or wet LBF (z/7, = 1), or the lower crust being
completely aseismic and viscous if it is approximated as comprising only IWL (z/z; — 0).

5. Discussion

The Malawi Rift is localized in—and propagates through—granitic and granodioritic gneisses that experienced
high-T metamorphism during one or more orogenic events during the Proterozoic (De Waele & Mapani, 2002;
Fritz et al., 2013; Karamakar & Schenk, 2016; Kroner et al., 2001; Manda et al., 2019; Ring et al., 1997). As such,
the Malawi crust has a metamorphic inheritance that may explain both (a) how the rift is able to propagate through
seemingly too strong, thick crust and lithosphere (Kendall & Lithgow-Bertelloni, 2016), and (b) the occurrence of
deep-crustal earthquakes (Ebinger et al., 2019; Nyblade & Langston, 1995; Stevens et al., 2021).

5.1. Composition and Rheology of Rifting Malawi Crust

Mineral equilibrium calculations show that rocks at mid- to lower-crustal depths throughout the Rift consist
largely of quartz and feldspars, with very minor amounts of garnet, pyroxene or amphibole (Figures 3¢ and 3e).
Notably, these rocks contain almost no hydrous minerals, and are modeled to be completely free of phyllosili-
cates. Such rocks are likely to have medium- to coarse-grained equigranular textures and only weakly developed
penetrative fabrics away from high-strain zones, and are approximated with a loadbearing framework (LBF)
microstructure (Figure 4). Such rocks will preferentially undergo frictional failure and are calculated to be
potentially seismogenic at all depths below the Rift at the inferred current geotherm (Figure 4b). On the scale of
the Rift, inherited shear zones may impart a rheological anisotropy by being zones of more pervasive fabrics. Such
IWL will decrease viscous shear resistance (Figure 4b), but have comparable frictional strength to surrounding
rocks with lower inherited strain (Hellebrekers et al., 2019).

The observation that Malawi seismicity extends throughout the lower crust (Figure 1; Craig et al., 2011; Ebinger
etal., 2019; Stevens et al., 2021) implies that dry and strong, quartzofeldspathic rocks occur at all crustal depths in
and around the Malawi Rift. Our rheological models calculate the frictional-viscous transition in quartz-
ofeldspathic rocks to occur at between 15 and 40 km depth with our assumed current Malawi thermal gradient
(Figure 4b). Because the crust is uniformly frictionally strong, the shallower depth is associated with viscously
weak shear zones, while the deeper estimate is appropriate for crust away from inherited, viscous weaknesses.

5.2. Conditions and Mechanisms of Fault Initiation and Propagation

Kendall and Lithgow-Bertelloni (2016) calculated that a driving stress of no more than 100 MPa is available for
rifting of African lithosphere. As they concluded, our rheological models also show that the overall peak strength
of rifting Malawi crust can only be that low in fine-grained, pre-existing viscous shear zones with an inter-
connected quartz or very fine-grained feldspar fabric (Figure 4). Frictional failure in the present-day strong, dry
and isotropic crust requires substantially higher stresses. As such, the only way that the rift can continue to
propagate is to predominantly reactivate pre-existing weak structures through viscous creep. This, however, does
not account for the observed lower crustal seismicity, which needs to be explained by a separate mechanism. The
current crust has been thoroughly dehydrated, such that internal fluid production cannot be a mechanism to allow
seismicity (cf. Etheridge et al., 1984; Yardley, 1986). Fluids may be available from above (meteoric fluids) or
below (mantle fluids), but these external fluids cannot be involved in initiating lower-crustal seismicity without
first developing a permeability structure. Hot springs in the Malawi Rift imply some fluid flow along faults, but
calculations based on silica and cation geothermometers show that the hot springs are fed by meteoric waters that
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reached <200°C (Davalos-Elizondo et al., 2021), that is, did not interact with rocks at lower-crustal temperatures.
The dry rocks are also not conducive to melting at current crustal temperatures without first adding fluids
(Figures 3a and 3b), restricting potential for melt or melt-related fluids at depth. We therefore suggest that lower-
crustal seismicity must initiate by an increase in stress or decrease in strength that does not require fluids.

Several studies have highlighted the spatial correlation between Malawi border faults and inherited shear zones
(Dawson et al., 2018; Kolawole et al., 2018; Versfelt & Rosendahl, 1989; Wedmore et al., 2020; Wheeler &
Rosendahl, 1994), although the faults do not necessarily reactivate the shear zone foliation (Hodge et al., 2018).
Our rheological models imply that any weakness resides either near the surface where confining pressures are
low, or at the base of the crust where inherited shear zones have low resistance to viscous flow. As rifting in Africa
is essentially driven by mantle flow (Accardo et al., 2020; Hopper et al., 2020; Kendall & Lithgow-
Bertelloni, 2016), it is most likely that current localized rifting initiated by reactivation of inherited shear
zones in the viscous regime. Shear zones, however, tend to be tabular features of variably developed fabric (e.g.,
Carreras et al., 2010; Goodwin & Tikoff, 2002; Rennie et al., 2013), and therefore variable strength and rheo-
logical behavior (e.g., Druguet et al., 2009; Fagereng & Sibson, 2010). A mechanism for generating brittle failure
at middle and lower-crustal depths is therefore by locally increasing driving stresses where anastomosing strands
of viscous shear zones interact—exemplified by presence of pseudotachylyte in competent lenses within some
exhumed Shear Zone networks (Campbell et al., 2020; Sibson, 1980). This requires the presence of viscously
creeping shear zones, and implies that frictional sliding is a consequence of surrounding viscous creep. In this
model, the lower crust must be accumulating (most) permanent finite strain viscously, and the cumulative seismic
moment should be less than the geodetically determined strain. This is the case in Malawi (Ebinger et al., 2019),
but the instrumental record is short relative to the potential repeat time of large earthquakes spanning the crust and
may therefore underestimate the seismic moment (Williams et al., 2023). It is, however, also implicit that the size
of lower crustal earthquakes will be limited by the length-scale of possible rupture areas, which if embedded in
weak, viscously deforming shear zones may be unlikely to reach more than a few kilometers. The mid- to lower
crustal M6.3 1989 Salima earthquake likely required a length scale of about 10 km (Jackson & Blenkinsop, 1993),
showing that this length scale is possible at depths likely dominated by viscous deformation.

5.3. Conditions and Mechanisms of Ongoing Seismicity

In the above model, rifting initiates by viscous lower-crustal deformation localized to inherited shear zones.
Locally, faults may develop in areas of stress magnification in stronger rocks (Beall et al., 2019; Campbell
et al., 2020; Druguet et al., 2009), reflected by lower-crustal seismicity predominantly located within and/or
around viscous shear zones (Figure 1). Viscous shear may also trigger fault development in overlying upper crust,
as shown elsewhere by evidence for increases in viscous shear zone strain rate driving clusters of upper crustal
earthquakes in California and central Italy (Dolan et al., 2007; Mildon et al., 2022). Once a fault has formed, then
if it is permeable and connected to an external fluid source, fluid may be introduced to the deep crust. There are a
number of potential sources for such fluids. The closest source to the lower crust is the lithospheric mantle, which
could contain metasomatic fluids from upwelling, deeper asthenosphere (Njinju et al., 2019a), or partial melts
originating from small zones capable of decompression melting, for example, by being more hydrated or
compositionally more fertile (Hopper et al., 2020). Rapid stressing by melt infiltration from the mantle has been
suggested to drive seismicity in ductilely deforming lower crust beneath southern Tanganyika, where crustal
thinning has locally reached ~20% (Hodgson et al., 2017; Lavayssiére et al., 2019). CO,-rich fluids originating
from the mantle, for example, degassing related to partial melt, have been detected along faults penetrating the
lower crust in the magmatic Eastern Branch of the East African Rift, including young (<7 Ma) rift segments away
from volcanoes (Lee et al., 2016; Muirhead et al., 2016). Fluid overpressure from CO,-rich or aqueous fluids
released above melt zones have also been invoked to explain earthquake swarms in the Rwenzori Mountains of
Uganda (Lindenfeld et al., 2012), and at the eastern edge of the Tanzania Craton (Albaric et al., 2013). CO,-rich,
magma-derived fluids are therefore potentially important to trigger lower crustal seismicity, and localize strain
along crustal-scale faults, if the faults are connected to actively melting mantle rocks. Finally, with sufficient
permeability, a top-down system where meteoric waters reach the mid- to lower crust is also conceivable based on
isotope studies in exhumed shear zones (Haines et al., 2016; Stenvall et al., 2020), although current hot springs in
Malawi appear to be restricted to hydrothermal circulation at temperatures <200°C (Davalos-Elizondo
et al., 2021).

FAGERENG ET AL.

14 of 21



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2023GC011305

Because the lower-crustal rocks are inherited from a higher-temperature regime they are metastable while dry, but
several processes may initiate with the introduction of fluids. A key point, however, is that initial deformation at
dry conditions are required to create a permeability pathway between the lower crust and the external fluid source,
before these processes can activate. In some Malawi faults, this may have occurred already during Karoo or
Cretaceous rifting episodes, which may have prepared some faults for easier reactivation during current rifting.
Note, however, that a change from dominantly NW-NE extension direction in the Karoo (Castaing, 1991;
Ring, 1995) to NE-SW to E-W in the current rift (Delvaux & Barth, 2010; Ebinger et al., 2019; Wedmore
et al., 2021; Williams et al., 2019) potentially caused reactivation of differently oriented structures in these rift
episodes. One fluid-driven process is the growth of hydrous retrograde minerals that are stable at the current P-T
conditions of rifting. Our results show that this mineral growth is not very dramatic, as the fluid-saturated as-
semblages of both the considered rock types are still dominated by quartz and feldspars, but with 5%—15% epidote
forming at the expense of plagioclase and 7%—13% micas forming at the expense of K-feldspar (Figures 3c—3f).
Whereas epidote is frictionally strong and relatively conducive to earthquake slip, growth of micas may cause
substantial weakening and preference for aseismic creep (An et al., 2022; Fagereng & Ikari, 2020). The amount of
retrograde mineral growth is more substantial in the granodioritic composition than the granite, but much less
pronounced than in metasediments studied elsewhere (e.g., faults where retrograde phyllosilicate growth may
potentially create interconnected weak faults; Fagereng & Diener, 2011; Imber et al., 1997). The retrograde rocks
are also likely to be fine-grained and continued rifting will lead to increased lower-crustal temperatures as mantle
upwelling and crustal thinning work in concert to increase basal heat flow. These processes lead to marked
weakening, but also marked increased preference for viscous, aseismic deformation in the lower crust (Figure 4c).

Pressurization of fluids during prograde metamorphism can lead to brittle failure within otherwise viscously
deforming regions (Chapman et al., 2022; Menegon & Fagereng, 2021; Yardley, 1986), which may explain
seismicity at mid- and lower-crustal depths in compressional regimes. The Malawi crust, however, is too dry to
produce local fluids, and any fluids introduced from an external source will first be consumed by growth of
hydrous minerals as outlined above. As long as mineral growth keeps pace with fluid infiltration, fluid pressure
will only be able to increase once these reactions are complete. Although the overall and long-term effect of fluid
addition is viscous weakening and suppression of earthquakes at lower-crustal conditions, a transient, local effect
may be a sufficient reduction in effective stress to trigger frictional failure (Figure 4c). This is enhanced by that
stresses are already relatively low in rifting environments, and relatively minor increases in fluid pressure can be
sufficient to switch the rheology from viscous to frictional (Figure 4c). The effect of these local, fluid-pressure-
related earthquake triggers are, however, limited in size to the fluid-infiltrated area, and in time to when the lower
crust is sufficiently strong to store elastic strain.

Overall, if permeability can be increased through re-activation of inherited, viscous shear zones where local
seismicity is associated with stress risers, the influx of external fluids would provide a range of weakening
mechanisms. These may initially promote local seismicity, but their long-term effect will be to increase ductility.
Retrograde assemblages are typically finer-grained than the high-grade rocks, enhancing the rate of diffusion
creep. The retrograde assemblage would also be somewhat (but not greatly) enriched in weaker phyllosilicates
relative to the Proterozoic higher-grade metamorphic rock. Our modeling indicates that in cases of maximal
hydration, the equilibrium assemblages only contain ~10% mica (Figure 3), which is unlikely to control the
rheology as it is insufficient for an interconnected network. Weakening might also arise because dislocation creep
is more efficient under hydrothermal conditions (Griggs & Blacic, 1965). These mechanisms would locally
enhance viscous creep along local fluid pathways. This is not an earthquake mechanism, but a mechanism that
may allow rifting to occur, dominantly by viscous mechanisms, in the crust above the potentially weakened
lithospheric mantle under the Malawi Rift axis (Hopper et al., 2020). If the crust is only locally weak, perhaps
along relatively thin, possibly anastomosing shear zones, then earthquakes could occur in the stronger rocks
surrounded by these shear zones (Campbell et al., 2020), but would cease with increased viscous strain, fluid
infiltration, and associated viscous weakening. The relatively juvenile and incipient nature of the Malawi Rift can
therefore be a contributing factor in its propensity for deep seismicity compared to more mature rift segments.

It may be that some fault zones have already been sufficiently weakened to no longer produce much, if any, lower
crustal seismicity; for example, some faults that have been repeatedly reactivated throughout the Karoo, Creta-
ceous, and current rifting events are good candidates for having developed permeability, retrograde, weak as-
semblages, and smaller grain size. The Mughese Shear Zone is one such candidate (Dawson et al., 2018;
Kolawole et al., 2018), and indeed has little if any detected lower crustal seismicity along the section covered by

FAGERENG ET AL.

15 of 21



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems

10.1029/2023GC011305

Acknowledgments

We appreciate many discussions with
Juliet Biggs, Luke Wedmore and Jack
Williams, who have all influenced the
models presented here. We appreciate
constructive reviews from Chris Morley
and Rasheed Ajala, which significantly
improved the paper. This work was
supported by the EPSRC Global
Challenges Research Fund (PREPARE
project, Grant EP/P028233/1). A. F. also
acknowledges support from the project
FricFrac funded by the Center for
Advanced Study (CAS) at the Norwegian
Academy of Science and Letters during
academic year 2023-2024.

the deployment of Ebinger et al. (2019) (Figure 1b), although only a small part of the Mughese Shear Zone was
covered, for a short part of an earthquake cycle. Conversely, the Livingstone Fault is a border fault with seismic
activity throughout the crust (Ebinger et al., 2019; Figure 1b). Although it has a similar long history of defor-
mation, this fault was likely first active as a strike-slip fault (Wheeler & Karson, 1989), perhaps like the similarly
oriented Kanda fault in southern Tanzania, where a change from strike-slip to normal faulting is interpreted
between Karoo and current rifting (Delvaux et al., 2012). While strike-slip faulting can create permeability,
normal faulting occurs at lower shear stress, is prone to fluid-driven failure at lower pore pressure, and is generally
more efficient at rehydrating the crust (c.f. Sibson, 2017). Consequently, we suggest that the subvertical Mughese
Shear Zone with a longer history of normal faulting may have reached a more weakened state in the lower crust,
whereas the crustal-wide seismogenic nature of the Livingstone Fault, as well as of the Bilila-Mtakataka Fault
(Stevens et al., 2021; Figure 1c), reflects ongoing weakening of an overall more brittle and stronger feature.
Further study of the Mughese Shear Zone and other major structures with large post-Pan African displacement
may test this hypothesis.

6. Conclusions

The crust surrounding the Malawi Rift has experienced multiple granulite facies metamorphic events. Our mineral
equilibrium modeling results, combined with estimates of peak P-T conditions, indicate that metamorphism
during the Proterozoic generated a crust that is thoroughly dehydrated and dominated by a quartz and feldspar
assemblage that is metastable at current conditions. Along thermal gradients constrained by heat flow determined
from aeromagnetic data, crustal temperatures are cool relative to those of Proterozoic metamorphism, and local
melting is not predicted to occur without addition of water and/or heat from an external source. These results
imply that strain is accommodated in the rift under fluid (melt and hydrous)-absent conditions except where an
external fluid (melt, hydrous, or carbonaceous) may locally infiltrate once a permeability network has formed.

For rifting to be possible, low thermal gradients and a mechanically strong, dry quartzofeldspathic mineralogy
demand localization of mid- to lower-crustal strain into viscously weakened, inherited shear zones, and for
deformation to occur predominantly by aseismic viscous creep. These shear zones are embedded within high-
strength crust, and interaction between creeping shear zones and strong blocks of enveloped or surrounding
rocks may locally increase stress and trigger brittle failure, thereby allowing seismicity to occur at mid- to lower-
crustal depths. Increased strain rate from shallower earthquakes can also trigger lower-crustal seismicity, as
suggested in other tectonic settings; however, local deep seismicity in the absence of such events (Figure 1)
indicates that these are not a prerequisite. We therefore suggest that during rifting of previously deformed and
metamorphosed crust, major faults are most likely to grow from below, with their location and orientation
prescribed by underlying inherited viscous shear zones. This is consistent with the location of Rift faults within,
but not consistently parallel to, inherited shear zones that lack frictionally weak minerals. An implication of this
model is that the lower-crustal seismicity is essentially an artifact of viscous deformation, and—importantly—not
directly linked or related to upper-crustal seismicity except where representing aftershocks from upper crustal
earthquakes. Therefore, even though there are earthquakes throughout the whole crust, only exceptional cir-
cumstances would allow a single crust-spanning earthquake because the stress heterogeneity between dominantly
aseismic shear zones and faults governed by frictional strength is large.

Data Availability Statement

This article does not use any new data. Earthquake catalogs used in Figure 1 are available through the original,
referenced papers (Ebinger et al., 2019; Stevens et al., 2021). The THERMOCALC software and associated mineral
thermodynamic models used for mineral equilibria calculations can be downloaded for free from: https:/
hpxeosandthermocalc.org, where relevant documentation is also available.
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