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S U M M A R Y
On 2010 November 14, an intense swarm of earthquakes began in the western Gulf of Aden.
Within a 48-hr period, 82 earthquakes with magnitudes between 4.5 and 5.5 were reported
along an ∼80-km-long segment of the east–west trending Aden Ridge, making this swarm
one of the largest ever observed in an extensional oceanic setting. In this study, we calculate
centroid-moment-tensor solutions for 110 earthquakes that occurred between 2010 November
and 2011 April. Over 80 per cent of the cumulative seismic moment results from earthquakes
that occurred within 1 week of the onset of the swarm. We find that this sequence has a
b-value of ∼1.6 and is dominated by normal-faulting earthquakes that, early in the swarm,
migrate westwards with time. These earthquakes are located in rhombic basins along a section
of the ridge that was previously characterized by low levels of seismicity and a lack of
recent volcanism on the seafloor. Body-wave modelling demonstrates that the events occur in
the top 2–3 km of the crust. Nodal planes of the normal-faulting earthquakes are consistent
with previously mapped faults in the axial valley. A small number of strike-slip earthquakes
observed between two basins near 44◦E, where the axial valley changes orientation, depth
and width, likely indicate the presence of an incipient transform fault and the early stages of
ridge-transform segmentation. The direction of extension accommodated by the earthquakes
is intermediate between the rift orthogonal and the direction of relative motion between the
Arabian and Somalian plates, consistent with the oblique style of rifting occurring along the
slow-spreading Aden Ridge. The 2010 swarm shares many characteristics with dyke-induced
rifting episodes from both oceanic and continental settings. We conclude that the 2010 swarm
represents the seismic component of an undersea magmatic rifting episode along the nascent
Aden Ridge, and attribute the large size of the earthquakes to the combined effects of the
slow spreading rate, relatively thick crust and recent quiescence. We estimate that the rifting
episode was caused by dyke intrusions that propagated laterally for 12–18 hr, accommodating
∼1–14 m of opening or ∼85–800 yr of spreading along this section of the ridge. Our findings
demonstrate the westward propagation of active seafloor spreading into this section of the
western Gulf of Aden and illustrate that deformation at the onset of seafloor spreading may be
accommodated by discrete episodes of faulting and magmatism. A comparison with similar
sequences on land suggests that the 2010 episode may be only the first of several dyke-induced
rifting episodes to occur in the western Gulf of Aden.

Key words: Earthquake source observations; Seismicity and tectonics; Body waves;
Mid-ocean ridge processes; Submarine tectonics and volcanism; Africa.

1 I N T RO D U C T I O N

The Gulf of Aden is a young ocean basin that stretches from the Afar
depression in East Africa to the Carlsberg Ridge in the Indian Ocean
(Fig. 1). Here, northeastward motion of the Arabian plate relative
to the Somalian plate is accommodated by oblique spreading on a
system of approximately east–west trending rift zones (Courtillot

1980; Cochran et al. 1981; Manighetti et al. 1997; Bosworth et al.
2005). Beginning in mid-November 2010, the western Gulf of Aden
between 43.75◦ and 44.5◦E experienced an intense swarm of earth-
quakes. Within a 48-hr period, 24 earthquakes with magnitudes be-
tween 5.0 and 5.5, and 58 earthquakes with magnitudes between 4.5
and 5.0, were reported in this area. The magnitudes of these earth-
quakes, as well as the large number of earthquakes in a short time,
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Figure 1. Map of the western Gulf of Aden and surroundings. The Carlsberg Ridge lies east of the Shukra al Sheik discontinuity, outside the frame of the figure.
Maroon dots mark the locations of earthquakes in the NEIC catalogue (1973–2010). Focal mechanisms are from the Global CMT catalogue (1976–2010).
All seismic data plotted covers the entire period of the catalogues before the start of the earthquake swarm. Plate boundary information is from Bird (2003).
The plate motion vector for the Arabian plate relative to the Somalian plate (1.6 cm yr–1 at N34◦E) is from MORVEL (DeMets et al. 2010). Topography and
bathymetry is plotted from the GEBCO_08 Grid, version 20100927, http://www.gebco.net.

make this swarm one of the largest ever observed in an extensional
oceanic setting. Teleseismically detected earthquakes continued to
occur for several months after the onset of the swarm, although at
a much lower rate. The earthquake sequence occurred on a tecton-
ically complex section of the Aden Ridge, crossing structural and
mechanical boundaries (Dauteuil et al. 2001; Hébert et al. 2001).
In this paper, we use data from the Global Seismographic Network
(GSN) to estimate source parameters for 110 earthquakes in the se-
quence, allowing us to characterize the swarm and better constrain
the tectonics of this nascent spreading centre. Comparison with
seismic and volcanic activity in other regions suggests the swarm
represents the seismic component of an undersea rifting episode,
the first documented in this area.

2 T E C T O N I C B A C KG RO U N D

The impingement of the Afar mantle plume on the base of the
African lithosphere ∼31 Ma triggered continental rifting in the
Gulf of Aden (Baker et al. 1996; Hoffman et al. 1997; Rochette
et al. 1997; Ukstins et al. 2002; Bosworth et al. 2005). This event,
combined with regional extension resulting from the subduction of
Africa beneath Eurasia (Malkin & Shemenda 1991; Courtillot et al.
1999; Jolivet & Faccenna 2000; Bellahsen et al. 2003; Bosworth
et al. 2005) resulted in the initiation of seafloor spreading in the
eastern Gulf of Aden. Extension propagated westwards over time,
reaching the Shukra al Sheik discontinuity, and the eastern edge of

the Afar plume, approximately 10 Ma (Bosworth et al. 2005). Rift-
ing stalled there, and propagated into the central and western Gulf
of Aden only within the last 2–3 Ma (Cochran 1981; Bosworth et al.
2005). Gravity and magnetic data have indicated that the western
boundary of active seafloor spreading is currently at approximately
44◦E (Hébert et al. 2001). East of the Shukra al Sheik discontinuity,
the crust is oceanic with a mean thickness of 6 km, and extension
is accommodated by faulting and oceanic accretion along a well-
developed ridge-transform system (Dauteuil et al. 2001). In the
area of the 2010 earthquake swarm, however, the crustal thickness
ranges from 6 to 13 km, and although an axial trough is present,
ridge-transform segmentation is poorly developed (Dauteuil et al.
2001). This section of the Aden Ridge is part of a ∼130-km-long
transition between oceanic lithosphere in the east and stretched con-
tinental lithosphere in the west (Dauteuil et al. 2001; Hébert et al.
2001).

The Aden Ridge spreads at a rate of 1.6 cm yr–1 in the direc-
tion N34◦E (DeMets et al. 2010; Fig. 1). The spreading direction
is oblique to the rift axis, which trends N90◦E between the Shukra
al Sheik discontinuity and ∼44◦E longitude, and N70◦E as it ap-
proaches the Gulf of Tadjoura. East of 44◦E, the axial valley is be-
tween 1000 and 1500 m deep and has a mean width of 20 km. Acous-
tic reflectivity surveys have shown that this portion of the ridge con-
sists of overlapping rhombic basins oriented N120◦E (Manighetti
et al. 1997; Dauteuil et al. 2001). The axial valley is bounded by
east–west trending normal faults whereas the centre of the valley
contains left-stepping en echelon faults oriented N100–120◦E that

C© 2012 The Authors, GJI

Geophysical Journal International C© 2012 RAS



Western Gulf of Aden Rifting Episode 3

Figure 2. Centroid locations for 110 earthquakes analysed in this study (2010 November–2011April). Red dots denote earthquakes with well-constrained
locations and grey dots denote earthquakes with less-well-constrained locations. Focal mechanisms, plate boundary information, bathymetry and topography
are as in Fig. 1.

accommodate both extension and right-lateral strike-slip motion
(Manighetti et al. 1997; Dauteuil et al. 2001). West of 44◦E, the
axial valley changes orientation, deepens to 1650 m and narrows to
a width of 10–15 km. There the ridge is composed of several basins
containing linear to sigmoidal normal faults striking N80◦–N120◦E
(Tamsett & Searle 1988; Taylor et al. 1994; Tuckwell et al. 1996;
Dauteuil et al. 2001). Backscatter images from a 1995 cruise showed
no recent lava flows or volcanic cones between 43.3◦ and 44.3◦E
(Dauteuil et al. 2001).

3 S E I S M I C OV E RV I E W

The section of the Aden Ridge that ruptured during the 2010 swarm
was previously characterized by low levels of seismicity (Fig. 1).
Before 2010, the area between 43.9◦E and 45◦E had not rup-
tured in a M5+ earthquake in at least the last 38 yr, the era of
modern seismic instrumentation and the time span covered by the
catalogues of the USGS National Earthquake Information Center
(NEIC; 1973–present) and Global Centroid Moment Tensor Project
(GCMT; 1976–present; Dziewonski et al. 1981; Ekström et al.
2005). This contrasts with other sections of the ridge, including
the Gulf of Tadjoura near the Afar triple junction and the Sheba
Ridge east of the Shukra al Sheik discontinuity, where moderate-
sized earthquakes occur frequently.

The 2010 western Gulf of Aden earthquake sequence was pre-
ceded by a Mw 4.5 earthquake on November 13 at 18:26 GMT.
The main part of the sequence began 12 hr later on November 14
at 06:32 with a Mw 5.4 earthquake. Over the next 48 hr, 82 earth-
quakes with magnitudes 4.5 and greater were located by the NEIC

and/or by the GCMT Project using surface waves (Ekström 2006;
Fig. 2). The number of moderate-sized earthquakes in this sequence
is extraordinary, and is comparable to the number of similarly sized
earthquakes expected in the aftershock sequence of a Mw 7–8 main
shock (Shcherbakov & Turcotte 2004; Shcherbakov et al. 2005),
even though the largest earthquake was only Mw 5.5. Seventy per
cent of the cumulative seismic moment of the swarm results from
earthquakes occurring the first day, and 83 per cent from earth-
quakes occurring the first week (Fig. 3). Earthquakes were detected
in the area through 2011 August, although they occurred at a much
lower rate than during the swarm.

4 DATA A N D M E T H O D S

We use data from the IRIS–USGS GSN, Geoscope, GEOFON,
MEDNET and the Canadian Regional Seismic Network to calcu-
late centroid moment tensors, locations and times for earthquakes
in the western Gulf of Aden between 2010 November and 2011
April, the first 6 months after the start of the swarm. We calculate
centroid-moment-tensor solutions generally following the standard
GCMT approach for earthquakes with Mw < 5.5 (Dziewonski et al.
1981; Arvidsson & Ekström 1998; Ekström et al. 2005), which
incorporates long-period body waves filtered from 40–150 s and
intermediate-period surface waves filtered from 50–150 s. Solutions
for the smallest earthquakes are constrained primarily by surface-
wave data, and in this case, we adjust the filter to shorter periods
(40–100 or 35–75 s) on a case-by-case basis to increase the signal-
to-noise ratio. Data from 30–100 stations are used for each solution,
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Figure 3. Top: Fractional cumulative seismic moment during the first week
of the 2010 Gulf of Aden earthquake sequence. The cumulative seismic
moment is estimated by summing the scalar moments for earthquakes anal-
ysed in this study. The cumulative seismic moment through 2011 April is
3.5 × 1018 Nm, which is equivalent to a single Mw 6.3 earthquake. Bottom:
Times and magnitudes of earthquakes. Red dots show moment magnitudes
for earthquakes analysed in this study. Blue dots show times and magni-
tudes for additional earthquakes reported by the USGS NEIC; these are not
included in the moment sum.

with the nearest station being FURI-IU, located ∼675 km away near
Addis Ababa, Ethiopia.

Because all of the earthquakes in the western Gulf of Aden
swarm are shallow, their depths cannot be resolved well with the
long-period seismic data used in standard GCMT analysis. Like-
wise, depth estimates could not easily be read from depth phases
because the direct and reflected teleseismic P waves for shallow
normal-faulting earthquakes typically have opposite polarity and
occur very close together in time. To obtain accurate estimates of
focal depth, we model the broad-band teleseismic body waves of the
largest earthquakes of the sequence (Mw ≥ 5.2) using the method
of Ekström (1989). We perform an inversion of P and SH wave-

forms for focal mechanism, focal depth and moment-rate function.
For this analysis, we deconvolve the instrument response to ob-
tain broad-band displacement records filtered from 1–100 s period.
Synthetic seismograms are calculated using ray theory and the Pre-
liminary Reference Earth Model (Dziewonski & Anderson 1981).
Reflections and conversions near the source are modelled using
a layer-matrix method for a regional velocity model. We use the
CRUST2.0 velocity model for the Red Sea (Y0—thinned conti-
nental crust with 1.0-km thick sediment layer; Bassin et al. 2000),
adding a 1.25-km thick water layer on top to match local bathymetry.
The CMT estimate of the point-source moment tensor is included
as a soft constraint in the inversion to ensure that focal mecha-
nisms calculated from the broad-band data are compatible with the
long-period data used in CMT analysis.

5 R E S U LT S

We are able to obtain CMT solutions for 110 earthquakes of the west-
ern Gulf of Aden sequence and broad-band body-wave estimates of
depth for four of the larger events. These results are summarized
in Figs 4–7, and source parameters are provided in Tables 1, S1
and S2 (see the Supporting Information section), and in electronic
format on our web site (www.globalcmt.org). Below, we examine
the source parameters retrieved in the context of known geology,
and, in Section 6, consider implications of the sequence in light of
the tectonic setting and ongoing evolution of the Gulf of Aden.

5.1 Centroid-moment-tensor solutions

We attempted to analyse all 198 earthquakes with initial magni-
tudes of 4.0 or larger as reported by the NEIC and/or the GCMT
Project, and were able to obtain CMT solutions for 110 earthquakes
with magnitudes 4.5 ≤ Mw ≤ 5.5. (Fig. 3). Solutions for the 25
largest earthquakes, those with Mw ≥ 5.0, have been adopted as the
preferred solutions of the GCMT catalogue, which has a minimum
magnitude threshold of M ∼ 5. We consider both these and our
additional 85 solutions for smaller events here. Focal mechanisms
are presented in Fig. 4. The solutions are generally robust and well
constrained. In the figures and tables, we identify 18 earthquakes
as having less well-constrained focal mechanisms. This designation
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Figure 4. Focal mechanisms for the western Gulf of Aden. Black focal mechanisms are pre-swarm earthquakes from the Global CMT catalogue. Focal
mechanisms for the sequence that began on 2010 November 13 are plotted in red and grey, with only the double-couple component shown. The best-constrained
focal mechanisms are plotted in red, and the less well-constrained focal mechanisms are plotted in grey. Black lines show fault traces from Dauteuil et al.
(2001). Bathymetry from GEBCO is plotted in 100-m contours.
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Figure 5. Spatial and temporal distribution of earthquakes for the first 48 hr of the swarm. Earthquakes are plotted as black circles at the longitude of their
centroid locations. The time plotted in this figure is relative to the start of the swarm, November 14 at 06:32 GMT. For reference, a propagation rate of 1.1 m s–1

is indicated by the dashed line. This is a maximum estimate for the propagation rate of the onset of seismicity.
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Figure 6. Azimuths of tension axes for the western Gulf of Aden earthquakes. Tension axes are plotted at the centroid locations, and are drawn in blue for
earthquakes with large strike-slip components, and red or grey for the best constrained and less well-constrained normal-faulting earthquakes. The double-
headed black arrow shows the spreading direction from the global plate motion model MORVEL (DeMets et al. 2010). Black lines show fault traces from
Dauteuil et al. (2001). Bathymetry from GEBCO is plotted in 100-m contours. Tension axes are plotted in chronological order, and a single, early strike-slip
event at 12.09◦N, 44.2◦E is obscured by later normal-faulting events.

is given to events with the smallest number of usable data, typ-
ically the result of small magnitude and/or the presence of large
amplitude waveforms from other earthquakes. Nonetheless, focal
mechanisms for the least well-constrained earthquakes are consis-
tent with those of the best-constrained events (Figs 4 and 6), and we
do not distinguish between them in the discussion below.

Although we report complete deviatoric moment tensors for the
western Gulf of Aden earthquakes in Table S1, we plot only the
double-couple components of the focal mechanisms in Fig. 4 be-
cause we are unable to constrain the non-double-couple compo-
nent well using the existing data. There are few close stations, and
many of the earthquakes are near the magnitude threshold of GCMT
analysis. The largest normal-faulting earthquakes have small non-
double-couple components, and are consistent with rupture on pla-
nar faults. Larger non-double-couple components are retrieved for
the least well-constrained earthquakes and earthquakes with strike-
slip focal mechanisms, but for these events we find that double-
couple moment tensors fit the data nearly as well as the full solu-
tions. The strikes and dips of the nodal planes for the two types of
solutions are nearly identical.

The standard errors for the latitude and longitude components
of the centroid locations are between 3 and 5 km on average
(Table S1). Owing to uneven station distributions, the presence
of noise and unmodelled structural heterogeneity (Nakanishi &

Kanamori 1982; Smith & Ekström 1997; Hjörleifsdóttir & Ekström
2010), we believe that the actual errors are likely to be larger. The
good correspondence between the centroid locations and the axial
valley, however, suggest that absolute location errors are typically
less than 20 km. Because the distances between individual earth-
quakes in the sequence are small, and because we use a similar
station distribution for each CMT solution, the relative location
errors are expected to be smaller, approximately 5–10 km.

The western Gulf of Aden swarm is dominated by normal-
faulting earthquakes located in the axial valley between 43.75◦

and 44.5◦E (Fig. 4). These earthquakes have WNW–ESE striking
nodal planes that are oriented N109◦E on average, or ∼75◦ from
the direction of relative plate motion (DeMets et al. 2010). The ro-
tation of the nodal planes with respect to the spreading-orthogonal
direction is consistent with fault populations at other oblique rifts
around the world (Taylor et al. 1994; Tuckwell et al. 1996). The
normal-faulting earthquakes have dip angles that are close to 45◦,
with the average dip angles of the shallow and steep nodal planes
being 42◦ and 51◦, respectively. For these events, there is excel-
lent agreement between the distribution of retrieved strike angles
of the nodal planes and observed fault orientations measured using
acoustic reflectivity data (Dauteuil et al. 2001). Though the vast
majority of the earthquakes show normal faulting, a small fraction
of the earthquakes have strike-slip focal mechanisms with NE–SW
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Figure 7. Focal-depth analysis for the Mw 5.5 earthquake on 2010 November 14 at 17:02 GMT. Solid lines are broad-band teleseismic P and SH waveforms,
and dashed lines are synthetic seismograms. Brackets across the waveforms show the portions of the seismograms that were used in the inversion, and arrows
indicate the picked first arrivals. The station names and maximum amplitude (in microns) are printed for each waveform. The focal mechanism and moment-rate
function determined by the body-wave inversion are plotted in the centre of the figure. Solid black lines on the focal mechanism show nodal planes for the
double-couple part of the moment tensor. Black dots on the focal mechanism show where the plotted waveforms exited the focal sphere. The focal depth of the
earthquake is 3.5 km below the sea surface, or 2.3 km below the seafloor.

Table 1. Focal-depth estimates determined by
broad-band analysis. The depths are relative to
the seafloor.

Earthquake date and time Mw Depth (km)

11/14/10 06:32 5.4 1.6
11/14/10 13:50 5.2 2.6
11/14/10 17:02 5.5 2.3
11/14/10 22:22 5.3 1.8

and NW–SE striking nodal planes, consistent with the extension
direction.

The western Gulf of Aden earthquakes are clustered in both
space and time. Spatially, the centroid locations are divided into two
elongated groups, which are offset from one another by 10–15 km
(Fig. 4). These groups correspond to mapped basins inside the ax-
ial valley, east and west of 44◦E (Dauteuil et al. 2001). Although
normal-faulting earthquakes are distributed throughout the basins,
strike-slip earthquakes are predominantly located near the offset be-
tween two of the basins near 44◦E. At the beginning of the sequence,
the basins east of 44◦E were active, producing four of the 10 largest
earthquakes observed during the entire sequence within the first 6 hr.
Beginning at 12:49 on November 14, activity shifted to the western
basin for approximately 10 hr and produced the remaining six of
the 10 largest earthquakes. From November 15 onwards, seismicity
continued at a lower rate and was concentrated east of 44◦E. We do
not find any evidence for uniform migration of the centroids with
time. However, we do observe a westward propagation of the onset
of seismicity for the first 12 hr of the swarm, as shown in Fig. 5. We
find that seismicity migrated at a rate no higher than ∼1.1 m s–1,
which is consistent with earthquake swarms from Iceland and Afar
(Brandsdóttir & Einarsson 1979; Belachew et al. 2011).

The principal axes of the moment tensor provide information
about the strain accommodated by fault movements (McKenzie
1969; Townend 2006). The tension axes indicate the direction of
maximum extension during an earthquake. Tension axes are close
to horizontal for both normal-faulting and strike-slip earthquakes
in the western Gulf of Aden sequence, and the azimuths of the ten-
sion axes we determine are plotted in Fig. 6. For normal-faulting
earthquakes, the average azimuth of the tension axes is N19◦E,
which is intermediate between the spreading direction from global
plate motion vectors, N34◦E (DeMets et al. 2010), and the normal
to the ridge trend in this area, N20◦W–N0◦E. These observations
are consistent with earthquake focal mechanisms at other oblique
rifts around the world (Fournier & Petit 2007), as well as with the
orientations of normal-fault structures observed in analogue mod-
els of oblique rifting (Withjack & Jamison 1986; Tron & Brun
1991; Clifton et al. 2000). The tension axes of the strike-slip earth-
quakes near 44◦E are rotated counter-clockwise relative to those
of the normal-faulting earthquakes, as expected for a left-stepping
transform fault connecting two ridge segments. The full deviatoric
moment tensors for these earthquakes are also consistent with com-
posite focal mechanisms resulting from earthquakes with subevents
on both ridge and transform segments with this left-stepping geom-
etry (Frohlich 1994). The strike-slip earthquakes likely indicate that
the offset between basins near 44◦E is a transfer zone (Dauteuil &
Brun 1993; Bellahsen et al. 2006; Autin et al. 2010), in the process
of developing into a transform fault, as has already occurred east of
the Shukra al Sheik discontinuity.

5.2 Teleseismic body wave modelling

We are able to model the teleseismic body waves of four earth-
quakes, all occurring on 2010 November 14. The first of these
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earthquakes occurred east of 44◦E, whereas the remaining earth-
quakes are located in the western basin. Although the focal depth
estimates depend on the particular choice of crustal model, we find
that, for reasonable choices of sediment thickness ranging from
0–1 km, the waveforms can be fit well and the differences between
focal depth estimates are well within the 1–2 km uncertainty asso-
ciated with the Ekström (1989) method. An example of the wave-
form fits achieved is shown in Fig. 7. In Table 1, we present focal
depths that were calculated using a velocity model that includes a
1.25-km layer of water and a 1-km layer of sediments. This model
was chosen to account for the fact that the sediment thickness in
the western Gulf of Aden ranges from essentially zero near the
ridge axis to 2 km outside the rift (Khanbari 2000 as cited in Hébert
et al. 2001). The focal depths we retrieve are shallow, ranging from
1.6 to 2.6 km below the seafloor. If we use a sediment thickness
of 0 km, the focal depth estimates range from 1.4 to 2.4 km below
the seafloor. These depth estimates are consistent with other earth-
quakes from mid-ocean ridges with similar spreading rates (Huang
& Solomon 1988). For Mw 5.5 normal-faulting earthquakes, em-
pirical scaling relationships estimate the downdip fault width to be
∼5 km (Wells & Coppersmith 1994), so it is likely that some of the
earthquakes in this sequence ruptured the surface of the seafloor.
If indeed 1 km of sediments is present, our depth estimates suggest
that the earthquakes occurred only ∼0.5–1.5 km into the crystalline
crust. Such shallow depth estimates suggest either the earthquakes
had unusually high stress drops, unlikely if the earthquakes occurred
on pre-existing faults, or that seismogenic rupture continued into
the sediment layer.

6 D I S C U S S I O N

The western Gulf of Aden earthquake sequence occurred beneath
more than a kilometre of water in one of the most dangerous ship-
ping routes in the world (Smith et al. 2011). Thus, there are no
independent observations of the deformation that took place during
this episode, either from satellite interferometry or from ship-based
surveys. However, the character of the seismic activity is similar to
dyke-induced earthquake sequences observed in both continental
and oceanic settings, and we infer that this sequence is the seismic
component of a magmatic rifting episode. We base this interpreta-
tion on the swarm-like nature of the sequence, and the dominance of
normal-faulting earthquakes clustered around the ridge axis. With
this interpretation, we estimate the duration of the dyking event and
the amount of opening that took place along this section of the ridge.
We use published analogue models to interpret our observations in
the context of the evolution of the Gulf of Aden and other oblique
rifts around the world.

6.1 Comparison to other dyke-induced rifting episodes

During rifting episodes along mid-ocean ridges and magma-rich
segments of continental rifts, both dykes and faults accommodate
plate boundary separation. As dykes propagate laterally though the
crust, they trigger slip on faults located above and ahead of the
intrusions (Rubin & Pollard 1988; Rubin 1992; Rubin & Gillard
1998). After propagation ceases, earthquakes continue to occur on
pre-existing faults close to failure because of changes in Coulomb
stress caused by the dyke injection and related faulting and thermal
stressing, although these earthquakes are generally fewer in number
(Toda et al. 2002; Ayele et al. 2009; Kulpinski et al. 2009; Ebinger
et al. 2010). Dyke-induced rifting episodes in both continental and

oceanic settings are characterized by earthquake sequences that
have neither a single large main shock nor a decrease in magnitude
with time (Abdallah et al. 1979; Brandsdóttir & Einarsson 1979;
Tolstoy et al. 2001; Wright et al. 2006; Rowland et al. 2007; Ebinger
et al. 2008, 2010 Ayele et al. 2009; Keir et al. 2009; Riedel &
Schlindwein 2010). Such swarms have elevated b values, which are
typically attributed to high thermal gradients and the presence or
migration of magmatic and/or hydrothermal fluids (Brandsdóttir &
Einarsson 1979; King 1983; Hill et al. 1990; Wiemer & McNutt
1997; Wiemer et al. 1998; Toda et al. 2002; Farrell et al. 2009).

For the western Gulf of Aden sequence, we estimated the b-value
by examining the frequency-magnitude distribution. The magnitude
of completeness (M c) was defined as the magnitude below which the
data depart from a linear trend by more than one standard deviation
(Zúñiga & Wyss 1995). Using the maximum likelihood approach
(Aki 1965; Utsu 1965; Bender 1983; Wiemer 2001) with a Mc

of Mw 4.8 and calculating the uncertainty by bootstrapping, we
estimate the b-value for the western Gulf of Aden sequence to
be 1.6 ± 0.18, which is significantly higher than the global average
value of ∼1.0 (Frohlich & Davis 1993). The estimate of b-value
remains well above 1.0 for choices of M c larger than 4.8.

Although there is some debate over whether particular earthquake
swarms on mid-ocean ridges result from episodes of tectonic ex-
tension or magmatism (Bergman & Solomon 1990), dyke-induced
earthquake swarms have now been observed directly on many mid-
ocean ridges. Along fast and intermediate-spreading mid-ocean
ridges, dyke intrusions produce short-lived swarms of Mw ≤ 4.0
earthquakes that are observed primarily by ocean-bottom seis-
mometers (Dziak et al. 1995, 2007, 2009; Fox et al. 1995; Tolstoy
et al. 2006), whereas larger, teleseismically detected swarms of
dyke-induced earthquakes are generally only located on slow and
ultra-slow spreading ridges such as the Mid-Atlantic Ridge and the
Gakkel Ridge (Müller & Jokat 2000; Tolstoy et al. 2001; Dziak et al.
2004; Riedel & Schlindwein 2010; Schlindwein & Riedel 2010;
Korger & Schlindwein 2011). For normal-faulting earthquakes
along mid-ocean ridges, an inverse relationship between maximum
earthquake size and spreading rate has been observed, and is at-
tributed to thermal limitations on the depth of the seismogenic zone
(Solomon & Burr 1979; Huang & Solomon 1988; Bird et al. 2009).

The mid-ocean ridge swarm that is most similar to the swarm
investigated in this study is the 1999 Gakkel Ridge swarm, which
lasted 9 months and produced 20 normal-faulting earthquakes with
Mw ≥ 5.0 (Müller & Jokat 2000; Tolstoy et al. 2001; Ekström
et al. 2003; Riedel & Schlindwein 2010). In that case, sonar images
and bathymetric data suggest that the swarm was associated with
a volcanic eruption on the seafloor (Edwards et al. 2001). As at
the Gakkel Ridge, the large magnitudes of the earthquakes in this
study can likely be attributed in part to the slow spreading rate in
the western Gulf of Aden.

The regional crustal structure and tectonic history of the western
Gulf of Aden may also help explain the large magnitudes of the
earthquakes. The area of the earthquake swarm has thick crust,
which is transitional from oceanic to continental (Dauteuil et al.
2001; Hébert et al. 2001), and thicker sections of brittle crust can
support larger earthquakes (Rubin 1990). Large earthquakes have
also been associated with dykes that are the first to intrude host
rift zones after long periods of quiescence (Rubin & Gillard 1998).
Based on the seismic history and on the seafloor observations of
Dauteuil et al. (2001), this rifting episode is the first in the western
Gulf of Aden in a minimum of several decades, and may represent
westward propagation of active seafloor spreading into a new section
of the Aden Ridge.
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This interpretation of rift propagation is consistent with the fact
that the earthquake swarm that most closely resembles the western
Gulf of Aden sequence, continental or oceanic, occurred on an in-
cipient mid-ocean ridge in neighbouring Afar. The 2005 September
dyking episode in Afar was characterized by hundreds of teleseis-
mically detected, shallow earthquakes located in a 120-km-long by
25-km-wide area of the Dabbahu segment of the Red Sea rift over a
period of 3 weeks. These earthquakes were predominantly normal
faulting and 17 had Mw ≥ 5.0 (Ebinger et al. 2008, 2010; Ayele
et al. 2009). Like the western Gulf of Aden sequence, the largest
magnitude earthquake in the 2005 Afar rifting episode was Mw

5.5 and the cumulative seismic moment was equivalent to a sin-
gle Mw 6.3 earthquake (Ebinger et al. 2008; Grandin et al. 2009).
InSAR studies confirm that a magma volume of 1.5–2.5 km3 was
injected along a 65-km-long shallow dyke during the 2005 Afar
rifting episode (Wright et al. 2006; Grandin et al. 2009).

Because the western Gulf of Aden sequence has elevated b-value
and is dominated by shallow, normal-faulting earthquakes that mi-
grate over time, closely resembling well-documented dyke-induced
earthquake sequences in both oceanic and continental settings, we
conclude that this swarm represents the seismic component of a
magmatic rifting episode along the nascent Aden Ridge. The large
size of the earthquakes likely results from the combined effects of
the slow spreading rate, relatively thick crust and recent quiescence.

6.2 Rifting episode duration and opening estimates

The similarities between the earthquakes in this study and those
associated with the well-documented Afar rifting episodes enable
us to make a rough estimate of the duration of the dyke intru-
sion, as well as the amount of opening that took place during the
2010 rifting episode. Belachew et al. (2011) performed a detailed
analysis of local seismic data from nine dyke intrusions in Afar,
and concluded that the largest earthquakes in each sequence were
caused by faulting and graben formation above laterally propagating
dyke intrusions. Based on cumulative seismic moment curves, they
conclude that the vast majority of seismic moment is accumulated
during the dyke propagation phase, after which seismicity decreases
significantly, and the slope of the cumulative seismic moment curve
flattens. Interpreting our cumulative seismic moment curve (Fig. 3)
in the same way, we estimate that the main dyke intrusion in the
western Gulf of Aden propagated for less than 18 hr. This result is
consistent with our observation that seismicity migrated westwards
for approximately 12 hr during the beginning of the swarm. Com-
bining these results, we conclude that the dyke propagation phase
during the 2010 western Gulf of Aden rifting episode likely lasted
between 12 and 18 hr. This is shorter than the dyke propagation
phase for the 2005 rifting episode in Afar, which lasted several days
(Ayele et al. 2009).

Using our CMT solutions, and assuming that all extension oc-
curs on planar normal faults, we estimate the amount of spreading
accommodated by the earthquakes using the following expression:
∑

M0 = μLhd
/

(sin (θ ) cos (θ )), (1)

modified from Solomon et al. (1988). Here,
∑

M0 is the cumula-
tive seismic moment of the normal-faulting earthquakes, μ is the
shear modulus, h is the thickness of the seismogenic layer, θ is the
dip of the fault planes, L is the total along-axis length of the ridge
segments that slipped in the earthquakes and d is the total amount
of horizontal opening. We use values of 3.0 × 1010 N m–2 for μ,
and 10 km for h (Dauteuil et al. 2001), and calculate the remaining

parameters from the CMT solutions.
∑

M0 is 3.4 × 1018 Nm, and
we estimate L from the distance between the easternmost and west-
ernmost earthquake centroids, finding a value of 80 km. We use 51◦

for θ , which is the average dip angle for the steeply dipping nodal
planes. Because all of the retrieved nodal-plane dips are close to this
value, the result depends little on the details of this choice. Solving
for the horizontal displacement, we obtain a value of d ≈ 7 cm,
which is equivalent to ∼4 yr of spreading assuming that opening
occurs solely by seismogenic extension of the brittle lithosphere at
a rate of 1.63 cm yr–1, the full spreading rate predicted by MORVEL
for 12◦N, 44◦E (DeMets et al. 2010). If instead we constrain h to
be 5 km, the downdip width for the largest earthquakes based on
our depth and scalar moment estimates and scaling relationships
of Wells & Coppersmith (1994), the estimate of horizontal open-
ing is twice as large, d ≈ 14 cm, which is equivalent to ∼8 yr of
spreading.

However, the amount of opening that occurred during the west-
ern Gulf of Aden rifting episode is likely to be much higher. Along
slow-spreading mid-ocean ridges, earthquakes account for no more
than 10–20 per cent of plate separation (Solomon et al. 1988). Rift-
ing episodes in continental settings are also generally dominated
by aseismic deformation. In Iceland, the Asal Rift and Afar, field
measurements of fault offsets from rifting episodes are much larger
than the amount of slip required to generate the observed earth-
quake swarms (Brandsdóttir & Einarsson 1979; Doubré & Peltzer
2007; Rowland et al. 2007). Additional aseismic opening may occur
because of the volume change associated with the dyke intrusion.
The discrepancy between seismogenic and total opening can also
be demonstrated by comparing the cumulative seismic moment to
estimates of the combined geodetic moment, which accounts for dip
slip on normal faults and volume change because of magma intru-
sions. For the 2005 September rifting episode in Afar, the geodetic
moment was at least an order of magnitude larger than the cumu-
lative seismic moment (Wright et al. 2006; Grandin et al. 2009).
Belachew et al. (2011) compared the seismic and geodetic moments
for nine rifting episodes in Afar between 2006 and 2009, and found
that earthquakes accounted for only ∼0.1–3.5 per cent of the total
deformation. Following Solomon et al. (1988) and Belachew et al.
(2011), if we assume that 1–5 per cent of the total deformation
was accommodated by earthquakes, we estimate that this discrete
rifting episode may have accommodated ∼1–14 m of opening, or
∼85–800 yr of spreading, in this section of the western Gulf of
Aden.

6.3 Evolution of the western Gulf of Aden

The Gulf of Aden is a transtensional setting where rift formation
results from oblique divergence. The relative amounts of extension
and shear, and therefore the faulting patterns that are produced along
a given section of the rift, depend on the obliquity angle, α, which
is the angle between the rift trend (N70–90◦E) and the direction
of relative plate motion (N34◦E; DeMets et al. 2010). The obliq-
uity angle in the western Gulf of Aden varies between ∼35◦ and
55◦ in the area of the recent earthquake swarm, with the highest
value of α being found east of 44◦E where the rift trends east-
west. For similar values of α, analogue models show that oblique
rifting produces en echelon arrays of normal faults in the axial
valley (Withjack & Jamison 1986; Tron & Brun 1991; Dauteuil
& Brun 1993; McClay & White 1995; Clifton et al. 2000; Mart
& Dauteuil 2000; Clifton & Schlische 2001; Corti et al. 2001,
2003; Agostini et al. 2009; Autin et al. 2010). In the models,
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these normal faults strike in a direction intermediate between rift
parallel and perpendicular to the spreading direction (Withjack &
Jamison 1986; Clifton et al. 2000; Corti et al. 2001, 2003; Autin
et al. 2010). The orientations of the nodal planes from our CMT
solutions support these results. For normal-faulting earthquakes,
the average strike angle of the nodal planes is N109◦E, which is
intermediate between N70–90◦E and N124◦E. Analytical models
demonstrate that these fault patterns arise because the combination
of extension and shear in oblique rifts results in the principal ex-
tensional strain being oriented approximately halfway between the
normal to the rift trend and the spreading direction (Withjack &
Jamison 1986). The strain pattern we find in the western Gulf of
Aden provides observational validation of this explanation. The
mean orientation of the tension axes we observe in the swarm is
N19◦E, intermediate between north–south and the direction of rel-
ative plate motion, N34◦E.

Overall, there is excellent agreement between the results of our
seismic analysis and models of oblique rifting, which allows us to
remark on the both the current and future states of the rift system in
the western Gulf of Aden. Recent scaled analogue models by Autin
et al. (2010) suggest that the oblique rifting in the Gulf of Aden was
not initiated on a pre-existing weak zone, so that the structures that
develop are not influenced by previous geometry. Their work, as
well as other analogue models (Clifton & Schlische 2001; Agostini
et al. 2009), indicate that the western Gulf of Aden is in the late
stages of oblique rifting, where deformation is largely controlled by
slip on pre-existing fault segments. The similarity between the ori-
entations of faults mapped before the earthquake swarm (Dauteuil
et al. 2001) and the nodal planes of the normal-faulting earthquakes
supports the interpretation that the 2010 swarm occurred on pre-
existing faults in the axial valley. Based on the analogue models,
we expect that further extension will result in additional slip and
lengthening of optimally oriented en echelon normal faults (Clifton
et al. 2000; Clifton & Schlische 2001; Agostini et al. 2009). In ad-
dition, we expect that some of the transfer zones between individual
basins may evolve towards transform faults (Dauteuil & Brun 1993;
Bellahsen et al. 2006; Autin et al. 2010), and segmentation of the
ridge will increase as seafloor spreading develops in the western
Gulf of Aden. The occurrence of strike-slip earthquakes in the 2010
swarm, near a step over between basins and a change in ridge orien-
tation at 44◦E, may indicate the presence of an incipient transform
fault.

In analogue models of oblique rifts, normal faults in the axial
valley control the emplacement of magmatic intrusions and define
the locations of ocean accretion centres (Clifton & Schlische 2001;
Agostini et al. 2009; Autin et al. 2010). This progression has al-
ready been documented within basins east of the recent swarm,
where seafloor spreading is more developed and there are linear
chains of volcanoes oriented N110◦–120◦E (Tamsett & Searle 1988;
Dauteuil et al. 2001). Before 2010, the section of the rift where the
swarm is located was characterized by low levels of seismicity and
a lack of recent volcanism, and gravity and magnetic surveys in-
dicated that seafloor spreading had not yet been initiated (Dauteuil
et al. 2001; Hébert et al. 2001). We believe that the earthquakes
in the 2010 swarm are the seismic component of a dyke-induced
rifting episode, which provides evidence for westward propagation
of seafloor spreading into this area. As in Afar, this swarm confirms
that deformation at the onset of seafloor spreading is achieved by
intense episodes of dyke intrusion and faulting. For now it is un-
known whether this rifting episode will consist of a single dyking
episode, like in the Asal Rift in 1978 (Abdallah et al. 1979), or
whether additional dyke intrusion episodes will follow as in Afar

and Iceland. If the latter, we expect additional dyke intrusions to
become progressively more effusive, leading to eruptions on the
seafloor (Buck et al. 2006; Hamling et al. 2010).

7 C O N C LU S I O N S

In the western Gulf of Aden, the east–west trending boundary be-
tween the Arabian and Somalian plates is transitioning from a con-
tinental rift to a mid-ocean ridge. Until recently, the section of the
nascent Aden Ridge near 44◦E was characterized by low levels
of seismicity and a lack of recent volcanism on the seafloor, and
has been believed to lie west of the boundary of active seafloor
spreading. However, our analysis of a swarm of moderate to large
earthquakes that began on 2010 November 14 in this area indicates
that the early stages of seafloor spreading have now propagated into
this section of the rift. The swarm closely resembles dyke-induced
earthquake swarms from both continental and oceanic settings,
and was likely triggered by the lateral propagation of a shallow
dyke intrusion. Though the sequence was dominated by shallow,
normal-faulting earthquakes, we also find evidence for an incipi-
ent transform fault and the early stages of rift-transform segmen-
tation. The direction of extension accommodated by the normal-
faulting earthquakes of the sequence is intermediate between the
rift orthogonal and the spreading direction predicted by global
plate motion vectors, validating analogue and analytical models of
oblique rifting. Our findings indicate that deformation at the onset of
seafloor spreading is achieved by discrete episodes of faulting and
magmatism.
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