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Abstract Although the deep, wide basins of the Western rift, Africa, have served as analogues for the
evolution of half‐graben basins, the geometry and kinematics of the border, intrabasinal, and transfer
fault systems have been weakly constrained. Despite the >100‐km‐long fault systems bounding basins, little
was known of seismicity patterns or the potential for M > 7.5 earthquakes. Using our new local earthquake
database from the 2013‐2015 Study of Extension and maGmatism in Malawi aNd Tanzania (SEGMeNT)
seismic array (57 onshore, 32 lake‐bottom stations) and TANGA14 (13 stations), we examine the kinematics
and extension direction of the Rungwe Volcanic Province and northern Malawi rift. We relocated
earthquakes using a new 1‐D velocity model and both absolute and double‐difference relocation methods.
Local magnitudes of 1,178 earthquakes within the array are 0.7 < ML < 5.2 with a b‐value 0.77 ± 0.03, and
magnitude of completeness ML 1.9. Focal mechanism solutions for 63 earthquakes reveal predominantly
normal and oblique‐slip motion, and full moment tensor solutions for ML 4.5, 5.2 earthquakes have centroid
depths within 2 km of catalog depths. The preferred nodal planes dip more than 40° from surface to >25‐km
depths. Extension direction from local earthquakes and source mechanisms of teleseismically detected
earthquakes are approximately N58°E and N65°E, respectively, refuting earlier interpretations of a NW‐SE
transform fault system. The low b‐value indicating strong coupling across crustal‐scale border faults, border
fault lengths >100 km, and evidence for aseismic deformation together indicate that infrequent M > 7.5
earthquakes are possible within this cratonic rift system.

1. Introduction

Asymmetric (half‐graben) extensional basins bounded by large offset border faults are ubiquitous in early
stage and failed continental rift zones, yet the time‐space evolution of border and intrabasinal faults remain
debated, in part owing to the lack of constraints on lower crustal strain patterns (e.g., Lavier & Buck, 2002;
Olive et al., 2014). The border fault length and depth, and basin width are in large part controlled by the
strength of the lithosphere, which varies with composition, geothermal gradient, and hydration state (e.g.,
Braun & Beaumont, 1989; Weissel & Karner, 1989). Cratonic rifts are extensional zones in lithosphere that
has been stable for >1 Ga andmay include Archaean cratons, as in East Africa. The long, large displacement
faults bounding wide basins with broad uplifted flanks can be simulated by extension of mechanically strong
crust and border faults that penetrate to the lower crust (e.g., Ebinger et al., 1991; Weissel & Karner, 1989),
but few detailed studies of seismicity are available to evaluate: Is cratonic crust in extension brittle through-
out its entirety?

Seismicity patterns in active rift basins provide important constraints on the mechanical properties of the
lithosphere, as well as the kinematics of discrete border fault systems, and their along‐axis linkage patterns.
In rift sectors lackingmagmatism, the seismogenic layer thickness is a proxy for the short time‐scale strength
of the elastic crust (e.g., Watts & Burov, 2003). Magma intrusion and eruption processes superpose additional
time and length scales to rift strain patterns (e.g., Ebinger & Casey, 2001). Heat transfer and metasomatic
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processes reduce plate strength adjacent to intrusions, also localizing strain (e.g., Buck, 2004; Burov et al.,
2003; Wang et al., 2015).

Rift zones in cratonic regions where the seismogenic layer thickness may span the entire crust, such as in the
East African rift system, provide insights into strain distribution in magmatic and weakly magmatic rift
zones (e.g., Ebinger et al., 2017; Gupta, 1992; Yang & Chen, 2010). Earthquake distributions, magnitudes,
and source mechanisms from the seismically and volcanically active Malawi rift and Miocene‐Recent
Rungwe Volcanic Province (RVP), Africa, provide critical constraints on fault kinematics and crustal rheol-
ogy during rifting of cratonic lithosphere. Extensive crust and mantle imaging in this area has been under-
taken as part of the Study of Extension and maGmatism in Malawi aNd Tanzania (SEGMeNT) project and
reanalyses of earlier data (Accardo et al., 2017; Borrego et al., 2018; Grijalva et al., 2018; McCartney & Scholz,
2016; Tepp et al., 2018). The SEGMeNT study area includes the site of a 2‐week‐long sequence of nine Mw
4.9‐6.0 earthquakes in 2009 (Biggs et al., 2010; Gaherty et al., 2019; Kolawole et al., 2018a, 2018b), and a 2014
Mw 5.2 earthquake recorded by the SEGMeNT array. Rift kinematics in the RVP and northern Malawi rift
have been debated, with NW‐SE extension, NW‐SE transform opening, ENE‐extension, and Quaternary
stress field rotation interpreted (e.g., Chorowicz et al., 2005; Mortimer et al., 2007; Delvaux & Barth, 2010;
Stamps et al., 2018).

Our objectives are to evaluate half‐graben basin models by determining the depth distribution and kine-
matics of earthquakes beneath two distinct rift segments with opposing asymmetries and beneath their
uplifted flanks, and between areas with and without surface evidence of magmatism. The half‐graben and
their uplifted flanks form over many earthquake cycles along border and intrabasinal faults, and the
SEGMeNT array captures a snapshot of strain patterns. We compare the time‐space patterns of earthquakes
relocated using double‐difference methods with border, intrabasinal, and transfer faults, and compare active
and time‐averaged strain patterns. Data from the 2013‐2015 SEGMeNT deployment, consisting of 57 seism-
ometers in the RVP and Malawi rift, as well as 6 broadband and 28 short‐period ocean bottom seismometers
(OBS), combined with data from the TANGA14 (Hodgson et al., 2017) and Malawi Geological Survey
national network are used (Figure 1). Seismicity patterns from this approximately 2‐year deployment are
compared with longer‐term information from historic and instrumentally recorded earthquakes detected
at teleseismic distances (e.g., Ambraseys, 1991; Craig et al., 2011; Yang & Chen, 2010). SEGMeNT data are
used to develop a new 1‐D velocity model, a local magnitude scaling with new estimates of seismic attenua-
tion, and b‐value using our new magnitude scaling.

2. Tectonic Background

The RVP and northern Malawi rift zone lie along the southeastern edge of the dynamically supported East
African plateau (e.g., Lithgow‐Bertelloni & Silver, 1998; Behn et al., 2004; Figure 1). North and west of the
Malawi rift, elevations increase and active faulting is distributed across a zone at least 350 km in breadth,
including the thick Bangweulu craton (Lavayssière et al., 2019). The broad uplifted plateau, its correspond-
ing negative Bouguer gravity anomalies, low upper mantle seismic velocities, and the geochemistry of erup-
tive volcanic products have been cited as evidence for one or more mantle plumes (e.g., Halldórsson et al.,
2014; Mulibo & Nyblade, 2013; Nyblade & Robinson, 1994). Localized alkali and carbonatitic lavas showing
extensive metasomatism characterize the RVP, and other Western rift magmatic provinces, indicating melt-
ing of a metasomatized mantle lithosphere at depths ~85 km (e.g., Barry et al., 2013; Furman, 1995; Lloyd
et al., 1985).

The Malawi rift system formed in the Irumidian, Ubendian, and Pan‐African (Proterozoic) orogenic belts
between the thick lithosphere of the Tanzanian craton and Bangweulu cratons (e.g., Fishwick & Bastow,
2011; Fritz et al., 2013; Boniface & Appel, 2018; Grijalva et al., 2018; Figure 1). The Proterozoic crust shows
a variety of regional strain fabrics and structural orientations, ranging from NE, NNW to NW, to N‐S along
the eastern side of the Malawi rift (e.g., Fritz et al., 2013). Mantle imaging reveals high velocities beneath the
Bangweulu and Tanzania cratons, and low P and S wave velocity zones beneath the RVP and northernmost
Malawi rift, although spatial gaps remain in our knowledge of the Western rift (e.g., Mulibo & Nyblade,
2013; O'Donnell et al., 2015; Accardo et al., 2017; Grijalva et al., 2018).

Parts of the study area were affected by Permian‐Jurassic (Karroo) rifting, with some basins containing up to 2
km of Permian strata (Stockley, 1931; Kaaya, 1992; Figure 2). These include the southern Rukwa and Usangu

10.1029/2019GC008354Geochemistry, Geophysics, Geosystems

EBINGER ET AL. 2



basins (e.g., Mbede, 2002; Harper et al., 1999; Figures 1 and 2). Eastward dipping Cretaceous sedimentary
strata on the western side of the North (Karonga) Basin suggest a second, poorly understood period of
extensional faulting (e.g., Ring, 1994). Permo‐Triassic and Cretaceous faults strike NNE to NE throughout
the region, excluding the NW‐trending Rukwa rift zone (e.g., Castaing, 1991; Ring, 1994; Figure 2).

The Malawi rift is structurally segmented along its length into a series of fault‐bounded half‐graben basins
containing up to 5 km of sedimentary strata (e.g., Accardo et al., 2018; Ebinger et al., 1989; McCartney &
Scholz, 2016). The SEGMeNT project encloses the northern two basins: the eastward tilted North basin
and the westward‐tilted Central basin that are bounded by the Livingstone and Usisya border faults, respec-
tively (Figure 2). A faulted relay ramp links the two rift segments, both of which may be underlain by Karroo
and Cretaceous strata (Accardo et al., 2018). It also includes the Songwe basin in the southern Rukwa rift,
and the NE trending Usangu basin that contains Karroo and Miocene‐Recent strata (Mbede, 2002; Harper
et al., 1999). The northern end of the North basin and western side of the Usangu basin are covered by
~17 Ma to Recent lavas of the RVP (RVP; Rasskazov et al., 2001; Mesko et al., 2014). Some of the eruptive
centers are oriented along NNW striking transfer fault zones linking the Songwe and Livingstone border
faults (Ebinger et al., 1989; Fontijn et al., 2012).

Figure 1. Inset: Location of Tanganyika‐Rukwa‐Malawi rift zone and Rungwe Volcanic Province (RVP) with respect to
stable plates (grey shading, after Stamps et al., 2018, and Lavayssière et al., 2019) and large lakes of the East African rift
zone. The red triangles are Holocene volcanoes in the RVP. Main: Hill‐shaded relief with location of seismic stations
relative to fault bounded rift basins and major tectonic units, including the 2014‐2015 TANGA14 array (Hodgson et al.,
2017). Archaean Bangweulu and Tanzania cratons outlined by grey lines. Grey: Paleoproterozoic Ubendian orogenic belt.
Rose color: Mesoproterozoic Irumidian orogenic belt. Purple: Mesoproterozoic Usagaran orogenic belt. Blue:
Neoproterozoic Pan‐African orogenic belt (after Fritz et al., 2013). Violet: Extrusive lavas and volcaniclastic rocks of the
RVP after Fontijn et al. (2012). Karroo rifts are Permo‐Triassic rift basins shown with green colors in Figure 2. The circles
denote onshore seismic stations (purple); the inverted triangles (short period) and circles (broadband) indicate lake‐bot-
tom seismometers used in this study.
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Multiple hypotheses for the kinematics of rifting in the RVP and Northern Malawi rift zone have been pro-
posed owing to the junction of the NNW striking Rukwa, NNW to N‐S striking northern Malawi rift faults,
and the NE striking Usangu rift zone (Figures 1 and 2). Stress inversion and Kostrov summation of local and
teleseismic earthquakes in the southern Tanganyika and Rukwa rifts indicate ENE extension (Lavayssière
et al., 2019). Sparse geodetic data from the Tanganyika‐Rukwa‐Malawi rifts indicate ENE to E‐W extension
across the Malawi rift south of the RVP (Stamps et al., 2018). Global Navigation Satellite System (GNSS) data
locally indicate NNW‐SSE opening between the Tanzania craton (Victoria plate) and the eastern side of the
Malawi rift, referred to as the Rovuma plate. Geodetic models of Stamps et al. (2018) predict a local stress
field rotation at the Nubia‐Victoria‐Rovuma plate boundary (Figure 1, inset).

There are few constraints on the timing of basin initiation. U‐Pb dating of detrital zircons in the post‐Karroo
sequences of the Rukwa rift indicates the existence of a lake basin by 8.7 Ma (Hilbert‐Wolf et al., 2017).
Extrapolation of modern depositional rates from drill core data to decompacted sedimentary sequences leads
to an estimate of ~7 Ma (McCartney & Scholz, 2016; Scholz & Lyons, 2010), and structural and stratigraphic
patterns onshore indicate that the present‐day fault architecture developed after about 8 Ma (e.g., Ebinger
et al., 1989; Fontijn et al., 2012).

Figure 2. Study of Extension and maGmatism in Malawi aNd Tanzania (SEGMeNT) seismic arrays (inverted red trian-
gles) ‐Recent rift faults, and hill‐shaded rift topography. Lakelevel is 477 m. Onshore faults from Crossley (1984),
Ebinger et al. (1993), Fontijn et al. (2012), Fritz et al. (2013), and Kolawole et al. (2018b); offshore from McCartney and
Scholz (2016). North and Central basins of the Malawi rift are enclosed in blue ellipses. The Malawi rift transects fault‐
bounded Permian to Palaeogene basin strata (green shading). Major Permian‐Palaeogene structures (dotted lines). Purple
is Miocene‐Recent Rungwe Volcanic Province (RVP) with three volcanoes active in the Holocene: Ngozi, Rungwe, and
Kiejo. Rukwa basin contains Mesozoic‐Recent strata. LFZ is Lipichili fault zone.
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Estimates of crustal stretching from basin modeling and fault reconstructions are <10% in the northern
Malawi rift (Ebinger et al., 1991; Ellis & King, 1991). Receiver function results indicate that there is little
crustal thinning beneath the RVP: crustal thickness is 38‐42 km beneath the rift flanks and 39 km beneath
the RVP (Borrego et al., 2018). The thinnest crust (34‐38 km) occurs in areas flanking or within the Karroo
rift basins (Borrego et al., 2018), suggesting that erosion of previously uplifted Karroo rift flanks and sedi-
ments has occurred. If Moho depths of ~38‐42 km persist beneath the lake, it implies thinning of the crust
to ~33‐37 given the ~5 km of sediment (Accardo et al., 2018).

Dikes and filled cracks are oriented NNW‐SSE in the Rungwe province (e.g., Ebinger et al., 1989; Fontijn
et al., 2010), and faults onshore and beneath the lake strike N‐S to NNW (e.g., Crossley, 1984; McCartney
& Scholz, 2016; Mortimer et al., 2007). Based on seismic stratigraphic interpretations, Mortimer et al.
(2007) interpret a rotation of extensional stress from ENE to NW‐SE during the past 0.4 Ma. In their model,
NNW striking faults are dextral strike‐slip (Mortimer et al., 2007). Sparse geodetic data, however, indicate
that current plate motions in the Tanganyika‐Rukwa‐Malawi area are ENE, with local deviations in the
RVP (Stamps et al., 2018).

Time‐averaged and active deformation studies lead to diverging interpretations of strain patterns. Biggs et al.
(2010) suggest that active deformation along the hanging wall to the North Basin border fault indicates a
temporal migration of strain from the border fault to intrabasinal faults. Seismic stratigraphic studies of
time‐averaged deformation in the North and Central Basin, however, indicate ongoing deformation primar-
ily accommodated by slip on the border fault system, as well as slip along steep intrabasinal faults (Accardo
et al., 2018; McCartney & Scholz, 2016). Fagereng (2013) suggests that the unusually deep crustal earth-
quakes in the Malawi rift occur within preexisting crustal‐scale shear zones, whereas intrabasinal fault sys-
tems in strong crust have shallower seismogenic zone thickness.

3. Data

We use data from 15 broadband seismometers deployed in the RVP August 2013 to October 2015, 40 broad-
band seismometers deployed along the western and eastern margins of the Malawi rift between July 2014
and October 2015, 6 broadband OBS deployed between March and November 2015, and 24 short‐period
OBS deployed between 27 February and 21 April 2015 (Gaherty et al., 2013; Shillington et al., 2016;
Figure 2). Data from two Malawi Geological Survey Reftek 120s instruments (VWZM, KARM) and the
TANGA14 array of 13 stations (Hodgson et al., 2017) were also used (Figures 1, SM1). OBS had Trillium
240s and L28LB sensors. The onshore deployment included Guralp CMG3T, 40T, Streckheisen STS‐2, and
Trillium 40s sensors. Onshore dataloggers in Tanzania recorded at 50 sps. Malawi stations, as well as
long‐period OBS stations, recorded at 100 sps, and the short‐period instruments recorded at 200 sps. Data
for most stations are low noise (e.g., Accardo et al., 2017). P and S wave arrival times were picked manually
for each event on velocity seismograms after applying a Butterworth bandpass filter between 1.5 and 15 Hz. S
waves were picked on transverse components after initial locations were determined.

4. Methods
4.1. Velocity Model

We invert a subset of the SEGMeNT arrival time data to best fit a 1‐D velocity model using the program
VELEST (Kissling et al., 1995). VELEST simultaneously inverts for 1‐D velocity structure and hypocentral
parameters, providing constraints on station corrections.

4.2. Earthquake Locations

Absolute locations are determined using HYPOINVERSE‐2000 (Klein et al., 2000), and the new 1‐D velocity
model (section 5.3 and Table SM1 in the supporting information). We also relocate six clusters of earth-
quakes in the RVP, North and Central basins using the double‐difference location algorithm, HypoDD
(Waldhauser, 2001). The algorithm uses differences in arrival times between nearby earthquakes to deter-
mine locations relative to a centroid. For example, the two ray paths between two earthquake sources and
a common station are similar for events where the hypocentral separations (<10 km) are much smaller than
the distance between events and stations (0‐120 km; e.g., Waldhauser & Ellsworth, 2000). The residuals
between observed and theoretical travel time differences are minimized for pairs of earthquakes at each
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station. In our implementations, the lag times of cross‐correlated P wave onsets and absolute travel time
measurements are used in the double‐difference relocations.

4.3. Earthquake Magnitude and b‐Value

Seismic attenuation in the crust is an important control on the observed amplitude of phase arrivals, and
therefore, local magnitude estimates (e.g., Condori et al., 2017; Illsley‐Kemp et al., 2017). Variations in
attenuation, which may occur between stable lithosphere and faulted and intruded lithosphere, motivated
an evaluation of the local attenuation characteristics of the Malawi rift. We estimate attenuation to develop
a local magnitude scale. Local magnitudes (ML) for each earthquake were estimated by first convolving the
seismograms with Wood‐Anderson standard response to obtain displacement seismograms (Anderson &
Wood, 1925) then by measuring maximum peak‐to‐peak amplitude on north‐south and east‐west horizontal
components. We use both horizontal components to determine station correction terms per component, and
then use the average of these values as the overall earthquake magnitude. There is no bias introduced, in
comparison to standard methods of using the larger of the two horizontal amplitudes, because we have
determined the N‐S and E‐W station corrections.

ML has been defined as

ML ¼ log Að Þ– log A0ð Þ þ C (1)

where A is the observed maximum zero‐to‐peak amplitude of the horizontal seismogram, A0 is the empirical
distance correction, and C is an empirical station correction for each component at each station (Richter,
1935). The distance correction term using the standard 17‐km normalization that enables comparison from
region to region (Hutton & Boore, 1987) is

− log A0ð Þ ¼ n log r=17ð Þ–K r−17ð Þ þ 2 (2)

where n and K are constants related to geometrical spreading and attenuation and r is the hypocentral dis-
tance of the event in kilometers. Using these new parameters, we directly solve for earthquake local magni-
tude and station correction terms (Keir et al., 2006; Illsley‐Kemp et al., 2017; see Figure SM4 in the
supporting information).

The statistical relation between earthquake frequency and magnitude provides important information on
expected magnitudes. In plate boundary zones worldwide, the frequency distribution of earthquakes of
any given magnitude follows a log‐linear relation:

log N ¼ a–bM (3)

where M is local earthquake magnitude and N is the number of earthquakes of magnitude larger than the
magnitude threshold (Gutenberg & Richter, 1954). The largest magnitude earthquakes are rare, whereas
small‐magnitude earthquakes are common. The slope of the curve, b, is inversely proportional to the plate
boundary stress (e.g., Scholz, 1968, 2015). We estimate the magnitude of completeness, MC, using the max-
imum curvature method, including the correction factor of Woessner and Wiemer (2005), and then we use
the maximum likelihood method (Aki, 1965) to calculate the b‐value fit of the set of earthquakes with ML ≥
MC. The uncertainties are reported via the bootstrap method (Woessner & Wiemer, 2005), which takes into
consideration the uncertainties of both MC and the b‐value fit.

4.4. Source Mechanisms

We estimate earthquake source mechanisms using both first motions (Snoke, 1984) and waveformmodeling
of two of the largest magnitude earthquakes within the array. The first‐motion analyses assume a double‐
couple solution and use the take‐off angle and backazimuth from the HYPOINVERSE solution, which
includes station corrections. Given the sensitivity of take‐off angles to depth, we also use waveformmodeling
methods to evaluate earthquake source mechanisms with depth as a free parameter.

For the two M > 4 earthquakes, full moment tensors (FMTs) are calculated using the Grond package
(Heimann et al., 2018). Assuming a temporal point source, we model and fit long‐period Rayleigh and
Love waves (bandpass filtered to a range within 0.02‐0.10 Hz). The FMT inversion, performed in the time
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domain, includes a built‐in Monte Carlo optimization algorithm applied to objective functions perturbed
using the Bayesian bootstrap method, to find a global best‐fitting solution based on an L1‐norm misfit func-
tion (Dahm et al., 2018; Heimann et al., 2018). In this method, we calculate the six moment tensor terms, the
centroid times, and coordinates, but not source duration. The Green's functions are calculated from the 1‐D
velocity model from section 4.1 using the QSEIS (version 2006a) backend (Wang, 1999) of the Fomosto tool
of the Pyrocko software (Heimann et al., 2017).

4.5. Stress Inversion and Kostrov Summation

Given that the earthquake cycle is much longer than the ~2‐year time period of the SEGMeNT array, we
compare and contrast strain rates and relative plate velocities in the northern Malawi rift using both local
and teleseismically detected earthquakes (1976‐2018). The approximately 40‐year record of teleseismic
events may be as much as an order of magnitude shorter than the seismic cycle in this slowly extending rift
zone, owing to the lack of palaeoseismicity data from East Africa (e.g., Zielke et al., 2009). We take two
approaches. The first is an inversion for principal stresses using a grid search algorithm (Martínez‐Garzón
et al., 2014). Uncertainties are quantified using the bootstrap method with 200 solutions, assuming 95% con-
fidence limits. Only one nodal plane is used in each iteration, with the preferred nodal plane being that
which is optimally oriented to a given stress state, using the approach of Vavryčuk (2014). We invert both
our new focal mechanisms (63 events, Table 1) and the declustered catalogue of moment tensors from wave-
form modeling (18 events; Table SM2; Foster & Jackson, 1998; Yang & Chen, 2010; Biggs et al., 2010).

The second approach is the Kostrov summation, which provides the average of the individual moment ten-
sor components weighted by their magnitudes (Kostrov, 1974). The comparison of the local and teleseismic
stress inversions and the Kostrov summations and stress inversions provides some indication of the tectonic
significance of the small magnitude earthquakes, which may be influenced by local, rather than
tectonic stresses.

5. Results and Interpretations
5.1. 1‐D Crustal Velocity Model

The earthquakes were first located with HYPOINVERSE‐2000 (Klein, 2002) using a 1‐D velocity model from
Accardo et al. (2017). The data rarely sample the Moho so we included separate constraints: an average
Moho depth of 40 km (Borrego et al., 2018) and a mantle P wave velocity of 8 km/s from a regional Pn tomo-
graphy study (O'Donnell et al., 2016). Only events with at least 35 phase picks, including both P and S arri-
vals, where Swave arrivals have half the weighting factor of corresponding Pwave arrivals, were used in the
inversion. To obtain a Vp/Vs ratio representative of the selected data, we compute a Wadati diagram, which
yields a best fit Vp/Vs ratio of 1.75 (Figure SM2). Applying these criteria results in 355 events used for the
inversion of a 1‐D P wave velocity model that minimizes the average (root‐mean‐square [RMS]) value of
the travel time residuals for all events (Kissling, 1988; Table SM1 and Figure SM3). Twenty initial models
were obtained by perturbing sediment and crustal velocities (Figure 3). The inversions were stopped when
the velocities did not vary significantly in the subsequent inversion. The RMS residual of the initial models
ranged from 1.05 to 2.10 s and decreased to 0.68 s in the final model. Further tests of the stability of themodel
are presented in Figure SM3. Station corrections obtained using VELEST were input to HYPOINVERSE‐
2000 for relocations with the new velocity model. Crustal velocities below 5 km are similar to those of the
Late Proterozoic Pan‐African belt in areas lacking magmatic underplate, as determined from controlled
source experiments (Maguire et al., 1994; Mechie et al., 1994).

5.2. Magnitudes and b‐Value

For the RVP and Malawi rift, we find that the geometrical spreading constant n is 0.9 and the attenuation
constant K is 6.22 × 10‐4. Equation (2) becomes

− log A0ð Þ ¼ 0:9 log r=17ð Þ–6:22×10−4 r−17ð Þ þ 2; (4)

where r is distance in kilometers.

At distances less than 100 km, the attenuation in the northern Malawi rift and RVP is very similar to the
Tanganyika rift (Lavayssière et al., 2019)(Fig. SM4a). The increased attenuation within the rift is consistent
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Table 1
Focal Mechanism Solutions, With up to Nine Solutions and 2σ of the Strike, Dip, and Rake, Are All ≤20°

Date Time

Lon (°) Lat (°)
Depth
(km)

Focal mechanism

ML

#
Sol 2σstrike

#
Phases

Ev
#Dd mm yyyy Hh mm ss.ss Strike Dip Rake

15 7 2014 01 27 17.87 33.4438 ‐8.9735 13.1 269.1 42.3 ‐67.4 2.0 4 20 17 1
15 7 2014 21 12 05.49 33.2733 ‐8.8667 8.6 317.0 69.7 ‐52.3 2.3 1 0 14 2
21 7 2014 23 19 58.19 34.2457 ‐9.9602 19.9 229.4 36.2 72.9 1.9 1 0 17 3
26 7 2014 21 36 13.15 34.5133 ‐10.2657 25.1 182.1 42.1 ‐31.1 2.5 3 13 16 4
10 8 2014 19 45 08.50 33.0720 ‐8.7288 5.2 50.5 46.9 ‐69.2 3.7 1 0 44 5
12 8 2014 00 10 23.01 34.3043 ‐10.1633 19.2 280.2 68.5 ‐57.5 1.7 1 0 11 6
12 8 2014 19 48 47.36 34.2935 ‐10.1795 15.0 220.2 46.9 ‐69.2 2.4 2 5 19 7
18 8 2014 18 02 47.30 34.3725 ‐10.3485 17.7 29.3 41.4 ‐40.9 2.6 2 1 26 8
11 10 2014 23 06 49.76 34.6125 ‐10.1123 19.1 2.8 77.8 8.7 2.8 1 0 30 9
13 10 2014 00 50 24.88 34.4853 ‐11.0448 30.0 35.9 35.5 ‐53.9 2.3 4 12 23 10
30 10 2014 05 12 50.06 34.3813 ‐9.5558 25.2 6.3 81.7 ‐23.7 3.2 1 0 38 11
27 11 2014 22 28 25.00 34.4652 ‐10.9590 19.9 269.1 80.0 84.9 2.0 1 0 21 12
2 12 2014 09 15 22.31 33.7912 ‐9.8098 11.5 199.6 82.4 ‐49.5 3.1 2 9 28 13
5 12 2014 21 44 26.23 33.7915 ‐9.8025 12.8 25.0 85.0 ‐0.4 2.6 4 7 34 14
12 12 2014 02 33 31.13 34.5412 ‐10.3045 17.5 25.7 56.4 ‐71.9 2.5 3 6 29 15
15 12 2014 19 30 44.17 34.1878 ‐10.3025 20.0 17.4 51.6 ‐70.7 3.4 1 0 42 16
19 12 2014 23 07 22.75 34.2488 ‐10.1927 18.8 335.9 80.0 ‐84.9 3.8 3 10 43 17
20 12 2014 00 37 31.91 34.2560 ‐10.1920 17.3 333.6 31.5 ‐70.6 2.4 1 0 33 18
24 12 2014 19 52 39.79 33.6950 ‐9.1300 11.1 331.2 48.4 ‐62.7 2.6 2 5 34 19
31 12 2014 11 41 51.61 33.8483 ‐9.8482 10.8 182.0 51.6 ‐70.7 2.8 3 5 31 20
31 12 2014 19 47 32.87 33.8462 ‐9.8508 12.1 200.0 55.0 ‐90.0 5.2 1 0 36 21
31 12 2014 20 04 47.68 33.8518 ‐9.8430 9.8 251.5 60.2 ‐54.8 3.2 3 8 39 22
31 12 2014 20 35 11.13 33.8312 ‐9.8588 10.6 57.5 63.9 ‐24.2 3.3 1 0 37 23
1 1 2015 00 32 13.99 33.8357 ‐9.8245 9.1 238.3 54.4 ‐58.6 3.4 1 0 35 24
4 01 2015 20 02 02.40 34.5550 ‐10.1837 15.2 46.1 75.5 ‐4.0 2.2 3 2 29 25
6 01 2015 21 42 58.60 34.2833 ‐10.1462 19.3 167.3 65.1 ‐84.5 2.5 1 0 41 26
12 01 2015 22 50 07.89 33.8587 ‐9.8628 10.4 317.9 46.9 ‐69.3 2.4 1 0 37 27
18 01 2015 20 51 35.55 33.8290 ‐9.8650 11.3 212.1 35.3 ‐81.3 3.0 1 0 41 28
20 01 2015 01 07 31.26 34.0943 ‐9.6213 25.1 208.3 80.3 ‐74.8 2.9 1 0 43 29
22 01 2015 23 06 49.60 34.2860 ‐9.9987 23.3 335.0 40.0 ‐90.0 2.0 3 3 36 30
23 01 2015 23 27 33.58 33.8607 ‐10.0627 15.1 247.5 41.0 ‐74.7 2.3 2 2 36 31
28 01 2015 12 11 28.25 34.0382 ‐10.1375 11.2 294.1 57.4 ‐66.0 2.8 1 0 40 32
31 01 2015 21 09 54.46 33.8457 ‐9.8345 9.9 280.7 52.8 ‐64.6 2.1 1 0 33 33
4 02 2015 07 36 13.39 33.8128 ‐9.8355 11.9 355.0 45.2 ‐82.9 2.8 4 7 30 34
4 02 2015 22 40 42.63 34.2878 ‐10.0685 17.0 230.0 80.0 ‐90.0 1.8 1 0 25 35
16 02 2015 13 23 26.10 34.4952 ‐10.2162 20.0 4.9 39.7 ‐57.6 3.4 1 0 35 36
28 02 2015 01 45 50.98 34.3378 ‐10.3130 28.3 128.6 30.4 ‐80.1 2.0 1 0 28 37
2 03 2015 22 54 56.10 33.8383 ‐9.8637 11.1 298.5 55.1 ‐83.9 2.4 1 0 39 38
4 03 2015 00 39 17.83 33.8265 ‐9.8430 10.3 339.0 52.8 ‐64.6 2.9 1 0 50 39
6 03 2015 23 37 30.32 34.4092 ‐11.1775 31.5 175.0 43.9 ‐22.2 2.6 1 0 25 40
11 03 2015 00 19 02.71 34.3792 ‐11.0450 23.7 221.7 54.4 ‐58.7 2.2 9 16 30 41
17 03 2015 12 30 53.13 33.9463 ‐9.3797 14.6 320.0 55.0 ‐90.0 3.0 2 0 42 42
18 03 2015 21 11 34.74 33.7918 ‐9.9973 19.9 62.5 80.1 28.5 2.6 7 2 37 43
20 03 2015 06 40 23.03 34.1747 ‐9.6745 18.4 123.7 48.4 ‐48.1 2.6 6 5 38 44
9 04 2015 01 10 42.98 34.3933 ‐9.3697 30.4 176.2 84.3 34.6 4.4 1 0 50 45
2 05 2015 20 56 18.76 34.6727 ‐10.8868 10.0 250.0 50.0 ‐90.0 2.1 1 0 29 46
2 05 2015 21 32 11.23 34.6822 ‐10.8965 12.3 167.0 57.4 ‐66.0 2.0 2 1 32 47
6 05 2015 10 56 17.43 34.2917 ‐9.7757 30.0 184.6 46.0 ‐54.0 2.7 1 0 35 48
6 05 2015 22 29 57.05 34.5157 ‐11.2840 31.5 342.1 56.2 ‐53.0 2.3 1 0 26 49
9 05 2015 01 53 55.39 33.9308 ‐10.0457 16.0 169.7 50.1 ‐56.6 2.0 6 16 32 50
10 05 2015 14 42 51.31 34.1357 ‐10.3948 19.3 202.9 50.1 ‐56.6 2.7 2 2 31 51
1 06 2015 01 32 26.84 34.5862 ‐10.1353 12.5 352.9 60.1 ‐84.2 2.5 1 0 44 52
2 06 2015 21 12 01.96 34.3768 ‐10.5527 20.1 150.9 40.3 ‐82.2 2.2 3 5 31 53
5 06 2015 02 37 18.84 34.6042 ‐11.0928 30.2 22.5 40.3 5.9 2.6 1 0 27 54
9 06 2015 20 59 36.2 33.8600 ‐9.8938 27.7 197.5 80.2 ‐28.5 4.1 9 3 45 55
16 06 2015 17 45 16.26 34.0015 ‐9.2743 14.3 280.0 55.0 ‐90.0 3.3 3 5 45 56
17 07 2015 17 00 59.63 34.8543 ‐10.4147 9.3 149.3 45.9 ‐76.0 2.8 1 0 44 57
14 08 2015 15 15 33.07 34.4382 ‐10.9503 24.9 347.3 65.1 ‐84.5 3.3 2 10 34 58
5 09 2015 08 06 38.73 34.2470 ‐9.9805 25.0 184.2 50.2 ‐83.5 2.6 2 1 28 59
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with the presence of crustal‐scale faulting and thick sedimentary and volcaniclastic sequences within the
basins. However, at larger hypocentral distances where waves travel through the lower crust and upper
mantle, attenuation is significantly lower and more closely resembles the Tanzanian craton (Langston
et al., 1998). The new scaling provides constraints on expected ground‐shaking (e.g., Midzi et al., 1999).

The local magnitude (ML) of earthquakes detected over the 2.5‐year time period of the SEGMeNT array var-
ies between 0.67 and 5.20. We used the catalogue (1,178 earthquakes) to determine the magnitude of com-
pleteness, Mc = 1.92 ± 0.05, taking into consideration the correction factor of +0.2 as in the Maximum
Curvature method of Woessner and Wiemer (2005). Using the maximum likelihood method, we estimate
a b‐value of 0.77 ± 0.03 (Figure 4).

Although the SEGMeNT array includes the RVP, the b‐value estimate is the same (within errors) as the b‐
value of 0.75 ± 0.02 for the southern Tanganyika and northern Rukwa rifts (Lavayssière et al., 2019). The
northern Malawi rift b‐value is significantly less than the b‐value of 0.84 for Tanzania, which includes the

Archaean craton and Eastern rift (Langston et al., 1998), and b‐value esti-
mates for magmatic rift sectors in the Eastern rift: 0.87 ± 0.03 estimated
for the Magadi‐Natron‐Manyara rift zone (Weinstein et al., 2017) and
0.87 for the central Kenya rift (Tongue et al., 1994).

5.3. Earthquake Locations
5.3.1. Absolute Locations
Considering the time‐varying array geometry, we included only those
events within the array or at a distance from the nearest station that is
≤2 x hypocentral depth. This spatial filtering yields the final database of
1,178 earthquakes within the array. Of these 429 have depth uncertainties
>8 km, owing to poor network geometries, particularly in the southern
part of the SEGMeNT array. About 749 earthquakes have depth uncer-
tainties less than 8 km, and with mean depth errors ≤2.8 km. Mean loca-
tion errors are ≤1.5 km. Double‐difference relocations improve these
uncertainties, which owe in part from the short time period of OBS
recordings. We outline results moving from north to south in the
study region.

We were able to locate events in the Songwe basin at the northern edge of
the array using some stations from the TANGA14 array (Lavayssière
et al., 2019; Figure 1). As was noted in the earlier study by Camelbeeck
and Iranga (1996), the Songwe basin is one of the most active parts of
the region. Although the RVP was monitored for the longest time period,
only 34 earthquakes at depths < 18 km occurred beneath Ngozi and
Rungwe volcanoes, the two largest of the three volcanoes active in
Holocene time (Figure 5). The earthquakes occurred beneath the cal-
deras, and they occurred throughout the observation period, rather than
in temporal swarms.

Table 1
(continued)

Date Time

Lon (°) Lat (°)
Depth
(km)

Focal mechanism

ML

#
Sol 2σstrike

#
Phases

Ev
#Dd mm yyyy Hh mm ss.ss Strike Dip Rake

5 09 2015 12 18 01.07 34.2387 ‐9.4395 20.5 3.2 60.5 ‐78.5 3.4 1 0 41 60
6 09 2015 10 56 55.38 34.3313 ‐10.9647 22.5 184.8 45.9 ‐76.0 2.7 3 10 24 61
17 10 2015 06 11 07.44 34.3722 ‐10.0553 22.7 230.0 5.0 ‐0.0 3.6 1 0 23 62
18 10 2015 07 03 45.82 34.3732 ‐10.0628 30.5 354.2 50.2 ‐83.5 4.2 1 0 18 63

Note. Focal mechanisms are plotted on Figure 8. Events analyzed with waveform inversion are highlighted in bold and presented in Figure 9. All of these events
are used in the stress inversion and Kostrov summation (Fig. 11).

Figure 3. 1‐D P wave velocity model obtained by minimizing the average
(root‐mean‐square) value of the travel time residuals of 355 events with
≥35 phase picks. The initial models are shown as gray solid lines, and the
final model is shown as a black dashed line. The red line is a crustal velocity
model from controlled source experiments in the Late Proterozoic Pan‐
African belt, along the western margin of the Eastern Rift with minimal
crustal thinning and no evidence for crustal underplate (Maguire et al.,
1994). This area lacks sedimentary cover.
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Figure 4. Using the local magnitude scaling and the adjusted maximum curvature method of Woessner and Wiemer
(2005), we determine a magnitude of completeness (Mc) of ML 1.92. The b‐value estimate of 0.77 ± 0.03 was determined
using the maximum likelihood method (Aki, 1965).

Figure 5. Absolute locations of hypocenters found using HYPOINVERSE‐2000 and our new 1‐D velocity model
(Figure 3), color‐coded with depth and scaled by magnitude. Background is hill‐shade with color bar as in Figure 2.
The boxes enclose areas of double‐difference earthquake locations shown in Figure 6. Only a few events within the Central
basin were clustered well enough to be relocated with the double‐difference method, perhaps reflecting the complex
faulting patterns along the Lipichili fault zone, Central Basin (LFZ in Figure 2; e.g., McCartney & Scholz, 2016).
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Within the North Basin, by far the most active region is the Karonga area on the western flank of the North
Basin, where a Mw 5.2 (ML 5.2, this study) earthquake occurred on 31 December 2014 (Figure 5). Over 253
aftershocks were recorded over the following 26 days, 7 of which yielded focal mechanisms (section 5.5).
This same region was the site of damaging earthquakes in 2009 (Biggs et al., 2010; Kolawole et al., 2018a;
Table SM2). Kolawole et al. (2018b) map sand blows and surface ruptures along the St Mary fault from
the 2009 earthquakes (Figure 6). Aftershocks of the 2009 earthquakes detected by a temporary network pri-
marily are localized along a steeply west dipping structure correlated to the St. Mary fault (Gaherty et al.,
2019; Figures 5 and 6). Additional seismicity is observed on other west dipping structures beneath the lake
and on an east dipping structure associated with the Karonga fault. The Karonga fault may interact with the
St. Mary fault at depth (Gaherty et al., 2019; Figures 2 and 6). Further analyses of the 2014 mainshock and
aftershock sequence, its comparison with deformation detected in interferometric synthetic aperture radar
(InSAR), and the spatial relationship between deformation patterns with the 2009 Karonga sequence are
detailed in a companion paper in preparation.
5.3.2. Relative Locations
We use the double‐difference method of Waldhauser and Ellsworth (2001) to relocate earthquakes in five
clusters (Figures 5 and 6). Waveform cross correlation of P arrivals was undertaken using a Pwave time win-
dow size of 2.5 s, using the freeware package GISMO (Reyes & West, 2011). Assuming a 10 km nearest link

Figure 6. Double‐difference earthquake locations with size scaled to magnitude and color to depth, with results combined
from each of the areas shown in Figure 5. KF is Karonga fault, SMF is St. Mary fault. A‐A′ and B‐B′ denote central sectors
of cross sections shown in Figure 8. Permo‐Triassic, Jurassic, and Palaeogene strata in green;Miocene‐Recent volcanic and
volcaniclastic sequences in purple, as in Figure 2.
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distance, only 222 unique events clustered in all of the boxes combined.
The weak clustering may stem from the short time period of deployment
of the OBS, and the broadly distributed seismicity in space and over the ~
30 km seismogenic thickness (Figure 4). Maximum uncertainties in depth
after relocation ranged from 3.8 km in the Central basin to 0.15 km in the
RVP; horizontal errors are everywhere <1.2 km. We present the double‐
difference results in the basin cross sections for comparison with locations
of basement‐involved faults.

5.4. Earthquake Depth Distribution

Many of the ML < 2 earthquakes beneath the lake basin were only
recorded by stations on either the western or eastern side of the lake
and not by the lake‐bottom stations, and this poor array geometry resulted
in weakly constrained depths. Of the 1,178 events within the array, 749
had depth errors <8 km, and they show similar patterns to the double‐
difference relocations (Figure 6). Depths from the relocated clusters of
events (222) are shown in Figure 7. There are two peaks in the depth dis-
tribution: 10‐14 km and a smaller peak between 22 and 26 km. A less pro-
nounced bimodal distribution is also seen in the depth histogram from
absolute locations (Figure SM5).

We compare the depth distributions to cumulative seismic moment
release by making a crude assumption that Mw = ML, owing to the few
calibrated earthquakes with which to make comparisons: the 2014 Mw
5.2 (ML 5.2) and mb 4.25 (ML 4.5) events at 10 and 29 km, respectively,
recorded during the SEGMeNT deployment (Table 1). For earthquakes
of mb ≤ 5, mb is approximately the same as Mw (Gasperini et al., 2013).
The pattern of moment release vs depth will not change with a better‐
constrained scaling relation, but the absolute values of course will. We
then assume that Mw = (logM0 – 9.1)/1.5 with M0 in N‐m (IASPEI,
2013). Note that the 9 April 2015 ML 4.5 earthquake at 29‐km depth
beneath the eastern rift flank was not part of a spatial cluster, so not in
the double‐difference catalogue. The 31 December 2014 Mw 5.2 earth-

quake at 10‐km depth (M0 = 7.9 x 1016) is more than 10 times larger than the summations of the other earth-
quakes and is omitted. We omit that earthquake to better illustrate the pattern of microseismicity (Figure 7).
The peak in energy release matches the maximum frequency of earthquake depths, but there remains signif-
icant energy release by lower crustal earthquakes, particularly when considering the Mw4.5 event at 29 km
(7.1 × 1015 N‐m).

5.5. Earthquake Source Mechanisms

Earthquakes with clear P arrivals on 11 or more stations and with azimuthal gaps ≤120° were screened for
focal mechanism solutions. Examples of normal and strike‐slip earthquake focal mechanism are shown in
Figure SM6. Of the ~200 earthquakes considered, 63 had strike, dip, and rake of the better‐constrained slip
plane each with 2σ ≤ 20° (Table 1). Considering the lateral variations in shallow crustal structure that adds
uncertainty to take‐off angles, we allowed one P phase error if within 5° of a nodal plane (e.g., Figure SM6).

First motion focal mechanism solutions for earthquakes in the crust show a full range from normal dip‐slip
to strike‐slip (9, 11, 23, 25, 43, 45, and 55), and even reverse faulting (3; Figure 8). Most of the normal faulting
mechanisms have two steep (~ 45°) nodal planes (e.g., 1, 5, 7‐8, and 15‐16; Figure 8).

The two largest earthquakes recorded by the SEGMeNT array are a ML 5.2 in the Karonga region on 31
December 2014 (Event 21) and a ML 4.5 on the uplifted footwall block of the Livingstone border fault on
9 April 2015 (Event 45; Figure 9). No local network was in place to locate the 2009 earthquakes with compar-
able accuracy, but InSAR and aftershock studies provide fairly tight constraints on the fault geometry (Biggs
et al., 2009; Gaherty et al., 2019). The FMT obtained for Event 21 using 25 stations has a nearly N‐S strike and
is located to the north of the series of nine M ≥ 4.9 main shocks within two weeks in December 2009 (Biggs

Figure 7. Histogram of hypocentral depths for the Study of Extension and
maGmatism in Malawi aNd Tanzania (SEGMeNT) array from double‐dif-
ference earthquake relocations in blue, overlain with black open boxes
which are seismicmoment release (in N‐m) vs depth. The comparison shows
that energy release is concentrated at depths of 10‐15 km, excluding the Mw
5.2 (7.9 × 1016 Nm) earthquake in 2014 (red star indicates depth). The 9
April 2015 ML 4.5 (7.1 × 1015 N‐m) earthquake at 29‐km depth (blue star) is
not part of a cluster and not included in the double‐difference locations. Not
only do a large number of earthquakes occur in the lower crust, they
represent a significant energy release.
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et al., 2009; Gaherty et al., 2019). On the other hand, the FMT of Event 45 obtained using 23 stations is a
strike‐slip mechanism. The centroid depths are both within 2 km of the catalog depth, indicating robust
catalog depths. In addition, the double‐differenced relocated depth of Event 21 is the same as the centroid
depth. This suggests that Event 45 is definitively in the lower crust, as estimated independently using
moment tensor inversion.

Both events have similar FMTs and first‐motion focal mechanisms, but with slight nodal plane rotations.
Note that the first‐motionmethod is most sensitive to the initial rupture, whereas themoment tensor reflects
the averaged rupture. The nodal plane discrepancy could be attributed to uncertainty in focal mechanism
determination or may reflect a real difference in source processes. For example, a curved fault rupture will
show an initial rupture mechanism that is different to an averaged rupture mechanism (e.g., Frohlich, 1994;
Hicks & Rietbrock, 2015).

Event 21 also appears on the global centroid moment tensor catalog (gCMT; Ekström et al., 2012), with a
similar N‐S trending strike as our FMT, and at a depth of 12 km, as in our local catalog. Assuming a moment
tensor decomposition to isotropic + double‐couple + compensated linear vector dipole, the gCMT for Event
21 is 98% double‐couple, whereas the calculated FMT has only 37% double‐couple. The source‐type discre-
pancy between the deviatoric global CMT and our FMT might indicate regional MTs capturing non‐

Figure 8. Compilation of 63 first motion focal mechanisms determined from the Study of Extension and maGmatism in
Malawi aNd Tanzania (SEGMeNT) array and permanent stations in Malawi, color‐coded with focal depth. Numbers
correspond to the event numbers in Table 1. Events 21 and 45 were also analyzed using FMT inversion (Figure 9). As in
Figure 2, Miocene‐Recent faults in black; Permo‐Triassic, Jurassic faults in dark blue; green infill indicates Permo‐Triassic,
Jurassic sedimentary units; purple denotes Miocene‐Recent lavas and volcaniclastics of the RVP. Ng = Ngozi volcano; Ru
= Rungwe volcano; Ki = Kiejo volcano.
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double‐couple processes better than global MTs (e.g., Oliva et al., 2019), a topic being explored in more detail
through comparisons with models of InSAR data. The Karonga region is 50 km south of the RVP, but far
enough away and without evidence of crustal modification (e.g., Borrego et al., 2018), so it is unlikely that
Event 21 is magma‐related. Magmatism likewise was ruled out in geodetic and seismic studies of the 2009
Karonga sequence (Biggs et al., 2010; Gaherty et al., 2019). Comparison of local and gCMT source
mechanisms of main shock, and aftershocks with InSAR is underway, and will be reported separately.
The non‐double‐couple source component may be attributed to hydrothermal fluids interacting with the
fault or a complex rupture geometry such as a curved fault.

5.6. Rift Kinematics

Only 11 of the 63 earthquakes with focal mechanisms are in or along the flanks of the Central Basin, too few
to obtain robust results using the stress inversion algorithm, and precluding evaluation of along‐axis varia-
tions between the Songwe basin, RVP, North and Central basins (Figure 10).
5.6.1. Local Earthquakes
The Martínez‐Garzón et al. (2014) implementation of the Hardebeck and Michael (2006) stress inversion
estimates uncertainties in principal stresses and stress ratio, R, using the random bootstrap resampling of
the input fault planes. We have removed focal mechanisms for the foreshock and aftershocks of the 31
December 2014 Mw 5.2 earthquakes to create a declustered data set (N= 58). This declustering is done to

Figure 9. Full moment tensor solutions (velocity seismograms) obtained using Grond (Heimann et al., 2018) for the two largest events recorded by the Study of
Extension and maGmatism in Malawi aNd Tanzania (SEGMeNT) array. P and T axes shown as black and white circles, respectively. Five sample synthetic
waveform fits (red) plotted on top of data (black) are shown for each event. Light gray traces are untapered data waveforms, and light red traces are unshifted
synthetic waveforms. The information on the top left of each waveform includes the station name, station‐to‐receiver distance, azimuth, weighting factor, and
relative residuals.
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satisfy the assumption of stress homogeneity within the study area, as aftershocks may accommodate local
stresses induced by the main shock. The local earthquake inversion shows sub NE‐SW directed extension
(N58° +28/‐10) and nearly vertical σ1 (Figure 11a).

The Kostrov summation of local earthquakes shows a WNW‐ESE opening direction (T axis of 286°E;
Figure 11b). The Kostrov summation is dominated by the 2014 ML 5.2 Karonga earthquake mechanism,
which differs in strike by 20° from the waveform inversion, explaining the difference between the two exten-
sion directions (Figure 11b). Owing to the non‐double component determined in the FMT inversion, we pre-
fer the ENE‐WSW direction (Figure 11a) from stress inversion results.
5.6.2. Teleseismically Detected Earthquakes
Earthquake source mechanisms determined fromwaveformmodeling in studies by Dziewonski et al. (1981),
Jackson and Blenkinsop (1993), Foster and Jackson (1998), Biggs et al. (2010), Yang and Chen (2010),
Ekstrom et al. (2012), and this study (Figure 9) form the basis for parallel analyses (Figure 10 and Table
SM2). Owing to the small number and much larger location uncertainties of teleseismically detected earth-
quakes (~10‐30 km), we also include earthquakes from the southern basin of the Malawi rift. The teleseismi-
cally detected earthquakes include the 2‐week 2009 swarm that initiated with a M5.2 earthquake, with the
two largest earthquakes (M5.5 andM6.0) occurring later in the swarm (Biggs et al., 2010). We treat all but the
M5.5 and M6.0 events as aftershocks and remove them from the stress inversion data base.

The σ3 direction from the stress inversion of Malawi rift teleseismically detected earthquakes is N64° +/‐20°,
and R = 0.32 (Figure 11c). The Kostrov summation for the same 40‐year teleseismic record provides a T axis

Figure 10. Source mechanisms from waveformmodeling for earthquakes detected teleseismically (M > 4.5; orange) from
Yang and Chen (2010), Jackson and Blenkinsop (1993), Foster and Jackson (1998), Dziewonski et al. (1991), Ekström et al.
(2012), Biggs et al. (2010), and our new full moment tensor solutions for the ML5.2 and ML4.5 earthquakes recorded
by the SEGMeNT array (Figure 9, Table SM2). Location errors of the teleseismically detected earthquakes may be 30 km or
more.
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(σ3) of N70°E and an extensional strain rate of 1×10‐17 s‐1 or 4×10‐10 year‐1 (Figure 11d). The calculated
seismic strain rate is about 25 times smaller than the average geodetic strain rate in approximately the
same area (Stamps et al., 2018). The discrepancy between the seismic and geodetic strain estimates is
intermediate between that of a magmatic rift (e.g., Northern Tanzania Divergence, Weinstein et al., 2017)
and amagma‐poor rift (e.g., Southern Tanganyika rift; Lavayssière et al., 2019). Part of the seismic strain def-
icit may be due to aseismic deformation within the RVP, which has experienced only minor earthquake
activity during the time period of the SEGMeNT array, and instrumental records (Figure 11d). The low b‐
value indicates strong coupling across crustal‐scale faults, allowing for the possibility of rare M > 7.5 earth-
quakes not captured in the historical and instrumental earthquake catalogues.

The Kostrov and stress inversion results for the teleseismically‐detected earthquakes (Figures 11c and 11d)
are nearly identical and are very similar to the local earthquake extension direction estimates (Figure 11a).

Figure 11. Comparison of grid search stress inversion using the MSATSI program (Martinez‐Garzon et al., 2014) and
Kostrov summation results for (a and b) local and (c and d) teleseismic earthquakes where inputs are weighted by mag-
nitude. (a) Bootstrap uncertainties with 95% confidence limits about best‐fitting σ1, σ2, σ3 indicated by crosses, using the
focal mechanisms in Table 1. (b) Kostrov summation of earthquakes in Table 1 and Figure 8. (c) Bootstrap uncertainties
with 95% confidence limits about best‐fitting σ1, σ2, σ3 indicated by crosses, using the focal mechanisms in Figure 10 and
Table SM2. (d) Kostrov summation of earthquakes in Table SM2. The teleseismic inversion indicates an approximately
N70°E rift extension direction that is consistent with the stress inversion. The exception is the Kostrov summation of the
local earthquakes that is strongly influenced by the two largest earthquakes. The similarity between local and teleseismic
stress inversion indicates that the local earthquakes are representative of tectonic stress.
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The similarity between results weighted by magnitude (Kostrov summation), inversion of local earthquakes,
and teleseismic earthquakes indicates that the ensemble of earthquakes recorded on the temporary array is
representative of tectonic processes.

5.7. Basin Profiles

We use rift perpendicular profiles to illustrate the 3‐D structure of the North and Central basin and the geo-
metry of border faults at depth within the crust, with particular focus on fault slip kinematics (Figure 12).
The cross sections are made parallel to extension direction estimated from stress inversion of earthquake
source mechanisms (Figure 11d). For the purposes of these cross sections, the dip of the border faults is
assumed to be constant and 50°‐60°. Along all cross sections, variation in Moho depth beneath basins is
assumed to be minor (Borrego et al., 2018).

Profiles A‐A′ and B‐B′ cross the central and southern parts of the North Basin, respectively, which is an ~70‐
km‐wide, eastward tilted half‐graben. The western side of the basin is a faulted monocline that exposes
eroded and tilted Karroo and Cretaceous sedimentary strata (Figures 2, 8, and 12). Basement‐involved faults
imaged in reflection data beneath the basin are synthetic to the Livingstone border fault; the eastward tilted
Karonga fault exposed onshore is the exception (e.g., Scholz, 1989 Gaherty et al., 2019). Profiles were chosen
to pass through the most intense clusters of earthquakes detected by the SEGMeNT array and to follow seis-
mic reflection profiles, allowing comparison of shallow and deep fault systems, and short‐term and time‐
averaged deformation patterns (Figures 2 and 5). Profile A‐A′ transects the 31 December 2014 mainshock‐
aftershock sequence, which ruptured at the intersection of the conjugate St. Mary and Karonga faults. The
preferred nodal plane for the mainshock is the westward tilted plane (St. Mary fault), but aftershocks appear
to correspond to slip on both faults. Focal mechanisms are steep and occur along projections of the
westward‐dipping St Mary fault (Figures 6 and 12). Earthquakes occur along the projection of the border
fault and intrabasinal faults to depths of 30‐40 km.

Profile B‐B′ shows a similar basin form as A‐A′. As along A‐A′, basement‐involved faults are synthetic to
the Livingstone border fault. Notable is the apparent absence of faulting on the western rift flank; instead,
seismicity is focused along Faults 10 and 6 (Figure 6). Fault 6 (F6; Figures 6, 8, and 12) is an intrabasinal
fault with more than 1.5 km of vertical displacement. Seismicity along intrabasinal faults occurs from the
base of 1‐ to 5‐km‐thick sedimentary packages to 35 km below sea level. Nodal planes match the projections
of steep normal faults to the lower crust and argue against listric fault geometries at least at depths
shallower than 25 km.

Profile C‐C′ crosses the eastward tilted Central Basin, whose eastern margin is cut by a large offset fault.
Based on seismic reflection imaging, the center of the basin is a narrow horst, referred to as the Lipichili
fault zone (LFZ; McCartney & Scholz, 2016; Figures 2 and 12). Lower crustal seismicity to depths of 30
km occurs along projections of both the Usisya border fault, and the eastern fault system, as well as beneath
the LFZ. Focal mechanisms also indicate slip along steep nodal planes corresponding to border and
intrabasinal faults.

6. Discussion

The new constraints on the depth of the Moho (Borrego et al., 2018) allow us to evaluate the geometry, kine-
matics, and depth extent of border faults, to reconsider depth distributions interpreted from limited teleseis-
mic earthquakes, and to place the persistent Mw > 6 lower crustal earthquakes, typical of the Western rift
system, in tectonic context.

6.1. Distribution of Active Faulting

The North and Central basin profiles demonstrate broad, half‐graben basins whose large‐basin and flank
dimensions indicate deformation of strong, thick lithosphere (e.g., Ebinger et al., 1991; Weissel & Karner,
1989). Based on the time‐integrated deformation and stratigraphic patterns, strain is localized to the
Livingstone and Usisya border fault systems (e.g., Accardo et al., 2018; Ebinger et al., 1991; McCartney &
Scholz, 2016).

In their analyses of ground deformation associated with the 2009 earthquake sequence, Biggs et al. (2010)
suggest that crustal deformation has migrated from the border faults to intrabasinal faults. Comparison of
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seismicity along Profiles A‐A′ and B‐B′ illustrates significant along‐strike variations in the distribution of
earthquakes, which is expected considering that our experiment has captured an instant in the much
longer earthquake cycle of many active faults. Our analyses of well‐located seismicity during the 2.5‐year
SEGMeNT monitoring period indicate that both border and intrabasinal faults are actively
accommodating extensional strain across the basin. Specifically, seismicity is located along segments of
the Livingstone and Usisya border faults, and it occurs at midcrustal to lower crustal depths (e.g.,
Figures 6 and 12). Earthquake patterns indicate that steep, deep border faults remain active through at
least 8 Myr of basin history and that intrabasinal faults may also penetrate to the lower crust. Similar
patterns are seen in the southern Tanganyika rift, where the most energetic, lower crustal earthquakes
occur along projections of border faults (Lavayssière et al., 2019).

River drainage, lake bathymetry, and stratigraphic patterns all indicate modern tilting along the Livingstone
and Usisya border faults, consistent with observations of ongoing border fault slip (e.g., Ebinger et al., 1993;
McCartney & Scholz, 2016; Accardo et al., 2018). Offsets on a prominent 75‐kyr‐old horizon by intrarift faults
in the North basin indicate that intrarift faults, including F6, have likely been active in the Holocene
(Figures 6 and 12).

Figure 12. (a–c) Cross‐rift Profiles A‐A′, B‐B′ across the North Basin, and C‐C′ across the Central Basin (Figures 5 and
6). Double‐difference earthquake locations are shown along Profiles A‐A′ and B‐B′, and absolute locations are shown on
C‐C′. Focal mechanisms within ± 5 km of each profile are projected into the line of the cross sections. The red
squares mark Moho depth estimates within ±10 km of the line of the cross‐section with their associated error bar from
receiver functions (Borrego et al., 2018). The dashed brown line provides an approximate Moho geometry. St. Mary and
Karonga faults from Kolawole et al. (2018b), Biggs et al. (2010), and Gaherty et al. (2019). Numbered faults in
Figure 6. Along C‐C′, LFZ is Lipichili fault zone after McCartney and Scholz (2012).
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Several clusters of seismicity correspond to the expected intersection of conjugate faults, based on projec-
tions of shallow fault dips to subsurface. Examples are the intersections of the St. Mary and Karonga faults
at ~10‐km depth along Profile A‐A′, and the intersection of the Usisya and Lipichili faults at ~20‐km depth
along Profile C‐C′ (Figure 12). Aftershocks of the 2009 earthquake sequence in the Karonga region also clus-
ter at the inferred intersection of the conjugate St. Mary and Karonga faults, but along a greater length of the
two faults than those of the 2014 earthquake and aftershocks (Gaherty et al., 2019). Similar patterns are seen
in the Tanganyika rift where earthquakes also cluster at the inferred intersection of conjugate border faults
at depths of 25‐35 km (Lavayssière et al., 2019).

6.2. Extension Direction

Extension direction in the southern Rukwa and northern Malawi rift zones has been debated for three dec-
ades, in part owing to data gaps in this formerly remote region. Tiercelin et al. (1988) and Chorowicz (2005)
apply mid‐ocean ridge‐transform kinematics to interpret the Rukwa rift and North basin of the Malawi rift
as a right‐lateral transform linking the NW‐SE opening Tanganyika and Malawi rifts. Owing to the finite
width of the deforming rift zones, both sinistral and dextral motions are expected where 80‐ to 120‐km‐long
border faults are linked by relay ramps and oblique‐slip faults that interact in space and time (e.g., Ebinger
et al., 1989; Morley et al., 1990). Delvaux et al. (2001) and Chorowicz (2005) interpret NW‐SE strike‐slip
faults linking the North and Central basin, but the basis for this interpretation is unclear. Ebinger et al.
(1989) considered the orientation of dikes and aligned cinder cones to interpret an ENE extension direction.
Delvaux (2001), Ring et al. (1992), and Mortimer et al. (2007) use palaeostress measurements onshore and
fault orientations beneath the lake to interpret a rotation of the stress field from ENE to ESE in
Quaternary time. Based on stress inversion of local earthquake focal mechanisms and a smaller catalog of
source mechanisms of teleseisms from the Malawi rift and south to ‐17°, Delvaux and Barth (2010) deter-
mine a N62°E opening direction that matches our stress inversion and Kostrov results using a longer time
series. These interpretations assume that fault orientation is optimally oriented to the assumed stress field.

Earthquake data are inadequate to evaluate a possible local stress field rotation in the narrow Songwe basin
between the Rukwa and Malawi rift. Only four earthquakes with focal mechanisms are located in the
Songwe basin (1, 2, 5, and 14), where ENE and NW‐SE extension has been interpreted from waveform mod-
eling of four additional earthquakes detected on temporary arrays (Ferdinand et al., 2002; Brazier et al.,
2005; Delvaux & Barth, 2010).

Our results do not support the interpretations of modern, NW‐SE extension direction in the RVP and north-
ern Malawi rift. Instead, the stress inversion and Kostrov summation analyses of local and teleseismic earth-
quakes indicate an extension direction of about N65°E, consistent with the range of opening directions from
continuous GNSS data north and south of the RVP (Stamps et al., 2018). Although individual focal mechan-
isms of earthquakes withML < 3 show a range of orientations, somemay not be tectonic. These smaller mag-
nitude earthquakes represent a trivial amount of seismic energy release (e.g., Figure 7). The orientation of
border and intrabasinal faults and the active seismicity suggest that extension direction has remained
roughly ENE‐WSW over the past ca. 8 My, or perhaps longer.

Sparse and temporally variable Global Positioning System (GPS) velocity data from the RVP and Usangu rift
at the northern boundary of the Rovuma microplate indicate a rotation from ENE to SE opening direction
(Saria et al., 2014; Stamps et al., 2018). Focal mechanisms for three earthquakes 1 (ML 2.0), 44 (ML 2.6),
and 56 (ML 3.3) suggest sub‐N‐S opening between the presumably rigid Tanzania craton and Rovuma plate
as predicted in the Stamps et al. (2018) model. Yet, the majority of earthquakes in this zone (11, 19, 29, 42, 45,
and 60) argue against the local stress field rotation to NW‐SE in the Usangu and RVP area interpreted from
GPS data (Stamps et al., 2018). The approximately 100‐year‐long historic seismic catalogue may miss a large
magnitude sub‐N‐S opening event between the Tanzania craton (Victoria plate) and Rovuma microplate.
Alternatively, the local NNW‐SSE opening from GPS sites in the RVP may capture along‐axis hinging: uplift
in the Rungwe province relative to the subsiding, spoon‐shaped North Basin. The bending may be in
response to surface and intrusive loads or to more local volcanic and hydrological pressure fluctuations at
Rungwe, Ngozi, and Kiejo volcanoes, as seen in other parts of the rift (e.g., Weinstein et al., 2017; Wood
et al., 2017). Stamps et al. (2018) omitted data from the Virunga volcanic province in the northern sector
of the Western rift owing to along‐axis tilting, but a similar process may affect GNSS results here.
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6.3. Lower Crustal Earthquakes

Seismogenic thickness across both the North and Central rift basins is approximately 30 km, with no clear
difference across and along‐strike (Figures 5 and 12). The unusually thick seismogenic layer is complemen-
tary to estimates of unusually high plate strength in the Malawi rift area, with effective elastic thickness (Te)
of 20‐30 km from forward and inverse models of gravity and topography (Ebinger et al., 1991; Pérez‐
Gussinyé et al., 2009). Crustal Poisson's ratio estimates of 0.23‐0.26 from receiver function analyses of basins
south of the RVP suggest a felsic to intermediate bulk crustal composition (Borrego et al., 2018), although
these values also overlap the range for amphibolite gneiss and some granulites at lower crustal pressures
of 200‐300 MPa (0.24‐0.27; Christensen, 1996; Wang & Ji, 2009). Hellebrekers et al. (2019) examined failure
of mafic gneisses from the Malawi rift and observed little or no change in frictional properties or microstruc-
tures to lower crustal pressures of 300 MPa and temperatures of 700°C expected in the Malawi rift lower
crust. Failure occurred by cataclasis, consistent with a high viscous strength of mafic materials
(Hellebrekers et al., 2019). Considering the lack of evidence for magma intrusion south of the surface expres-
sion of the RVP, our preferred interpretation of lower crustal seismicity beneath the Malawi rift flanks and
basin is a strong mafic gneiss and granulite lower crustal composition.

6.4. Hazard Implications

The long, contiguous border faults, lower crustal seismicity, and strong lithosphere have both intrigued and
sobered research scientists: Do ~100‐km‐long, structurally contiguous border faults rupture in M7.5‐8 earth-
quakes (Hodge et al., 2015; Jackson & Blenkinsop, 1993; Yang & Chen, 2008)? Although there are no palaeo-
seismicity studies in the Western rift, the combined SEGMeNT and TANGA14 (Lavayssière et al., 2019)
seismicity studies provide new insights into plate coupling in cratonic rift zones.

The largest historic earthquake, M7.4, in East Africa occurred in 1910 in the Rukwa rift between the
Tanganyika and Malawi rifts (Ambraseys, 1991). Although attenuation is high locally within the faulted
rift basins, seismic energy from lower crustal earthquakes is transmitted efficiently through cratonic
lithosphere, indicating that moderate to large earthquakes will be felt regionally (Figure SM4). The
b‐values and depth distribution of moment release in the northern Malawi and southern Tanganyika
rifts are similar and indicate strong coupling between hanging wall and footwall of the border fault sys-
tems. In both areas, b‐value is less than 0.8, and seismogenic layer thicknesses are 30 and 40 km, respec-
tively. Similar b‐values and depth distribution of energy release occur in subduction zone settings where
megathrust fault systems also span the entire crustal thickness (e.g., Bilek & Lay, 2018; Tormann et al.,
2015). Our results indicate a factor of 25 or greater deficit in seismic energy release as compared to com-
parable geodetic moment release over the past 40 years. Combined with the low b‐value indicating
strong plate coupling, we suggest that M > 7.5 earthquakes associated with rupture of entire border
faults do occur, but with repeat times too long to be captured in the historical record (<120 years for
much of the Western rift).

Prior to our local seismicity study, only teleseismically detected earthquakes (M > ~4.5) with location errors
of 10‐30 km were available, and crustal thickness estimates were lacking. Based on teleseismic earthquake
and structural patterns, Fagereng (2013) suggests that lower crustal seismicity is localized along border faults
that exploit pre‐existing weak zones. In his model, intrabasinal faults form in strong crust with shallow seis-
mogenic layer thickness (Fagereng, 2013). Our work shows that seismogenic layer thickness is 25‐35 km
across the uplifted flanks and basins, arguing against the weak border fault zone hypothesis (e.g.,
Figure 12). Local seismicity studies with small location errors show that lower crustal earthquakes also occur
along intrabasinal and border faults in the Tanganyika and Rwenzori sectors of the Western rift (Lindenfeld
et al., 2010; Lavayssière et al., 2019), providing context for the teleseismically detected earthquakes (e.g.,
Craig et al., 2011; Yang & Chen, 2010). The b‐values significantly less than 1 indicate strong coupling in
all of these settings. The clear differences between the intrabasinal and border faults are their lengths: intra-
basinal faults are 20‐40 km long, whereas the border faults are more than 100 km in length (e.g., Accardo
et al., 2018; Ebinger et al., 1991). A characteristic 30‐km intrabasinal fault length is consistent with a Mw
6.5 earthquake rupture, if we assume a slip of 1 m, a shear strength of 32 GPa, and seismogenic layer thick-
ness of 30‐40 km. Similar patterns are observed in the S. Tanganyika rift where several Mw > 6 earthquakes
have been located (Lavayssière et al., 2019; Yang & Chen, 2010).
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7. Conclusions

We use the 2013‐2015 onshore‐offshore SEGMeNT seismic array and permanent Malawi stations to analyze
the time‐space patterns of seismic deformation in the southern Rukwa rift, RVP, and northern Malawi rift.
Earthquakes are relocated using a new regional 1‐D velocity model, and clusters are analyzed using double‐
difference methods. Using the new magnitude scaling relation and station correction terms, magnitudes of
the 1,178 earthquakes within the SEGMeNT array are 0.7 < ML < 5.2 with a b‐value 0.77 ± 0.03, and mag-
nitude of completeness ML 1.9. Although the SEGMeNT array includes the RVP, the b‐value estimate is the
same (within errors) as the b‐value of 0.75 ± 0.02 for the southern Tanganyika and northern Rukwa rifts. The
low b‐value indicates strong coupling across border and intrabasinal faults. Although teleseismically
detected earthquakes between 2009 and 2014 have had focal depths < 15 km, the seismogenic layer is 30‐
35 km in both the North and Central basins, with little difference between ~100‐ and 120‐km‐long border
faults and ≤30 km‐long intrabasinal normal faults. Focal mechanism solutions for 63 earthquakes reveal
predominantly normal and oblique‐slip motion with steep nodal planes. Along representative rift profiles,
steep nodal planes correspond to projections of surface faults to lower crustal depths. The earthquake pat-
terns in the Malawi rift indicate frictional failure in strong crust, arguing against significant heating outside
the RVP.

The stress inversion and Kostrov summation analyses of local and teleseismic earthquakes indicate a mod-
ern extension direction of about N65°E, with little indication of a local rotation in the RVP or Usangu area.
Earthquake patterns, therefore, indicate that steep, deep border faults remain active through at least 8Myr of
basin history. Seismic strain rate estimated from Kostrov summation of Malawi rift teleseisms is about 25
times smaller than strain rates from models of sparse geodetic data, implying that time scale of monitoring
is too short to sample the largest magnitude earthquakes and that some rift opening is accommodated aseis-
mically. The low b‐value, border fault lengths >100 km, and evidence for aseismic deformation within the
Tanganyika‐Rukwa‐Malawi zone together indicate that infrequent M > 7.5 earthquakes are possible within
this cratonic rift.
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