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SUMMARY

In December, 2009, a rare sequence of earthquakes initiated within the weakly extended
Western Rift of the East African Rift system in the Karonga province of northern Malawi,
providing a unique opportunity to characterize active deformation associated with intrabasinal
faults in an early-stage rift. We combine teleseismic and regional seismic recordings of the
largest events, INSAR imagery of the primary sequence, and recordings of aftershocks from a
temporary (4-month) local network of six seismometers to delineate the extent and geometry
of faulting. The locations of 1900 aftershocks recorded between January and May 2010 are
largely consistent with a west-dipping normal fault directly beneath Karonga as constrained
by INSAR and CMT fault solutions. However, a substantial number of epicentres cluster in
an east-dipping geometry in the central part of the study area, and additional west-dipping
clusters can be discerned near the shore of Lake Malawi, particularly in the southern part of
the study area. Given the extensive network of hanging wall faults mapped in the Karonga
region on the surface and in seismic reflection images, the distribution of events is strongly
suggestive of multiple faults interacting to produce the observed deformation, and the INSAR
data permit this but do not require it. \We propose that fault interaction contributed to the seismic
moment release as a series of M,, 5-t0-6 events instead of a normal main shock-aftershock
sequence. We find the depth of fault slip during the main shocks constrained by INSAR peaks
at less than 6 km, while the majority of recorded aftershocks are deeper than 6 km. This
depth discrepancy appears to be robust and may be explained by fault interaction. Structural
complexities associated with fault interaction may have limited the extent of coseismic slip
during the main shocks, which increased stress deeper than the coseismic slip zone on the
primary fault and synthetic faults to the east, causing the energetic aftershock series. There is
no evidence of deformation at the Rungwe volcanic province 50 km north of the earthquake
sequence between 2007 and 2010, consistent with previous interpretations of no significant
magmatic contribution during the sequence.

Key words: Radar interferometry; Africa; Earthquake source observations; Seismicity and
tectonics; Contintental tectonics: extensional.
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1 INTRODUCTION

An unusual sequence of earthquakes occurred in December 2009
near the town of Karonga, Malawi. Only fourteen earthquakes with
a magnitude >5 have occurred around the northern Lake Malawi
rift between 1973 and 2017 (NEIC catalogue), and nine of those
took place over a 2-week period between 6 and 19 December, 2009
(Fig. 1). More than 200000 people were affected by these earth-
quakes, including four deaths and almost 200 injuries (Office of
the United Nations Residence Coordinator 2009). Moreover, the
sequence caused the evacuation of thousands of households for
months, given the prolonged duration of the earthquake activity
(Office of the United Nations Residence Coordinator 2009).

The earthquakes are scientifically interesting for several rea-
sons. First, the earthquakes did not occur on one of the >100-
km-long border faults that bound the 50-km-wide sedimentary
basins and elongate lakes (e.g. Lake Albert, Lake Tanganyika and
Lake Malawi) of the Western Branch of the East African rift sys-
tem (EARS, e.g. Ebinger et al. 1991, 1999). The primary border
fault in this segment of the EARS, the Livingstone Fault, is on
the east side of the lake, 40-50 km northeast of the events, and
thus the locations, mechanisms and event depths during 2009-2010
imply that the earthquakes are occurring due to slip on normal
faults within the hanging wall (Fig. 1). As nearly all moderate-size
earthquakes within the Western Rift of the EARS appear to be on
major border faults (e.g. Jackson & Blenkinsop 1993; Nyblade &
Langston 1995), the 2009 events offer a rare opportunity to evaluate
how rifting is accommodated within the hanging wall of the sys-
tem. A second unusual characteristic of this earthquake sequence
is that in contrast to a classical main shock-aftershock sequence,
the Karonga earthquake series comprises three large events with
similar magnitudes of 5.8-6.0, with the largest event being the last
one on 19 December 2009. Including two foreshocks, there were
14 other events with magnitudes in excess of 4.5, with all events in
this primary sequence occurring in a 27-d period. Subsequent af-
tershock activity continued after 19 December 2009, but at a much
lower magnitude level.

There are several possible explanations that can account for these
earthquakes in the hanging wall and their seismological character:
(1) a single immature fault in the hanging wall (e.g. Biggs et al.
2010) with a heterogeneous distribution of stress and/or frictional
properties (e.g. King & Nab&lek 1985; Hillers et al. 2007; Lohman
& McGuire 2007; Hamiel et al. 2012); (2) the interaction of multiple
hanging wall faults with each other and/or with the border fault [for
example, Hamiel et al. (2012) modelled the fault to have seven
segments] or (3) a magmatic or fluid-driven swarm. The primary
goal of this work is to determine which of these three models, or
what combination of these three, is most plausible.

Numerical and analogue models suggest that once faults link
to form favourably oriented, laterally continuous structures, they
are capable of accommodating a large portion of deformation (e.g.
Cowie et al. 2000). For this reason, understanding the relative matu-
rity of hanging-wall fault(s) associated with the Karonga earthquake
is significant. Quantifying the maturity and behaviour of intrabasi-
nal faults is also important for characterizing the accommodation of
extension, either through distributed extension, or through hanging
wall flexure.

Biggs et al. (2010) propose that the 2009 earthquakes occur
on a single, immature, previously unmapped, west-dipping normal
fault located near Karonga, which likely connects to a series of
surface ruptures (Macheyeki et al. 2015) identified by the Malawi
Geological Survey as the St Mary’s Fault or St Mary Fault by

Kolawole et al. (2018). The surface location of this structure, and its
westward dip, are both well constrained by the surface deformation
observed in the Interferometric Synthetic Aperture Radar (INSAR)
analysis (Biggs et al. 2010; Hamiel et al. 2012). A single immature
fault within the hanging wall could generate a sequence of events
with similar magnitudes because it might have a more irregular
large-scale geometry, such that ruptures are modulated by fault
bends (e.g. King & Néabglek 1985). Furthermore, since young faults
have accommodated less total slip, properties along the fault are
likely to be more variable, including the presence of more asperities,
which could discourage rupture of a large portion of the fault in a
single event (e.g. Hillers etal. 2007). Biggs et al. (2010) suggest that
slip on a single fault can explain the pattern of surface deformation
captured in INSAR data, but with slip during the final M,, 6.0 event
occurring on a different portion of the fault than slip during the
preceding events, which implies a rough, immature fault.

In the second model, a series of secondary faults within the hang-
ing wall could interact with one another and/or the border fault to
cause a sequence of events with similar magnitudes. Slip on one
fault can cause loading and subsequent failure on another fault (e.g.
Stein 1999). In the Karonga basin, this interaction could involve
either a number of secondary faults or the border fault. Existing
constraints on the geometry of secondary faults imply that fault in-
teraction here could be important. Seismic reflection data collected
in the lake to the east of the epicentral region image a series of
closely spaced (5 km), west-dipping intrabasinal faults (Flannery
& Rosendahl 1990; Mortimer et al. 2007). West of the epicentral
region, the east-dipping Karonga Fault has a clear topographic ex-
pression and appears to be one of the most prominent faults within
the hinge zone of the flexing hanging wall (e.g. Lad-Davila et al.
2015). The close spacing and opposing dips of the Karonga and
St Mary’s Faults implies that they intersect or otherwise interact at
a fairly shallow depth within the crust (upper 10 km, e.g. Biggs et al.
2010). Finally, pre-existing faults and basement fabrics have been
recognized within the study area (e.g. the Precambrian Mughese
Shear Zone) and may influence and interact with modern rift faults
(e.g. Kolawole et al. 2018). The possible participation of other fault
structures in the deformation are not well determined from existing
studies (e.g. any slip on segments beneath the lake will be invisible
to INSAR).

For the third model, although there is no surface volcanism di-
rectly within the epicentral region, the potential role of deep mag-
matic fluids in the area is debated. There are hot springs in northern
Malawi (Dulanya 2006), and the active Rungwe volcanic province
is 50-70 km to the north (Fig. 1). Rungwe is the most southerly
surface expression of volcanism in the EARS and one of a handful
of volcanic provinces in the Western Rift, which is less magmatic
than other parts of the EARS (e.g. Ebinger et al. 1989). The only
previous earthquake sequences in the southern EARS that exhibit
similar swarm characteristics are demonstratively volcanic. These
include eight events with M,, > 5 (the largest event occurring third
in the sequence) associated with volcanic diking and subsequent
eruption in northern Tanzania (e.g. Calais et al. 2008; Fischer et al.
2009), and three M,, 5.1-5.2 events over a 3-d period associated with
a major eruption at Nyiragongo volcano eruption near Lake Kivu
(Shuler & Ekstrom 2009). Previous INSAR results of the Karonga
sequence (Biggs et al. 2010; Hamiel et al. 2012) imply that the
majority of the moment release is on shallow tectonic faults, and
there is no evidence for dyke or fluid involvement in the sequence.
We have processed INSAR data over a larger spatial area including
the Rungwe volcanic province to further constrain the potential for
volcano-tectonic interactions during this earthquake sequence.
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Figure 1. (a) Tectonic framework of the 2009 Karonga earthquakes on SRTM3 topography, with the Rungwe Volcanic Province shown as red triangles (Ebinger
et al. 1987, 1989), and red lines showing trace of primary border faults (Mortimer et al. 2007; Accardo et al. 2018). Stars show the locations of the largest
earthquakes of the 2009 sequence from the NEIC catalogue; CMT locations for these events are shown in Fig. 2. White box indicates town of Karonga. (Inset)
Red box shows study area in context of the East Africa rift system. Lake bathymetry is estimated from a surface fit to legacy MCS data (Lyons et al. 2011).

To distinguish between these models, we present an analysis of
data recorded with a small network of seismometers deployed for
four months following the earthquake swarm (January—May 2010)
to characterize the spatial and temporal distribution of seismicity.
Further, we compare these results with new models of the 2009 main
shocks including ground deformation from InSAR and analysis of
teleseismic and regional seismic waves. Our combined seismic and
INSAR analysis in this paper will evaluate the three models for why
the 2009 earthquakes near Karonga did not follow a normal main
shock-aftershock sequence.

2 DATA AND METHODS

2.1 Local aftershock array

At the time of the 2009 earthquake sequence, the nearest seismome-
ters (from AfricaArray, AA) were separated by several hundred
kilometers and only one of these stations was working in Malawi, in
Zomba over 600 km to the south. The Geological Survey of Malawi
requested assistance in monitoring the ongoing sequence, and we
were able to secure five instruments for rapid deployment, including
three RAMP (Rapid Array Mobilization Program) instruments from
IRIS (www.iris.edu) and two additional instruments from Cynthia
Ebinger. The five instruments were rushed to the Karonga region
and deployed for a four-month period between 6 January to 6 May
2010. Combined with a relocated AA station in Karonga, this net-
work provides up to six stations within an approximately 2050 km
region surrounding Karonga (Fig. 2). The five portable stations are
intermediate-period, three-component seismometers that recorded
at 100 Hz, while the AA station is a broadband sensor that recorded
at 20 Hz. Continuous seismic data are available under network code
Y1.2010 at the IRIS Data Management Center (Gaherty & Shilling-
ton 2010).

All collected seismic data were run through an automated de-
tection and association algorithm to provide an initial set of possi-
ble events. Each event was visually inspected and P and S arrival
times manually repicked by analysts. For all events with a mini-
mum of four local stations providing traveltimes, the events were
located using the hypoinverse location algorithm (Klein 2002) and
several possible seismic velocity models. 1-D P-velocity models
were derived for the Karonga region from a published model for
an analogous portion of the southern EARS (Kim et al. 2009), and
preliminary analyses based on active-source and local earthquake
data collected during the SEGMeNT experiment (Oliva et al. 2016;
Shillington et al. 2016; Accardo et al. 2018). We established V,/V
of 1.70 based on a trial-and-error analysis of residual behaviour.
The resulting catalogues were evaluated based on overall mean and
median traveltime residuals and estimated error ellipses, and the
stability and number of events that had good solutions. The results
shown in the figures are based on the preferred velocity model
(dubbed SEG4), but some of the depth and statistical behaviour
of the other models are presented in the results below. In general,
the great bulk of the seismicity is located within the footprint of
the six-station local array (Fig. 2b). Approximate local magnitudes
(M) were determined using an automated estimate of displacement
amplitudes in the direct P and S arrival windows. The preferred
hypoinverse catalogue contains 1911 events with M, ranging from
—1to 4.6, a mean RMS residual of 0.06 s, and a median location
error (ellipse long axis) of 2 km.

Using this catalogue as a starting point, we performed double-
difference relocation of the events using the hypoDD algorithm
(Waldhauser & Ellsworth 2000) (Figs 2c, 3, Fig. S1). We utilized
station-specific velocity models based on SEG4 with local correc-
tion for station elevation and sediment thickness. For events with
<5 km separation difference, differential P and S times were calcu-
lated from the hand-picked traveltimes. We also incorporated cross-
correlation differential times for event pairs with <3 km separation
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Figure 2. (a) CMT solutions for the 16 largest events that occurred in November—December 2009 (Table 2). Events are scaled by magnitude (M, 4.5-6.0),
with the largest three events labelled. Nine events from the Global CMT catalogue are plotted at their catalogue locations, with one shifted for clarity. The seven
new solutions are indicated by the black lines pointing to the common centroid location used for these events; their relative locations are accurately represented
as shown in Fig. S4. The two foreshocks are shown with grey mechanisms. Background topography relative to sea level is derived from the SRTM3 database,
and lake bathymetry is estimated from a surface fit to legacy MCS data (Lyons et al. 2011) relative to the lake surface (elevation 478 m). (b) Hypoinverse
locations for approximately 1900 aftershocks recorded in Jan-May 2010 recorded using the local array (black triangles), with event symbol colours scaled by

depth. Topography has been converted to grey scale for clarity. Black box shows zoom region of panel (c). (c) HypoDD relative relocations for

1050 events,

coloured by depth. Note change in map scale relative to panels (a) and (b). For all panels, lines show mapped faults (Geological Survey of Malawi 1966;
Mortimer et al. 2007; Biggs et al. 2010), with the Karonga (blue) and St Mary’s (red) Faults highlighted.

difference and correlation coefficient greater than 0.7. Requiring
a minimum of eight constraints per pair, the resulting preferred
differential-location catalogue contains 1049 linked events within
a single cluster. We tested a variety of choices for data weight-
ing and damping, and the final solution weighs the hand-picked
and cross-correlation times approximately equally, and weighs the
hand-picked S times half of the hand-picked P and cross-correlation
times. The final locations produce RMS misfit of the hand-picked
and cross-correlation differential times of 0.06 and 0.03 s, respec-
tively.

The complete hypoinverse and hypoDD catalogues are available
as direct downloads in the supplement.

2.2 Geodetic data

2.2.1 2009 earthquakes

We used InSAR data recorded by the Advanced Land Obser-
vation Satellite (ALOS-1) of the Japan Aerospace Exploration
Agency and from multiple beams of the Envisat satellite of
the European Space Agency spanning the earthquake sequence
(Figs 4a—c and Fig. S2). We used the same data as Biggs et al.
(2010), but we processed them independently, used a different
slip inversion strategy, and considered the role of multiple faults.
ALQOS data are processed using using the ISCE software version
170806 (Rosen et al. 2012) with topographic effects removed
using the Shuttle Radar Topography Mission topography (Farr
et al. 2007), and all interferograms were unwrapped using SNA-
PHU (Chen & Zebker 2002). Envisat data are processed using
the Caltech/JPL-developed software ROI_PAC (Rosen et al. 2004)

with the same procedure for topography removal and unwrapping,
which can generate similar interferograms to the ISCE-derived
products.

We processed one ALOS-1 pair and five Envisat pairs dur-
ing the coseismic time span, but only the ALOS-1 interferogram
and two Envisat interferograms, which remain coherent around
the centre of surface deformation, were used for fault-slip inver-
sion (Table 1). Three other coseismic interferograms from Envisat
are not included as the input of inversion, but we compare them
with the predictions of the forward model as an independent test
(Fig. S2).

All three interferograms used in the inversion are downsam-
pled using a resolution-based quad-tree decomposition algorithm
(Lohman & Simons 2005) for achieving computational efficiency.
A total of 1476 points (731 from the ALOS interferogram, 397
from the Envisat interferogram 3A and 348 from the Envisat inter-
ferogram 4A) are collected to reflect coseismic surface deformation
(line-of-sight changes) as the input (Fig. 4d). To determine an esti-
mate of fault location and geometry, we adopt the direct search al-
gorithm that uses neighbourhood approximation in parameter space
(Sambridge 1999), assuming a uniform fault dislocation and a ho-
mogeneous elastic half-space (Okada 1985). The initial model is set
to the best-fitting fault geometry from Biggs et al. (2010). Once the
optimal estimate of fault plane is found under these assumptions,
we set up an automated fault model discretization with distributed
slip on triangular dislocations (Barnhart & Lohman 2010) with a
depth-dependent cell size that is based on checkerboard tests done
by Hamiel et al. (2012). A linear growing factor is set up so that
the size of a fault patch is 0.5 km when depth is less than 1.5 km
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Figure 3. A map (subpanel a) and the four NE-SW cross sections D, F, H and J (subpanels b—e) showing inferred St Mary’s slip distribution (coloured by slip)
and hypoDD aftershock locations during January—May 2010 (scaled by local magnitude), with offshore faults in yellow (Mortimer et al. 2007), the Karonga
Fault in blue (Geological Survey of Malawi 1966), and the surface rupture (in red) from the field survey conducted in October 2010 (Macheyeki et al. 2015).
Six local seismic stations are marked as white squares. All cross sections in (a) are shown in Fig S3.

and is 3 km when depth is 9 km, which is within resolution capa- the estimated fault geometry, assuming a homogeneous elastic half-
bilities of models as seen from the checkerboard tests. We perform space (Fig. 5). We use second-order Tikhonov Regularization in our
the inversion using all the input points of surface deformation and smoothing matrix and determine the weighting parameter using the
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Figure 4. The unwrapped interferograms used in the fault slip inversions, and the stacked, downsampled measurements of LOS change. The black line in
(a—c) indicates the locations of fault rupture from Macheyeki et al. (2015). (a) ALOS-1 between 23 September and 24 December, also showing the locations of
major towns and the surface rupture (black line) from Macheyeki et al. (2015). Spacecraft heading shown as black arrow and LOS (with angle from vertical)
shown as grey arrow. (b) Envisat between 1 December and 5 January. (c) Envisat between 6 September and 24 January. (d) Example of downsampled ALOS-1

interferogram (from a) using resolution-based quad-tree decomposition algorithm.

jRi approach, and evaluate the trade-off between smoothing and
model fit using an L-curve (Barnhart & Lohman 2010).

We also compare the optimal fault geometry to mapped surface
ruptures (Macheyeki et al. 2015), existing fault locations (Geolog-
ical Survey of Malawi 1966), and seismic profiles in Lake Malawi
(Mortimer et al. 2007). Motivated by these additional datasets as
well as the aftershock relocations, we test alternative fault geome-
tries based on these constraints, and perform inversions to assess
how the slip distribution changes.

To determine the effects on the slip distribution caused by assum-
ing a layered elastic model instead of a homogeneous half-space,
we perform the distributed slip inversion using the preferred seis-
mic velocity model SEG4 as a layered half-space (Fig. S3). While
the homogeneous half-space model was calculated using triangular
dislocations, for the layered half-space model, we use rectangular
dislocations in the software EDGRN/EDCMP (Wang et al. 2003).
To convert from triangular to rectangular dislocations, we manually
discretized the preferred fault plane into 248 rectangular patches,
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