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Abstract23

In low strain rate regions, extrapolation of incomplete instrumental24

earthquake records is a limitation for probabilistic seismic hazard analy-25

sis (PSHA). This limitation can be addressed by incorporating geologic26

and geodetic data into fault-based seismogenic sources, although it is27

not always clear how on-fault magnitude-frequency distributions should28

be described and, if the seismogenic layer is especially thick, how these29

1
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sources should be extrapolated down-dip. We explore these issues in the30

context of a new PSHA for Malawi, where regional extensional rates are31

0.5-2 mm/yr, the seismogenic layer is 30-40 km thick, the instrumental32

catalog is ∼60 years long, and fault-based sources were recently col-33

lated in the Malawi Seismogenic Source Database. Furthermore, Malawi34

is one of several countries along the East African Rift where exposure35

to seismic hazard is growing, but PSHA typically considers instrumen-36

tal records alone. We use stochastic event catalogs to explore different37

fault-source down-dip extents and magnitude-frequency distributions.38

These indicate that hazard levels are highest for a Gutenberg-Richter39

on-fault magnitude-frequency distribution, even at low probabilities of40

exceedance (2% in 50 years), whilst seismic hazard levels are also sen-41

sitive to how relatively short (<50 km) fault sources are extrapolated42

down-dip. For sites close to fault sources (<40 km), seismic hazard43

levels are doubled compared to previous instrumental-seismicity based44

PSHA in Malawi. Cumulatively, these results highlight the need for45

careful fault source modelling in PSHA of low strain rate regions,46

and the need for new fault-based PSHA elsewhere in East Africa.47

Keywords: probabilistic seismic hazard analysis, East African Rift,48

Malawi, earthquake fault source49

1 Introduction50

In regions with low slip rate faults (∼0.1-10 mm/yr; C. H. Scholz et al., 1986),51

the typical recurrence time for moderate-large magnitude earthquakes (∼1000-52

100,000 yrs) is greater than the length of instrumental earthquake catalogs53

(∼50-100 years). Therefore probabilistic seismic hazard analysis (PSHA) typ-54

ically requires extrapolating catalogs beyond their duration (e.g., Zahran et55

al., 2015; Goitom et al., 2017; Poggi et al., 2017), and/or combining geologic56

and geodetic data into fault-based seismogenic sources (e.g., Stirling et al.,57

2012; Petersen et al., 2015). In the former case, there are challenges with58

defining the maximum expected earthquake magnitude for the assessed region59

(Holschneider et al., 2011) and accounting for catalog declustering when devel-60

oping areal or smoothed seismicity source models (Helmstetter & Werner,61

2012; Stein et al., 2012; Wang et al., 2021). PSHA using fault-based sources62

is therefore increasingly popular, and in particular, the use of inversion tech-63

niques that constrain on-fault magnitude-frequency distributions (MFDs) by64

balancing geodetic, geologic, and seismological data (Field et al., 2014, 2021;65

Geist & Parsons, 2018; Chartier et al., 2019). However, it is challenging to rec-66

oncile earthquake rates from these data in low strain rate (Cox et al., 2012;67

Hodge et al., 2015; Vallage & Bollinger, 2020), and yet it is these regions where68

estimated seismic hazard levels are particularly sensitive to assumptions about69

fault geometry and segmentation (Hodge et al., 2015; DuRoss et al., 2016;70
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Visini et al., 2020; Gómez-Novell et al., 2020; Valentini et al., 2020; Goda &71

Sharipov, 2021).72

The use of fault-based sources in PSHA requires extrapolating geologic73

and geodetic constraints on fault deformation through the Earth’s crust. In74

particular, assumptions about a fault’s down-dip extent influence its seismic75

moment rate and source-to-site distance in ground motion calculations. In most76

continental regions, the seismogenic layer is 10-20 km thick (e.g., Jackson et al.,77

2021), and the uncertainty of extrapolating surface fault data down-dip does78

not significantly influence hazard levels (Field et al., 2014). However, it is not79

clear whether uncertainty on fault down-dip extents will influence fault-based80

PSHA in regions where the seismogenic layer is much thicker (20-40 km), such81

as in the East African and Baikal rifts (Jackson & Blenkinsop, 1993; Nyblade82

& Langston, 1995; Déverchère et al., 2001; Lavayssière et al., 2019; Ebinger et83

al., 2019; Stevens et al., 2021).84

In this study, we present a new fault-based PSHA for Malawi. Malawi is85

located within a 900 km-long amagmatic section of the Western Branch of the86

East African Rift (EAR), and provides an ideal case study to investigate PSHA87

in a low strain rate region with a thick seismogenic layer as: (1) geodetically-88

derived regional extension rates are low (0.5-2 mm/yr; Stamps et al., 2021;89

Wedmore et al., 2021), but nevertheless an order of magnitude higher than90

inferred from the last 50 years of instrumentally-recorded seismicity (Hodge91

et al., 2015; Ebinger et al., 2019), and (2) the seismogenic layer is ∼30-40 km92

thick (Jackson & Blenkinsop, 1993; Nyblade & Langston, 1995; Ebinger et al.,93

2019; Stevens et al., 2021; Craig & Jackson, 2021). Furthermore, constraints94

on the seismogenic potential of Malawi’s active faults have improved with the95

collection of new geologic and geodetic data (Hodge et al., 2019; C. A. Scholz96

et al., 2020; Shillington et al., 2020; Wedmore, Williams, et al., 2020; Wed-97

more, Biggs, et al., 2020; Wedmore et al., 2021; Williams, Wedmore, Scholz,98

et al., 2021a; Kolawole et al., 2021), which have been synthesised for seismic99

hazard analysis in the Malawi Seismogenic Source Database (MSSD; Williams,100

Wedmore, Fagereng, et al., 2021a) .101

Malawi is also one of several countries along the EAR where seismic risk102

is being exacerbated by population growth and the development of seismically103

vulnerable building stock (Meghraoui et al., 2016; Goda et al., 2016; Poggi et104

al., 2017; World-Bank, 2019; Kloukinas et al., 2020; Giordano et al., 2021).105

However, PSHA in the EAR typically considers only the instrumental record of106

seismicity (e.g., Midzi et al., 1999; Bwambale et al., 2016; Delvaux et al., 2017;107

Goitom et al., 2017; Delvaux et al., 2017; Poggi et al., 2017; Tuluka et al., 2020;108

Msabi & Ferdinand, 2021). Here, we incorporate the MSSD into a PSHA for109

Malawi through stochastic event catalogs (Musson, 1999; Atkinson & Goda,110

2013) to provide critical inputs for assessing Malawi’s increasing seismic risk111

(Goda et al., 2016, 2021), and examine how fault-based sources could be used112

in future PSHA elsewhere in East Africa.113
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2 Background to seismic hazard assessment in114

Malawi115

2.1 The seismotectonic setting of Malawi116

Malawi’s national borders are closely aligned to a 900 km long section of117

the East African Rift’s Western Branch, with earthquakes MW > 4.5 and118

active faults > 50 km long documented throughout (Fig. 1; Dixey, 1926;119

Ebinger, Rosendahl, & Reynolds, 1987; Specht & Rosendahl, 1989; Chapola120

& Kaphwiyo, 1992; Poggi et al., 2017; Wedmore, Biggs, et al., 2020; Williams,121

Wedmore, Scholz, et al., 2021a). In central and northern Malawi, the EAR122

has mostly been flooded by Lake Malawi, whilst in southern Malawi the rift123

is onshore and at its southern end has intersected and reactivated Karoo (i.e.,124

Triassic-Jurassic) age faults in the Lower Shire Basin (Dulanya, 2017; Wed-125

more, Williams, et al., 2020; Williams, Mdala, et al., 2021; Kolawole et al.,126

2021). Only negligible amounts of melt have been detected in Malawi’s crust127

(Njinju et al., 2019; Accardo et al., 2020; Hopper et al., 2020), and so rift128

extension is primarily accommodated by normal fault earthquakes (Biggs et129

al., 2010; Hodge et al., 2015; Williams, Wedmore, Fagereng, et al., 2021a).130

The most comprehensive instrumental record of earthquakes in Malawi is131

the Sub-Saharan Africa Global Earthquake Model (SSA-GEM) catalog (Fig.132

1a; Poggi et al., 2017). This was mainly developed from the International133

Seismological Centre (ISC) catalog, which in Malawi is complete since 1965 for134

events MW> 4.5 (Hodge et al., 2015). Within this record, two events stand out:135

the 1989 MW 6.3 Salima Earthquake (Jackson & Blenkinsop, 1993; Gupta &136

Malomo, 1995) and the 2009 Karonga earthquake sequence (Biggs et al., 2010;137

Hamiel et al., 2012; Macheyeki et al., 2015; Gaherty et al., 2019). The former138

was assigned a VIII on the Modified Mercalli Intensity Scale (MMI; Gupta &139

Malomo, 1995), and its 32± 5 km focal depth is typical of Malawi’s 30-40 km140

thick seismogenic layer (Nyblade & Langston, 1995; Craig & Jackson, 2021;141

Ebinger et al., 2019; Stevens et al., 2021). In contrast, the Karonga earthquake142

sequence primarily consistent of 4 shallow (focal depths 5-10 km) MW 5.5−5.9143

events over 13 days (Biggs et al., 2010) and resulted in a 9-18 km long surface144

rupture along the previously unrecognised St Mary Fault (Macheyeki et al.,145

2015). Focal mechanism stress inversions indicate a normal fault stress state146

in Malawi with an ENE-WSW trending minimum principal compressive stress147

(Delvaux & Barth, 2010; Ebinger et al., 2019; Williams et al., 2019).148

2.2 Previous seismic hazard assessment in Malawi149

In a PSHA for Malawi that considered areal sources developed from the SSA-150

GEM catalog, Poggi et al. (2017) found that for peak ground acceleration151

(PGA) there is a 10% probability of exceeding (PoE) 0.10-0.15 g in 50 years.152

Hazard levels were relatively uniform across Malawi in this study as it was153

part of a single ∼380,000 km2 areal source zone that extends from Mozam-154

bique to southern Tanzania. However, geodetic models indicate that extension155
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Fig. 1 Map of Malawi in the context of: (a) the Malawi Active Fault Database (MAFD;
Williams, Wedmore, Scholz, et al., 2021a) and the Sub-Saharan Africa Global Earthquake
Model (SSA-GEM) catalog (Poggi et al., 2017), and (b) regional geological terranes (Fullgraf
et al., 2017). BMF; Bilila-Mtakataka Fault.

rates increase from south to north Malawi (Saria et al., 2014; Stamps et156

al., 2021; Wedmore et al., 2021), and there are also geologic observations of157

across-rift variations in fault activity (Accardo et al., 2018; Shillington et al.,158

2020; Wedmore, Biggs, et al., 2020). These spatial variations in deformation159

were incorporated into a PSHA by Hodge et al. (2015), who developed seven160

fault-based seismogenic sources in Malawi from previously mapped major161

rift-bounding faults in Malawi and geodetically-derived regional extension162

rates (Stamps et al., 2008). Inclusion of these sources into PSHA resulted163
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in higher hazard levels adjacent to these faults (10% PoE 0.15-0.25 g in 50164

years vs. 10% PoE 0.10-15 g in 50 years in Poggi et al. (2017)), with these165

increases greatest for cases that inferred relatively frequent, moderate mag-166

nitude ruptures of shorter discrete fault segments, rather than rarer, larger167

magnitude earthquakes spanning entire faults. This PSHA was later incor-168

porated into a quantitative seismic risk assessment for Malawi (Goda et al.,169

2016), and a scenario-based risk assessment for the region around the Bilila-170

Mtakataka Fault in southern Malawi (Fig. 1a; Goda et al., 2021). These studies171

estimated that in a worst case MW 7.8 earthquake along the entire fault,172

∼160,000-440,000 buildings would collapse (Goda et al., 2021) .173

Since 2015, high resolution digital elevation models (Hodge et al., 2019,174

2020; Wedmore, Williams, et al., 2020; Wedmore, Biggs, et al., 2020), aero-175

magnetic and gravity data (Kolawole et al., 2018, 2021; Chisenga et al., 2019),176

and a new generation of seismic reflection data in Lake Malawi (Shillington177

et al., 2016, 2020; C. A. Scholz et al., 2020) have led to significant advances178

in the identification and mapping of active faults in Malawi. These datasets179

were combined into the Malawi Active Fault Database (MAFD), a geospatial180

database for 113 faults that are inferred to be active in Malawi and neigh-181

bouring areas of Mozambique and Tanzania (Williams, Wedmore, Scholz, et182

al., 2021a, 2021b). In addition, new constraints on fault slip rates in Malawi183

have been provided from new geodetic data (Stamps et al., 2018; Wedmore et184

al., 2021) and the fault offsets of a 75 Ka. reflector in seismic reflection data185

in Lake Malawi (Shillington et al., 2020). These new geologic and geodetic186

data were combined into the Malawi Seismogenic Source Database (MSSD), a187

database that provides slip rate, earthquake magnitudes and recurrence inter-188

val estimates of faults included in the MAFD (Williams, Wedmore, Fagereng,189

et al., 2021a, 2021b).190

3 PSHA Workflow191

Here we use the MSSD and previously defined EAR areal sources (Poggi et al.,192

2017) to develop a new PSHA for Malawi. We incorporate the MSSD by consid-193

ering both the earthquake magnitude and recurrence interval assigned to each194

MSSD source (the ‘Direct MSSD’ approach), and a moment rate balancing195

approach that explicitly explores different hypotheses for the down-dip extent196

of the MSSD sources and whether they exhibit Gutenberg-Richter or char-197

acteristic magnitude-frequency distributions (the ‘Adapted MSSD’ approach;198

Youngs & Coppersmith, 1985; Convertito et al., 2006). These different MSSD199

interpretations are realised in five stochastic event catalogs, with off-fault200

events considered using an areal source based catalog. The PSHA is then for-201

mulated by evaluating these five catalogs using four ground motion models202

(GMMs; Akkar et al., 2014; Boore et al., 2014; Chiou & Youngs, 2014; Atkin-203

son & Adams, 2013). Hence, for a given site, PoE, and spectral acceleration, we204

calculate 20 ground motion intensity values. Following an ensemble approach,205
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we use the mean and distribution of these values to describe seismic hazard206

and its uncertainty (Marzocchi et al., 2015; Meletti et al., 2021).207

Our analysis is performed for a rectangular region that bounds Malawi208

with a grid spacing of 0.2◦ (Fig. 1). For each grid point, we consider two values209

for the average shear wave velocity to 30 m depth (VS30): (1) a reference site210

condition (VS30=760 m/s), and (2) the value derived from the USGS VS30211

database (Wald & Allen, 2007). In addition, we performed site specific PSHA212

for the three largest cities in Malawi: Lilongwe, Blantyre, and Mzuzu (Fig.213

1a). We describe the earthquake sources and stochastic event catalogs further214

in Section 4, the GMMs in Section 5.1, and seismic hazard calculations in215

Section 5.2. PSHA results are presented in Section 6. A summary of our PSHA216

workflow is shown in Fig. 2. Abbreviations and symbols are listed in Table 1.217

Fig. 2 Flow chart for the PSHA conducted in this study. Branches are equally weighted
unless otherwise stated.
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Table 1 List of acronyms and symbols used in this study

Acronym/Symbol Definition
Acronyms

CoV Coefficient of Variation
EAR East African Rift
G-R Gutenberg-Richter
GMM Ground motion model
GSRM Global Strain Rate Model
MAFD Malawi Active Fault Database
MMI Modified Mercalli Intensity Scale

MPS19 Italian Seismic Hazard Model (Modello di Pericolosità Sismica)
MSSD Malawi Seismogenic Source Database
MFD Magnitude frequency distribution
PGA Peak ground acceleration
PoE Probability of exceedance
PSHA Probabilistic seismic hazard analysis
SA Spectral Acceleration

SHIFT Seismic hazard inferred from tectonics
SSA-GEM Sub-Sahara African Global Earthquake Model catalog
SSA-GSRM Sub-Saharan African Geodetic Strain Rate Model

VS30 Average shear wave velocity to 30 m depth

Symbols
αC Activity rate for a characteristic MFD

αNC

Activity rate for the non-characteristic
magnitude range in a characteristic MFD

αGR Activity rate for a G-R MFD
β The product of the b-value and ln10
δs Source dip

∆m1

Magnitude range in characteristic MFD where
recurrence rate is less than characteristic portion

∆m2 Magnitude range for characteristic events
λs Annual occurrence rate for source events
µ Crustal rigidity
As Source area

c1 & c2 Empirical constants from Leonard (2010)
D̄s Source single event displacement

fM(m) Source probability density function for magnitude m
Ls Source length
m Earthquake magnitude

MMax Maximum expected earthquake magnitude
MMax

0
Seismic moment for MMax

Mmin Minimum earthquake magnitude considered for the PSHA

Ṁ0 Seismic moment release rate
N Number of event catalog-GMM combinations
Rs Source recurrence interval
Ss Source slip rate
ts Time to source’s next event in stochastic catalog

vGM Rate of ground motion exceedance
Ws Source width
z Seismogenic layer thickness
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4 Source models218

4.1 The Direct Approach to the Malawi Seismogenic219

Source Database220

The MSSD is a geospatial database of 141 geometrically-defined section221

sources, 107 fault sources, and 27 multi-fault sources that were identified from222

the 113 faults contained within the MAFD. The number of faults in the MAFD223

and fault sources in the MSSD are not the same due to the requirement that224

source lengths are ≥5 km long, and that faults that splay in map view as225

considered to represent different sources. Further description of the MSSD226

is provided by Williams, Wedmore, Fagereng, et al. (2021a), and so we only227

briefly summarise the parameters of interest for PSHA here. An earthquake228

magnitude (m) and single event displacement (D̄s) is assigned to each source229

in the MSSD through the Leonard (2010) magnitude-area scaling relation-230

ships for interplate dip-slip faults. For these calculations, source width (Ws)231

is derived through:232

Ws =















c1L
2
3
s , if c1L

2
3
s is < z

sin δs

z
sin δ

, if c1L
2
3
s is ≥ z

sin δs

(1)

where c1 is an empirically derived parameter and equals 17.5 m
1
3 for interplate233

dip-slip faults (Leonard, 2010), z is the seismogenic layer thickness in Malawi,234

set to an intermediate estimate of 35 km (Ebinger et al., 2019; Stevens et al.,235

2021), and Ls and δs are source length and dip. If two sources intersect down-236

dip, the shorter source is assumed to be truncated by the longer one, and its237

Ws accordingly revised (C. H. Scholz & Contreras, 1998; Williams, Wedmore,238

Fagereng, et al., 2021a).239

Source slip rates (Ss) are estimated using a systems-based approach that240

incorporates geodetically-derived regional extension rates (Wedmore et al.,241

2021; Williams, Mdala, et al., 2021; Williams, Wedmore, Fagereng, et al.,242

2021a), except for some sources in Lake Malawi, where slip rates can be derived243

from offsets across a 75 Ka reflector in seismic reflection surveys (Shillington244

et al., 2020). Slip rate estimates are then combined with D̄s to derive an245

earthquake recurrence interval (Rs) estimate for each source through the246

relationship Rs = D̄s/Ss (Wallace, 1970; Stirling et al., 2012).247

4.2 The Adapted Approach to the Malawi Seismogenic248

Source Database249

The discrete section, fault, and multifault sources in the MSSD are not an250

exhaustive list of potential earthquake ruptures in Malawi; in reality earth-251

quakes can ‘float’ anywhere within a larger fault network (Visini et al., 2020;252

Field et al., 2021). In addition, Eq. 1 suggests that a source’s down-dip extent253

is dependent on its length (‘length-limited’), however, we cannot exclude the254
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possibility that, unless intersected by another source, all the MSSD sources255

propagate through Malawi’s 35 km thick seismogenic layer (‘layer-limited’).256

This uncertainty is raised further in Malawi by: (1) lateral variations in the257

lower crust’s composition and strain rate that can locally modulate whether258

the down-dip extent of faults is seismic or aseismic (Fagereng, 2013; Helle-259

brekers et al., 2019; Wedmore, Biggs, et al., 2020), and (2) intrarift faults in260

Malawi may accommodate upper-crustal flexural extensional strains that are261

induced from bending in the hanging-wall of large displacement (>5 km) bor-262

der faults (Turcotte & Schubert, 1982; Billings & Kattenhorn, 2005; Kolawole263

et al., 2018; Shillington et al., 2020).264

We explore these uncertainties using an ‘adapted’ approach to the MSSD,265

which considers source area estimates (As) for both ‘length-limited’ and ‘layer-266

limited’ cases. We then combine As with source slip rates (Ss), and the regional267

b-value to develop continuous recurrence models that follow Gutenberg-Richter268

(G-R) or characteristic magnitude frequency distributions, and allow ruptures269

to float anywhere within the fault plane (Figs. 3 and 4; Youngs & Coppersmith,270

1985; Convertito et al., 2006; Goda & Sharipov, 2021).271

Fig. 3 (a) Schematic representation of the probability density functions for magnitude (m)
for a continuous Gutenberg-Richter (G-R) and characteristic recurrence model (modified
after Convertito et al., 2006). (b) Magnitude-frequency distribution curves for the Chingale
Step Fault for the different cases of source width and recurrence models in the Adapted
MSSD approach. Curves are for median b-value and MMax estimates. Also shown are the
discrete points in magnitude-frequency space for the Chingale Step fault source, and its
constituent section sources in the Direct MSSD approach.

To apply this approach, we first calculate a source’s seismic moment release272

rate (Ṁ0):273

Ṁ0 = µSsAs (2)

where µ is crustal rigidity and is taken as 33 GPa for consistency with274

the Leonard (2010) scaling relationships, and As is adjusted for length- and275
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layer-limited width cases. In distributing Ṁ0 across different magnitudes, the276

probability density function for magnitude m for a G-R recurrence model is277

given by:278

fM (m) =
βe(−β(m−Mmin))

1− e(−β(MMax−Mmin))
, for Mmin ≤ m ≤ MMax (3)

where β = b ln10, and Mmin and MMax describe the range of event magnitudes279

that are assessed for each source. For a characteristic recurrence model, fM(m)280

is given by:281

fM (m) =















βe(−β(m−Mmin))

(1+C)(1−e(−β(MMax−Mmin−∆m2)))
, for Mmin ≤ m ≤ Mc

βe(−β(MMax−Mmin−∆m1−∆m2))

(1+C)(1−e(−β(MMax−Mmin−∆m2)))
, for Mc ≤ m ≤ MMax

(4)

where ∆m1 is the magnitude range across which the G-R portion of the282

source’s magnitude-frequency relationship has a recurrence rate lower than283

the characteristic portion, ∆m2 is the magnitude range over which character-284

istic earthquakes occur, and which is bounded by the minimum characteristic285

earthquake magnitude (Mc) and MMax (Fig. 3a; Youngs & Coppersmith, 1985;286

Convertito et al., 2006). The constant C is:287

C =
βe−(MMax−Mmin−∆m1−∆m2)

1− e(−β(MMax−Mmin−∆m2))
∆m2 (5)

The annual frequency, or ‘activity rate,’ for events with m ≥ Mmin for a G-R288

magnitude frequency relationship (αGR) is:289

αGR =
Ṁ0(c− b)(1− e(−β(MMax−Mmin)))

bMMax
0 e−β(MMax−Mmin)

(6)

where MMax
0 is the seismic moment for MMax, and c is the parameter from290

the relation logM0 = cm + d and equals 1.5 (Hanks & Kanamori, 1979). For291

characteristic earthquakes, the activity rate (αC) is:292

αC = αNC

β∆m2e
−β(MMax−Mmin−∆m1−∆m2)

1− e−β(MMax−Mmin−∆m2)
(7)

where αNC represents the activity rate of the non-characteristic magnitude293

range (i.e., for Mmin ≤ m ≤ Mc, Fig. 3a), and is given by:294

αNC =
Ṁ0(1− e−β(MMax−Mmin−∆m2))

KMMax
0 e−β(MMax−Mmin−∆m2)

(8)

where the constant K is defined by:295

K =
b10−c∆m2

c− b
+

beβ∆m1(1− 10−c∆m2)

c
(9)
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To apply this approach to the MSSD, we use the regional b-value for Malawi296

(1.02; Poggi et al., 2017) and the Leonard (2010) area-magnitude scaling rela-297

tionships to derive MMax. Uncertainty in these parameters is explored by298

converting them to discrete variables, with the b-value shifted by ± 0.1 with299

weightings of 0.16 for lower and upper cases, and MMax shifted ± 0.15 with300

weightings of 0.3 and 0.1 for lower and upper cases respectively (Fig. 2). Nine301

source-specific recurrence models can therefore be generated from sampling302

different combinations of these parameters, with these models more sensitive303

to variations in MMax than the b-value (Fig. 20). Mmin typically represents304

the smallest sized event of interest for hazard calculations and here equals305

4.5. Following Youngs and Coppersmith (1985), ∆m1 and ∆m2 are 1.0 and306

0.5 respectively. MSSD sources that are constituent parts of larger fault or307

multifault sources are implicitly incorporated into these continuous recur-308

rence models, and so we do not consider these sources in the Adapted-MSSD309

approach.310

Fig. 4 Exploration of length-limited and layer-limited fault widths (W ) in the Adapted
MSSD approach for the Nsanje Fault source in the MSSD. In (a) W is assumed to be
governed by its length through Eq. 1, with the fault planes either not propagating through
the full-width of the seismogenic crust or the crust down-dip of the fault being aseismic. In
(b) the fault plane is interpreted to extend through the 35 km thick seismogenic layer. The
fault surface is then contoured by the distribution of events in the Adapted MSSD stochastic
event catalogs. Red line depicts the Nsanje Fault’s trace in the MAFD.

4.3 Areal sources311

We use the areal source zones developed by Poggi et al. (2017) to incorpo-312

rate: (1) earthquakes on unknown faults in Malawi, (2) earthquakes on faults313

included in the MAFD but not in the MSSD due to their short (<5 km) length314

(Williams, Wedmore, Fagereng, et al., 2021a), and (3) earthquakes in regions315

adjacent (< 200 km) to Malawi, where no fault-based earthquake sources have316

been developed (Fig. 5). These areal source zones are defined by a truncated317
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exponential G-R relationship where Mmin is 4.5 (Table 2). Where areal sources318

are co-located within the region assessed for PSHA (Fig. 5), we limit MMax319

from areal sources to 7.0, with the implicit assumption that all sources capable320

of a MW > 7.0 earthquakes in this region are already included in the MSSD321

(Table 2).322

Fig. 5 Areal sources previously developed for PSHA in East Africa (Poggi et al., 2017).
Numeric code for each zone corresponds to the Source ID in Table 2. Source zones (Nyanga
and NE Mozambique) that are characterised by global stable craton seismicity (Fenton
& Bommer, 2006) are also shown. Dots represent event locations from 1000 1-year long
stochastic event catalogs for each source. In these catalogs, events are randomly located
within each source and those >200 km from the assessed region are removed during the
PSHA.

There are regions to the southwest and east of Malawi that are not covered323

by the Poggi et al. (2017) sources. However, since their seismic hazard is non-324

zero, we define areal sources for these regions by readjusting the a-value for325



Springer Nature 2021 LATEX template

14 Fault-based probabilistic seismic hazard analysis in Malawi

Table 2 Gutenberg-Richter and maximum magnitude (MMax) parameters for areal
source zones in Malawi and its surrounding (< 200 km) region

Source ID (Poggi et al., 2017) Source Zone a-value b-value MMax

7 Lake Victoria 4 1.02 6.9
8 Tanganynika 4.84 1.02 7.9
9 Rukwa-Malawi 4.93 1.02 7.91

12 Mweru South Katanga 4.05 0.99 6.9
13 Kariba-Okavango 4.08 0.99 6.9
13.1 Kariba-Okavango 3.99 0.99 6.9
15 Eastern Rift 5.31 1.17 7.4
16 Davie Rift 5.45 1.16 7.4
20 Rovuma Basin 3.31 1.02 6.9

N/A Nyanga 1.73 0.8 7.0
N/A Northeast Mozambique 1.93 0.8 7.0

Areal source zones taken from Poggi et al. (2017) or from adapting global rates of
seismicity in stable cratons (Fenton et al., 2006). Extent of source zones shown in Fig. 5.

1MMax revised to 7.0 for events occurring within Malawi during PSHA.

global stable craton seismicity to their respective areas (Fig. 5, Table 2; Fenton326

et al., 2006). Strictly speaking these regions do not meet the criteria of ‘stable327

cratons’ set by Fenton et al. (2006) as they are within 200 km of passive margins328

and/or regions of Phanerozoic deformation. However, given the lack of recorded329

earthquakes in these regions, these estimates remain the best constraint on330

their seismicity.331

4.4 Stochastic Event Catalog Generation332

To perform the PSHA, we generated five 2 million 1-year long simulations of333

MSSD- and areal source-based seismicity in Malawi. Each catalog combines an334

areal source catalog with a different interpretation of the MSSD: the Direct-335

MSSD approach (Section 4.1), and four catalogs developed from cumulatively336

exploring whether MSSD sources exhibit G-R or characteristic seismicity, and337

if their down-dip extrapolation is length- or layer-limited in the Adapted MSSD338

approach (Section 4.2, Figs. 2, 3, and 6). The identical length of each MSSD-339

based catalog is chosen to reflect that we have no constraints on what the ‘true’340

fault width or magnitude-frequency distribution (MFD) is in Malawi, and so341

we equally weight each hypothesis (Frankel et al., 2000; Goda & Sharipov,342

2021). Another interpretation is that these five catalogs can be merged into343

one ‘Combined Catalog’ that consists of 10 million 1-year catalog simulations344

(Fig. 6).345

Earthquake occurrence is modelled in the catalogs using a memory-less346

Poisson process, and so for a given source, each event is independent of time347

(e.g., Zhuang et al., 2012; Pace et al., 2016). In the Direct-MSSD catalog, a348

source’s annual occurrence rate (λs) is taken from the inverse of its recurrence349

interval, so that the time to its next event (ts) is:350

ts = − ln(1− u)/λs (10)
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Fig. 6 Magnitude frequency distribution (MFD) and moment rate (Ṁ0) for the five sim-
ulated earthquake catalogs used in the PSHA. These catalogs are then merged into the
‘Combined Catalog.’ Note, this plot only considers areal source catalog events that occur
within the assessed region shown in Fig. 5. G-R; Gutenberg-Richter

where u is a sample from the standard uniform distribution. The event351

magnitude is then sampled from a random normal variable centred around the352

source’s Leonard (2010) magnitude-area scaling with a standard deviation of353

0.1.354

To derive weightings for section, fault, and multifault source events in355

the Direct-MSSD approach, we generated catalogs for all possible source type356

weighting combinations at intervals of 0.1 with the limitation that the weight-357

ing of any source type ≥ 0.1 (Fig. 7a). We then searched for the weighting358

combination that produced a MFD with the smallest Kolmogorov-Smirnov dis-359

tance to a catalog with the regional b-value (1.02; Poggi et al., 2017) between360

MW 6-7.6, across which the Direct-MSSD catalog is relatively complete (Fig.361

7a). From this test, we find that weighting section, fault, and multifault sources362

by 0.6-0.3-0.1 respectively produces a catalog with a b-value closest to 1.02363

(Fig. 7b). Alternative hypotheses must also be considered for where the MSSD364

sources splay in map view (Williams, Wedmore, Fagereng, et al., 2021a). In365

these cases, an equal weighting is applied for which branch will rupture.366

Within each simulation cycle of the MSSD-Adapted catalogs, we randomly367

sample one of the nine recurrence models that is generated for each source368

width-MFD case (Fig. 20) given the weightings in Fig. 2. Then from the cata-369

logs with a G-R MFD, λs equals αGR as defined in Eq. 6, and event magnitudes370
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Fig. 7 (a) Magnitude frequency distributions (MFD) for the MSSD-Direct Catalog in which
36 possible weighting combinations of section, fault, and multifault ruptures are explored,
with the MFD curve of the selected weighting combination highlighted. (b) MFD for the
MSSD-Direct catalog with the optimal set of rupture weightings, defined by the smallest
Kolomgorov-Smirnov (K-S) distance to the MFD of a catalog with a b-value of 1.02 (Poggi
et al., 2017) over magnitudes MW 6-7.6. For context, the same analysis for a case where
each rupture has a relatively equal weighting is also shown.

are taken from the probability density function defined in Eq. 3. For a char-371

acteristic MFD, λs is defined by αC (Eq. 7), and the magnitude of events is372

sampled from Eq. 4.373

For the areal source catalog, λs and the magnitude distribution for each374

source is defined by its G-R relationship (Table 2). Events occur randomly any-375

where within each source, however, events >200 km from the region assessed376

in the PSHA are subsequently removed (Fig. 5).377

All events in the MSSD-based catalogs are presumed to be normal faulting378

earthquakes, which is consistent with their moderate fault dip, the regional379

stress state (Delvaux & Barth, 2010; Ebinger et al., 2019; Williams et al., 2019),380

Late Quaternary fault slickensides (Wedmore, Biggs, et al., 2020), and the off-381

set of geological strata (Accardo et al., 2018; Shillington et al., 2020). However,382

of the 63 focal mechanisms that were resolved during a two year deployment of383

seismometers in northern Malawi, seven were strike-slip (Ebinger et al., 2019),384

and it has been proposed that some historical events elsewhere in the East385

Africa Rift were strike-slip (Ayele & Kulhanek, 2000). To recognise this 10%386

of events in the Areal Source Catalog are randomly assigned to be strike-slip.387

4.5 Rupture Geometry388

We define the rupture geometry of events in the MSSD-based catalogs using the389

MSSD geometric model (Fig. 8; Williams, Wedmore, Fagereng, et al., 2021a).390

This model consists of 2D planes in 3D space, however, for the purpose of391

source-to-site calculations, we convert it to a model defined by grid points at392

intervals of 1×1×0.6 km in the x×y×z direction respectively. The geometry393
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of each source in this model defines the lateral extent of events in the Direct-394

MSSD catalog. In addition, we allow the depth interval of smaller section or395

fault source to randomly float within a larger fault or multifault plane.396

Fig. 8 3D model of MSSD sources used in the Direct MSSD and length-limited MSSD
catalogs (Williams, Wedmore, Fagereng, et al., 2021a). The different colored planes represent
either different MSSD fault sources, or multiple section sources along a single fault. Red lines
are traces of the fault in the Malawi Active Fault Database. Image underlain by SRTM DEM

In the length-limited Adapted-MSSD catalogs, we use the same geometric397

source model as the Direct-MSSD catalog. However, in the layer-limited cata-398

logs, we revise this model so that all sources are extrapolated to a depth of 35399

km unless intersected by another source. The length and width of each event400

in the Adapted-MSSD catalogs are calculated from applying the inverse of the401

scaling relationships Leonard (2010) between source length, width and magni-402

tude, and then floating this area randomly within the larger source plane (Fig.403

4). In this approach, section boundaries or fault tips (for multi-fault sources)404

are not considered rupture barriers unlike in the Direct-MSSD Catalog.405

In cases where MSSD sources intersect and it is not possible to fit a rupture406

onto the cut-off plane given Eq. 1, an area that matches the event’s magnitude407

is randomly fitted onto the plane instead. To save computational resources,408

events MW<5.4 in the Adapted-MSSD catalog are treated as point sources409
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and are randomly located on the source plane. Areal Source catalog events410

are also treated as point sources, and their depth is randomly sampled from a411

normal distribution with a mean of 20 km, standard deviation of 5 km, and412

that is truncated at 5 and 35 km.413

4.6 Stochastic Event Catalog Validation414

We test the output of the stochastic event catalogs in two ways: (1) inter-415

nal tests to ensure consistency between the source’s ‘analytical’ and catalog416

moment rate (Ṁ0), and (2) external tests to determine if the total Ṁ0 of these417

catalogs is consistent with independent constraints for the Ṁ0 in Malawi from418

instrumental seismicity (Poggi et al., 2017) and geodesy (Kreemer et al., 2014;419

Stamps et al., 2018).420

For the Direct-MSSD internal tests, the analytical Ṁ0 of MSSD sources is421

calculated by combining the sources’ magnitude and recurrence interval (Rs),422

with its source type weighting (Fig. 7), and for the Adapted-MSSD catalogs,423

through Eq. 2. Overall, we find there is a good correlation between these two424

Ṁ0 comparisons (Fig. 9) with the Direct-MSSD catalog and analytical total425

Ṁ0 equal to 1.17 × 1018 and 1.03 × 1018Nm/yr respectively. The catalog for426

each areal source also indicates that it corresponds to its given G-R relation427

(Appendix A.1). These are important results because they indicate that the428

catalogs are representative of each source’s seismicity, and hence can replace429

the need to numerically integrate over all possible values of source to site430

distance and magnitude as is performed in conventional PSHA (Musson, 1999;431

Atkinson & Goda, 2013).432

Fig. 9 Comparison of the analytical moment rate (Ṁ0) of sources in the MSSD and their
Ṁ0 in (a) the Direct-MSSD catalog and (b) two of the Adapted-MSSD simulated catalogs.

The Ṁ0 of some multi-fault sources in the event catalogs does not match433

their analytical Ṁ0 (Fig. 9a). This reflects the long Rs and low (0.1) weighting434
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assigned to multifault sources in the Direct-MSSD catalog, which means there435

are insufficient simulation cycles to fully model their seismicity. We also find436

that for a given source width case, the total Ṁ0 of the characteristic catalog437

is higher than the G-R catalog (Fig. 6). This inconsistency with the Ṁ0 rate438

balancing approach results from the random variation of MMax and selection439

of Mmin when applying Eqs. 3-8. More simulation cycles would resolve these440

discrepancies, however, the additional computational costs are prohibitive.441

For the external tests, we first estimate the Ṁ0 of the areal sources devel-442

oped in Malawi by Poggi et al. (2017). This analysis considers their original443

MMax estimate and so is representative of the Ṁ0 in Malawi from an extrap-444

olated instrumental record (Appendix A.1). From this approach we derive a445

Ṁ0 of ∼ 7.5× 1017 Nm/yr (Table 3), which is less than ∼50% of the Ṁ0 from446

the Combined Catalog (∼ 1.7× 1018 Nm/yr, Fig. 6).447

Part of this discrepancy reflects differences in the MMax estimates for448

Malawi between Poggi et al. (2017) (7.9) and the MSSD-based Combined Cat-449

alog (8.1). If the MSSD-based MMax estimate is applied to the areal source450

catalogs, their total Ṁ0 increases to 9.3 ×1017 Nm/yr. Thus, increasing MMax451

reduces the Ṁ0 discrepancy, but cannot account for it alone. We therefore con-452

sider three other scenarios: (1) the geodetic Ṁ0 from which the slip-rates in the453

MSSD are mainly derived from (Wedmore et al., 2021) is released aseismically,454

(2) the geodetic Ṁ0 is an overestimate, or (3) extrapolating the instrumental455

record underestimates long-term earthquake activity in Malawi.456

With regards to the first scenario, the nucleation of earthquakes throughout457

Malawi’s seismogenic layer (Ebinger et al., 2019; Stevens et al., 2021), and458

energetic slowly decaying aftershock sequences implies overall highly coupled459

fault (Ben-Zion, 2008; Gaherty et al., 2019). However, some seismic moment460

may also be released by postseismic shallow afterslip (depths <5-10 km), as for461

example was observed following a MW 5.2 earthquake near Karonga in 2014462

(Zheng et al., 2020) and in the MW 7.0 Machaze earthquake in Mozambique463

(Copley, Hollingsworth, & Bergman, 2012; Lloyd, Biggs, & Copley, 2019) .464

For the second scenario, we compare the Combined Catalog to independent465

estimates of the geodetic Ṁ0 in Malawi from: (1) the Global Strain Rate Model466

(GSRM v.2.1; Kreemer et al., 2014) and (2) the Sub-Saharan African Geode-467

tic Strain Rate Model (SSA-GSRM v.1.0; Stamps et al., 2018). Following the468

approach used in the seismic hazard inferred from tectonics (SHIFT) model469

(Bird & Liu, 2007; Bird & Kreemer, 2015), the Ṁ0 of the GSRM v2.1 and470

SSA-GSRM v1.0 models are 9.5× 1017 Nm/yr and 3.5× 1018 Nm/yr, respec-471

tively (Appendix A.2). The Combined Catalog Ṁ0 (∼ 1.7 × 1018 Nm/yr) is472

intermediate between these estimates. Furthermore, the MSSD slip rates that473

are derived from the 75 Ka. seismic reflector offsets in Lake Malawi are con-474

sistent with geodetically-derived regional extensional rates (Shillington et al.,475

2020; Wedmore et al., 2021; Williams, Wedmore, Fagereng, et al., 2021a).476

The Combined Catalog Ṁ0 is also not necessarily identical to the input477

geodetic Ṁ0 since: (1) it incorporates events that accommodate hanging-478

wall flexural extension along intrarift faults in northern and central Malawi479
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(Williams, Wedmore, Fagereng, et al., 2021a), and this deformation will not480

be captured by large-scale geodetic models (Muirhead et al., 2016; Shillington481

et al., 2020), (2) areal source events are independent of the input geodetic Ṁ0,482

and (3) not all of the geodetic Ṁ0 is converted to seismic Ṁ0 due to the obliq-483

uity of MSSD sources to the regional extension direction (Williams, Mdala, et484

al., 2021) and/or because they do not extend across the full width of the seis-485

mogenic layer (Section 4.2 & Fig. 4). We calculate that if all MSSD sources486

were optimally oriented to the regional extension direction and extended to487

the base of the seismogenic layer, the total Ṁ0 would be 1.9 × 1018 Nm/yr488

(Appendix A.3). A physical interpretation of the difference between this Ṁ0489

estimate and those from the event catalogs (1.2 − 1.8 × 1018 Nm/yr, Fig. 6)490

is that shallow aseismic deformation (Zheng et al., 2020) and off-fault events491

accommodate the deformation required to prevent space problems that would492

otherwise arise from normal fault obliquity and narrow fault widths in Malawi.493

To investigate how likely it is that the observed seismicity in Malawi494

would have been simulated in our event catalogs, we divided the Combined495

Catalog into 50-year increments, and compared these samples Ṁ0 to the non-496

declustered 50 year long (1965-2015) SSA-GEM catalog (Poggi et al., 2017).497

We find an 11% chance that a 50 year sample of the Combined Catalog would498

have a Ṁ0 equal to or less than the SSA-GEM catalog Ṁ0 (Fig. 10a). Hence,499

if the Combined Catalog is representative of seismicity in Malawi, then the500

observed Ṁ0 between 1965-2015 is unusually, but not inconceivably, low.501

We note too that there is <1% and <20% probability that the G-R and502

characteristic based catalogs Ṁ0 would be less than the SSA-GEM Ṁ0 (Fig.503

10a). This result could be used to argue against applying G-R recurrence504

models to MSSD sources. However, the event catalogs are generated using505

a time-independent Poisson approach (Eq. 10), and it is plausible that clus-506

tered seismicity such as triggered events and/or long aftershock sequences, as507

occurred during the 2009 Karonga earthquakes, allow a MSSD source’s MFD to508

align with a G-R relationship (Page & Felzer, 2015; Stirling & Gerstenberger,509

2018; Wang et al., 2021). We suggest that if a non-Poission approach was used510

to generate the MSSD-catalogs (see Section 7.2), then more 50 year catalog511

samples would have a Ṁ0 that are comparable to the SSA-GEM catalog, even512

though the long-term deformation rates would not change.513

In summary, there are many challenges in reconciling the Malawi’s observed514

seismic Ṁ0 and the MSSD-Areal Combined Ṁ0. We propose that this reflects515

an incomplete instrumental earthquake record, which in turn is indicative516

of the limited duration, poor instrumental coverage, clustered seismicity, low517

regional extension rates, and locked faults (Ambraseys, 1991a; Biggs et al.,518

2010; Hodge et al., 2015; Stevens et al., 2021). This is further highlighted by519

the large uncertainty in how the catalog may be extrapolated to larger mag-520

nitudes (Fig. 10b; Tinti & Mulargia, 1987). Our analysis does not consider521

uncertainty within the MSSD itself, or with applying the Leonard (2010) scal-522

ing relationships to faults in Malawi. Nevertheless, the Combined Catalog does523

satisfy constraints on the distribution of across-rift regional extensional strain524
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Fig. 10 (a) Comparison of the moment rate (Ṁ0) in 50 year samples of the stochastic
event catalogs and the observed Ṁ0 from the SSA-GEM catalog between 1965-2015 for
the assessed region shown in Fig. 5 (Poggi et al., 2017). Results for the Combined Catalog
samples are shown as a kernel distribution (n=200,000) and are also resolved into the five
different interpretations of the MSSD (n=40,000). The % by each catalog indicates the
proportion of 50 year samples that had a Ṁ0 ≤ SSA-GEM catalog. For context, the Ṁ0 over
the assessed region from the the Global Strain Model (GSRM v.2.1; Kreemer et al., 2014)
and Sub-Saharan African Geodetic Strain Model (SSA-GSRM v.1.0; Stamps et al., 2018) are
also shown (see also Appendix A). (b) Comparison of the Combined Catalog and SSA-GEM
catalog magnitude-frequency distributions. We also fit and extrapolate a G-R relationship,
and its associated uncertainties, to the SSA-GEM catalog for events MW >4.5 following
Tinti and Mulargia (1987). The SSA-GEM catalog has not been declustered in this analysis.

(Wedmore, Biggs, et al., 2020; Shillington et al., 2020), the regional b-value525

(Poggi et al., 2017), and the source specific Ṁ0 (Fig. 9). Furthermore, we526

have explored alternative hypotheses for uncertainty in on-fault magnitude-527

frequency distributions and fault down dip-extents. We therefore propose that528

it represents the best source model for PSHA currently available for Malawi.529

5 Seismic hazard calculations530

5.1 Ground motion model531

In the absence of strong ground motion data in East Africa (Midzi et al.,532

1999; Hodge et al., 2015; Poggi et al., 2017), we apply ground motion models533

(GMMs) from other similar tectonic terranes. Specifically, there are variations534

between 1D seismic velocity models from northern and southern Malawi in the535

crust’s top 5 km (Fig. 21; Ebinger et al., 2019; Stevens et al., 2021), which536

indicate GMMs from active and stable continental crust should be considered.537

In addition, large magnitude earthquakes in Malawi have generated remarkably538

little fracturing in the surrounding crust (Wedmore, Williams, et al., 2020).539

We therefore apply and equally weight three well-tested active crust GMMs540

(Chiou & Youngs, 2014; Akkar et al., 2014; Boore et al., 2014), and one stable541
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crust GMM (eastern crustal GMM from Atkinson & Adams, 2013). Some of542

these GMMs were previously applied in East Africa by Poggi et al. (2017), and543

the ratio of active to stable crust GMMs is equivalent to this study.544

Cumulatively, these GMMs allow us to explore various source to site545

measurements: closest horizontal distance to rupture’s surface projection546

(Joyner-Boore distance, RJB), closest distance to rupture plane (Rrup), epicen-547

tral distance (Repi), and hypocentral distance (Rhypo). In the instances that548

Repi and Rhypo are applied to the MSSD fault-based events, distances are mea-549

sured to a point randomly sampled within the simulated rupture’s geometry.550

Rhypo < 10 km are not considered by the Atkinson and Adams (2013) GMM,551

in these instances, ground motions are calculated with Rhypo fixed to 10 km.552

To incorporate aleatory uncertainty, the respective sigma model for each553

GMM is applied to the calculated median ground motion. For the site-specific554

PSHA in the three largest cities in Malawi (Lilongwe, Blantryre, and Mzuzu,555

Fig. 1), VS30 is set to reference values of 300 and 760 m/s and a range of556

spectral accelerations (SA) between 0-3 s are considered. For the PSHA maps,557

which are developed from 756 sites across Malawi in a 0.2◦× 0.2◦ latitude and558

longitude grid, we consider PGA only and both a reference VS30 value (760559

m/s) and the site-specific value derived from the USGS VS30 database (Fig.560

19; Wald & Allen, 2007).561

5.2 Sensitivity analysis562

We calculate the seismic hazard and its uncertainty by following the ensemble563

modelling framework used in the latest Italian seismic hazard model (Modello564

di Pericolosità Sismica (MPS19); Marzocchi et al., 2015; Meletti et al., 2021).565

In this approach, N seismic hazard curves are generated for each site, where N566

is the number of source model-GMM combinations. For a given PoE and SA, N567

hazard values can therefore be sampled and fitted to a continuous distribution568

(i.e., ‘horizontal dissections’ of the curves; Meletti et al., 2021), where the569

central value represents the seismic hazard estimate and the dispersion mimics570

the epistemic uncertainty (Marzocchi et al., 2015). In this study, N=20 given571

that we consider four GMMs and five interpretations of the MSSD in the572

stochastic event catalogs (Figs. 2 and 6). For each catalog-GMM combination,573

the annual probability (or rate) at which a specific ground motion intensity574

is exceeded (vGM≥ gm) is calculated given the catalog’s 2 million year length575

(Section 4.4).576

For the site-specific PSHA, the 20 ground motion intensity values at a577

given PoE and SA are described by a beta distribution, as this provides good578

fits to unimodal distributions bounded between 0 and 1 (Marzocchi et al.,579

2015). The spatial distribution of seismic hazard uncertainty is of greater inter-580

est for the PSHA maps, and so is described by: (1) the interquartile range581

of the 20 seismic hazard values calculated at each site and (2) their Coeffi-582

cient of Variation (CoV). The former describes the spatial distribution of the583

absolute uncertainty, whilst the latter is indicative of the uncertainty once nor-584

malised by the hazard level (Meletti et al., 2021). This analysis provides only585
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a minimum bound on hazard uncertainty as we do not consider the uncer-586

tainty in the MSSD slip rate and recurrence intervals estimates (Williams,587

Wedmore, Fagereng, et al., 2021a), the areal sources (Poggi et al., 2017), or588

the nine logic tree branches explored in the Adapted MSSD catalogs (Figs. 2589

and 20). Stochastic event catalog generation and seismic hazard calculations590

were performed using bespoke codes written in MATLAB and available at591

https://github.com/jack-williams1/Malawi PSHA.592

6 PSHA Results593

6.1 Site specific PSHA594

The seismic hazard of the three selected sites (Lilongwe, Blantyre, and Mzuzu,595

Fig. 1) shows considerable diversity. The mean hazard is lowest in Lilongwe596

(10% PoE 0.11 g in 50 years for PGA and VS30 of 760 m/s), which is ∼55 km597

from the nearest MSSD source, and so local (<50 km) MW 4-5 events in the598

areal source model present the main source of hazard (Figs. 11-13). The MSSD599

sources do, however, become important contributors to hazard in Lilongwe600

at low PoE and longer (>1 s) vibration periods (Fig. 12d). Hazard levels are601

higher in Blantyre and Mzuzu (10% PoE 0.15-0.2 g in 50 years). This reflects602

that both sites are < 20 km from MSSD sources, which dominate their hazard603

(Figs. 11-13).604

Since the hazard at high PoE and short vibration periods is dominated by605

areal source events in Lilongwe, seismic hazard uncertainty is mainly driven by606

the ground motion model (GMM) selection (Fig. 11a). Conversely, in Blantyre607

and Mzuzu, both the source model (i.e., the event catalogs) and GMM selec-608

tion contribute to uncertainty. In particular, high hazard levels are derived in609

Blantyre for the combinations that consider the Atkinson and Adams (2013)610

GMM and Gutenerg-Richter (G-R) on-fault frequency-magnitude distribution611

(MFD, Fig. 11e). However, in Mzuzu, the highest hazard levels are found for612

the Atkinson and Adams (2013) GMM regardless of the on-fault MFD (Fig.613

11f). An important distinction between these sites that may explain this result,614

is the proximity of Mzuzu to the relatively high slip rate (>1 mm/yr) bor-615

der faults around Lake Malawi (Fig. 1). Disaggregation analysis indicates that616

MW 7-8 characteristic events along these faults are important contributors to617

seismic hazard in Mzuzu (Fig. 13c and f). In contrast, characteristic MW 7-7.5618

events along 50-100 km long, low slip-rate (0.1-1 mm/yr) sources around Blan-619

tyre are only important at low PoE (Fig. 13b). In all cases, the uncertainty in620

how the MSSD sources propagate through Malawi’s 35 km thick seismogenic621

layer (i.e., length- or layer- limited width) do not significantly influence hazard622

estimates (Fig. 11).623

6.2 Malawi Seismic Hazard Maps624

We first assess the relative contribution of areal and MSSD sources to seismic625

hazard in Malawi through hazard maps that consider these sources separately.626

https://github.com/jack-williams1/Malawi_PSHA
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Fig. 11 (a)-(c) Seismic hazard curves for each assessed site and all event catalog-GMM
combinations. The mean hazard curve generated from these different catalog-GMM combi-
nations is also shown. Horizontal lines show the annual probabilities that are equivalent to
2% and 10% PoE in 50 years, and the hazard levels at these rates for all 20 event catalog-
GMM combinations are shown in (d)-(e) and (f)-(h) respectively. In addition, we show the
mean value and Beta distribution fitted to these values. Line colors represent different event
catalogs, and symbols represent different GMMs. Analysis is for PGA and a VS30 condition
of 760 m/s. An equivalent plot for 3 s spectral acceleration is shown in Fig. 22.

Figs. 15a and d indicates that the hazard from areal sources is generally627

spatially uniform, with a broad zone of relatively high hazard following the628

the relatively high Ṁ0 Rukwa-Malawi source zone (Tables 2 & 3, Figs. 5 &629

17; Poggi et al., 2017), which broadly corresponds to the East African Rift’s630

trajectory through Malawi (Fig. 1).631

By contrast, the fault-based MSSD sources imply a more complex spatial632

pattern of seismic hazard, with localized regions of relatively high hazard (10%633

PoE ∼0.2-0.3 g in 50 years) adjacent to rift-bounding ‘border’ faults in south-634

ern and northern Malawi (Fig. 14b & d). This reflects the relatively high slip635

rates assigned to border faults in the MSSD (∼0.5-2 mm/yr Williams, Wed-636

more, Fagereng, et al., 2021a), which are based on Malawi’s position within637
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Fig. 12 Uniform hazard spectra for selected sites in Malawi for 2% and 10% PoE in 50
years, respectively and VS30=760 m/s. (a-c) Hazard spectra sorted by source type. (d-f)
Hazard spectra sorted by site.

an incipient amagmatic continental rift (Agostini et al., 2011; Accardo et al.,638

2018; Muirhead et al., 2019; Wright et al., 2020). In central Malawi, a greater639

proportion of the faults are under Lake Malawi, and so the MSSD sources have640

a less pronounced effect on the seismic hazard maps.641

As observed in the site-specific PSHA, G-R recurrence models imply higher642

hazard levels than the Direct MSSD or characteristic approach (Fig. 15d &643

e). These differences are highest in southern Malawi (0.2 g for 10% PoE in644

50 years), where MSSD slip rates are lower, and so relatively large magnitude645

Direct-MSSD or characteristic events are less likely to occur within the hazard646

timescale. The effect on hazard levels for different source down-dip extents are647

smaller (<0.1 g for 10% PoE in 50 years hazard levels) and localised to regions648

with relatively short (<50 km) MSSD sources (Fig. 15f). Cumulatively, these649

uncertainties mean that the spatial distribution of seismic hazard is highest650

adjacent to the MSSD sources (Fig. 15bc). This result is contrary to the Italian651

seismic hazard model where regions of high seismic hazard have low Coefficient652

of Variation (CoV) (Meletti et al., 2021). We note that peripheral areal sources653

also have relatively high CoV (Fig. 15c), but this likely reflects their low seismic654

hazard (Fig. 14) and not the underlying uncertainty in our analysis.655

To quantify how the MSSD-Areal Combined map compares to seismic haz-656

ard maps previously developed for Malawi by Poggi et al. (2017) and Hodge et657

al. (2015), we find the closest sites within each map’s respective grids, and then658

subtract the previous hazard estimates from the MSSD-Areal Combined value659

(Fig. 16). So that the differences we resolve in this comparison can be linked660

to the source model and GMMs alone, we consider only the MSSD generic661
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Fig. 13 Seismic disaggregation plots for PGA for Lilongwe, Blantyre and Mzuzu and (a-c)
10% and 2% (d-f) PoE in 50 years and VS30=760 m/s.

near-surface rock condition values, (VS30 =760 m/s), and note this is higher662

than the equivalent value (VS30 =600 m/s) considered by Poggi et al. (2017).663

For sites <40 km from the MSSD sources, our seismic hazard estimates664

for 10% PoE in 50 years level are up to 0.3 g higher than in the map from665

Poggi et al. (2017), with increases highest around the relatively high slip-666

rate border faults. The median difference between the Poggi et al. (2017) and667

MSSD-Areal combined maps is, however, only 0.015 g. This reflects that many668

sites in Malawi are far from active faults, and in these cases and at high669

PoE, areal sources are the main contributor to hazard. Indeed, at these sites,670

near-identical hazard levels are expected given that we incorporate off-fault671

seismicity using the areal sources from Poggi et al. (2017). Where they do exist,672

differences between these maps are likely a reflection of the selected GMMs673

and VS30 values.674

For the 2% PoE in 50 years MSSD-Areal Combined map, hazard levels are675

generally higher than in Hodge et al. (2015), particularly at sites where new676

fault sources have been included (increases of 0.2-0.3 g). Locally, the MSSD-677

Areal combined map indicates lower hazard levels around the Bandawe and678

Mbamba faults (Fig. 16d). These faults were included as sources by Hodge679

et al. (2015) but not in the MSSD, as newer seismic reflection data indicates680

that these are inactive faults (McCartney & Scholz, 2016; Accardo et al., 2018;681

C. A. Scholz et al., 2020). Differences in GMM selection, and fault and areal682

source modelling may have also affected comparisons between these two maps,683

and we discuss this further in Section 7.1.684
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Fig. 14 Peak ground acceleration (PGA) seismic hazard maps for Malawi for (a)-(c) 10%
PoE in 50 years, and (d)-(f) 2% PoE in 50 years for reference VS30 value (760 m/s). Figure
is arranged so each column represents a different catalog. Red lines depict the MSSD sources
(Williams, Wedmore, Fagereng, et al., 2021a). For equivalent maps for the slope-based USGS
VS30 values (Wald & Allen, 2007), see Fig. 23.

7 Discussion685

7.1 Seismic hazard and risk in Malawi686

The moment rate (Ṁ0) implied by the MSSD-based catalogs leads to elevated687

seismic hazard estimates in Malawi compared to previous instrumental-688

seismicity based PSHA (Fig. 16; Poggi et al., 2017). However, this increase is689

only seen at sites <∼40 km from the MSSD sources (Fig. 16a-c). This result690
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Fig. 15 Sensitivity analysis for seismic hazard maps. (a) Combined 10% PoE in 50 years
seismic hazard map as shown in Fig. 14c, but with adjusted color axis. (b) Interquartile
range of the 20 seismic hazard values calculated from each event catalog-GMM combination
and (c) the Coefficient of Variation (CoV) of these values. (d)-(f) Maps showing how source
modelling affects hazard uncertainty. (d) Difference in seismic hazard values for a Gutenberg-
Richter (G-R) and MSSD Direct on-fault magnitude frequency distribution (MFD), for the
length-limited case. (e) Same as (d) but comparison is between a G-R and characteristic
MFD. (f) Difference in seismic hazard values for layer- and length-limited source down dip
extents for a G-R on-fault MFD. All maps are for 10% PoE in 50 years hazard level, PGA,
and the generic VS30 value (760 m/s). Comparison in (d)-(f) are for maps generated with
the Boore et al. (2014) GMM.

demonstrates the importance of fault-based sources for understanding both691

the magnitude and spatial distribution of seismic hazard in Malawi.692

Compared to the first generation of fault-based PSHA in Malawi (Hodge693

et al., 2015), the MSSD-Areal combined map indicates higher seismic hazard694
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Fig. 16 (a-c) Comparison of peak ground acceleration (PGA) seismic hazard maps pre-
viously generated for Malawi by Poggi et al. (2017) and in this study for 10% PoE in 50
years respectively. (d-f) Equivalent to (a-c), but comparisons of our map with the mixed
rupture catalog (MRC) 2% PoE in 50 years seismic hazard map for Malawi from Hodge et
al. (2015). The MRC catalog represents an equal combination of segmented and continuous
ruptures along fault sources in the Hodge et al. (2015) PSHA, except for the Livingstone
and Bilila-Mtakataka (BMF) faults, which host continuous ruptures only. Red lines in (d)
indicate fault sources used in Hodge et al. (2015). This map is truncated at 15◦S, as fault
sources south of Lake Malawi were not considered by Hodge et al. (2015).

levels in the East African Rift valley (Fig. 16d-f). This reflects the incorpora-695

tion of new fault sources in the MSSD (107 vs 7), and in particular intrarift696

faults, which have been highlighted as overlooked seismic hazard sources in697

Malawi (Biggs et al., 2010; Shillington et al., 2020; Wedmore, Biggs, et al.,698

2020). However, the Livingstone Fault is broadly coincident between the two699

maps, and even though its slip rate estimate is lower in the MSSD (2.0 vs 3.8700
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mm/yr), the MSSD-Areal combined map implies higher seismic hazard adja-701

cent to it (Fig. 16d-f). This reflects a combination of: (1) our exploration of702

on-fault Gutenberg-Richter (G-R) magnitude-frequency distribution (MFD),703

which leads to more frequent seismicity than the whole-fault events consid-704

ered by Hodge et al. (2015), (2) our inclusion of a stable crust GMM, and our705

increased estimate for (3) the base of the seismogenic layer (35 vs 30 km), and706

(4) maximum background event magnitude (MW 7 vs. MW 6.25-6.75).707

For global context, with a 10% PoE ∼ 0.2-0.3 g PGA in 50 years close to708

MSSD sources and 10% PoE ∼ 0.10-15 g PGA 50 years in regions peripheral709

to these sources (Fig. 14), the seismic hazard in Malawi can be considered710

comparable to other regions with low slip rate normal faults (Pagani et al.,711

2020), such as Italy (Meletti et al., 2021) and the Basin and Range Province712

in the USA (Petersen et al., 2015). Regional extension rates in Malawi are713

slightly lower than in these regions (0.5-1.5 mm/yr vs ∼3 mm/yr; D’Agostino714

et al., 2011; Hammond et al., 2014). However, this may be compensated for715

by the thicker seismogenic layer in Malawi, which implies its faults can attain716

great length scales, host larger magnitude earthquakes (Jackson & Blenkinsop,717

1997), and so have a disproportionately high seismic Ṁ0.718

To fully explore and quantify the implications of this study for seismic risk719

in Malawi, results should be combined with seismic vulnerability and exposure720

assessments (Goda et al., 2016, 2021; Ngoma et al., 2019; Kloukinas et al.,721

2020; Giordano et al., 2021). Nevertheless, some implications of this PSHA722

to seismic risk are apparent. For example, given the low quality and high723

turnover of building stock in Malawi (Giordano et al., 2021), the results that724

are of most practical importance are for high PoE and in these instances the725

MSSD sources affect hazard levels only at long vibration periods and/or sites726

close (< 40 km) to active faults (Fig. 12). Hence, off-fault areal sources are727

still important contributors to seismic risk in Malawi, and future work should728

consider improving its seismic network so that future PSHA can use a more729

finely resolved areal source model.730

Instances where the hazard estimates at low PoE are of importance in731

Malawi are provided by railway bridges (Zant, 2018) and hydro-electric dams732

in the Shire River valley in southern Malawi, the latter of which generates 80%733

of Malawi’s electricity (Taulo et al., 2015). The development of geothermal734

resources in Malawi, whose location are inherently controlled by active faults735

(Dulanya et al., 2010; Gondwe, 2015; Dávalos-Elizondo et al., 2021), should736

also consider local seismic hazard.737

As with all PSHA of low strain rate regions, the ground motions derived738

at low PoE (typically 2% PoE in 50 years) do not necessarily represent an739

upper bound of what a site may experience (Reyners, 2011; Stein et al., 2012).740

This is demonstrated here by the Bilila-Mtakataka Fault, which locally may741

induce ground motions ≥ 0.8 g (Goda et al., 2021) compared to 0.3-0.5 g in742

our 2% PoE in 50 year PSHA maps (Fig. 14). Deterministic seismic hazard743

assessment may therefore be an important tool for investigating seismic risk744

in Malawi. Furthermore, PSHA only considers ground motions, and so other745
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possible secondary seismic hazards in Malawi, such as liquefaction, landslides746

and seiches (Williams, Wedmore, Scholz, et al., 2021a), are not considered here.747

7.2 Using fault-based sources for PSHA in Malawi and748

other regions with a thick seismogenic layer and low749

strain rates750

Fault-based MSSD sources are incorporated into PSHA in Malawi using751

stochastic event catalogs. Cumulatively these catalogs explore five different752

realisations of the MSSD (Fig. 2) in terms of the on-fault magnitude-frequency753

distribution (MFD) and the down-dip extension of faults through Malawi’s754

seismogenic layer (i.e., ‘length’ or ‘layer’ limited faults). We consider alter-755

native down-dip extents as it is not necessarily clear how sources should be756

extrapolated through Malawi’s ∼35 km thick seismogenic layer (Eq. 1; e.g.,757

Nyblade & Langston, 1995; Ebinger et al., 2019; Stevens et al., 2021). The758

influence of this uncertainty is only significant in regions in Malawi with rel-759

atively short (<50 km) sources (Fig. 15f). Longer sources are expected to760

extend throughout the seismogenic layer in either case under Eq. 1, and so the761

seismic hazard associated with these sources is not sensitive to their down-dip762

extrapolation.763

Three on-fault MFD are considered for MSSD sources during the PSHA:764

G-R, characteristic, or the ‘Direct-MSSD’ approach where sources may rup-765

ture in geometrically defined sections, faults, or multifault ruptures (Fig. 3).766

We find that a G-R MFD generally implies higher hazard levels than a char-767

acteristic MFD (Figs. 11 and 15). This reflects that at the 100-1000’s of years768

timescales that are of interest for seismic hazard assessment, the relatively fre-769

quent moderate magnitude (MW 4.5-6.5, Fig. 6) events, which are inherent to770

a G-R MFD, are considerably more likely to occur in a low strain rate region771

than rare large magnitude characteristic events (Valentini et al., 2020; Goda772

& Sharipov, 2021). Although these differences reduce at lower PoE, they can773

still be significant for sites like Blantyre that are close to many long (> 50 km)774

low slip rate (0.05-1 mm/yr) faults. In the future, the on-fault MFD could be775

constrained in Malawi by inversion-based source models (Field et al., 2014,776

2021; Chartier et al., 2019); however, a regional MFD target is required to777

apply these techniques, and it is not currently clear how this target should be778

defined for Malawi (Section 4.6).779

Given that PSHA is sensitive to the assumed on-fault MFD, we consider it780

prudent that multiple cases should be explored in regions like Malawi with low781

strain rates and instrumental records much shorter than the earthquake recur-782

rence intervals of individual faults. Although a smaller source of uncertainty,783

our results also imply that alternative cases could be considered for source784

down-dip extrapolation in regions with an abnormally thick seismogenic layer785

(>20 km) and short (<50 km) faults.786

The stochastic event catalogs used in this PSHA are simulated using787

the assumption that earthquake inter-event times in Malawi follow a time-788

independent Poisson process (Section 4.4). However, the 2009 Karonga789
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earthquake sequence demonstrated that fault interaction through static stress790

changes can lead to clustered seismicity in Malawi (Biggs et al., 2010; Fagereng,791

2013; Gaherty et al., 2019); indeed this is a widespread observation in low strain792

rate regions (e.g., Beanland & Berryman, 1989; Wedmore et al., 2017; Griffin et793

al., 2020). In these cases, earthquake interevent times are more appropriately794

modelled using two-parameter time-dependent distributions such as Weibull795

or Brownian Passage Time (Matthews et al., 2002; Zöller & Hainzl, 2007;796

Cowie et al., 2012). Seismic hazard assessment in Malawi should also recog-797

nise that previous large magnitude (MW>7) earthquakes in the East African798

Rift were followed by long and damaging aftershock sequences (Ambraseys,799

1991b, 1991a; Gaulon et al., 1992; Lloyd et al., 2019). It is, however, currently800

very difficult to incorporate these ideas into PSHA in Malawi as there is so lit-801

tle seismic or paleoseismic data. Future seismic hazard assessment in Malawi802

should consider these data when they become available.803

7.3 Application of Ground Motion Models in Malawi804

An ongoing challenge with PSHA in Malawi, and elsewhere in the East African805

Rift (EAR), is the lack of geotechnical (i.e., VS30 measurements) and strong806

motion data (GMMs; Midzi et al., 1999; Hodge et al., 2015; Poggi et al., 2017).807

This raises uncertainties when applying slope-based proxies for VS30 (Figs. 19808

and 23), and means our use of global GMMs implicitly assumes that the ground809

motion behaviour in Malawi will be similar to other regions (i.e., the ‘ergodic810

assumption;’ Anderson & Brune, 1999). This could be addressed in future by811

considering whether regional weak ground motion data in Malawi can be used812

to adjust GMMs (Yenier & Atkinson, 2015). An additional problem is that813

EAR seismicity is characterised by deep moderate-large magnitude (MW>6)814

normal fault earthquakes, and it is difficult to calibrate GMMs for these events815

as so few of them have been recorded (Boore et al., 2014; Akkar et al., 2014).816

The incorporation of a stable crust GMM into PSHA in Malawi raises817

further challenges. In particular, the near-field (<10 km) motions associated818

with events in stable crust are poorly understood. This could be addressed819

though incorporation of the Next Generation Attenuation East (NGA-East)820

GMM (Goulet et al., 2018) in East Africa, and this would also allow Rrup to821

be considered in a stable crust GMMs. However, the NGA-East was developed822

for a reference VS30 condition of 3000 m/s, and challenges remain in adapting823

the site amplification factors for lower VS30 values (Kolaj et al., 2019) that are824

likely in Malawi (200-800 m/s, Fig. 19).825

7.4 Implications for seismic hazard elsewhere in the East826

African Rift827

Based on comparisons with previous instrumental catalog-based PSHA in828

Malawi (Fig. 16a-c), we highlight the limitations of using extrapolated instru-829

mental catalogs to assess seismic hazard in regions with low strain rates and830

short catalog duration (Section 4.6). These challenges apply elsewhere in the831
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EAR, where despite abundant evidence for Late Quaternary faulting (e.g.,832

Vittori et al., 1997; Lærdal & Talbot, 2002; Wanke, 2005; Kervyn et al., 2006;833

Zielke & Strecker, 2009; Fontijn et al., 2010; Nicholas et al., 2016; Delvaux834

et al., 2012, 2017; Muirhead et al., 2016; Daly et al., 2020; Siegburg et al.,835

2020), no fault-based PSHA has been attempted outside Malawi. This partly836

reflects the lack of chronostratigraphic data needed to estimate fault slip rates837

in the EAR, however, this can be addressed to an extent by incorporating838

regional geodetic data using the MSSD systems-based approach (Williams,839

Mdala, et al., 2021). Given the increasing levels of seismic risk (Goda et al.,840

2016; Meghraoui et al., 2016; Poggi et al., 2017; World-Bank, 2019), we sug-841

gest there is a clear need to develop new fault-based PSHA maps elsewhere in842

the EAR.843

8 Conclusions844

We use the Malawi Seismogenic Source Database (MSSD) to develop a new845

fault-based probabilistic seismic hazard analysis (PSHA) in Malawi. By includ-846

ing these sources, we show a more complex seismic hazard pattern in Malawi847

than previous instrumental-based PSHA (Poggi et al., 2017), with regions848

of elevated seismic hazard observed adjacent to relatively high slip rate rift-849

bounding faults. This replicates the findings of the 1st generation of fault-based850

PSHA in Malawi (Hodge et al., 2015). However, the incorporation of more fault851

sources in the MSSD (107 vs 7), source modelling, and ground motion model852

(GMM) selection, leads to a more complex seismic hazard pattern than Hodge853

et al. (2015). These results should motivate the development of more fault-854

based PSHA elsewhere in the EAR, as previous seismic hazard assessment has855

used the instrumental record of seismicity alone, and in some situations, this856

may underestimate hazard levels.857

The stochastic event catalogs we use to incorporate the MSSD into PSHA858

explore alternative hypotheses for on-fault magnitude-frequency distribution859

(MFD) and the down-dip extension of fault-based sources through Malawi’s 35860

km thick seismogenic layer. We find that seismic hazard levels are only sensitive861

to the down-dip extension of relatively short sources (differences of ∼0.1 g862

for 10% PoE in 50 years for regions with <50 km long sources), whilst the863

assumed MFD can influence the hazard estimates for all sources. In particular,864

we find that compared to a characteristic MFD or ‘direct’ implementation of865

the MSSD, a Gutenberg-Richter MFD increases seismic hazard levels by up866

to 0.2 g for sites close to low slip rate sources (<1 mm /yr) and high PoE867

(10%PoE in 50 years).868

Our new PSHA is also useful for highlighting sources of uncertainty, that869

present key targets for future research in Malawi. In particular, we highlight:870

(1) the uncertainty in fault slip rates, (2) the applicability of a Poisson model871

for earthquake recurrence, (3) refining off-fault areal sources, and (4) the lack872

of strong ground motion data. Nevertheless, we suggest our incorporation of a873

rich active fault and geodetic dataset makes this the most robust assessment874
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of seismic hazard currently available for Malawi, and presents a methodology875

for assessing seismic hazard also in other low strain rate regions.876
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Appendix A Stochastic Event Catalog Tests1533

In this section, we perform three tests of the stochastic event catalogs used in1534

the probabilistic seismic hazard analysis (PSHA): (1) if the moment rate (Ṁ0)1535

of the areal sources in the catalog match the Ṁ0 derived analytically from1536

their G-R relation (Poggi et al., 2017), (2) if the Combined Catalog matches1537

independent estimates of the geodetic Ṁ0 in Malawi (Kreemer et al., 2014;1538

Stamps et al., 2018), and (3) quantifying the influence of normal fault obliquity1539

and length-limited source widths on the MSSD-based catalogs Ṁ0. Results1540

from this testing are described further in Section 4.6 in the main article.1541

A.1 Areal source catalog validation1542

To consider whether the event catalog Ṁ0 of the six areal sources that lie within1543

the region assessed during the PSHA (Fig. 5) matches their Ṁ0 as derived1544

from their a- and b-value, we first adjust the a-value so that it is consistent1545

with the size of the overlap between the assessed region and the areal source1546

(Table 3). We then discretize this G-R relationship into magnitude bins of 0.01,1547

and calculate the Ṁ0 of each bin, and for consistency with the event catalogs1548

(Section 4.3), by assuming the magnitude probability distribution follows a1549

truncated exponential relationship (Cosentino et al., 1977). Note, in this Ṁ01550

comparison, events in the areal source catalog with MW larger than 7.0 were1551

not removed as they are for the actual PSHA (Section 4.3).1552

Table 3 Gutenberg-Richter relationships and moment rate (Ṁ0) for areal source zones
located within the region assessed during PSHA (Fig. 5).

Source ID Source Zone a-value b-value MMax Discretized Catalog

(Poggi et al., 2017) Ṁ0 (Nm/yr) Ṁ0 (Nm/yr)
8 Tanganynika 2.9 1.02 7.9 1.2× 1016 1.3× 1016

9 Rukwa-Malawi 4.7 1.02 7.9 7.3× 1017 7.4× 1017

13 Kariba–Okavango 2.8 0.99 6.9 4.3× 1015 4.5× 1015

20 Rovuma Basin 2.6 1.02 6.9 1.8× 1015 1.8× 1015

N/A Nyanga 0.4 0.8 7.0 2.6× 1014 3.0× 1014

N/A
Northeast

Mozambique
0.1 0.8 7.0 1.3× 1014 1.7× 1014

Total 7.45× 1017 7.62× 1017

In this analysis, the a-value has been scaled from Table 2 given the overlap between the
source zone and assessed region, and events MW> 7 have been removed from the event
catalogs.

In all cases, we find a good correlation between the catalog and expected1553

Ṁ0 (Table 3 and Fig. 17). Discrepancies are higher for the sources with lower1554

moment rates, however, as these sources are inherently only minor contributors1555

to Malawi’s seismic hazard, we conclude that the 2 million simulations in1556

the areal source catalogs are of sufficient duration to characterise off-fault1557

seismicity for the PSHA. We note here that the total areal source Ṁ0 in Malawi1558

(Table 3) is lower than that derived in geodesy or in the MSSD-based catalogs1559

(Fig. 6). We discuss this further in the main article (Section 4.6).1560
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Fig. 17 Discretized and event catalog magnitude frequency distribution (MFD) for the six
areal sources from Poggi et al. (2017) that lie within the region assessed for PSHA.

A.2 Analysis of independent geodetic models of Malawi1561

To derive an independent estimate of the geodetic Ṁ0 in Malawi, we consider1562

the Global Strain Rate Model (GSRM v.2.1; Kreemer et al., 2014) and the1563

Sub-Saharan African Geodetic Strain Rate Model (SSA-GSRM v.1.0; Stamps1564

et al., 2018). Both models are thus independent from the geodetic constraints1565

used to generate the MSSD-based stochastic event catalogs (Wedmore et al.,1566

2021). We first divide the assessed region shown in Fig. 5 into a grid with inter-1567

vals of 0.1◦ × 0.1◦ longitude and latitude. These grid sizes do not necessarily1568

reflect the true spatial resolution of these models, however, spatial variations1569

in strain rate in regions with few stations are minimised (Stamps et al., 2018).1570

For both models, within each grid i, we first calculate: (1) the second invariant1571

of strain: (ǫ̇21hi + ǫ̇22hi)
0.5, where ǫ̇1hi and ǫ̇2hi are the two principal strain rates1572

in the horizontal plane of grid i (Kreemer et al., 2014), and (2) the strain rate1573

style: (ǫ̇1hi + ǫ̇2hi)/max(| ǫ̇1hi |, | ǫ̇2h |) (Kreemer et al., 2014) where a positive1574

style indicates extension and vice versa. We then calculate the moment rate1575

of each grid (Ṁ0(i)) through:1576

Ṁ0(i) = Aizµ

{

1
sinθ

ǫ̇3i, if ǫ̇2i < 0
−1
sinθ

ǫ̇1i, if ǫ̇2i ≥ 0
(11)
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where Ai is the area of each grid, z is the thickness of the seismogenic crust (351577

km; Ebinger et al., 2019; Stevens et al., 2021), µ represents the shear modulus1578

(3.3 × 1010 Nm/yr for consistency with; Leonard, 2010), θ is fault dip (53◦,1579

section 4.5), and the three principal strain rates of each grid (ǫ̇1i ≤ ǫ̇2i ≤ ǫ̇3i,)1580

are derived by invoking that the vertical strain rate (ǫ̇rri) is a principal strain1581

rate, and that to maintain incompressibility, ǫ̇1hi + ǫ̇2hi + ǫ̇rri = 0 (Bird &1582

Liu, 2007; Bird & Kreemer, 2015). Equation 11 is therefore similar to the Ṁ01583

calculation in the seismic hazard inferred from tectonics (SHIFT) model (Bird1584

& Liu, 2007; Bird & Kreemer, 2015), however, we consider the seismic coupling1585

factor (c) separately (Section 4.6) and the assumed 53◦ dip of faults mean they1586

do not satisfy the criteria that 1/sin(θ) = 2. To derive the total geodetic Ṁ01587

across the assessed region, we sum the Ṁ0(i) from each 0.1◦ × 0.1◦ grid.1588

Malawi can be considered as a region of low magnitude extensional defor-1589

mation in both of the assessed geodetic models (Fig. 18), which is consistent1590

with the model developed by Wedmore et al. (2021) and observations from seis-1591

micity (Ebinger et al., 2019; Stevens et al., 2021). The SSA-GSRM v.1.0 implies1592

greater spatial variability in the magnitude and style of strain in Malawi than1593

the GSRM v.2.1 model. This likely reflects the more comprehensive suite of1594

geodetic data used to develop the SSA-GSRM v.1.0, and although it indicates1595

strike-slip, and even contraction, in regions that have experienced normal fault1596

earthquakes (Biggs et al., 2010; Ebinger et al., 2019), such discrepancies may1597

be reconciled by local strain rotations at the scale of individual faults (Twiss &1598

Unruh, 1998; Williams et al., 2019; Philippon et al., 2015). The MSSD based1599

Combined Catalog Ṁ0 (1.7 × 1018 Nm/yr, Fig. 6) is approximately interme-1600

diate between the total estimates of Ṁ0 derived from these geodetic models1601

(8.2×1017 and 3.5×1018 Nm/yr respectively, Fig. 18). This is discussed further1602

in Section 4.6.1603

A.3 Influence of fault obliquity and width on moment1604

rate estimate1605

For slip rates in the MSSD estimated through a systems-based approach, the1606

calculation involves projecting a source’s dip direction through the regional1607

extension azimuth (Williams, Mdala, et al., 2021). Hence, not all of the geode-1608

tic Ṁ0 assigned to the source is necessarily converted to seismic Ṁ0. To1609

quantify this, we define the obliquity factor (OF ) of MSSD source i, as the1610

ratio of the source’s Ṁ0 relative to its Ṁ0 if it was optimally oriented to the1611

regional extension direction:1612

OFi = cos(θi − φ) (12)

where θi is the source’s strike, and φ is the regional extension it is projected1613

through. In some of the MSSD-based catalogs, a source’s down-dip is not1614

necessarily extrapolated through the full width of the seismogenic layer, which1615

also implies that the geodetic Ṁ0 is not all converted to seismicity (Section1616

4.2). To account for these two effects, we calculated the total Ṁ0 from all MSSD1617

fault sources on the basis that they extend through the full width of Malawi’s1618
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Fig. 18 Analysis of the Global Strain Rate Model (GSRM v.2.1; Kreemer et al., 2014) and
and the Sub-Saharan African Geodetic Strain Rate Model (SSA-GSRM v.1.0; Stamps et
al., 2018) within the region assessed in the PSHA. Equations for the 2nd invariant of strain,
strain rate style, and Moment Rate (Ṁ0) are given in the text. Total Ṁ0 refers to the sum
of the Ṁ0 from all 0.1◦ × 0.1◦ grids that were assessed.

35 km thick seismogenic layer (Ebinger et al., 2019; Stevens et al., 2021) and1619

that they were all optimally oriented to the regional extension direction (i.e.,1620

OF = 1). These corrections were not made for the MSSD sources whose down-1621

dip extrapolation implies they intersection with another fault (Section 4.5),1622

and for MSSD sources whose slip rate was estimated from offset of the 75 Ka1623

seismic reflection (Shillington et al., 2020).1624

The total Ṁ0 of all MSSD fault sources, given corrections for fault obliq-1625

uity and downdip extent is 1.88 × 1018 Nm/yr. This compares to 1.7 × 10181626

Nm/yr for the Combined Catalog (Fig. 6), which incorporates MSSD and areal1627

source seismicity. The difference between these Ṁ0 estimates indicates that1628
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the inclusion of areal sources does not compensate for the geodetic Ṁ0 that1629

is lost due to normal fault obliquity and limited down-dip extent. Hence, the1630

Combined Catalog is consistent with a small proportion of aseismic moment1631

release in Malawi (Section 4.6; Zheng et al., 2020) .1632
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Appendix B Supplementary Figures1633

Fig. 19 VS30 values in Malawi as derived from using a slope-based proxy (Wald & Allen,
2007), and used in the USGS VS30 database (https://earthquake.usgs.gov/data/vs30/).
Black lines depict the Malawi Active Fault Database (Williams, Wedmore, Scholz, et al.,
2021a) and yellow squares depict the locations for the site-specific PSHA.

https://earthquake.usgs.gov/data/vs30/
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Fig. 20 Nine theoretical magnitude-recurrence curves for the Chingale Step Fault for (a)
characteristic and (b) Gutenberg-Richter (G-R) type seismicity under the MSSD-adapted
approach (Youngs & Coppersmith, 1985). Each curve considers a different b-value and MMax

combination, and is assigned a weighting as described in Section 4.2 and Fig. 2. These
weightings are then applied when calculating the weighted average curve.



Springer Nature 2021 LATEX template

References 57

Fig. 21 1D seismic velocity models previously derived in northern (Ebinger et al., 2019) and
southern (Stevens et al., 2021) Malawi from short-term seismic deployments. For context the
velocity model for the generic rock site from Boore (2016) is also shown for depths 0-8 km.
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Fig. 22 (a-c) Seismic hazard curves as shown in Fig. 11 but for a Spectral Acceleration of
3 s. In addition, we show the mean value and Beta distribution that may be fitted to these
values for (d-f) 10% PoE in 50 years, and (g-i) 2% PoE in 50 years. Note line colors represent
different event catalogs, and symbols represent different GMMs. For VS30 value of 760 m/s.
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Fig. 23 Equivalent to Fig. 14 with peak ground acceleration (PGA) seismic hazard maps
for Malawi, but using the USGS VS30 values (Fig. 19; Wald & Allen, 2007). Maps (a)-(c)
are for 10% PoE in 50 years, and (d)-(f) 2% PoE in 50 years. Figure is arranged so each
column represents a different catalog. Red lines depict the MSSD fault sources (Williams,
Wedmore, Fagereng, et al., 2021a).
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