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The 2017 Moijabana earthquake in central Botswana (Mw6.4) was a large and deep event for a continental 
interior and occurred in a region with little historical seismicity. Based on InSAR measurements of surface 
deformation spanning the event and teleseismic observations, we determine the ruptured fault plane 
and finite rupture model of the earthquake. Although this oblique normal-faulting earthquake is too 
deep to uniquely determine the rupture plane geometry from InSAR alone, the best-fitting fault plane 
constrained by the joint inversion of teleseismic waveforms and InSAR data has a southwest dip and a 
strike of 126◦, roughly consistent with the geologically mapped strike of the Kaapvaal craton’s northern 
edge. Our results indicate that the earthquake had a total duration of ∼10 s, characterized by two major 
asperities. The first asperity nucleated in the lower crust and then the rupture propagated up-dip. The 
lower crustal asperity shows a much shorter rise time compared with the shallower asperity, indicating 
that contrasts in stress or material properties may have played an important role in the rupture process. 
The earthquake appears to have occurred in the Limpopo belt, a Proterozoic orogenic belt that represents 
an ancient zone of weakness between the Archean Zimbabwe and Kaapvaal cratons. In the present day, 
this zone of weakness may be responding to the stress field imposed by the East African Rift System.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The vast majority of global seismicity is associated with ac-
tive faults along plate boundaries. However, the occurrence of in-
traplate earthquakes demonstrates that continental interiors are 
not entirely stable and are associated with seismic hazard (England 
and Jackson, 2011). Large intraplate earthquakes, although rare, 
show that continental lithosphere can build up significant tec-
tonic or non-tectonic stresses. The causes of these earthquakes 
have long been debated in the literature (Liu and Zoback, 1997;
Pollitz et al., 2001; Calais et al., 2016).

A large intraplate earthquake occurred in a remote area of cen-
tral Botswana on April 3, 2017. The Moijabana earthquake had 
an oblique normal faulting mechanism (Fig. 1), nucleated at a 
depth of 29 km, and had a W-phase moment magnitude of Mw6.5 

* Corresponding author.
E-mail address: kmaterna@berkeley.edu (K. Materna).
https://doi.org/10.1016/j.epsl.2018.11.007
0012-821X/© 2018 Elsevier B.V. All rights reserved.
(ANSS ComCat). It was widely felt in Botswana, Zimbabwe, and 
South Africa. Some buildings in nearby villages sustained struc-
tural damage, but there were no reported casualties (Government 
of Botswana, 2017). The event produced 11 Mb4–5 aftershocks 
recorded in the USGS catalog, with the most recent so far occur-
ring in November 2017.

The earthquake occurred in an area with no historic record of 
seismicity (from the ISC-GEM catalog, dating back to 1920), very 
little topographic relief, and no known active faults. Before this 
earthquake occurred, most seismic activity in Botswana was in the 
Okavango Delta, several hundred kilometers to the north (Reeves, 
1972; Gumbricht et al., 2001). In this study, we jointly analyze In-
terferometric Synthetic Aperture Radar (InSAR) measurements of 
deformation from the earthquake and teleseismic waveform obser-
vations to constrain the source parameters and kinematic rupture 
of the event. We also consider geologic and geophysical informa-
tion on the epicentral area to better understand the event’s tec-
tonic framework.

https://doi.org/10.1016/j.epsl.2018.11.007
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:kmaterna@berkeley.edu
https://doi.org/10.1016/j.epsl.2018.11.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2018.11.007&domain=pdf
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Fig. 1. Tectonic setting of southern Africa. The colored dots represent historical earthquakes in the USGS COMCAT catalog (1910–2017). Moment tensors are shown where 
available in the GCMT catalog from 1976–2017 (Ekström et al., 2012). Event colors represent hypocentral depth from the USGS. The simplified EARS plate boundary from 
Bird (2003) is shown in red. The 2017 Moijabana earthquake is outlined by a black box. Orientations of SHmax from the World Stress Map 2008 (Heidbach et al., 2010) are 
drawn as solid bars, colored according to their faulting environment. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
2. Tectonic setting

The large-scale active tectonic regime of southern Africa (Fig. 1) 
is the East African Rift System (EARS). The rift system is accom-
modating extension between the African plate (Nubia) and the So-
malia plate (DeMets et al., 2010). Extension is faster (4–6 mm/yr) 
in the north and slower (1–2 mm/yr) in the south, where the rift 
also splits into eastern and western branches (Kinabo et al., 2007;
Stamps et al., 2008). In Botswana, the southwestern EARS produces 
slow extension in the northwest of the country, but is not known 
to extend to the area of the earthquake.

Southern Africa includes a broad region known as the Kala-
hari craton (Hanson et al., 2004; Priestley et al., 2006), which 
contains most of Botswana and the epicenter of the Moijabana 
earthquake. This craton is generally Archean in age and partici-
pated in the formation of multiple supercontinents through ge-
ologic time (Groenewald et al., 1995). The Kalahari craton has 
remained stable over the last 2.3 Ga, although there is evidence 
for intrusions and orogenesis within the craton at various times 
(Priestley et al., 2006). At a smaller scale in Botswana, the Kala-
hari craton is made of a number of constituent geologic terranes 
(Fig. 2a). Prominently, the Kaapvaal craton and Zimbabwe cra-
ton are two major blocks of Archean age that have been de-
formed little since their formation, and the rocks within these 
cratons display only low-grade metamorphism (Begg et al., 2009;
de Wit et al., 1992).

In contrast, a series of highly deformed Archean and Protero-
zoic orogenic belts surround these cratonic blocks (Fig. 2). The 
Limpopo belt is Archean age continental material (de Wit et al., 
1992) that was subjected to multiple episodes of intense defor-
mation and high-grade metamorphism throughout the Proterozoic 
(Mapeo et al., 2001). The southern edge of the Limpopo belt is the 
Mahalapye belt, a mix of heavily deformed migmatite, gneiss, gran-
odiorite, and quartz-monzonite that is intruded by granitic plutons 
(Millonig et al., 2010; Ranganai et al., 2002). North and west of 
the Kaapvaal craton, the Makondi, Okwa, and Kheis belts together 
comprise a NE-SW trending structure known as the Kalahari Su-
ture Zone (Key and Ayres, 2000). This former thrust zone contains 
granulite facies metamorphic rocks such as garnet-bearing gneiss 
(Mapeo et al., 2001), but in many places today is overlain with 
thick Phanerozoic sediments from the Kalahari desert (Schluter, 
2006). The age range for most deformation in the orogenic belts 
around the two cratons is 1.96–2.06 Ga (Key and Ayres, 2000;
Mapeo et al., 2001).

The most recent major deformation event throughout Botswana 
was the emplacement of the Karoo igneous dykes related to the 
Mesozoic breakup of Gondwana (Le Gall et al., 2005). A survey 
of almost 400 Karoo dykes found that they consist of mainly 
basalt, dolerite, and gabbro, and that 87% of them were emplaced 
178–179 Ma (Le Gall et al., 2005). Some of the dykes trend NE 
while others trend WNW through the Limpopo belt. An aeromag-
netic dataset clearly showing the Karoo dyke intrusions is shown 
in Fig. 2b.

Further north in Botswana, the Damara Belt and Okavango Rift 
Zone (ORZ) form an ancient collisional zone that now accommo-
dates geologically recent rifting (Kinabo et al., 2007; Modisi et 
al., 2000). The ORZ, consisting of multiple northeast striking half-
grabens, is often considered a type example of an incipient rift, 
as rift initiation is inferred to be as young as 40 Ka (Bufford et al., 
2012; Kinabo et al., 2008). The ORZ is part of the southwest branch 
of the EARS, but there are no mapped faults or evidence of young 
tectonism south of ∼21◦S (Bufford et al., 2012).

Historical seismicity in southern Africa is primarily related to 
EARS features, such as the ORZ and rifting in Zimbabwe/Zambia, 
or related to mining activity in central South Africa (Fig. 1). Two 
large rifting earthquakes have taken place in recent years: a Mw6.2 
event in Malawi in 1989, and a Mw7.0 event in Mozambique 
(Copley et al., 2012). Most present-day seismicity in Botswana, 
including a sequence of two M5.8–M5.9 earthquakes in 1952, is 
associated with the ORZ (Reeves, 1972; USGS).

Previous work on the Moijabana earthquake has focused on the 
geologic and aeromagnetic features at the edge of the Kaapvaal 
craton, the surface deformation patterns, and the potential associ-
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Fig. 2. a) Schematic geologic map of Archean terranes in Botswana based on a com-
pilation of maps and information in Key and Ayres (2000), Schluter (2006), Mapeo 
et al. (2001), and Millonig et al. (2010). b) Aeromagnetic data over Botswana show-
ing the placement of Karoo dykes. Figure is adapted from Le Gall et al. (2005). ODS 
represents the Okavango Dyke Swarm, a member of the Karoo dykes. Fault traces of 
the ORZ, shown as red overlays, are from Kinabo et al. (2007).

ation of the event with anthropogenic activity (Albano et al., 2017;
Kolawole et al., 2017). In this work, we combine the InSAR-
measured surface deformation of the event with teleseismic wave-
form modeling to better understand the earthquake’s source pa-
rameters and tectonic setting.

3. InSAR data and modeling

We use synthetic aperture radar (SAR) acquisitions from the 
European Space Agency’s Sentinel-1B satellite to quantify the de-
formation field of the Moijabana earthquake. Twenty-one scenes 
from December 24, 2016 to September 2, 2017 obtained along 
the ascending orbit were processed to form interferograms. No 
descending-orbit data have been collected over this area.

We selected the first image acquired before the earthquake as 
master and co-registered all the other images with it, forming 20 
interferograms with the same master image. We used a digital ele-
vation model from the Shuttle Radar Topography Mission (SRTM-1) 
to correct for the contribution of topographic phase. Phase un-
wrapping was performed using the statistical-cost network-flow al-
gorithm for phase unwrapping (SNAPHU) (Chen and Zebker, 2000). 
After unwrapping these interferograms, a linear ramp was esti-
mated from data points far away from the deformed area and was 
removed from each interferogram in order to account for possi-
ble long-wavelength orbit errors and atmospheric noise. We dis-
carded 6 interferograms with visible complex atmospheric turbu-
lence that is difficult to estimate. In order to suppress temporally 
uncorrelated noise, we then averaged the two sets of remaining 
unwrapped interferograms: one containing interferograms formed 
between the master and the images acquired before the earth-
quake, and the other formed between the master and images ac-
quired after the earthquake (Table S1). We subtracted the averaged 
unwrapped phase measurements from these two sets of interfer-
ograms to obtain a cleaner coseismic deformation measurement. 
Finally, we used the quadtree downsampling method (Jonsson et 
al., 2002) to reduce the number of InSAR data to 438 points, mak-
ing the inversion computations more feasible.

The observations show that the earthquake locations in the 
USGS COMCAT catalog, the GCMT catalog, and the InSAR data are 
quite close (within 10 km; Fig. 3), suggesting that location bi-
ases from errors in the seismic velocity model are small compared 
to some other areas (Weston et al., 2011). The USGS hypocentral 
(29 km) and moment tensor (23 km) depth estimates place the 
event in the lower crust. Surface displacement patterns for deep 
faulting events generally have the same nodal-plane ambiguities 
as seismic moment tensor solutions, and the ambiguity increases 
with source depth. Our goal in modeling the deformation was to 
find best-fitting solutions based on both nodal planes and compare 
their misfit values, in hopes of identifying a preferred fault plane 
and kinematic slip model from the surface deformation.

With the unwrapped InSAR observations, we performed a non-
linear inversion for fault location, geometry and uniform slip am-
plitude and direction on the fault. We used the Markov Chain 
Monte Carlo (MCMC) slice-sampling technique from Neal (2003) to 
draw random samples from the posterior probability density func-
tion for each parameter in the model. Initially we prescribed the 
source to be a rectangular uniform-slip patch with length 23.4 km, 
width 13.6 km, and slip of 0.66 m. These describe the dimensions 
for a typical Mw6.5 normal-faulting rupture (Wells and Copper-
smith, 1994). We then used rectangular dislocation elements in 
an elastic half-space (Okada, 1985) with Poisson’s ratio of 0.25 to 
form Green’s functions for line-of-sight (LOS) displacements. We 
computed the modeled LOS displacements at 438 locations of the 
down-sampled InSAR observations (Fig. 4).

As this is a blind rupture and we do not have knowledge of 
fault structures at depth from past seismicity, we allowed for 7 
free parameters in the inversion. The parameters of the inversion 
are strike, dip, rake, the x and y coordinates of the upper left cor-
ner of the fault plane, fault depth z, and event moment magnitude 
(corresponding to a uniform slip value on the prescribed disloca-
tion plane). We began with initial models drawn from the two 
focal planes in the GCMT moment tensor solution, and placed the 
top of the fault plane at 23 km depth (strike, dip, rake = 126, 51, 
−107 and strike, dip, rake = 332, 41, −70). We instituted wide-
ranging uniform priors on most parameters. For instance, the range 
of possible strike values was 90◦ (i.e., the uniform prior spanned 
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Fig. 3. Unwrapped Sentinel-1B stack of interferograms for the Moijabana earthquake. Negative line-of-sight (LOS) displacement means that the ground moves away from the 
satellite, representing either subsidence or east–northeast movement. Aftershocks are from the ISC catalog (http://www.isc .ac .uk /iscbulletin /search /catalogue/).
90◦–180◦ for inversions using the southwest-dipping plane, and 
270◦–360◦ for inversions using the northeast-dipping plane). The 
uniform priors on dip and rake also spanned 90◦ . The prior distri-
bution on moment magnitude ranged from 6.3 to 6.7. We then ini-
tialized models from the two possible nodal planes of the moment 
tensor, generated 20,000 samples for each model, and analyzed the 
posterior probability density functions (PDFs).

The nonlinear inversion results show that we are able to fit the 
downsampled data very well using fault planes in both NE-dipping 
and SW-dipping orientations. The overall best-fitting model is a 
NE-dipping plane (Fig. 4) with a strike of 326◦ and an RMS mis-
fit of 2.2 mm. When we use a SW-dipping plane, our best-fitting 
model has a strike of 131◦ and fits the data with a 2.3 mm RMS 
value (Fig. 5). The PDFs for strike, rake, dip, and position are well 
constrained in both cases. The best-fitting inversion results for 
both focal planes slightly reduce the magnitude of the earthquake, 
preferring values of approximately Mw6.4 instead of Mw6.5 (corre-
sponding to a 27% reduction of moment from the USGS W-phase 
moment tensor estimate of 6.188e+18 N-m). The results are sim-
ilar if we constrain the magnitude to Mw6.5, but the RMS misfit 
is slightly higher (2.9 mm) for the southwest-dipping plane under 
that constraint.

We performed synthetic tests in order to determine the sensi-
tivity of the InSAR data to the fault plane in question, as both con-
jugate fault planes seemed to model the data extremely well. As 
a test, we produced several forward-modeled displacement fields 
from rectangular sources of known source parameters, added a 
small amount of Gaussian random noise, and attempted to recover 
the input sources through our inversion procedure (Table 1). In the 
first case, we forward modeled a rectangular fault source defined 
in the “Input Source” column and added Gaussian random noise 
with an amplitude of 3.0 mm to simulate the typical misfit of our 
inversions in Figs. 4 and 5. We found that we can reproduce the 
synthetic displacement field equally well with solutions near both 
nodal planes (“Inverted Source” column in Table 1A). The RMS mis-
fit values for inverted solutions based on the two fault planes were 
identical.

In the case of inverting the forward-modeled displacement field 
with no additional noise, we still found that we were unable to 
distinguish the fault plane with the data (Table 1B) because the 
RMS misfits for the two possible fault planes were very similar. 
However, repeating the synthetic test with a source at 15 km depth 
rather than 23 km, we found that the inversion begins to distin-
guish between the input fault geometry and the conjugate fault 
geometry (Table 1C) through producing lower misfits for the plane 
matching the input geometry.

In light of our inversion results and synthetic tests, we suggest 
that two sets of strike, dip, and rake values satisfy the observed 
InSAR data within the level of the noise. For an earthquake of this 
magnitude and depth, InSAR measurements alone may be unable 
to determine which of the two fault planes ruptured. Additional 
constraints beyond the InSAR are required to unambiguously re-
solve the fault plane for an earthquake of this magnitude and 
depth.

4. Teleseismic data and modeling

In order to provide additional constraints on this earthquake, 
we performed joint teleseismic-InSAR inversions for the finite 
fault model of the earthquake. We discretize the planar fault into 
smaller subfaults, and invert for the slip, rake, rise time, and aver-
aged rupture velocity on each subfault. The seismic data are more 
sensitive to the time evolution of the rupture, while the geodetic 
data are more sensitive to the static fault displacements; therefore, 
the combination of the two datasets may provide stronger con-
straints on the source parameters.

We downloaded the teleseismic broadband waveform data from 
an angular distance range of 30◦–90◦ from the IRIS II and IU 

http://www.isc.ac.uk/iscbulletin/search/catalogue/
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Fig. 4. a) Unwrapped and sub-sampled line-of-sight displacement data for the Moijabana earthquake. b) Preferred model based on best-fitting posterior parameter values 
with a NE-dipping plane (strike = 326◦). c) Residuals to the best-fitting model. d) Histograms and tradeoff diagrams showing model parameter distributions from the MCMC 
sampling algorithm. Positive z is deeper; negative z is shallower.
networks. We selected stations to sample the focal sphere as uni-
formly as possible. Although there are many high quality stations 
available, we did not use all of them because nearby stations have 
very similar P and SH waveforms. Based on these criteria, we se-
lected 39 P-waves and 36 SH-waves to provide good coverage in 
azimuth and distance (Fig. S1). The instrument response was re-
moved and the displacement waveforms were low-pass filtered be-
low 1 Hz. Synthetic waveforms were produced using a 1D layered 
earth model with Moho depth constrained from a receiver function 
study (Nguuri et al., 2001). The same velocity model is used to cal-
culate the static Green’s functions with a method proposed by Xie 
and Yao (1989). We weighted the teleseismic and InSAR datasets 
equally and imposed a smoothing constraint on the slip distribu-
tion in the inversion. The non-linear inversion was solved with a 
simulated annealing algorithm to quickly converge on global min-
ima (Ji et al., 2002). Finally, we tried inversions on the candidate 
nodal fault planes in the GCMT solution at a range of hypocentral 
depths. We found that a hypocenter of 29 km provides the best 
fit for both fault planes. We also found that the GCMT solution is 
similar to the solution when we inverted the P and SH waveforms 
for a focal mechanism (Text S1, Fig. S9).

The best-fitting joint inversion result was found using a SW-
dipping fault plane (strike = 126◦; Fig. 6). Both the modeled tele-
seismic waveforms and InSAR results fit the data well (Fig. 6 and 
Fig. 7). The displacement P-waves and the depth phases (pP and 
sP) show clear multiple asperities, indicating a complex rupture 
process of the earthquake. The best-fitting model shows a rupture 
that initiated at ∼30 km depth in the lower crust and propagated 
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Fig. 5. Same as Fig. 4 for the southwest dipping plane (strike = 126◦).
updip to ∼20 km deep, where it resulted in about 80 cm of slip 
at the peak of the slip distribution (Fig. 6). The modeled moment 
magnitude reflects a Mw6.4 event, slightly smaller than the Mw6.5 
reported in the W-phase moment tensor. The depth distribution 
is consistent with the reported hypocenter of 29 km and cen-
troid depth of 23 km. The deep asperity shows a shorter rise time 
(∼1 s) compared with the shallower rupture (>2 s), corresponding 
to two peaks in the moment rate function (Fig. 6c). However, we 
note that the constraint on the risetime from teleseismic wave-
form data is relatively weak, and that additional nearfield strong 
motion data, if there is any, is needed to better resolve the rise-
time. The inversion results on northeast-striking planes produced 
clearly worse fits to the teleseismic data than the results using 
southwest-striking planes (average waveform cross-correlation co-
efficients of 84.8% vs. 81.1%), especially for the depth phases (Fig. 7, 
Figs. S2–S3).

Compared to the joint inversions, teleseismic-only inversions 
show similar first-order slip dimensions and peak slip (Figs. S4–S5). 
However, the inversions differ in the relative strength of the two 
asperities in Fig. 6. The teleseismic-only inversion has a stronger 
asperity on the deeper part of the fault plane and a weaker asper-
ity on the shallow part (Fig. S4a). This discrepancy makes sense 
given that the deeper asperity also has a shorter rise time in the 
joint inversion, thus contributing more to the seismic signal.

To verify the ruptured fault plane (southwest dipping) as re-
vealed by the joint inversion of teleseismic and InSAR data, we 
further refined the location and focal mechanisms of three after-
shocks, aiming at delineating the fault geometry. The procedure 
uses regional broadband waveforms to determine the aftershock 
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Fig. 6. Joint teleseismic-InSAR inversion results for a plane with 126◦ strike. a) Solution for distributed slip on the fault interface. b) Distribution of rise time on the interface. 
c) Map view of slip distribution, and moment rate function produced by the inversion. d) Residuals between InSAR LOS data and model. e) InSAR LOS data. f) Model fit to 
the InSAR LOS data (RMS misfit = 6.3 mm).

Table 1
Synthetic tests for resolving the geometry of a known source through the nonlinear inversion 
technique. The two inversion results for each input source correspond to starting models of 
either nodal plane geometry.

Input source 
(strike/dip/rake)

Input depth 
(km)

Applied noise 
(mm)

Inverted source 
(strike/dip/rake)

RMS misfit 
(mm)

A. 126, 51, −107 23 3 129, 50, −105 3.0
A. 126, 51, −107 23 3 325, 38, −64 3.0
A. 332, 41, −70 23 3 129, 50, −105 2.9
A. 332, 41, −70 23 3 326, 42, −88 3.0

B. 126, 51, −107 23 0 130, 52, −105 0.7
B. 126, 51, −107 23 0 330, 36, −59 0.5
B. 332, 41, −70 23 0 139, 47, −100 0.6
B. 332, 41, −70 23 0 332, 42, −74 0.5

C. 126, 51, −107 15 0 127, 51, 107 0.4
C. 126, 51, −107 15 0 321, 37, −65 1.3
C. 332, 41, −70 15 0 146, 45, −94 1.3
C. 332, 41, −70 15 0 331, 42, −76 0.6
focal mechanisms, and then refines their horizontal locations rel-
ative to the mainshock by surface wave cross-correlation. Finally, 
the depths of the aftershocks were constrained by modeling of 
teleseismic depth phases. The methods we employed are simi-
lar to those described in Wang et al. (2017, 2018), and Zhu and 
Helmberger (1996). See supplemental material and Figs. S9–S14 for 
more details. Our refined aftershock distribution (Fig. 8), although 
it only includes three aftershocks, delineates a fault plane that is 
dipping to the southwest, consistent with our joint inversion re-
sults.

5. Discussion

The Mw6.4 Moijabana earthquake in central Botswana was a 
large earthquake for a location far away from known plate bound-
aries. Stable continental regions, such as the epicentral region of 
this earthquake, are thought to generate only 0.3% of seismic mo-
ment release globally (Johnston, 1989). As such, it is important to 
understand this rare event’s tectonic and geodynamic context. Here 
we interpret the findings of the InSAR and teleseismic modeling, 
and discuss the region’s tectonic setting and potential stress con-
ditions.

5.1. Geophysical inversion results

Our modeling of the InSAR dataset for source fault parame-
ters reveals slightly lower RMS misfit values on planes that dip 
to the northeast, consistent with previous analyses of this event 
(Albano et al., 2017; Kolawole et al., 2017). However, we find that 
due to the depth of the earthquake, the magnitude, and the sin-
gle viewing geometry available from the Sentinel-1B satellite, we 
can model the LOS observations almost equally well with mod-
els from both possible fault orientations. This conclusion is similar 
to that of Gardonio et al. (2018), who also analyze Sentinel-1 In-
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Fig. 7. Teleseismic waveform fits for P and SH phases from the joint teleseismic-InSAR inversion of the Moijabana earthquake. The numbers above and below the start of each 
trace represent the azimuth to the station and the station angular distance in degrees, respectively. The numbers on the top right of each trace are the peak amplitudes of 
the data in micrometers. The average waveform cross-correlation coefficient between data and synthetics is 84.8%.
SAR data and obtain a similarly ambiguous result with respect to 
the modeled fault plane. We note that the preferred fault models 
of our study and Gardonio et al. (2018) differ in the details, and 
in particular, the fault dip differs by as much as 30 degrees. We 
suspect that differences in modeling strategies can explain these 
discrepancies. InSAR downsampling, atmospheric noise mitigation, 
inclusion of rake as a free parameter, and data covariance assump-
tions are all different between the two studies, and we suspect 
that such differences can influence the results of the inversions. 
Another difference could be the time span of data used. For our in-
version, we use a months-long stack of InSAR images, which may 
include some postseismic signal (Table S1). However, we do not 
see evidence for resolvable postseismic deformation in interfero-
grams from 0–5 months after the earthquake (Fig. S9), so we think 
this effect is small. Instead, these differences likely highlight the 
inherent challenges of using geodetic-only data to resolve the pre-
cise kinematics of deep earthquakes.
We find that the joint InSAR-teleseismic dataset, on the other 
hand, is better able to resolve the focal plane ambiguity, as has 
been observed for other earthquakes around the world (Weston et 
al., 2014). As the two conjugate fault planes of the moment tensor 
solution are equivalent in the double couple point source solution, 
they will produce identical waveform synthetics if the source is 
simple enough to be approximated by a point source. The wave-
forms of this event, and in particular the P-waves, require a finite 
rupture model with multiple asperities and rupture directivity to 
better represent the complexity of the source. In this case, the am-
biguity between the two conjugate fault planes can be resolved 
through the teleseismic data. Our modeling results (Figs. 6, 7, S2, 
and S3) show that the fault plane with a strike of 126◦ can fit both 
direct phases and depth phases better than the fault plane with a 
northwesterly strike. This is also consistent with the relocated epi-
centers of three aftershocks (Fig. 8).
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Fig. 8. Map view and depth profile of the mainshock and three relocated aftershocks, 
shown as red dots in the map view and beach balls on the profile. Crosses indicate 
location uncertainty. For comparison, the earthquake locations from the USGS cata-
log are shown as gray circles. See supplement for more details.

Both our InSAR-only results and our joint inversion results sug-
gest that the true magnitude of the event may be slightly lower 
than Mw6.5. The InSAR inversions based on both conjugate fault 
planes find preferred moment magnitude values around 6.4. The 
preferred models from the joint inversions also result in an event 
with Mw = 6.4, a moment reduction of about 27% compared to the 
moment of the USGS W-phase moment tensor. Similar discrepan-
cies in moment release have been identified in other cases around 
the world; a global survey found that typical variability of seis-
mic and geodetic moment estimates is about 20%, and can be as 
high as 44% in some cases (Weston et al., 2011). In the case of the 
Moijabana earthquake, we speculate that this difference in calcu-
lated magnitude may be due to higher-than-average shear modulus 
at the depth of the earthquake. For the seismic dataset, the high 
quality of waveform fits for such a relatively small earthquake may 
result from the simple crustal structure and flat topography in the 
epicentral region.

The teleseismic dataset also contains an interesting feature with 
respect to the temporal evolution of this earthquake. The moment 
rate function shows two distinct peaks, a feature also seen in the 
SCARDEC solution for the event (Vallee et al., 2011). In the finite 
source inversion, it seems that the deeper portion of the fault, 
which ruptured first, had a short rise time (<1 s), in contrast with 
a longer rise time (>2 s) for the shallower portion of the rupture, 
although near-field data would be needed to fully quantify these 
rise times. These features of the rupture may indicate that the fault 
contains a heterogeneous structure of asperities with locally differ-
ing stress conditions or frictional properties. Based on our joint 
inversion slip model, the static stress drop of the earthquake is 
only around 1 MPa, which is much smaller than the stress drops of 
most intra-plate earthquakes (Kanamori and Anderson, 1975). Low 
stress drops indicate relatively modest high frequency radiation, 
but unfortunately, we do not have the near field strong motion 
data that would be needed to verify this.

5.2. Deep intraplate events at craton edges

The Moijabana earthquake took place within the Limpopo Belt, 
a Proterozoic orogenic zone that was previously reactivated during 
major tectonic episodes. It appears to be located near the contact 
between the Limpopo Belt and the Kaapvaal craton (Fig. 2a). The 
Jurassic-age Karoo dyke swarm, emplaced in a nearby area dur-
ing the break-up of Gondwana, also appears to be associated with 
the same preexisting zone of weakness (Fig. 2b). The most recent 
nearby active deformation is found in the Okavango Rift Zone, ap-
proximately 300 km to the north.

With a hypocenter at approximately 29 km depth, this earth-
quake is unusually deep for a rifting event. Receiver functions 
suggest that the Moho depth in the epicentral region is ap-
proximately 45 km (Nguuri et al., 2001), placing this earthquake 
in the lower crust. Previous earthquakes have occurred in the 
lower crust and upper mantle of southern Africa (Yang and Chen, 
2010), suggesting that these regions can support high differential 
stresses despite high temperatures. Alternatively or in addition, 
the large depth of the Moijabana earthquake may be related to 
its location along the edge of the Kaapvaal craton. There is ev-
idence that Proterozoic fold belts at the edges of cratons often 
host intraplate earthquakes (Mooney et al., 2012), and Craig et 
al. (2011) show that the deepest rifting earthquakes in southern 
Africa tend to concentrate along the edges of ancient cratons. In 
body wave and surface wave seismic tomography, these cratons 
show high-velocity lithospheric roots, assumed to represent lower 
temperature material in the upper mantle (James et al., 2001;
Priestley et al., 2006). Furthermore, heat flow measurements de-
pict low heat flow values within the Kaapvaal craton and larger 
values moving away from the craton margin (Ballard et al., 1987). 
These observations support the notion that the cratons in south-
ern Africa are strong, conductively cooled rock masses that have 
lower geotherms and locally deepen the maximum depth of the 
seismogenic portion of the lithosphere (Chen and Molnar, 1983).

While of lower magnitude, several historical earthquakes in this 
type of setting show close resemblance to this event. Two un-
usual normal-faulting earthquakes with magnitudes of M4.5 and 
M3.6 occurred in south-central Sweden in 1986. Much like the 
Moijabana earthquake, they occurred at 20–35 km deep within 
a Proterozoic shear zone separating two cratonic blocks, and the 
strikes of the nodal planes were parallel to the overall strike of the 
shear zone (Arvidsson et al., 1992). Similarly, the M5.4 Norseman 
and M5.2 Ravensthorpe earthquakes in southwestern Australia oc-
curred as a result of normal faulting within a Proterozoic mobile 
belt on the boundary of an Archean craton, even though the overall 
stress regime in Australia is compressive (Clark, 2004). The Raven-
sthorpe event is thought to have a focal depth of 19 km (Clark, 
2004). It is clear from earthquake catalogs that some stable con-
tinental regions are more likely than others to produce bimodal 
depth distributions with peaks of activity in the lower crust (Klose 
and Seeber, 2007). However, it appears that intraplate earthquakes 
in the depth and magnitude range of the Moijabana earthquake are 
quite rare (Figs. S7a–b, S8; Engdahl et al., 1998).

5.3. Possible sources of intraplate stress in southern Africa

The sources of stress that drive intraplate earthquakes are 
sometimes enigmatic. Plate boundary stresses from distant inter-
faces are thought to contribute to stress conditions in plate interi-
ors (M. Lou Zoback, 1992). In this case, the EARS may be contribut-
ing to stress conditions in central Botswana, even though the area 
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is ∼300 km south of an actively rifting region (Fig. 2). It is possible 
that the Moijabana earthquake points to the continuing southward 
propagation of the EARS (Bird et al., 2006), as is occurring in the 
Okavango Rift Zone in northern Botswana (Kinabo et al., 2007). If 
this event represents an incipient rift process, then the recurrence 
interval for this type of earthquake is likely in the thousands of 
years given the slow geodetic rates of opening in the southern 
EARS (Stamps et al., 2008). Other possible stressing mechanisms 
that have been suggested for intraplate earthquakes in general, 
and which may be related to the earthquakes in Botswana, include 
gradients in gravitational potential energy (Stamps et al., 2014)
and density variations due to subsurface rift pillows (Zoback and 
Richardson, 1996).

It is also possible that this earthquake represents a response 
to a geologically recent non-tectonic stress or strength perturba-
tion (Calais et al., 2016). Redistribution of sediments at the Earth’s 
surface, glacial isostatic adjustment and recent thermal weaken-
ing have been proposed as stressing mechanisms for other in-
traplate earthquakes, such as earthquakes in the Okavango Delta 
and the New Madrid earthquakes in the central United States 
(Calais et al., 2010; Gumbricht et al., 2001; Liu and Zoback, 1997;
Pollitz et al., 2001). It is difficult to clearly identify which stress-
ing mechanisms could have ultimately brought the fault to failure 
in this earthquake.

Reliable in-situ measurements of stress are key to understand-
ing the processes behind the Moijabana earthquake, but are rare in 
Botswana. The few available measurements suggest a stress state 
consistent with the earthquake’s focal mechanism. Three over-
coring measurements from mines were reported in Botswana in 
the World Stress Map 2008, including one close to the earthquake 
epicenter (Fig. 1). This measurement shows the maximum hori-
zontal stress well aligned with the stress field required to cause 
the earthquake (Heidbach et al., 2010). However, due to the large 
errors in over-coring measurements and difficulty verifying the 
details of the measurement procedure, the stress measurements 
in Botswana were down-graded to E-quality for the World Stress 
Map 2016 (Oliver Heidbach, personal communication, 2017), and 
replacement measurements have not been conducted. Models of 
deviatoric stresses in Africa, driven by gravitational potential en-
ergy from topography and crustal density variations, and geodetic 
motions also show general east–west tension in Botswana (Stamps 
et al., 2014). Further observational and theoretical constraints on 
the stress state are needed to provide a more detailed view of the 
stresses and associated deformation in this region.

Regardless of the original source of stress, a concentrated strain 
response in reactivated zones of weakness has long been con-
sidered as a possible contributor to the occurrence of intraplate 
earthquakes (e.g., Hinze et al., 1988), and may be at play in 
the case of the Moijabana earthquake (Kolawole et al., 2017). 
The concept has been applied to specific earthquakes such as 
the New Madrid earthquake sequence (Kenner and Segall, 2000;
Pollitz et al., 2001), and has been proposed as a mechanism for 
persistent weakness of craton margins during supercontinent cy-
cles (Audet and Bürgmann, 2011; Lenardic et al., 2000). We sug-
gest that in the stress field imposed by the southward-propagating 
EARS and the regional stresses in southern Africa, the fault struc-
tures of the Proterozoic Limpopo orogen can accommodate strain 
between two more rigid cratonic blocks. This earthquake shows 
that Archean-age fabrics and geologic boundaries, when subject to 
a present-day stress field, are an important controlling factor for 
continental deformation (Begg et al., 2009).

6. Conclusion

The 3 April 2017 M6.4 Moijabana earthquake in central Bot-
swana, with an unusually large magnitude and at a large depth, 
occurred in a region considered a stable continental interior. In or-
der to study this earthquake and its tectonic setting, we compiled 
existing geophysical and geologic information and modeled the 
source parameters of the earthquake. We generated a stack of 20 
Sentinel-1B InSAR interferograms over the source area. Using this 
ascending-orbit only dataset, we performed a 7-parameter inver-
sion for strike, dip, rake, magnitude, and three location parameters 
of the earthquake source. We found that rupture planes close to ei-
ther focal mechanism nodal plane were able to fit the data within 
expected noise levels because of the earthquake depth. We per-
formed a joint finite source inversion with InSAR and teleseismic 
data and found that the teleseismic waveform data favor a fault 
plane that dips to the southwest, consistent with aftershock relo-
cations. On the basis of geologic studies in the area and analogous 
intraplate earthquakes elsewhere, we suggest that the earthquake 
took place within a pre-existing zone of weakness from a Protero-
zoic collisional episode between two cratonic blocks. Future studies 
of the geology, geophysical data, and aftershock patterns may be 
helpful in further illuminating the geometry and long-term behav-
ior of the fault that ruptured in the event.
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