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Earthquake swarms occur sporadically at divergent plate boundaries but their recurrence
over multiple decades and relation to magmatic spreading activity remain poorly
understood. Here we study more than 100 earthquake swarms over a 60-year period
in the southern Red Sea, Afar, and Gulf of Aden region. We first compiled an earthquake-
swarm catalogue by integrating reexamined global and local earthquake catalogues from
1960 to 2017. This yielded 134 earthquake swarms that mainly cluster in 19 different areas
in the study region, showing that in most cases swarms recur every few decades in the
same area. The swarms exhibit a range of earthquake magnitudes and often include
multiple M3 to M5 events with some swarms having occasional larger earthquakes over
M6, primarily in southern Afar. Many of the earthquake swarms were clearly associated
with rifting events, consisting of magmatic intrusions, surface faulting, and in some cases
volcanic eruptions. Together, the swarms suggest that extension at these divergent plate
boundaries occurs episodically along <100 km long segments, some of which were
previously unrecognized. Within the study region, the Gulf of Aden shows the most
frequent swarm activity, followed by Afar and then the southern Red Sea. The results show
that the three areas were subject to an increase of earthquake-swarm activity from 2003 to
2013 in the form of three rifting episodes and at least seven volcanic eruptions. We
interpret that the most likely controls on temporal variations in earthquake swarm activity
are either temporal variations in magma supply, or rifting-induced stress change that
trigger clusters of swarms.

Keywords: earthquake swarm, Afar depression, seismicity analysis, Red Sea—Gulf of Aden, rifting and breakup,
volcanism, tectonics

INTRODUCTION

Earthquake swarms are observed worldwide at divergent plate boundaries. Most of these swarms
occur along oceanic ridges and along transform zones (Bird et al., 2002; Boettcher and Jordan, 2004;
Roland and McGuire, 2009; Passarelli et al., 2018b). Earthquake swarms are seismic sequences that
cluster in space and time with the majority of moment release occurring after the start of the
sequence (Roland and McGuire, 2009; Chen and Shearer, 2011). Seismicity rate during swarm-like
sequences fluctuates in time with acceleration and deceleration phases that cannot be described with
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the simple Omori law (e.g., Sykes, 1970; Dziak et al., 2006). They
often lack a distinctive mainshock and most of the seismic
moment is released through multiple earthquakes of
comparable magnitude. They have characteristic durations of
days to months that do not scale with the total moment released
during the sequence (Passarelli et al., 2018b), which indicates that
their temporal evolution is likely modulated by transient processes
(e.g., fluid migration, magmatic intrusions, or aseismic slip) acting
on top of the long-term tectonic load (Vidale and Shearer, 2006;
Passarelli et al., 2015, 2018b). Therefore, no governing law has yet
been discovered for swarm seismicity which makes it difficult to
use their physical and statistical characteristics for their detection
and to understand their spatial and temporal evolution. However,
a thorough investigation of the patterns and evolution of the
earthquake activity can give insight into both the driving
mechanism and seismo-tectonic conditions leading to earthquake
swarms in both tectonic and volcanic regions. Here we focus on
earthquake swarms at divergent plate boundaries, which often occur
contiguously with tectonic and magmatic activity.

Earthquake swarms at divergent plate boundaries have been
identified in global catalogues, e.g., in the Atlantic Ocean, in some
cases related to magmatic intrusions along spreading ridges
(Sykes, 1970; Bergman and Solomon, 1990), at the Gakkel
ridge (Arctic Ocean) with the emplacement of a new lava field
(Edwards et al., 2001) and at the Indian Ocean ridge (Läderach
et al., 2012; Schlindwein, 2012). Local seismic data (derived from
hydrophone instruments) in the northeast Pacific ocean (Juan De
Fuca, Axial Seamount, Gorda Ridge and East Pacific Rise) show
earthquake swarms associated with magmatic intrusions, with
detailed studies of magma propagation direction and speed
(Dziak et al., 2006; Dziak et al., 2007; Dziak et al. 2011). Such
sequences have been repeatedly observed inland along rift zones
in Iceland (e.g., Ágústsdóttir et al., 2016; Einarsson and
Brandsdottir, 2021) and also at the Kilauea volcano in Hawaii
during lateral magma propagation along rift zones (e.g., Neal
et al., 2019). Tectonic earthquake swarms have also been
described north of Iceland, within a transform fault zone
(Passarelli et al., 2018b). As of yet, global catalogues have not
been extensively exploited to identify earthquake swarms, despite
the significant increase of seismic instrument deployments and of
available seismic data during the last 30 years, e.g., in the
International Seismological Centre, 2010 (ISC, www.isc.ac.uk)
catalogue that integrates local seismic data from contributing
agencies all over the world.

The southern Red Sea, Afar, and Gulf of Aden (SAGA) region
has been continuously affected by earthquake swarms at least
since early earthquake location studies began in the 1950s
(Fairhead and Girdler, 1970; Gouin, 1979 and references
therein) and is thus an ideal region to study earthquake
swarm activity over several decades. In the Afar region
(Ethiopia; Figure 1A), several major earthquake sequences
have occurred, such as at Serdo (1969; Abdallah et al., 1979;
Kebede et al., 1969), Asal Ghoubbet (1979; Abbate et al., 1995),
Dobi (Jacques et al., 1989; Jacques et al., 1996, 2011), Dabbahu
(2005–2010; Wright et al., 2006; Ayele et al., 2005; Ebinger et al.,
2008; Grandin et al., 2005; Hamling et al., 2010; Barnie et al.,
2016), Dallol (2004; Nobile et al., 2012) and during the Nabro

eruption in 2010 (Hamlyn et al., 2014; Goitom et al., 2015). In
addition to these earthquake swarms in Afar, notable swarms
have occurred in the southern Red Sea in the Zubair Archipelago
(Jónsson and Xu, 2015; Xu et al., 2015; Eyles et al., 2018) and in
the Gulf of Aden (2010–2011; Leroy et al., 2012; Shuler and
Nettles, 2012; Ahmed et al., 2016; Figure 1A).

Relating seismicity and earthquake swarms to magma
intrusions can be difficult (Peterson et al., 2020), especially for
swarms occurring offshore (e.g., Passarelli et al., 2018a) and for
older inland swarms from the time before regular geodetic
observations (i.e., prior to the 1990s, which corresponds to the
beginning of InSAR and GPS). However, most inland swarms
that have occurred in the SAGA region in the past 30 years have
shown unambiguous relationship with magmatic intrusions.
Moreover, the presence of numerous seafloor volcanic vents,
in areas where offshore swarms have occurred, shows that
multiple magmatic intrusions must have taken place in the
past. In this paper, we compile the first regional appraisal of
the earthquake swarms and related volcanic activity for the time
period from 1960 to 2020. Integrating our results with historical
records back to the early 19th century (1838), based on the book
of Gouin (1979), provides an overview of earthquake swarms and
volcanic activity in the region for the last 180 years. We also
discuss temporal variations inmagma supply to the SAGA region,
which is one of the most volcanically and seismically active
divergent plate boundaries on Earth (Hofstetter and Beyth,
2003). This study also aims to better understand long-term,
multi-decadal behavior of divergent plate boundaries and to
identify areas prone to recurrent strain accommodation during
rifting cycles, which is of significant importance for seismic and
volcanic hazard assessments in the region.

Earthquake Swarm Detection
We used the ISC (International Seismological Center) Bulletin
(2020) to extract a catalogue of earthquakes for the SAGA region
and to identify and analyze earthquake swarms. The ISC bulletin
is assembled from reported hypocenters and associated
parametric data (station arrival times, amplitude, magnitudes,
moment tensors, etc.) from over 150 contributors around the
world [for details, see e.g., Section 3 of International Seismological
Centre (2020)]. Within about 24–30 months, ISC analysts review
monthly batches of reports and the data are revised (in a broad
sense, e.g., phases, hypocenters, magnitudes). During this stage,
some earthquakes may be banished, merged, or split into more
events. The largest earthquakes (usually of magnitude above 3.5,
and some smaller ones that are reported by multiple agencies) are
relocated by the ISC using the algorithm by Bondár and Storchak
(2011). All phases with a valid travel-time prediction in the 1D
ak135 model (Kennett et al., 1995) are used in the location
determination, along with elevation, ellipticity (Kennett and
Gudmundsson, 1996; Engdah et al., 1998), and depth-phase
bounce point corrections (Engdah et al., 1998). Body- and
surface-wave magnitudes are also re-computed. As such, the
ISC Bulletin contains both locations and magnitudes from
contributing agencies (at local and global scales) beside the
ISC’s own re-computations (if an earthquake is relocated).
While not manually reviewed by the ISC, small earthquakes,
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which are normally reported by only one contributor, still
undergo automatic checks to prevent (given the information
available) faulty or inconsistent solutions to be released in the
ISC Bulletin.

The earthquake catalogue we extracted for the SAGA region
consists of over 15,200 earthquakes from 1960 to 2017. The
earthquake locations are a mixture of solutions from contributing
agencies and the ISC. The largest provider is UREES (http://www.
isc.ac.uk/cgi-bin/agency-get?agency�UREES), with earthquake
bulletins from Ebinger et al. (2008), Keir et al. (2009), and
Belachew et al. (2011), followed by DHMR (http://www.isc.ac.
uk/cgi-bin/agency-get?agency�DHMR), the ISC, and other
agencies (Supplementary Figure S1). The earthquake
magnitude (if any) is listed following the criteria by Di
Giacomo and Storchak (2016). The catalogue is limited to
earthquakes of magnitude 4 and above from 1960 until the
1990s, as only earthquakes recorded teleseismically were

reported. However, in recent decades, the detection of smaller
earthquakes (down to magnitude 2) improved thanks to better
national seismic networks as well as temporary network
deployments in the SAGA region (Supplementary Figures S2,
S3). Reported earthquake locations extracted from the ISC
Bulletin are usually constrained by data from more than five
seismic stations (Supplementary Figures S4A,B) and the
location uncertainty is within 30 km for about 86% of the
events in the extracted catalogue (Supplementary Figures
S3C,D). While the extracted catalogue is inhomogeneous in
both space and time and almost half of the earthquakes
(∼7,400) are without a determined magnitude, making
statistical analysis of the catalogue challenging, this catalogue
compilation still resulted in the most extensive and updated
information on the seismicity in the SAGA region to date.

In order to efficiently detect swarms, we developed a two-step
methodology based on the earthquake occurrence rate and spatial

FIGURE 1 |Map of the southern Red Sea, Afar, and Gulf of Aden (SAGA) region. (A) Earthquake locations from the ISC catalogue are shown as black dots, country
borders as thin black lines and plate boundaries in red dashed lines. (B) The earthquake swarm analysis was carried out separately for three different zones (zone 1:
southern Red Sea, zone 2: Afar, and zone 3: Gulf of Aden).

Frontiers in Earth Science | www.frontiersin.org August 2021 | Volume 9 | Article 6646733

Ruch et al. Earthquake Swarms in the SAGA Region

http://www.isc.ac.uk/cgi-bin/agency-get?agency=UREES
http://www.isc.ac.uk/cgi-bin/agency-get?agency=UREES
http://www.isc.ac.uk/cgi-bin/agency-get?agency=UREES
http://www.isc.ac.uk/cgi-bin/agency-get?agency=DHMR
http://www.isc.ac.uk/cgi-bin/agency-get?agency=DHMR
http://www.isc.ac.uk/cgi-bin/agency-get?agency=DHMR
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


location. In the first step we identified every short time window
during which the earthquake rate was higher than the
background rate over a broader region. In the second step, for
each selected time window, we then marked the location where
the seismicity clustered in space through a density-based
clustering algorithm (see details below). We divided
the ∼1,000 km × 1,200 km large SAGA region into three zones
(Figures 1A,B), based on key tectonic features, and applied this
swarm detection methodology separately to the seismicity of the
three zones, i.e., the southern Red Sea, Afar and Gulf of Aden.
Zone 1 corresponds to the southern Red Sea, from 21°N in the
northwest to Bab-el-Mandeb (11°N) in the southeast, zone 2
broadly corresponds to the Afar region (from Massawa 15.6°N in
the northwest to 11.5°N in the southeast), and zone 3 is the Gulf of
Aden, from the Gulf of Tadjoura (40°W; Djibouti) to ∼100 km
east of the Shukra El Sheik fracture Zone at (46°W; Yemen;
Figure 1A).

We want to stress that this two-step time-space approach is
suitable when working with large seismically active regions. An
increase in seismicity rate, with respect to high baseline activity in
a large region, can either be due to clustered seismicity in space
(i.e., single mainshock-aftershock sequences or earthquake
swarms) or derive from a simultaneous increase in earthquake
rate in more than one area. Our swarm detection algorithm is
suitable for both scenarios.

In the first step, we used the classical β-statistics approach to
identify time windows during which the observed seismicity rate
was higher than the determined long-term background rate
(Matthews and Reasenberg, 1988). The β-statistics is the
standardized distribution of the number of events with respect
to the long-term expected number of earthquakes and defined as
β�(n(t,Δt)—ne(t,Δt))/σ(t,Δt), where n(t,Δt) is the number of
observed events in a time window (t, t+Δt) and ne(t,Δt) and
σ(t,Δt) are the average and standard deviation of the expected
number of window events given the observed background
seismicity rate r (Reasenberg and Simpson, 1992).
Anomalously high seismicity rate in a time window (t, t+Δt) is
identified when the β-statistics values is greater than a threshold
value indicating how many standard deviations the window rate
is higher than the expected long-term rate. Negative β-statistics
values result when the number of window events is below the
number expected from the background rate. The background
seismicity rate r is usually calculated on declustered catalogues.
However, while space-time-magnitude methods for declustering
based on aftershock rate (e.g., Reasenberg, 1985) have proven
effective in detecting swarm-like seismicity (Passarelli et al.,
2018b), here such methods cannot be applied due to the lack
of magnitude determination for nearly half of the events. We
coped with this issue by instead calculating the background rate r
with a time-dependent approach, i.e., by determining the
background rate for each year from 1960 to 2017 (see gray
horizontal bars in Figure 2A for Gulf of Aden catalogue),
which roughly can account for both the improved catalogue
completeness over time (cumulative earthquake number plot
in Figure 2A) and for jumps in reported earthquake rate due
to local and temporary seismic deployments. For the β-statistics
calculation on non-overlapping windows of Δt � 30 days, we

calculated the observed number of events n(t,Δt), the expected
one ne(t,Δt), and the standard deviation σ(t,Δt)� ne(t,Δt)

−1/2 from
the yearly background rate r as defined above on non-overlapping
windows of Δt � 30 days (Matthews and Reasenberg, 1988). The
results of the β-statistics are reported in Figure 2B, as well as the
time periods during which we detected an increase in seismicity
rate (β-statistics>3). If more than one consecutive 30-days-long
time windows met the criteria of detectability, we grouped these
windows into a longer one.

Once time windows of elevated seismicity rate had been
identified in the first step, we used a density-based clustering
algorithm in the second step to mark the spatial extent of the
seismicity increase. For this we applied the widely-used DBscan
algorithm (Ester et al., 1996), using the built-in function dbscan in
Matlab, to search for neighboring points in a Euclidean space. We
set the neighborhood parameter to ε � 25 km and the minimum
number of events in a cluster to Nmin � 5 after a trial-and-error
procedure (Cesca, 2020).

To assess the variability of the number of swarm detections in
the β-statistics calculation, we tested an alternative detection
scheme in which we accounted for a time-dependent
earthquake background rate, rather than keeping it constant
for each calendar year (Figure 2). The time-dependent
background rate was calculated on overlapping time windows
ΔTi � 360 days sliding every 30 days, so that ΔTi is centered on the
shorter time window Δti � 30 days used for the β-statistics
calculation. The alternative algorithm produced minor changes
in the number of swarms in the three study regions. In the
Southern Red Sea, two additional swarms were identified, but for
the Gulf of Aden the swarm number stayed the same, while in the
Afar region nine additional swarms were detected
(Supplementary Table S1). All these additional swarms
occurred in swarm areas (i.e., clusters) that were already
identified with the previous approach. In the Afar region, a
few small seismic swarms occurred at the periphery of dike
intrusions during the Dabbahu rifting episode (2005–2010)
and went undetected by the previous approach. Although
including a time-dependent earthquake background rate
increases slightly the temporal resolution of our scanning
algorithm, the few additional swarms do not change the
overall picture of spatially distributed clusters.

We applied this swarm detection algorithm separately to all of
the detected time windows in the three regions of the southern
Red Sea, Afar and Gulf of Aden. We fully rely on this automatic
detection procedure for earthquake swarms in the Afar and Gulf
of Aden regions, as there were dozens of spatially and temporally
overlapping swarms (Supplementary Figure S5). For the
southern Red Sea, however, we also visually inspected the
dataset as this region has had fewer earthquake swarms that
are spatially more distributed. We looked for series of
earthquakes that occur repeatedly over time (several events per
day and/or hours) in the dataset. These series are typically
preceded and followed by periods of no earthquake activity.
Then, we looked at the earthquake mean coordinates and
magnitudes, and retained them if they were all located in the
vicinity (<50 km) of the ridge axis and/or in areas where other
swarms have been detected automatically. We found that 25
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earthquake swarms that we visually identified in the southern Red
Sea were rejected by the automatic detection procedure, despite
having all the characteristics of earthquake swarms, mainly due to
poor earthquake locations in this region. To account for this
problem, we complemented the set of automatically detected
earthquake swarms with several manually picked swarms. To the
earthquake swarm catalogue described above, we added five
earthquake swarms in the Afar area that are not in the ISC
catalogue and we also replaced one ISC swarm by a relocated one
(Table 1). Furthermore, we pay special attention to the 1993 Bada
swarm sequence (modified from Ogubazghi et al., 2004), as it fills
a spatial seismicity gap between the Erta Ale Range in Afar and
Alid volcano (South of the Gulf of Zula). Finally, we completed
the earthquake swarm dataset with 11 historical events (i.e., six
strong earthquake swarms and five volcanic eruptions) going
back to 1838 in the Afar and Eritrea regions.

The identified earthquake swarms do not show a typical
mainshock-aftershock decay, but rather contain multiple

earthquakes of comparable magnitudes throughout the
duration of each swarm (Figures 3A–D). In total for the
1960–2017 time period, we found that over half (∼8,700
earthquakes) of the earthquakes extracted from the ISC
catalogue for the SAGA region fall within 134 earthquake
swarm sequences (145 when considering the historical events)
located in 19 separate swarm areas (or clusters, i.e., distinct areas
where earthquake swarms tend to reoccur).

RESULTS

In the following, we describe the earthquake swarm activity
separately for the three different zones and then discuss the
results in a regional context. We start with an overview of the
activity from 1960 to 2020 from north to south for the southern
Red Sea and the Afar regions, and from west to east for the Gulf of
Aden. We first describe the different swarm cluster areas that

FIGURE 2 |Background seismicity rate and earthquake swarm detection for Gulf of Aden. (A)Horizontal bars indicate the estimated background seismicity rate for
each year, with gaps representing years with no earthquakes in the catalogue. The cumulative number of earthquakes is shown by the orange curve. (B) The beta
statistics calculated for non-overlapping windows of 30 days is shown in dark blue, with gaps reflecting lack of earthquakes in the catalogue. The horizontal dashed line
represents the swarm-detection threshold value of 3 standard deviations. Note that the improved monitoring is likely accounting for some of the seismicity increase
(see Supplementary Figure S2 for more information).

TABLE 1 | List of swarms complementing the ISC catalogue.

Swarm event Date # Events Longitude Latitude References

Bada May 1967 5 40.1 14.60 Gouin (1979)
Dobi relocated August 1989 25 41.77 11.84 Jacques et al. (1999)
Bada May 1993 651 40.12 14.56 This study
Gab’ho October 1996 10 40.51 12.64 Keir et al. (2009)
Dabbahu June 2006 103 40.6 12.35 Keir et al. (2009)
Dabbahu May 2010 104 40.6 12.36 Barnie et al. (2016)
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were detected, we then detail the different earthquake swarms
that were identified in each cluster area, and finally we present the
spatio-temporal distribution of the earthquake swarms. We
complement the results with historical information going back
to 1838, corresponding to the first large earthquake swarm
described in Massawa, yielding a period of ∼180 years of
earthquake swarms for the Afar region.

Southern Red Sea Earthquake Swarms
From 1960 to 2017
In the southern Red Sea, we identified seven clusters, along the
southern Red Sea rift axis that together hosted a total of 45
earthquake swarms (of which 25 were detected manually). The
seven distinct clusters are separated by areas that are relatively
aseismic (Figures 4A,B). All the seven cluster areas have been
prone to recurrent swarms during the study period (Figure 4C).

The northernmost cluster, east of Mukkawar Island and
southwest of Jeddah (cluster 1, 21°N) had an earthquake
swarm in 2006 and four swarms from February to December
2008, with magnitudes ranging from 2.2 to 3.9. In cluster 2
(150 km East of Port Sudan, 19.7°N; Figure 4A, a strong swarm of
29 detected earthquakes occurred in March 1967, with five

earthquakes > M5. Another swarm took place in this cluster
in March 1993 with 46 earthquakes of magnitudes ranging from 4
to 5.6, with six earthquakes larger than magnitude 5. This is the
strongest earthquake swarm recorded in the southern Red Sea
during the study period. A small swarm occurred in this cluster in
2014. Offshore of Kebir Island in Sudan (cluster 3, 19°N;
Figure 4A), we identified four swarms from 2002 to 2013 with
earthquake magnitude ranging from 2.3 to 5.1. In cluster 4
(17.5°N), located about 120 km further southeast along the rift
axis and offshore of the town of Al Birk (Saudi Arabia), we
extracted 10 earthquake swarms from 1975 to 2017. Although
these are swarms with limited number of events, their magnitudes
range from 3 to 5 and are closely related in time (i.e., several
earthquakes per day). In 1988 and 2013, two swarms occurred at a
similar latitude northeast of the Farasan Islands (cluster 5, 16.8°S).
The November 1988 swarm was among the strongest in the
southern Red Sea during the study period with 12 earthquakes
ranging fromM4.1 to M5.6. The Zubair Archipelago area (cluster
6, ∼15°N; Figures 4A,B) was subject to four swarms from 1994 to
1997 with magnitudes ranging from 3 to 5.1, followed by intense
activity from 2007 to 2013, consisting of eight discrete earthquake
swarms and three volcanic eruptions. The first of the three
eruptions occurred in 2007 on Jebel at Tair island (north of

FIGURE 3 | Examples of typical earthquake swarm sequences in the SAGA region from (A) Port Sudan (March 1993), (B) Dabbahu (September 2005), (C) Zubair
Archipelago (January 2007), and (D) Gulf of Aden (November 2010).
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FIGURE 4 | Earthquake swarms in the southern Red Sea from 1960 to 2017. (A) Seven different clusters were identified along the southern Red Sea rift axis. (B)
Each cluster contains several earthquake swarms whose timing is indicated by the grey gradient from white (older events) to black (younger events). The larger swarms
are marked by the year of occurrence with the number of swarms for the noted period in brackets. (C) Swarm latitude as a function of time for the different clusters, with
colors showing event magnitudes, blue stars earthquakes with no magnitudes, and yellow stars volcanic eruptions.
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FIGURE 5 | Earthquake swarms in the Afar region from 1960 to 2017. (A) Seven different clusters were identified in the Afar region from Massawa (Eritrea) to Asal
Ghoubbet (Djibouti). AD is for Alu Dalafilla, EA Erta Ale, MH Manda Hararo, MI Manda Inakir, AG Asal Ghoubbet. (B) Each cluster consists of several earthquake swarms
whose timing is indicated by the grey gradient from white (older events) to black (younger events). The larger swarms are marked by the year of occurrence with the
number of swarms (in brackets) for the noted period. Green polygons and green stars represent historical swarms and eruptions, respectively. (C) Swarm latitude
as a function of time for the different clusters, with colors showing event magnitudes and blue stars representing earthquakes with no magnitudes. Yellow stars show
volcanic eruptions.
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Zubair; Figure 4A), killing four people (Jónsson and Xu, 2015).
The later two eruptions gave birth to two volcanic islands, Sholan
in 2011–2012, and Jadid in 2015 (Xu et al., 2015). Seven
earthquake swarms occurred between 2002 and 2007, 70 km to
the south of the Zubair Archipelago. For simplicity we included
these swarms in the Zubair cluster (cluster 6) as they partly
spatially overlap with the swarms of that cluster. Finally, the
southernmost earthquake swarm cluster of the southern Red Sea
(cluster 7, 13.8°N), located ∼100 km to the southeast of Zubair
islands, had two earthquake swarms in April and September 2004
in the Hanish-Zukur volcanic islands.

Afar and Eritrea Earthquake Swarms From
1960 to 2017
We found seven different clusters in Afar with a total of 46
swarms, located from the town of Massawa in Eritrea in the
northwest to the Asal Ghoubbet rift in Djibouti about 550 km to
the southeast (Figure 5A). The earthquake swarms took place
along the entire length of Afar and, for the most part, were
associated with the different active magmatic segments. A few
earthquake swarms have also occurred at the rift escarpment
(Abala region, Figure 5A) and at the complex structures of the
central to eastern Afar, from Serdo to Asal Ghoubbet
(Figure 5A).

In November 2001, a small earthquake swarm (35 earthquakes
with an mean magnitude of 3.2) occurred in the vicinity of

Massawa (cluster 1, 15.6°N). This was followed in 2002, by a
year-long swarm with low to moderate magnitude earthquakes (1
< M < 4) (Figures 5A,B). The data was collected by the Eritrean
seismic survey (259 earthquakes) and the determined event
locations show a clear WSW-ENE oriented pattern (Figures
5A,B). This orientation differs by almost 70° from the roughly
NNW-SSE oriented northern Afar rift axis in the Gulf of Zula
region, ∼100 km to the south of Massawa. In October-November
2001, another swarm occurred to the west of the Gulf of Zula
(Figures 5A–C).

In May 1967 and in May 1968, two earthquake sequences
occurred in northern Afar, between the Alid and Bada areas
(cluster 2, 14.5°N), south of the Gulf of Zula (Gouin, 1979). In the
May 1967 swarm, 79 earthquakes were reported, with magnitudes
between 3.1 and 5.1 (Dakin, 1975). Then, following some activity
in mid-November 1967, another earthquake swarm occurred in
May 1968 with ∼80 earthquakes. These two sequences are not in
the ISC catalogue and we show here a few of the related
earthquakes reported by Gouin (1979). The Bada region
(Eritrea, north of the Ethiopian border; Figure 5A) was
subject to another swarm in May 1993 that lasted 25 days and
included 17 earthquakes of magnitudes ranging from 4 to 5.2 (see
further analysis in Figure 6).

Cluster 3 extends from Alu-Dalafilla (14°N) down to 12.5°N,
along the Erta Ale range, containing the Tat Ali and the Afdera
volcanoes (Figure 5A). In 2004, an earthquake swarm occurred in
the Dallol area, accompanied by a magnitude 5 earthquake, and

FIGURE 6 | The May 1993 Bada earthquake swarm in Eritrea. (A) Map of the Bada region, northern Afar, with the transparent elongated red ellipse showing the
approximate extension of the 1993 Bada swarm along a 60-km-long rift segment that was activated during this swarm. Inset shows the location of ferruginous springs at
the periphery of a doming area (the dashed circle). (B) Earthquake magnitudes with time show a typical swarm pattern with multiple max-magnitude events during the
swarm and absence of a mainshock at the beginning of the sequence. (C) Distance of the swarm earthquakes from the ASME seismic station (see white arrow for
the ASME direction located in Asmara; see Figure 1 for location) versus time for the 25 days the swarm lasted.
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marked by a dike intrusion (Nobile et al., 2012). The seismic
swarm induced by the intruding dike was recorded at just one
station (FURI near Addis Ababa) and hence no locations are
reported here. In November 2008, an eruption occurred at Alu-
Dalafilla volcanic center, likely fed by a shallow sill reservoir
(Pagli et al., 2012). There is again no record of swarm activity in
the ISC catalogue accompanying this eruption. Three swarms
occurred north of the town of Afdera in 2005, 2006 and 2007 (no
magnitudes reported). This seismic activity has been interpreted
as related to a tectonic rift linkage connecting the Tat Ali and the
Erta Ale volcanic range systems (Illsley-Kemp et al., 2018; La Rosa
et al., 2019; Pagli et al., 2019). In October 2005, yet another swarm
occurred at the Afdera volcano (no magnitudes have been
reported, apart from a single M3 earthquake).

The cluster 4 is offset from the main rift axis and is located
near the rift border (13.5°N), partly in the marginal grabens of the
western Afar margin in the Abala region (Figure 5A; see Zwaan
et al., 2020). A total of 164 swarm earthquakes were detected in
this cluster (150 earthquakes have no magnitudes reported),
within 9 separate swarms. The strongest swarm occurred in
November 2007, 30 km northeast of the town of Abala.

Cluster 5 is the location of the Nabro volcano (13.38°N). The
period was marked by the Nabro eruption in June 2011 (east of
the Afar rift zone, Figure 5A), the largest eruptions in the region
for the last 150 years (since the Dubi eruption in 1861; Figures
5A,B). A total of 142 swarm earthquakes with magnitudes
ranging from 3.2 to 5.6 (five larger than magnitude 5)
occurred associated with the Nabro eruption.

The first recorded swarm in cluster 6 (from 12 to 13°N)
occurred at Gab’ho volcano in 1996 with 10 earthquakes of
magnitude from 3.2 to 5. Then, about a decade later, this area
was hit by the start of the Dabbahu rifting episode that lasted for
5 years, from May 2005 to June 2010 in the Dabbahu and Manda
Hararo magmatic segments (Ebinger et al., 2010). This episode
consisted of 14 discrete dike intrusions. Our catalogue contains
eight swarms from September 2005 to May 2010 that we describe
below. Most of the swarm events have no reported magnitudes
(∼3,500 events). The first swarm in the ISC catalogue started in
September 2005 and lasted until December 2005. We extracted
1709 earthquakes, out of which 362 have magnitudes between 2.8
and 5.5, with 18 earthquakes larger than magnitude 5. From
January to March 2006, a swarm composed of 340 earthquakes
(no magnitudes recorded) occurred in the central part of the
Dabbahu magmatic segment. From October to November 2007,
440 earthquakes (without magnitudes) were reported. The
earthquakes took place over 50 km from Dabbahu volcano
south to the Manda Hararo magmatic segment. Another
earthquake swarm with a similar pattern occurred from 29
June to September 28, 2008 with 272 earthquakes (no
magnitudes reported). Three swarms occurred in roughly the
same area in August 2008 (889 earthquakes), February 2009 (215
earthquakes) and May 2009 (48 earthquakes). No magnitudes
have been reported for the earthquakes of these three swarms.
The last swarm of the Dabbahu rifting episode took place in May
2010 with 104 earthquakes of magnitudes from 0.5 to 4.3.

Cluster 7 extends from Semera to Asal Ghoubbet (from 41 to
42.7°E; Figure 5A). In 1969, the strongest swarm of this area

occurred near the town of Serdo in central Afar (Figure 5A). Of
the 420 inhabitants, around 40 people died and 160 were
wounded by the collapse of the constructions (Gouin, 1979).
Ground cracks and subsidence were observed andmeasured, with
faults showing vertical offsets of up to 95 cm and lateral offset of
up to 65 cm (Gouin, 1979). Over 250 earthquakes of magnitude
above 3 were recorded, with 11 of them in the magnitude range of
4.9–6.2. This area experienced a destructive earthquake swarm
(6 months duration) in 1631 in the Aussa region (southeastern
Afar), killing 50 people in the town ofWaraba (Gouin, 1979). The
1969 activity took place within a broad depression bordered by
normal faults (NE of the Tendaho graben), but the earthquake
locations are widespread due to poor location determination,
although they appear oriented NW-SE over distance of ∼45 km,
parallel to the basin direction.

In November 1978, a strong swarm occurred in the Asal
Ghoubbet area (Figure 5A), which led to the Ardukôba
eruption in December 1978. The swarm, with 16 earthquakes
of magnitude ranging from 4.2 to 5.3 occurred in a rift zone that is
oriented NW-SE (∼40 km long), extending from offshore to
inland. The Asal Ghoubbet rifting event was the first to be
surveyed by geodesy in the region (Le Dain et al., 1979;
Lépine and Hirn, 1992; Jacques et al., 1996; Doubre et al.,
2007a, 2007b).

In August 1989, the NW-SE oriented and ∼40-km-long Dobi
graben (cluster 7; Figures 5A,B) experienced a powerful seismic
swarm that generated widespread subsidence and normal
faulting. For this earthquake swarm, we used relocated events
by Jacques et al. (2011). The swarm included 25 recorded
earthquakes with 11 earthquakes larger than magnitude 5 and
five earthquakes exceeding 6. In 1997, another swarm occurred in
the Dobi area with magnitudes from 3.5 to 4.9. From September
to December 2005 (contemporary to the first 2005 Dabbahu
intrusion event) a swarm composed of 35 recorded earthquakes
(nomagnitude reported) occurred in the Semera region (cluster 7;
Figure 5A). In October 2005, eight earthquakes with magnitudes
ranging from 3.4 to 4.7 were detected NW of the Asal region. In
November 2007, a small earthquake swarm occurred in the
Semera region, somewhat spatially overlapping with the
October 2005 swarm, consisting of nine recorded earthquakes
(no magnitudes reported). This swarm occurred at the same time
as the November 2007 swarm of the Dabbahu rifting episode. In
February 2009, an earthquake sequence occurred at the Dama Ali
volcano, southeast of Semera (cluster 7; Figures 5A,B). During
the same month, another earthquake sequence was detected
10 km west of Serdo (56 earthquakes, no magnitudes). In June
2009, a sequence (35 earthquakes, no magnitudes) occurred
15 km southwest of Semera.

In addition to the data from the ISC catalogue (Figures 5A,B)
and to complement the swarm analysis in the poorly studied
northern Afar region, we analyzed data from the Eritrean Seismic
Survey to infer earthquake magnitudes and locations in the Bada
area (651 earthquakes) in May—June 1993. The data are from the
ASMA seismic station, located in Asmara city (Eritrea; see
Figure 1 for location), whose azimuth from Bada is roughly
co-linear with the most likely orientation of the earthquake
swarm locations, based on observed fresh ground cracks and
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graben subsidence. We therefore use the time difference between
P and S-wave arrival times at the station to estimate the distance
of each earthquake from the station and relative along-rift
position within the swarm (Figure 6A). The swarm shows
earthquakes with similar magnitudes throughout the 25-days
duration of the activity (Figure 6B). Locally, the likely
earthquake swarm area corresponds to a topographic high
hosting hydrothermal activity (Figure 6A).

Afar and Eritrea Historical Earthquake
Swarms From 1838 to 1960
Historical documents contain several earthquake sequences
[often referred as tremors by Gouin (1979)] that were
witnessed in the SAGA region prior to 1960. For example,
repeated earthquake swarms were reported in northern Afar,
Gulf of Zula and Massawa (Red Sea coastal area of Eritrea, N15.5)
with six major earthquake swarms from the early 19th century
(Gouin, 1979) to 1921. From 25 February to the end of March
1838, strong swarms were felt in Massawa (15.6°N), followed by
several other smaller sequences in 1844 and 1848 (Figures 5A,B).
From July to October 1884, the coastal region close to Massawa
was devastated by a sequence of earthquakes and a small tidal
wave. The sequences likely occurred in between the Dahlak
archipelago and the town of Massawa. From November 11,
1901 to March 1902, tremors were felt near Alid volcano
(Figure 5A), south of the Gulf of Zula and in the city of
Massawa. Then, during the whole year of 1921, a strong
earthquake sequence almost entirely destroyed the city of
Massawa. It was so intense that Eritrean folklore remembers it
as “Zemene delekeleke”, the era of earthquakes (Gouin, 1979). In
addition to these sequences, the Dubbi volcano (13.5°N, 41.8°E)
on the Red Sea coast of Eritrea erupted in May 1861 and was
associated with strong earthquakes that were felt during 4 months
and destroyed two villages, killing 106 people and livestock. This
eruption was preceded by another eruption in 1,400. In central
Afar, five older volcano-tectonic events have been reported in the
Erta Ale (1906, 1940) and Alayta volcanic range (1907, 1915;
https://volcano.si.edu/) and in 1928, when an eruption occurred
in the Manda Inakir rift in Djibouti (Audin et al., 1990).

Gulf of Aden Earthquake Swarms From 1960
to 2017
The Gulf of Aden shows by far the strongest swarm activity of the
three regions, back to the 1970s. We identified five clusters in the
area and 43 swarms distributed from the Gulf of Tadjoura in the
west (Figure 7A) and then along the Aden ridge for over 250 km
to the east (Figures 7A–C). The Aden ridge has been divided in
three structural domains, with western, central and eastern
domains based on three distinct lithosphere types (Hébert
et al., 2001; Leroy et al., 2012). The eastern and central
domains have oceanic crust with thickness that changes from
8 to 12 km (Hébert et al., 2001), with the western domain likely
being transitional crust between oceanic and continental
(Dauteuil et al., 2001). In the following description, clusters 2,
3 and 4 correspond broadly to the western, central and eastern

domains, respectively (see Ahmed et al., 2016). As we defined the
cluster areas based on swarm event locations, we decided to
merge clusters 1, 2, 3 and 4, as they appear to spatially overlap and
contain relatively poor event locations, and we then describe
them chronologically. From west (42.7°E) to east (45°E) the
centers of the four overlapping clusters are located in the Gulf
of Tadjoura area (cluster 1, 43°E), offshore of Obock town (cluster
2, 43.5°E; Figure 7A), south of Khor Umera (cluster 3, 44°E; south
coast of Yemen; Figure 7A), the cluster containing most of the
swarms, and southwest of the city of Aden (cluster 4, 44.7°E;
Figure 7). These four cluster areas form an almost structural
continuum made of a series of oblique rifts that are well visible in
bathymetric data (Ahmed et al., 2016).

Clusters 1 and 2 contain 24 earthquake swarms from 1973 to
2011. In 1973, a year after the Asal Ghoubbet rifting event, a
powerful swarm occurred offshore of Obock (Figures 7A,B),
comprising seven earthquakes of magnitudes between 5.0 and 5.7.
Six swarms occurred from 1993 to 1997 and they are relatively
well located on the rift axis. From 2001 to 2003, 5 swarms
occurred; two strong swarms in August and November 2002
with 188 earthquakes and magnitudes ranging from 3 to 5.1, of
which 15 earthquakes were larger than magnitude 4. In January
2004, another strong swarm made of 83 earthquakes occurred
along the entire Aden ridge (i.e., clusters 1, 2, 3 and 4), contrasting
earlier swarms that mostly occurred within only single portions of
the ridge. In this large swarm, the earthquakes were well
distributed from Tadjoura (43°E) to 44.7°E, with magnitudes
ranging from 2.8 to 5.3. Then, from 31 August to September
26, 2010, a strong swarm occurred in the area, hosting the largest
rifting episode during the period of observation in the Gulf of
Aden. From October 2010 to November 25, 2010, 379
earthquakes were recorded (ISC catalogue) with magnitudes
ranging from 2.7 to 5.5, with 24 earthquakes larger than five
(see Schuler and Nettles, 2012 and Ahmed et al., 2016). This was
followed by another powerful swarm from January to March
2011, which included 581 earthquakes of magnitudes ranging
from 2.3 to 5.2, with two earthquakes larger than 5. Although our
automatic swarm detection methodology selected these
earthquakes as being within a single swarm, this swarm has
been split in two by Ahmed et al. (2016).

Another cluster area was found further to the east (cluster 5,
46°E; Figures 7A–C). We identified a total of 10 earthquake
swarms within this cluster from February 2000 to November 2015
that contained some 316 earthquakes of magnitudes ranging from
2.2 to 5.6, with eight earthquakes above magnitude 5. This cluster
is offset from the main ridge axis; however, volcanic vents have
been observed at this location (Dauteuil et al., 2001).

DISCUSSION

Recurrent Swarm Activity Highlights
Spreading Centers in the SAGA Region
Our results show that many areas in the SAGA region have been
subject to recurrent earthquake swarm activity since 1960. Good
examples include the swarm areas (or clusters) offshore of Port
Sudan (with two strong swarms occurring in 1967 and 1993),
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Kebir, and Al Birk, and in the Zubair archipelago (see Figure 4A).
These clusters in the southern Red Sea likely relate to active
spreading centers on the Red Sea rift axis.

The Bada region of northern Afar (Figure 6A) was hit by three
strong swarms in 1967, 1968 and 1993, and the area north of Bada
was affected recurrently by earthquake swarms in 1838, 1884, and

1920–21, destroying parts of Massawa city. This area at the
northern end of the northern Afar axis has been seismically
active with repeating swarms over the past two centuries, leading
to questions on how the rift axis extends northward through the
Gulf of Zula (Viltres et al., 2020) and connects to a transform zone
from Massawa region to the central rift trough in the southern

FIGURE 7 | Earthquake swarms in the Gulf of Aden from 1960 to 2017. (A) Five different swarm areas (clusters) were identified in the Gulf of Aden, from the Gulf of
Tadjoura to the west of the town of Shokra (Yemen). (B) Each cluster consists of several earthquake swarms whose timing is indicated by the grey gradient from white
(older events) to black (younger events). The larger earthquake swarms are marked by the year of occurrence with the number of swarms (in brackets) for the noted
period. The yellow star shows the location of the 2010 submarine eruption. (C) Longitude location of the swarms as a function of time with colors indicating event
magnitudes.
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FIGURE 8 | Earthquake swarms and tectonic activity for the last 60 years in the SAGA region. (A) Swarm location from 1960 to 2017 (green dots). Red lines and semi-
transparent pink polygons show structures and portion of the active rift zones where swarms have been observed from 1960 to 2017. White lines show areas where no
swarmshave been detected from1960, along known plate boundaries. Yellow stars are volcanic eruption locations. Red triangles show volcanic vents and volcanic domes at
sea bottom (after Augustin et al., 2016). (B)Close up viewon the structural continuum fromGulf of Aden (after Ahmedet al., 2016), AsalGhoubbet (AG), Dobi, Serdo and
the Dabbahu magmatic segment (DB) characterized by oblique spreading and en-echelon extensional basins. Dashed lines with opposite arrows show the corresponding
basin’s mean orientation. Green double arrows show the mean extension direction, extracted from focal mechanisms analysis. Erta Ale (EA) has a similar orientation that
Dabbahu magmatic segment. Grey lines are first order lineaments of the area; thin black lines show the coast line and the borders of the countries.
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Red Sea. The 2002 Massawa earthquake swarm shows a clear
WSW-ENE orientation of the activity that differs from the
NNE-SSW rift orientation south of the Gulf of Zula. Two

large-magnitude earthquakes (M6.6 and M6.1) occurred just
west of the Red Sea trough, respectively in 1977 and 1980,
suggesting a possible transform fault, an interpretation

FIGURE 9 | Focal mechanisms (from Hofstetter and Beyth, 2003, and Global Centroid Moment Tensor project, GCMT, www.globalcmt.org, Dziewonski et al.,
1981; Ekström et al., 2012) related to swarms in the SAGA region from 1960 to 2017 as sourced from the ISC Bulletin. Extension axes are shown by black segments
(normal faulting) and pink segments (strike-slip faulting). Selected strong swarms are indicated by dates and area names (see main text for details). DB and MH for
Dabbahu and Manda Hararo magmatic segments, respectively. Pink polygons and red lines represent the areas that have been affected by swarm activity (see
Figure 8 for details).
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supported by the strike-slip focal mechanisms of these
earthquakes (Figure 9). About 340 km to southwest, on the
rift escarpment, the cluster 4 shows also recurrent swarms in the
Abala region with a strong event in November 2007. Then, the
Dabbahu-Manda Hararo magmatic segments have been
subjected to intrusions of 14 discrete dikes from 2005 to
2010 during the Dabbahu rifting episode.

The Gulf of Aden has probably produced the region’s best
example of recurrent swarm sequences along a spreading ridge
that then hosted a rifting episode in 2010–2011 (cluster 1 to 3,
Figure 7A). The same area had 23 other earthquake swarms along
this 250 km spreading area from 1973 to 2011. Clusters 4 and 5 in
the Gulf of Aden have also shown recurrent swarm activity that
likely relates to other spreading centers (Figure 7).

More broadly, the spreading centers concentrate the strain
release during magmatic and tectonic events and therefore, their
locations are important for a better understanding of the overall
evolution of plate motions in the SAGA region. Earthquake
swarm activity in the triple junction reveals overlapping rift
segments. The Southern Red Sea and the Afar ridges are
located on both sides of the Danakil Alps and both spreading
ridges overlap for ∼150 km (Figure 8). In central Afar, en-
echelon, partly overlapping rifts segments (Asal Ghoubbet-
Dobi- Serdo- Manda Hararo) are also highlighted with both
swarm activity and rift structures (Figure 8). These multiscale
overlapping segments suggest a complex interaction between
tectonics and magmatism in the SAGA region influenced by
the regional geodynamics. While the earthquake swarms since
1960 highlight most of divergent plate boundaries in the SAGA
region, a few zones did not show any swarm activity during the
study period. For example, a 100-km-long segment between
clusters 3 and 4 in the southern Red Sea (Figure 8A)
remained quiescent. This does not necessarily mean that such
quiet ridge segments are completely inactive, as the study period
includes only the past 60 years. In Iceland, time intervals of
∼200 years between rifting episodes appear not atypical, e.g.,
between periods of activity at Krafla (1724–1729 and
1975–1984) and at Holuhraun during Bárðarbunga rifting
events (1797 and 2014–2015), with the inter-rifting duration
characterized by relative seismic quiescence (Ruch et al., 2016).

On the Origin of Earthquake Swarms
Our results show that apart from a few quiescent segments, most
of the length of the plate boundaries separating the Nubian,
Arabian and Somalian plates have been activated by seismic
swarms and volcanic activity since 1960 (Figure 8A). Focal
mechanisms also show that most of the swarms are
characterized by normal faulting, indicative of the extensional
tectonics that dominates in the region (Figure 9).

The central question on the origin of these earthquake
swarms is whether they are of magmatic or tectonic origin.
Some of the swarms were clearly magmatic, as they were
accompanied by observed volcanic activity. However, for the
majority of the swarms detected in the SAGA region, the link to
magma is less clear. Resolving this has important implications,
as swarms are responsible for key morphological processes
observed in active rift zones and often precede volcanic

eruptions. The central axis of the Southern Red Sea trough
hosts numerous volcanic vents and thus the earthquake swarms
in this region are likely associated with magma activity.
Bathymetric data of cluster areas 2 and 3 (e.g., offshore of
Port Sudan, see Figure 4A for location) exhibit several volcanic
vents and fresh lava flows (Figure 8A; Augustin et al., 2016),
showing the contribution of magma in shaping the rift zone and
pointing to a likely origin of the observed swarms. Further
south, cluster 6 (Zubair Archipelago) had intense activity in 14
earthquake swarms between 1994 and 2013. Three volcanic
eruptions occurred during this time period, which demonstrates
a magmatic origin of the earthquake swarms, at least in these
three cases. Then, most of the earthquake swarms observed
inland in the SAGA region and after regular InSAR observations
started (after 1990s) show unambiguous contribution of magma
through dike injections (e.g., Gab’ho 1996, Dabbahu,
2005–2010, Dallol, 2004). A few other swarms relate to rift
linkage and are likely of a tectonic origin (Afdera swarm,
2005–2007, Illsley-Kemp et al., 2018; La Rosa et al., 2019).

Earthquake swarms that preceded the era of InSAR ground
deformation analysis (i.e. from before the early 1990s) and did
not trigger volcanic eruptions have typically been associated to
tectonic events, rather than to magmatic intrusions, e.g., the
swarms at Serdo (1969), Dobi (1989) (e.g. Ebinger and Wijk,
2013; Keir et al., 2013; Pagli et al., 2019) and in Bada (1993).
However, for these events there is no unambiguous way to
attribute the swarm activity to either magmatic or tectonic
processes. In Bada, rift parallel ground cracks, vertical offsets
and rockfalls resulted in a formation of a graben (Ghebreab and
Solomon, 1994; Ogubazghi et al., 2004). Note that 17
earthquakes larger than M4 happened after the field
campaign of Ghebreab and Solomon (1994) so that final
ground measurements were never completed. These surface
effects, as well as the space-time evolution of the swarm with
event migration away from a segment centered volcanic system
and the largest earthquakes at the migration fronts, are typical of
dike-induced seismicity (Figure 6C), e.g., as observed during
the Dabbahu rifting episode (e.g., Barnie et al., 2016). The
repeated swarm activity in the Bada area points to the
presence of an immature spreading center, such as the one in
Dallol, located about 50 km to the southeast.

Although the large-magnitude earthquakes observed during
the Serdo and the Dobi earthquake sequences relate to meter-
scale fault slip at the surface, the swarm patterns of the two
sequences are characterized by an absence of main shock-
aftershock sequences. The observed ground ruptures (graben
formation, normal faulting and open fractures) are also typically
observed during rifting events so that magma contribution
cannot be excluded for these two sequences. Moreover,
recent dike intrusions have been associated with earthquakes
of similarly large magnitudes, such as the Miyakejima dike
intrusion (Passarelli et al., 2015) where large dike-induced
stresses both produced large earthquakes on likely newly
formed normal faults and on pre-existing tectonic strike-slip
structures that were favorably oriented. The Serdo area includes
a few volcanic edifices (e.g., Dama Ali volcano; erupted in 1631
CE, Figure 5A), suggesting that magma reached the surface in
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the region. Reed et al. (2014) documented high Vp/Vs ratios
within the lower crust beneath the Dobi graben, which implies
the presence of melt (Demissie et al., 2018). Finally, the
structural framework of the region is composed of a set of
left-stepping en-echelon basin structures from the Aden ridge
oriented ∼110°N, Asal Ghoubbet (135°N), Dobi (135°N), Serdo
(140°N) and the Manda Hararo magmatic segment (148°N)
forming a structural continuum (Figure 8B). The tensional
axes derived from the focal mechanisms of swarms are all
oblique with respect to the mean orientation of the basins
(Figures 8B, 9). These en-echelon basins are affected at both
edges by magmatic intrusions (i.e., Gulf of Aden ridge and the
Manda Hararo-Dabbahu magmatic segments) and the central
portion (Dobi and Serdo) might originate from a mixed source
of deformation where magmatic and tectonic processes may
interact. Therefore, while the origin of the older swarms in this
region cannot be unambiguously related to either tectonic or
magmatic activity, for some of these swarms both tectonic and
magmatic processes were likely at work.

Swarm and Volcanic Activity Increase
During the mid 2000s to mid 2010s
Supplementary Figure S2 broadly shows a progressive increase
in annual number of earthquakes reported by the ISC since the
early 1990s compared to the preceding period. Much of this
increase is consistent with improvements in regional seismic
station density. To address this, we also plotted annual
numbers of events of M4.5 and larger in order to reveal
temporal changes in earthquake activity above the magnitude
of completeness through the entire time period (Figure S2). This
shows noticeable lobes of increased number of M4.5 and larger
earthquakes in roughly decadal timeframes such as in the late
1970s, and the late 1980s to mid 1990s. We test this hypothesis of
increase of earthquake rate for the class of M4.5 and larger
earthquakes over decadal timeframes against a stationary
earthquake occurrence described by a Poisson model with
constant rate (Zhuang et al., 2012). In a Poissonian stationary
model, the times between two consecutive earthquakes (i.e., inter-
event times IETs) follow an exponential distribution with first
moment equal to the long-term seismicity rate λ. The fit of
seismicity rate to the observed earthquakes restitutes λ � 0.026
with 95% confidence interval λCI � 0.024–0.029. We simulate 100
synthetic catalogs of IETs from the exponential distribution with
randomly varying λCI. We then compared the observed and each
of the simulated distributions of IETs through a Kolmogorov-
Smirnov (KS) two-sided goodness-of-fit test (Massey, 1951)
under the null hypothesis that both are independent sample
from the same underlying distribution. We rejected the null
hypothesis 100% of times at significance level of α � 0.01 for
the 100 simulations. We applied the same test to only events with
M5 and larger and obtained the same results. We conclude that at
first order the observed catalog does not follow a Poissonian
stationary process and the earthquake lobes over decadal
timeframe are a feature in the SAGA catalog not likely caused
by the aftershock activity and thus relates to temporal increase of
the swarm activity.

The most recent increase occurs during 2003–2013 in which
there is an increase of the swarm activity in all the three rift
branches of the southern Red Sea, Afar and the Gulf of Aden
(SAGA region; Figure 2B and Figure 10). During the same time
period, a total of seven volcanic eruptions occurred in all the
three areas (Figure 8A). The three different rift branches were
subject to three roughly synchronous rifting episodes, with
Dabbahu (2005–2010; Wright et al., 2006), Gulf of Aden
(2003–2011; Ahmed et al., 2016) and the southern Red Sea
(2003–2013; Xu et al., 2015). The swarms in the Zubair
Archipelago were temporally related to magmatic intrusions
and eruptions (Jebel at Tair, Sholan and Jadid islands), while no
volcanic activity was reported in association with two swarms
further south near the Zukur and Hanish islands in 2004. Our
dataset shows that the Gulf of Aden had been subject to strong
swarms already from 2002 to 2004, indicating an increase of
swarm activity 8 years before the main rifting activity in late
2010. This overall active 2003–2013 time period was followed by
a seismically quiet period from 2013 to 2020 without any
noticeable swarm activity.

These synchronous rifting episodes are focused in Afar and
in the immediately adjacent parts of the southernmost Red Sea
and westernmost Gulf of Aden. They suggest that this sector
of the SAGA region experiences a regional rifting cycle, where
the plate extension may have generated enough strain deficit
at the plate boundaries to be released during a five to 10 years
co-rifting period after an inter-rifting period of tectonic
loading. This could suggest a common source of
deformation for all three rift branches. Since rifting
episodes are modulated by the interplay between magma
supply and tectonic stress (e.g. Buck, 2006), we also
propose that the regional increase in activity could have

FIGURE 10 | Increase of swarm and volcanic activity observed from
2003 to 2013 in the SAGA region, preceded and followed by lower rates of
swarm activity and the absence of volcanic eruptions. Yellow stars are
eruptions; AG: Asal Ghoubbet; DL: Dallol; DB: Dabbahu; JT: Jebel at
Tair; DF: Alu Dalafilla; GA: Gulf of Aden; NA: Nabro; ZB: Zubair
Archipelago.
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been triggered by an overall increase of the magma supply rate
from the underlying mantle in the SAGA region.
Alternatively, the synchronous increase in activity across
multiple segments of the rift might also be explained by
regional stress triggering in which positive Coulomb stress
changes induced by magma intrusion at one rift branch
and associated earthquake swarms trigger magmatic and
tectonic activity at the other rift branches that were near
failure. However, there is little evidence for static stress
triggering between distant (∼350 km) rifting events and
episodes in the region (Viltres et al., 2018). Such stress
triggering has been observed at smaller scales within Afar,
i.e., where several small swarms have been detected at the
periphery of large dike intrusions in Afar in 2005, 2007 and
2009, synchronously with the Dabbahu rifting episode. These
swarms could thus relate to static stress changes triggered by
the dike intrusions inducing an increase of the seismicity at
the dike periphery.

CONCLUSION

Observations of earthquake swarm activity over multiple
decades can provide new information about areas prone to
swarm activity (clusters), on swarm reoccurrence, and on
regional magmatic and tectonic activity in general. In this
study, we have generated a new earthquake swarm catalogue
for the southern Red Sea, Afar and Gulf of Aden (the SAGA
region) by integrating the ISC catalogue with additional local
datasets, producing the first multi-decadal overview of the
earthquake swarm activity of the SAGA region. The new
swarm catalogue is composed of 19 clusters and 134 swarms
from 1960 to 2017. Adding 11 volcano-tectonic events (six
earthquake swarms and five volcanic eruptions) that occurred
from 1838 to 1960, the catalogue includes a total of 145 events in
the last 180 years. Most of the clusters show recurrent swarm
activity over decades, supporting the presence of unnoticed
active spreading centers in the SAGA region. Most of these
swarms have likely a magmatic origin, as supported by eruption
or ground deformation study, although we cannot rule out an
unambiguous magmatic origin for all these swarms. The three
rift branches show an increase of the swarm and volcanic
activity between 2003 and 2013 suggesting the presence of a
rifting cycle affecting part of the SAGA region.
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