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S U M M A R Y
Southern Mozambique is the southernmost expression of the continental East African Rift.
Here, extension rates are low and rifting is achieved through normal faulting. Incipient rift
environments provide an ideal location to investigate the role of reactivated pre-existing
structures, aftershock sequences and fault interactions in rift development. In 2016 an Mw

5.6 earthquake occurred in the Zinave region of southern Mozambique, ∼10 km south-east
of the Mw 7.0 2006 Machaze earthquake. We reanalyse ENVISAT InSAR observations of
the Machaze earthquake, together with new Sentinel-1 Interferometric Synthetic Aperture
Radar (InSAR) observations of the Zinave earthquake, and solve for uniform and distributed
slip models for both events. We find that the Machaze earthquake occurred on a steeply
dipping (∼75◦) fault, in agreement with other studies, but that the Zinave earthquake occurred
on an ∼60◦ dipping fault. The occurrence of the Zinave earthquake at the same depth as
afterslip following the Machaze earthquake suggests laterally heterogeneous crustal frictional
properties. The Machaze earthquake caused a Coulomb stress increase of ∼0.2 MPa on the
Zinave fault. The full >10 yr record of seismicity following the Machaze event can be fit
by the Omori law, showing that the Zinave earthquake is part of a decade-long aftershock
sequence, consistent with long-duration aftershock sequences in other slowly straining regions.
Aftershocks represent a major hazard that needs to be considered if a large earthquake were
to occur in the southern East African Rift system today.
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1 I N T RO D U C T I O N A N D B AC KG RO U N D

The continental East African Rift System (EARS) is the surface
expression of the separation of the Nubian and Somalian tectonic
plates. It can be followed southwards from Ethiopia to Malawi,
south of which extension rates are low (<2 mm yr−1; Stamps et al.
2008; Saria et al. 2014), and the focus of extension is less distinct
(Chorowicz 2005; Bird et al. 2006). In the south of Malawi two
branches of the EARS have been hypothesized based on the distri-
bution of seismicity and faulting. These two branches are (i) the Lu-
angwa Rift, trending northeast–southwest through Zimbabwe and
Botswana (e.g. Scholz et al. 1976; Modisi 2000; Kinabo et al. 2007),
and (ii) the Mozambique Rift, which continues southwards (e.g.
Fairhead & Henderson 1977; Fonseca et al. 2014; Domingues et al.
2016; Stamps et al. 2018; Fig. 1a). Faulting in the Mozambique Rift
may therefore represent the southernmost and least mature portion
of the continental EARS. A band of seismicity, whose trend mirrors
that of the Neoproterozoic Mozambique Mobile Belt and Karoo age
tectonic structures, occurs from the Cainozoic Urema Graben in the

north to the Machaze district (administrative region between 22.2◦

and 21.4◦S, bounded in the south by the Save River) of southern
Mozambique (Forster 1975; Fonseca et al. 2014; Fig. 1a). In the
south of the Machaze district, there is little moderate or high mag-
nitude seismicity (>Mw3) recorded in the USGS catalogue, possibly
suggesting a change in strain rate or crustal rheology. Understanding
how and where the EARS extends through this region is important
for understanding the development of continental rifts.

In rift environments, pre-existing structures exhibit a control on
the distribution of faulting (e.g. Milani & Davison 1988; Versfelt
& Rosendahl 1989; Kinabo et al. 2008; Muirhead & Kattenhorn
2018). This is because the frictional strength of faults, that is, the
differential stress required for slip on pre-existing faults, can be
lower than the stress required for fault formation (Scholz 2002).
Faults therefore represent planes of weakness and may be reac-
tivated in stress conditions that are not orientated optimally for
failure. This phenomenon has implications for incipient rifting, as
large pre-existing structures can control the stress distribution and
geometry of a rift (e.g. Versfelt & Rosendahl 1989; Kinabo et al.
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Figure 1. (a) The southern East African Rift. The red box denotes the extent of subpanel (b). The black circles show seismicity greater than magnitude 4.5
from the USGS catalogue, the red circles represent earthquakes from the MOZART catalogue (2011–2013; Fonseca et al. 2014). Indications of the approximate
and simplified locations of the Kaapvaal and Zimbabwe Cratons, Limpopo Belt, Lebombo Dykes, Urema Graben and the Mozambique Mobile Belt (MMB)
are shown by the black lines (Fonseca et al. 2014; Reeves et al. 2016). (b) The red, green and blue boxes show the cropped extents of Sentinel-1 tracks
T79, T72 and T174 that are used in this study, respectively. The USGS focal mechanisms for the Machaze (M) and Zinave (Z) earthquakes are shown, with
the earthquakes that occurred since the Machaze event [coloured by time, see sub-panel (c) (circles show USGS solutions, squares are events observed by
Fonseca et al. (2014)]. The black line shows the location of the Machaze fault from Copley et al. (2012). (c) Magnitude–time distribution of earthquakes in the
Machaze–Zinave region. The dashed lines denote the observation period of Fonseca et al. (2014). (d) Seismicity from 1950–2018 (USGS catalogue) showing
a clear change in the rate of seismicity before and after 2006. The dashed region covers the same time period as on (c). (e) Cumulative number of earthquakes
(black circles) between the Machaze and Zinave earthquakes (USGS catalogue). The red line shows the Omori law fit, with K = 13.4, c = 0.54 and p = 1.

2008). In some regions, however, pre-existing structures are absent
or not suitably orientated for reactivation. In these cases, extension
will not be fully accommodated through fault reactivation and new
structures may form.

Coseismic slip induces stresses on the surrounding rock (King
et al. 1994; Stein et al. 1994) that can promote or inhibit failure,
either immediately or after a period of time (Tuttle et al. 2002;
Nostro et al. 2005). Indeed, fault interaction plays an important
role in influencing earthquake recurrence and fault growth in exten-
sional settings (e.g. Nicol et al. 2010; Hodge et al. 2018b). In the
2009 Karonga earthquake sequence, Malawi, each new earthquake
occurred within a region of positive static stress change from the
previous event. This process of segmented fault rupture allowed
for the lateral transition of slip on faults over ∼40 km, while being
confined to the upper ∼10 km (Biggs et al. 2010; Fagereng 2013).

By studying incipient rifts we can observe rift development pro-
cesses in action and aim to understand the growth and interaction of

faults (Scholz et al. 1993; Walsh et al. 2002; Hodge et al. 2018b).
Understanding how faults within a system interact is important in
determining the induced or reduced hazard an earthquake might rep-
resent for its vicinity (e.g. Lin & Stein 2004; Wedmore et al. 2017).
This is especially true in regions with low strain rates, which can
produce long aftershock sequences (Stein & Liu 2009), elevating
the hazard for up to hundreds of years after the main shock.

1.1 The Mozambique rift

On 2006 February 22, an Mw 7.0 normal faulting earthquake oc-
curred in the Machaze region of Mozambique, in the southern East
African Rift (Fenton & Bommer 2006; Yang & Chen 2008; Cop-
ley et al. 2012). This normal-faulting earthquake was one of the
largest earthquakes in continental Africa for a century and demon-
strates that the region is subject to extensional stresses. On 2016
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September 22, 10.5 yr after and <10 km from the Machaze earth-
quake, an Mw 5.6 normal faulting earthquake occurred in the Zinave
National Park (USGS; http://earthquake.usgs.gov).

The Machaze–Zinave region is at or near the intersection of three
major inherited structures that obliquely intersect (Fig. 1a): (i) the
∼E–W Limpopo Belt, hosting the Okavango and Limpopo Dyke
Swarms (∼180 Ma and 728 ± 3–1683 ± 18 Ma; Le Gall et al. 2002;
Jourdan et al. 2006), (ii) the ∼NE–SW trending Urema Graben
north of Machaze (Steinbruch 2010) (iii) and the ∼NNW–SSE
Mazenga Graben to the south (Fig. 1a), which runs parallel to the
eastern limit of the Kaapvaal Craton (Domingues et al. 2016). The
Kaapvaal and Zimbabwe Cratons are south-west and north-west of
the Machaze region, respectively. This region of the Mozambique
coastal planes is thought to have a 5–10 km thick sedimentary se-
quence of post-Jurassic age overlying a Precambrian crystalline
basement (Gwavava et al. 1992; Salman & Abdula 1995).

We chose to investigate the Zinave earthquake using Interfero-
metric Synthetic Aperture Radar (InSAR) and seismology, together
with a reanalysis of InSAR for the Machaze event, to better under-
stand the tectonics of southern Mozambique. The region is poorly
instrumented and difficult to access, and so satellite geodesy pro-
vides an ideal tool to investigate faulting. In this work we investigate
the spatial and temporal relationships between the 2006 Machaze
and 2016 Zinave earthquakes. The temporal evolution of seismicity
following the Machaze earthquake is analysed, and we conclude
that the Zinave earthquake is part of an aftershock sequence.

We process ENVISAT interferograms to investigate the surface
deformation of the Machaze event and three overlapping tracks of
Sentinel-1 data for the Zinave earthquake. We then invert the ob-
servations of surface deformation for earthquake parameters using
uniform and distributed slip models. For the Zinave earthquake,
we compare the geodetic models to seismological estimates of the
source parameters from an inversion of body wave waveforms. The
Coulomb stress transfer following the Machaze earthquake is then
calculated to investigate whether the Zinave fault was brought closer
to failure following the Machaze main shock. We discuss the role
that the subsurface frictional properties have in the assessment of
hazard, and the style of slip that could occur in this region. We
relate the occurrence of these earthquakes to fault growth, the role
pre-existing structures have on controlling incipient rifting and the
evolution of the East African Rift.

2 S E I S M I C I T Y I N T H E M O Z A M B I Q U E
R I F T

The Machaze earthquake occurred on an ∼N–S striking fault that
dipped unusually steeply (70◦–75◦) to the west (Fenton & Bommer
2006; Copley et al. 2012; Attanayake & Fonseca 2016). The fault
plane is thought to be a reactivated pre-existing structure within the
crystalline basement (Yang & Chen 2008; Copley et al. 2012). The
earthquake surface rupture was >15 km in length with up to 2 m of
vertical offset (Fenton & Bommer 2006). Models based on teleseis-
mic waveforms and ENVISAT interferograms show that coseismic
slip extended down to ∼25 km depth with diminishing amplitude
between 10 km and the surface (Copley et al. 2012). This reduction
of slip is interpreted to be a result of the juxtaposition of velocity
weakening (crystalline basement) and velocity strengthening (sed-
imentary) lithologies (Copley et al. 2012). The shallow slip deficit
was later partially recovered post-seismically through afterslip in
the upper 10 km (Copley et al. 2012). The control of pre-existing
structures and upper-crustal rheology on slip during the earthquake

cycle has been similarly observed elsewhere in the EARS (e.g.
Versfelt & Rosendahl 1989; Ring 1994; Kolawole et al. 2018).

From 1990 to 2006 there was no moderate magnitude (e.g. >Mw

4.5) seismicity observed in the Machaze region, but between the
Machaze event and 2018, 134 magnitude 3 or greater earthquakes
were recorded (USGS catalogue; Figs 1b and c). Between 2011 and
2013 there was a deployment of 30 seismometers throughout south-
ern Mozambique (Fonseca et al. 2014). This deployment observed
persistent seismicity with 143 earthquakes greater than a magni-
tude 0.9 in the Machaze region, indicating that the area remained
seismically active (Fig. 1).

2.1 Aftershock sequences

Static and dynamic stress changes from large earthquakes cause
aftershocks, which can pose a significant seismic hazard in their own
right (Wiemer et al. 2002; Parsons et al. 2008; Stein & Liu 2009).
We test whether the Zinave earthquake belongs to an aftershock
sequence following the Machaze earthquake or is an independent
event. The empirical Omori law (Omori 1894) states that the rate
of aftershocks is inversely proportional to the time since the main
shock. The modified version of this relationship (such that p is not
equivalent to 1) is given by eq. (1) (Utsu 1961; Dieterich 1994).

F(t) = K/(c + t)p. (1)

In the modified Omori law K and c are constants that describe
the productivity and the time delay of the sequence (a function of
catalogue completeness), respectively. The parameter p is related
to the physical heterogeneity of the aftershock region and can be
time dependent (e.g. Kisslinger & Jones 1991; Helmstetter & Shaw
2006). In our analysis, we fix p to be equal to 1 for simplicity
and do not consider the effects of aftershocks of aftershocks. The
Omori law fits the temporal evolution of the recorded seismicity
since the Machaze earthquake well with K = 13.4 and c = 0.54
(Fig. 1e). This observation suggests that the Zinave earthquake is
an aftershock that occurred 10.5 yr after the Machaze earthquake.
The high c value for the sequence indicates that the seismic record
is likely missing events early in the sequence, which introduces
uncertainty in other model parameters and supports our use of p =
1.

2.2 Aftershock duration in low strain rate regions

The duration of an aftershock sequence is observed to be inversely
proportional to the strain rate such that regions with low strain rates
have long aftershock sequences (Stein & Liu 2009). This inverse
relationship is consistent with a rate-and-state description of fault
friction, where the aftershock duration (ta) is a function of the normal
stress (σ n) and the rate of shear stressing across a fault. The rate of
shear stress can be approximated using the relative velocity across
a fault with a simple geometry to give eq. (2) (Savage & Burford
1973),

ta = (Aσnπw)/(μv), (2)

where A is a constitutive parameter (Dieterich 1994), w is the fault
width, μ is the rigidity and v is the relative velocity across the fault.
Using typical values, Stein & Liu (2009) determine an expected
aftershock duration (in years) of 314/v (for v in mm yr−1). In south-
ern Mozambique, where v � 2 mm yr−1, we may therefore expect
aftershocks, and thus an significant seismic hazard, to last up to
∼150 yr (Goda 2012; Hodge et al. 2015).
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3 2 0 1 6 Z I NAV E E A RT H Q UA K E

The 2016 September 22 Mw 5.6 Zinave earthquake occurred at
20:06:11 UTC. We use observations of teleseismic body waves
and the surface deformation from InSAR to investigate the fault
geometry and earthquake kinematics. We invert the InSAR data for
coseismic uniform and distributed slip models.

3.1 Body wave inversion

We jointly inverted P and SH waveforms to obtain the strike, dip,
rake, centroid depth and source time function of the Zinave event.
Seismograms recorded at epicentral distances of 30◦–80◦ were
bandpass filtered at 15–100 s. These measures remove complexi-
ties due to lithospheric reverberations, interactions with the core
and short-wavelength complexity in the source process or velocity
structure. We can then model the earthquake as a point source, using
the MT5 program of Zwick et al. (1994) (based on the algorithm
of McCaffrey et al. 1991 and McCaffrey & Abers 1988). This pro-
cedure is now routine and its application in Africa is described in
detail in Craig et al. (2011). P waveforms were weighted 2:1 against
the SH waveforms to account for their lower amplitudes, and all
seismograms were weighted according to azimuthal coverage. The
velocity structure at the source was specified as a simple half-space
velocity model, with Vp = 3.9 km s−1 and Vs = 2.2 km s−1, which
is based on the crustal parameters used in the InSAR inversions
(Section 3.3). The velocity model is relatively slow to reflect the
thick sedimentary deposits.

Our best-fitting model is shown in Fig. 2. Body wave modelling
indicates that, if the causative fault dipped west (as implied by the
InSAR analysis below), then the earthquake occurred on a 175◦

striking normal fault, with a dip of 66◦, rake of −69◦, depth of
7 km and moment of 9.5 × 1016 Nm. The seismic estimate of the
strike of this earthquake is comparable to estimates of the Machaze
earthquake (175◦; Yang & Chen 2008; 172◦ CMT), but the dip
is ∼10◦ shallower. The resolution of the model is hampered by the
lack of clear waveforms at stations in the Atlantic and Indian oceans
and in Antarctica. The errors in our parameters for this event are
typical for this technique and are strike ±10◦, dip ±5◦, rake ±10◦

and centroid depth ±4 km.

3.2 Sentinel-1 InSAR

To investigate the surface deformation associated with the Zinave
earthquake we produced 79 Sentinel-1 interferograms, 34 of which
are coseismic, from three tracks (Table A1). Interferograms were
processed using the GAMMA software (Werner et al. 2000) within
the LiCSAR facility (González et al. 2016). We used the 30 m
SRTM DEM (Farr & Kobrick 2000) to remove topographic phase
contributions and down-sampled interferograms to a 100 m final
pixel size. Each interferogram was filtered using a power-law filter
(strength 0.85; Goldstein & Werner 1998) and pixels with coherence
values less than 0.8 were masked out.

In tropical regions, atmospheric water vapour can cause artefacts
in interferograms, particularly in regions of high topography (e.g.
Webley et al. 2004; Ebmeier et al. 2013; Parker et al. 2015). We see
signs of turbulent atmospheric delays in some interferograms and
test using the high-resolution European Centre for Medium-Range
Weather Forecasts (HRES ECMWF) weather model through the
GACOS facility to correct for them (Yu et al. 2017b,a). However,
the model was unable to account for the observed delays with the
corrections increasing the standard deviation in our data (Fig. A1).

Weather models are best suited to predicting the stratified compo-
nent of atmospheric delays often related to topography. In this region
of southern Mozambique there is a maximum of ∼100 m elevation
change over ∼100 km2. As such, we do not expect topography-
controlled atmospheric delays to be a large source of noise. We
use a pair-wise logic approach to identify atmospheric delays and
acquisitions with strong delays were removed (e.g. Massonnet &
Feigl 1995; Ebmeier et al. 2013). To increase the signal-to-noise
ratio, we stacked coseismic interferograms from each track, ensur-
ing each acquisition contributed equally (Table A1, Fig. A2). Each
stack was then de-ramped to remove long-wavelength atmospheric,
orbital or ionospheric delays.

The Sentinel-1 interferograms show an approximately north–
south trending, ∼20 km by ∼10 km region of up to ∼5 cm pos-
itive line-of-sight range change (away from the satellite), beside a
smaller region of ∼1 cm negative line-of-sight range change to the
east. The boundary between these two regions is relatively sharp,
and the pattern is broadly consistent with that caused by an approx-
imately north–south striking normal fault. All Sentinel-1 interfero-
grams were highly coherent, except for coseismic ones in the river
bed directly above the fault (Fig. A2). We suggest this loss of coher-
ence is caused by liquefaction, a phenomenon that was extensive
during the Machaze event (López-Querol et al. 2007). Chains of
post-seismic interferograms for each track, covering up to 3 months
after the earthquake, show no significant post-seismic deformation
(Fig. A3).

The distribution of slip during an earthquake is never uniform
(e.g. Reilinger et al. 2000; Simons et al. 2011; Sangha et al. 2017).
However, the inversion for fault geometry with variable slip is non-
linear and computationally expensive. As such, we initially perform
a nonlinear inversion for the fault geometry, with uniform slip, and
then use this fixed geometry to linearly invert for the distribution
of slip on the fault plane (e.g. Pedersen et al. 2003; Walters et al.
2009; Bie et al. 2017).

3.3 Zinave earthquake uniform slip modelling

We use the analytical solution for slip on a rectangular dislocation
in an elastic half-space (Okada 1985) to model the surface dis-
placements associated with the Zinave earthquake. We invert the
observations of line-of-sight surface displacement using a Bayesian
approach, incorporating the Markov chain Monte Carlo Metropolis-
Hastings algorithm to explore the parameter space (Hastings 1970;
Mosegaard & Tarantola 1995; González et al. 2015), and report pos-
terior probability density functions for each model parameter. We
assume all measurement errors are Gaussian. Each interferogram
stack is subsampled prior to inversion, based on the interferogram
variance, using the quad-tree approach (Jonsson et al. 2002). Initial
conditions and bounds for the fault model parameters are given in
Table A2. We use a Poisson’s ratio of 0.25 and a shear modulus of
10 GPa for the crust to account for the thick sedimentary sequence.

The location of the Zinave earthquake is covered by three
Sentinel-1 tracks (two ascending, tracks 72 and 174, and one de-
scending, track 79). We perform five separate inversions using dif-
ferent subsets of the data to test the robustness of our solutions,
and the influence of additional data sets on model parameter cer-
tainty, as each geodetic data set has different noise and sensitivity
(Table A1, Fig. 3). All of our inversions are consistent with a north–
south trending, westward dipping normal fault (Tables 1 and A3).
To compare the results of each inversion, we calculate the standard
deviation of the 2σ confidence bounds of each model parameter,
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Zinave, 22/9/2016
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Figure 2. Focal mechanisms and source time function obtained from teleseismic body waveform modelling of (top) P and (bottom) SH waves from the Zinave
earthquake. Mechanisms are shown as lower hemisphere projections. The best-fitting source parameters are strike 175◦, dip 66◦, rake −71◦ (289◦), depth of
7 km and moment of 9.5 × 1016 Nm. Seismograms are shown as solid lines next to their station code, synthetic seismograms from the model solution are shown
as dashed lines. The take-off angle for each seismogram is shown labelled on the focal sphere. The source time function (STF) is shown in the centre left.

assuming the distributions are Gaussian (Table 2). Results of inver-
sions using individual interferograms (from T174, T79 and T72)
have the largest standard deviations, indicating they are least well
constrained. The overall best constrained model is that from the
inversion of InSAR data from all three tracks, with between a 38
and 79 per cent decrease in the standard deviation of the parameter
confidence bounds (Table 2).

The best-fitting model is for a fault that is 16 km long (95 per cent
confidence: 14.8–16.7 km), with a dip of 59◦ (54◦–67◦), bottom
depth 7.6 km (5.6–8.0 km) and downdip width of 5.1 km (1.4–
5.7 km). All of the modelled fault parameters, 95 per cent threshold
values and root-mean-square misfit values are given in Tables 1
and A3. Overall the model is able to describe the observed surface
deformation well; however, there is a small residual near the south-
ern end of the fault (Figs 4c, f and i). The spatial pattern of this

residual is consistent between all of the tracks, and so is likely a
feature of the rupture that is not captured by the uniform slip model.

3.4 Zinave earthquake distributed slip modelling

The model with uniform slip can reproduce the first-order patterns
of surface deformation caused by the Zinave earthquake. However,
systematic residuals suggest the slip was greater or shallower at the
southern end of the fault. To test this, we refine our model by invert-
ing for variable slip using the best combination of interferograms
found in the previous section (stacks from ascending tracks 72 and
174, and descending track 79).

We use the plane defined in Section 3.3 (striking 168◦ and dipping
59◦), but enlarge it to extend between the surface and a depth of
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The Machaze–Zinave aftershock sequence 509

Figure 3. Marginal probability density functions for the fault parameters of the uniform slip distribution model of the Zinave earthquake. The vertical dashed
lines show the optimal values from each inversion. The black vertical lines show the body wave inversion results for dip and strike (Fig. 2).

Table 1. Fault parameters from the geodetic inversions, with 95 per cent probability confidence range, and USGS focal mechanism for comparison. Fault
locations [X and Y, UTM (zone 36K)] in the geodetic inversions are for the middle of the bottom of the fault. Root-mean-square (rms) misfit is the joint rms if
more than one data set is used in the inversion.

USGS solution T174 + T72 + T79

Inversion points – 2071

FP1 FP2 Optimal 95 per cent range

Length (m) – – 15 800 14 900–16 800
Width (m) – – 5100 1400–5700
Depth (m) 15 500 15 500 7600 5600–8100
Dip (◦) 45.0 50 59 54–68
Strike (◦) 334 185 168 167–170
X (UTM) 550 800 550 800 546 600 545 900–548 400
Y (UTM) 7 630 800 7 630 800 7 629 300 762 900–7 632 200
Strike-slip (m) – – 0.06 0.0–0.20
Dip slip (m) – – −0.14 −0.47– −0.12
Rake (◦) −114.0 −68.0 −66.4 –
rms (cm) – – 1.0 –

Table 2. Standard deviation for the marginal posterior probability density function for each parameter. The bold font indicates the smallest standard deviation
for each parameter.

T174 T72 T79 T174 + T72 T174 + T72 + T79 Decrease in standard
deviation ( per cent)

Length (m) 1480 830 630 710 480 68
Width (m) 1780 650 1230 770 1080 39
Depth (m) 1140 440 770 480 610 46
Dip (◦) 7.6 4.9 3.7 4.0 3.2 58
Strike (◦) 2.5 1.3 1.0 1.1 0.8 70
X (m) 990 370 700 370 620 38
Y (m) 980 550 680 460 360 63
Strike-slip (m) 0.18 0.09 0.08 0.09 0.04 79
Dip slip (m) 0.23 0.17 0.06 0.17 0.06 75
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510 R. Lloyd, J. Biggs and A. Copley

Figure 4. Data, model and residual of the uniform slip inversion for the Zinave earthquake using stacks of interferograms shown wrapped here. (a–c) Track
174, (d–f) track 72 and (h–i) track 79. The black rectangle shows the extent of the fault model and the bold line represents the up dip edge.

10 km, with a length of 24 km (Fig. 5). This plane is then divided into
100 (10 by 10) smaller patches, each of which is 2.4 km horizontal
by 1 km vertical in size (see Fig. A4 for comparison to model
resolution). For a fixed fault geometry, the slip on each patch can be
linearly related to the observations of surface deformation (eq. 3;
Wright et al. 2004; Funning et al. 2005).

(
G X Y 1

κ2∇2 0 0 0

)⎛
⎜⎜⎝

m
a
b
c

⎞
⎟⎟⎠ =

(
d
0

)
(3)

Eq. (3) relates the surface displacement observation at each pixel
location (described by X and Y) (d) to the slip on each fault patch
(m) via the Green’s function (G) of line-of-sight displacements
from 1 m of slip on each patch, using the elastic dislocation model
(Okada 1985). The formulation includes ∇2, which is the Lapla-
cian smoothing operator to avoid sharp slip variations (Jonsson
et al. 2002), and κ2 which is a prescribed scalar smoothing factor

(Funning et al. 2005; Biggs et al. 2006). Eq. (3) is solved using a
non-negative least-squares algorithm (Bro & De Jong 1997). In all
inversions κ = 5 × 105, which was selected from a trade-off curve
to minimize the roughness without oversmoothing (Fig. A5a). A
ramp (described by a first-order polynomial with constants a and
b in the x and y directions, respectively) and an static offset (c)
for each interferogram stack is also solved for in the inversion
to account for long wavelength noise contributions (Biggs et al.
2007).

We investigate whether the rake varies across the slip region by
performing three inversions: one with variable rake (G is formulated
such that we can solve for variable rake, that is, non-negative slip in
orthogonal components, between −45◦ and −135◦, separately for
each patch), one with the rake fixed from the geodetic uniform slip
distribution model (−66◦), and one with a rake fixed to the body
wave inversion result (−71◦, Fig. A6). We then compare the fit of the
variable rake model considering the increase in model parameters
using an F-test.
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The Machaze–Zinave aftershock sequence 511

Figure 5. Distributed slip model for the Zinave earthquake. (a–c) Data, model and residual for track 174. (d–f) Track 72 data, model and residual. (g–i) Track
79 data, model and residual. The black lines a–i mark the top of the model where it intersects the surface. (j) Distributed slip model result for the inversion of
tracks 174, 79 and 72 with rake fixed to –66◦. The arrows show displacement of the east block relative to west (i.e. motion to the south is left-lateral).

All three inversions show no significant difference in their root-
mean-square misfit (Table A4). However, in the variable rake model,
the rake within the main slip region varies unrealistically, between
30◦ and 70◦ over a distance of ∼6 km (Fig. A7). A fixed rake model
is a nested variant of the variable rake model (i.e. both models are

described by the same equation, but the fixed rake model has fewer
degrees of freedom), and as such we can perform an F-test to test
whether the inclusion of variable rake is justified. The F-statistic
value for this test is 0.005 considerably lower than the 5 per cent
probability threshold value of 1.32. The increase in degrees of
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512 R. Lloyd, J. Biggs and A. Copley

freedom for the variable rake model is therefore not statistically
justified and rejected.

The slip distribution for the Zinave earthquake using a fixed rake
of −66◦, and fit to the data are shown in Fig. 5. In comparison to
the uniform slip model, there is a greater area and magnitude of slip
(up to 0.12 m) at the southern end of the fault compared to the north
(∼0.1 m), as suggested by the residuals to the uniform slip model
(Fig. 5). The region with >2 cm of slip is ∼14 km by ∼5 km with
top and bottom boundaries at 4 km and 8 km depth, respectively. For
this slip distribution, the seismic moment, using a shear modulus of
32 GPa, is 1.85 × 1017 Nm.

The geodetically and seismically derived values of dip, depth
and rake for this earthquake agree within the error on both methods
(Fig. 3). The seismically derived seismic moment for this event, 9.5
× 1016 Nm, is 47 per cent smaller than the geodetic estimate of the
moment (1.85 × 1017 Nm). The seismic moment of an earthquake is
difficult to determine accurately with both methods, and this degree
of mismatch is typical (e.g. Weston et al. 2011).

4 2 0 0 6 M AC H A Z E E A RT H Q UA K E

4.1 ENVISAT InSAR

We processed 2 ENVISAT scenes (06/06/2004 and 07/05/2006) to
produce an interferogram spanning the 2006 Machaze earthquake
using the ROI-PAC software (Rosen et al. 2004). These scenes were
selected following Copley et al. (2012), but we remove topographic
phase contributions using a 30 m DEM (Farr & Kobrick 2000),
which was not available in 2012. The interferogram was filtered
with strength 0.9 (Goldstein & Werner 1998). We resample the
interferogram to 90 m pixel spacing and use the HRES ECMWF
atmospheric model through the GACOS facility to correct for at-
mospheric delays in the interferogram (Yu et al. 2017b,a). We find
that the atmospheric correction reduces the standard deviation of the
interferogram from 12.1 cm (90 m pixel, no correction) to 9.6 cm
(90 m pixels, atmospheric correction applied).

The use of the 30 m DEM considerably extended the connected
coherent region (coherence >0.1) of the ENVISAT interferogram
compared to the interferogram of Copley et al. (2012) which used
a 90 m DEM, especially in the far-field and some of the signal of
the fault motion. However, we were still unable to unwrap the fault
within ∼8 km due to poor coherence and/or high deformation rate.

4.2 SPOT cross-correlation

Surface deformation can be measured using the cross-correlation
of optical images (e.g. Leprince et al. 2007, 2008). To better con-
strain the near-field displacement field, we make use of two SPOT5
images, acquired on 2001 August 3 and 2008 August 26 (Cop-
ley et al. 2012). We use the results of Copley et al. (2012) who
cross-correlate the images using the Cosi-Corr programme (Lep-
rince et al. 2007, 2008). Due to the non-nadir viewing geometry of
the satellite, vertical displacements contribute to the apparent east–
west displacement (Copley et al. 2011). For the orientation of the
Machaze earthquake and SPOT satellite viewing geometry, we cal-
culate that the vertical displacement will destructively interfere with
the east–west component. Furthermore, the subjectivity in choice
of tie-points for the cross-correlation, required because of uncer-
tain satellite orbits, reduces the reliability of the long-wavelength
displacements (Copley et al. 2011, 2012). The displacement dis-
continuities, however, are robust. The acquisition dates cover both

coseismic and post-seismic (30 months) periods, so the relative con-
tribution cannot be distinguished. Nonetheless, the SPOT data set
provides crucial observations of the near-field deformation (Fig. 6).

4.3 Uniform slip modelling of the Machaze earthquake
using only InSAR data

In order to compare the Machaze and Zinave earthquakes, we per-
form inversions of observations of the Machaze earthquake using
the same methodology as above. For the Machaze earthquake, we
perform three inversions of the 06/06/2004–07/05/2006 ENVISAT
interferogram: one with the GACOS atmospheric correction (90 m
resolution; Figs 6a–c) and two without atmospheric corrections,
one full resolution (30 m pixels) (Figs A8 a–c) and one resampled
to 90 m (Figs A8 d–f).

We use the same inversion methodology and crustal properties as
for the Zinave earthquake. Initial conditions and inversion bounds
are given in Table A2. The results of all three of our inversions
show that the far-field displacements captured by the ENVISAT
interferograms can be well described (2.1–2.4 cm rms) by a single
24 × 7 km steeply dipping (78◦) fault, striking 176◦, with top depth
∼7 km below the surface (Fig. 6, 95 per cent probability values can
be found in Table 3). The inversion using the interferogram with
corrections for atmospheric delays is our preferred model (Table 3).
The best-fitting model is a fault with 6.3 m slip at a rake of −80◦.
A top depth of 7 km contrasts with observations of faulting at the
surface (Fenton & Bommer 2006); however, this is unsurprising as
the ENVISAT data used in our inversion is incoherent close to the
fault trace, resulting in little sensitivity to shallow slip. As such,
we repeat the inversion including the SPOT data (Section 4.4). Our
modelling results are otherwise consistent with previous seismolog-
ical and geodetic estimates of the fault geometry and slip (Table 3;
Copley et al. 2012; Fonseca et al. 2014).

4.4 Distributed slip modelling of the Machaze
earthquake, incorporating InSAR and SPOT data

Large faults are generally complex with multiple segments (e.g.
Nabelek 1985; Fletcher et al. 2014; Hamling et al. 2016). Models
of the coseismic surface deformation from InSAR observations for
the Machaze earthquake suggest rupture across a change in fault
strike (Copley et al. 2012). In order to ascertain the total slip on the
Machaze fault, we perform a distributed slip model with the fault
location identified by displacement discontinuities in post-seismic
deformation and the SPOT data (Copley et al. 2012). We otherwise
use the same method as in Section 3.4, but with the fault divided
into 3 km by 3 km patches that extends down to 30 km dipping at
75◦.

We perform two inversions, (1) using just the ENVISAT interfer-
ogram (κ = 7 x 105, Fig. A5b), and (2) a joint inversion using the
ENVISAT interferogram and SPOT observations (which are resam-
pled to 50 m; κ = 1.3 x 106, Fig. A5c), with InSAR and SPOT data
weighted equally. We solve for a ramp in the ENVISAT data and
an offset in all data sets. The difference between these two models
is that model 1 contains primarily far-field coseismic deformation,
but omits the near-field displacement, while model 2 includes the
near-field observations, but also includes 30 months post-seismic
deformation. Previous observations indicate that post-seismic de-
formation is primarily shallow afterslip on the fault (Copley et al.
2012).
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The Machaze–Zinave aftershock sequence 513

Figure 6. (a–c) Data, model and residual for the Machaze earthquake using the uniform slip model. Descending ENVISAT interferogram 06/06/2004–
07/05/2006. The black rectangle on b and c shows the fault location, dipping west. (d–f) Distributed slip model 1: ENVISAT data (d), model (e), residual (f).
(g–o) Distributed slip model 2, showing data, model, residual for the ENVISAT and SPOT offset data. The black line shows the modelled surface trace of the
fault.

The slip distribution of model 1 indicates that the major-
ity of the slip is concentrated towards the northern end of the
southern fault, with some displacement on the northern seg-
ment (Fig. 7). The displacement is primarily normal in the
main rupture area with rake values ∼−80◦. In this model,
however, the slip in the upper cells is small, in contrast to

field observations of surface offsets of up to 2 m (Fenton &
Bommer 2006), probably as a result of the lack of near-field
observations.

The results of the joint inversion of ENVISAT and SPOT data
shows the same general pattern of slip distribution as model 1, al-
though the slip in the uppermost cell is now 2 m (Fig. 7, resolution
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