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The Rwenzori Mountains are located within the Albertine Rift Valley in western Uganda. To monitor the
microseismic activity in the area we have deployed a seismic network of up to 35 stations for a period of
about 20 months. The analysis of the recordings revealed several earthquake clusters within a restricted
area NE of the mountain block. The clusters form elongated pipes with 1-2 km diameter and vertical exten-
sions of 3-5 km. Most of them are located in 5-16 km depths; however one cluster reaches down to 22 km.
Each cluster is composed of a series of single earthquake swarms with durations between a few days and

Keywords: h : . =
East African Rift more than a week, interrupted by intervals of inactivity of up to several months. Some of the swarm events
Seismicity exhibit vertical migration tendencies with estimated velocities between 0.3 and 1 km/day. Local magnitudes

range from M; =0.5 to M = 4.0 with b-values between 0.96 and 1.2. The source mechanisms of the swarm
earthquakes are dominated by normal faulting with tension-axes orientations perpendicular to the rift
axis. There are only few strike-slip events and no reverse mechanisms. From petrological considerations
Melt we presume that the earthquake swarms are triggered by fluids and gases which originate from a magmatic
source below the crust. Melt and/or CO, are guided along the intersection lines of two steep fault sets that
were identified by shear-wave splitting analysis and fault mapping in the Rwenzori area. The existence of a
magmatic source within the lithosphere is supported by the detection of a shear-wave velocity reduction
in 55-80 km depth from receiver-function analysis and the location of mantle earthquakes at about 60 km.
We interpret these observations as indication for an initial rifting process that may eventually lead to the
complete detachment of the Rwenzori block from the surrounding rift flanks.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Earthquake swarms are defined as episodic series of seismic
events that are clustered in space and time (Mogi, 1963). Unlike a
typical mainshock-aftershock sequence, where the aftershocks have
significant lower magnitudes than the mainshock, the earthquake
swarms are characterized by a gradual increase and decrease of activ-
ity with no predominant primary earthquake. They are commonly
associated with magmatic intrusions and fluid transport in the crust
reducing the resistance of faults, as well as with stress perturbations
induced by the release of volatiles like CO, (e.g. Brduer et al., 2003;
Dahm et al., 2008; Hainzl, 2004; Hainzl and Ogata, 2005). The major-
ity of them are observed in regions of active volcanism (Benoit and
McNutt, 1996; Gardine et al., 2011; Karpin and Thurber, 1987). Volca-
nic earthquake swarms are characterized by large b-values between
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1.0 and 2.5 which are commonly attributed to a highly fractured
crust and a heterogeneous stress field in these areas (Bridges and
Gao, 2006; Mogi, 1963). Numerous earthquake swarms are reported
from Iceland. Most of them are discussed in the context of magma
movements and dike intrusions accompanying volcanic eruptions
(Hensch et al., 2008; Jakobsdottir et al., 2008; Key et al., 2011;
Soosalu et al., 2010; White et al.,, 2011). In many cases the swarm
events exhibit a systematic hypocentre migration reflecting the
magma intrusion process. Earthquake swarms were also recorded in
several sections of the East African Rift, such as Afar, Ethiopian Rift
(e.g. Ebinger et al.,, 2008; Keir et al., 2011), the southern Kenya rift
(Ibs-von Seht et al., 2001; Tongue et al., 1994; Young et al., 1991),
and the north Tanzanian divergence (Albaric et al., 2010; Baer et al.,
2008). In general, these events are attributed to magmatic dike intru-
sions. However, although the western branch of the East African Rift
reveals significant higher seismic activity than the eastern branch,
there have been no observations of earthquake swarms in this part
of the EARS so far.

Apart from volcanic areas, earthquake swarms are also observed in
intraplate regions such as the Bohemian Massive, the French Massive



96 M. Lindenfeld et al. / Tectonophysics 566-567 (2012) 95-104

Central, Central Italy, and Long Valley, California. Spicak (2000) gives a
compilation of intraplate and artificially induced earthquake swarms.
The author finds similar swarm patterns and concludes that the cause
is related to intrusion of fluids. The western Bohemia/Vogtland area is
one of the most prominent earthquake swarm regions, situated within
the Eger rift which is part of the European rift system. Here, earthquake
swarms have been reported since the 16th century (Griinthal, 1989).
Many investigations manifest that fluids and the transport of mantle
volatiles originating from a subcrustal magma body might be the source
of the observed swarm activity in this area (Brduer et al., 2003; Geissler
et al, 2005; Spicak and Hordlek, 2001; Spicak et al., 1999; Weise et al.,
2001).

Ibs-von Seht et al. (2008) analyse earthquake swarms in selected
continental rifts. They compare the characteristics of clusters observed
in the Rio Grande rift, North America, the Eger rift, Europe, and the
Kenya rift, East Africa. They conclude that all investigated swarms
occur in rift sections that are influenced by intersecting fracture zones.
During the swarm activity the maximum observed magnitudes range
from 4.2 to 4.7 and the b-values for all three areas are between 0.8
and 1.0. This corresponds to the magnitude distribution of regular tec-
tonic earthquakes and indicates a difference to earthquake swarms in
regions of active volcanism that show b-values significantly higher
than 1. There is no clear terminological discrimination between earth-
quake “swarms” and “clusters”. In general, clusters are a series of earth-
quakes spatially-concentrated with regular patterns, whereas seismic
swarms are concentrated in space and occur within a relatively short
period of time. In this paper we use the word “cluster” if we refer only
to the spatial distribution of a group of earthquakes. In case we discuss
the temporal characteristics we prefer the term “swarm”.

We focus on the observation of earthquake clusters that were
detected during a microseismic monitoring campaign in the Rwenzori
region of the East African Rift System (EARS) from February 2006 to
September 2007. We describe the characteristics, similarities, and dif-
ferences to earthquake swarms in other regions. Finally we discuss
possible mechanisms for the triggering of the swarm events with re-
spect to petrological information from the region.

2. Tectonics and seismicity of the Rwenzori region

The ~3000 km long Cainozoic EARS extends from the Afar triple
junction in the north to Mozambique in the south. In southern Ethiopia
it splits up into two branches surrounding Lake Victoria: The eastern
branch passes Kenya and terminates in northern Tanzania, the western
branch runs through Lake Albert, Lake Edward, Lake Tanganyika, and
Lake Malawi, and ends in southern Mozambique. The 5000 m high
Rwenzori Mountains are situated within the Albertine rift, which is
part of the western branch of the EARS (Fig. 1). They represent a
non-volcanic basement block composed of rocks of Proterozoic and
Achaean age (Link et al., 2010) whose origin and relation to the evolu-
tion of the EARS are focus of the RiftLink project (www.riftlink.org).
The Rwenzoris are bounded by two rift segments: (a) the Albertine
rift, extending west of the mountains from Lake Edward in the south
to Lake Albert in the north, and (b) the Lake George rift segment run-
ning east of the mountains starting at Lake Edward and ending up
north of Lake George at about 0.5°N latitude. Previous studies indicate
that the Lake Albert rift started in the north and propagated southwards
whereas the Lake Edward-George segment started in the Lake Edward
region and propagated northwards (Koehn et al., 2008; Morley, 1999).
Such propagation may lead to a clockwise rotation of the Rwenzori
block (Koehn et al., 2008), which in turn can lead to complex inter-
secting faults in the NE of the Rwenzori (Koehn et al., 2010), where
the Rwenzori may break off the Victoria plate. The area of focus is
cluttered with quaternary volcanic craters. Four volcanic fields mark
the centres of magmatic activity (Fig. 1); these are the Katwe-Kikorongo
and Bunyaruguru fields in the south and south-east, the Ndale field in
the east and the Fort Portal field in the north-east of the Rwenzori
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Fig. 1. Tectonic map of the Rwenzori area (after Koehn et al, 2008, 2010). The
Rwenzori mountains (light blue area) are surrounded by two rift segments, with the
exception of a region in the NE, where they are connected to the Victoria plate. Volcanic
fields are marked by red areas (FP: Fort Portal, ND: Ndale, KK: Katwe-Kikorongo, Bu:
Bunyaruguru).

Mountains. The southern fields are separated and affected by the rift
while the northern fields are located on the unrifted Precambrian
bridge that connects the Rwenzori Mountain chain with the flanks.
The time of volcanic activity ranges from 50 ka in the south (Boven et
al., 1998) to Holocene (8-4 ka) in the Katwe-Kikorongo and the north-
ern fields (Barker and Nixon, 1989; Brooks and Smith, 1987).

From global observations it is known that the western branch of
the EARS shows significant higher seismic activity than the eastern
branch, with the Rwenzori region being the area with highest seis-
micity of the entire rift system (e.g. Albaric et al., 2009; Fairhead
and Girdler, 1971; Foster and Jackson, 1998; Nyblade and Langston,
1995; Twesigomwe, 1997). Previous microearthquake surveys in the
Rwenzori region by Maasha (1975), Tugume and Nyblade (2009),
and Lindenfeld et al. (2012) confirm the high seismicity rate.

The results of Lindenfeld et al. (2012) are based on a seismometer
network covering an area of roughly 80 kmx 140 km and operating
from February 2006 to September 2007 (Fig. 2). The recordings reveal
high seismic activity with approximately 800 events per month. The
majority of located events lie within faults zones to the east and
west of the Rwenzoris with the highest seismic activity observed in
the north-eastern area, where the mountains are in contact with the
rift shoulders. Local magnitudes range from My = —0.5 up to M=
5.1 with a b-value of 1.1. In the northern part of the network with
its high station density the earthquake catalogue is complete for mag-
nitudes larger than 0.8.

The hypocentral depth distribution exhibits a pronounced peak of
seismic energy release at 15 km. The maximum depth extent varies
between 20 km and 32 km and correlates well with Moho depths
that were derived from P-wave receiver functions by Wélbern et al.
(2010). Vertical profiles indicate that beneath the rift shoulders seis-
micity extends from the surface down to approximately 30 km depth,
whereas beneath the rift valley seismicity is restricted to depths be-
tween 10 km and 20 km. However, Lindenfeld and Riimpker (2011)
report the detection of a group of mantle earthquakes in this area
probably associated with magmatic processes in the lithospheric
mantle, (see Fig. S1 in the supplementary information for details).

Fault plane solutions of 304 events were derived from P-wave po-
larities and S/P amplitude ratios. The majority of the source mecha-
nisms exhibit pure or predominantly normal faulting with highly
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Fig. 2. Seismic station network (triangles) and recorded local seismicity from February
2006 to September 2007 (from Lindenfeld et al., 2012). The dashed frame indicates the
central area map presented in Fig. 3.

uniform T-axis trends oriented WSW-ENE, which is in good agree-
ment with kinematic rift models (Lindenfeld et al.,, 2012; Stamps
et al,, 2008, 2010).

3. Observation of earthquake swarms
3.1. Hypocentre relocation and identification of earthquake clusters

A closer inspection of the epicentral distribution reveals several
earthquake clusters in the north-eastern region of the network. To
verify this observation we relocated the data set described in
Lindenfeld et al. (2012) by applying the double-difference algorithm
(hypoDD) of Waldhauser and Ellsworth (2000) to derive more pre-
cise relative locations than those obtained by standard single-event
location methods. The hypoDD technique minimizes residual travel
time differences of earthquake pairs at a common station by weighted
least squares using a singular value decomposition algorithm. If the
hypocentral distance between the paired events is small compared
to the event-station distance then the travel time residuals are affect-
ed only marginally by local velocity variations resulting in more accu-
rate relative hypocentre locations.

Initially more than 10000 events were selected for relative loca-
tion but due to large event-event spacing and unfavourable station
configuration the hypoDD algorithm rejected about 25% of the data
set, especially in the south-western area, where none of the initial
hypocentres were relocated. Fig. 3 presents the relocated epicentre
distribution within a zoomed area that is characterized by the highest
seismicity of the Rwenzori region (dashed box in Fig. 2). The im-
proved location accuracy leads to sharper structural details and re-
veals several earthquake clusters with almost circular shapes. We
were not able to identify further earthquake clusters outside of the
map in Fig. 3. The occurrence of earthquake swarms seems to be re-
stricted to the area north-east of the Rwenzoris, where the mountains
are connected to the eastern rift shoulder. Furthermore, this zone co-
incides with the location of the mantle earthquakes in 53-60 km
depth (Lindenfeld and Riimpker, 2011). The position of this cluster
is marked with a yellow symbol in Fig. 3. Two red profile-lines indi-
cate the position of vertical sections each of them transecting several
earthquake clusters.
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Fig. 3. The central region for which earthquakes are relocated by the HypoDD method
(dashed rectangle in Fig. 2). Two profiles (A1-A2 and B1-B2) indicate the positions of
the vertical sections presented in Fig. 4a and b. Coloured symbols (blue, green) mark
epicentres that are projected onto the respective profile line. The yellow dot marks
the location of the mantle earthquakes (Lindenfeld and Riimpker, 2011). The swarm
activity of two clusters (cluster 1 and 2, red circles) is presented in this paper.
Seismograms of two stations (KASS, KINY) are presented in Section 3.4 of this paper.

3.2. Cluster depth distribution

The hypocentral depth distribution along profiles A1-A2 and
B1-B2 is plotted in Fig. 4a and b, respectively. The vertical section
A1-A2 reveals four earthquake clusters which can be clearly separat-
ed from the background activity. They are located at depths between
5-16 km with a pronounced pipe-like shape and a vertical extent of
3 km to 5 km. The diameters range from 1-2 km. Two of the clusters
(marked as clusters 1 and 2) show a clear hypocentral upward migra-
tion and are discussed in Sections 3.3 to 3.6. Details for clusters 3 and
4 are provided in the supplementary information.

Profile B1-B2 is located at the eastern boundary of the seismic ac-
tive region. The hypocentral depths of the three clusters on this pro-
file (Fig. 4b) show a systematic upward shift beginning at 22 km
depth at the northern end of the profile (B1) and reaching approxi-
mately 13 km depth at its southern end (B2). The vertical extent of
the two deepest clusters (5 and 6) is only 2-3 km (see the supple-
mentary information for details). We note that the detected cluster
of mantle earthquakes is located just beneath the lowermost crustal
cluster at a depth between 53 km and 60 km.

3.3. Temporal evolution of the earthquake clusters

To show the spatio-temporal characteristics of the earthquake
clusters we have plotted the three-dimensional hypocentral distribu-
tions of clusters 1 and 2 (Fig. 5). The source times of individual events
are coded by different symbol colours. The clusters are characterized
by episodic earthquake swarms rather than permanent seismic ener-
gy release. The initial phase of cluster 1 (Fig. 5, left) starts with an
earthquake swarm in July 2006 covering the entire vertical extent of
the cluster between 10 km and 15 km depth and ends in August
2006 (dark blue symbols). After eight months of quiescence the
swarm activity resumes in March 2007 (yellow symbols) at the low-
ermost parts of the cluster (13-12 km depth). Subsequent swarm
events show a systematic upward migration to a depth of about
10 km (orange and red symbols). The swarm activity of cluster 1
ends in July 2007. Cluster 2 (Fig. 5, right) is active between December
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Fig. 4. Vertical sections along profiles (a) A1-A2 and (b) B1-B2 (see Fig. 3). The two event clusters (marked by red ellipses) are discussed in detail in Sections 3.3 to 3.6. The position
of the mantle earthquakes located at 53-60 km depth (Lindenfeld and Riimpker, 2011) is indicated by an arrow on profile B1-B2.

2006 and July 2007. It shows a similar but less distinct migration ten-
dency compared to cluster 1: Early events (blue colours) are concen-
trated at about 15-16 km depth. Subsequent events (orange-red) are
located at about 12-13 km depth.

Fig. 6 shows the hypocentral depth versus occurrence time for
events of cluster 1. The complete cluster consists of 262 earthquakes
and is composed of several episodic swarms with durations between
a few days up to more than two weeks. The individual swarms are
separated by time intervals of quiescence which lasts up to several
months. The 4 largest swarm events occurred during 1-22 August
2006, 18-23 April 2007, 21-28 May 2007, and 29 June-1 July 2007,
with 71, 27, 54, and 26 events, respectively. The initial phases of
three swarm periods are shown in the subfigures. We observe an in-
crease of the vertical cluster extend with time, whereas the basis of
the swarm activity is fixed at 13-14 km depth. The dashed lines indi-
cate velocities between 0.3 km/day and 1 km/day of the upward mi-
gration. The symbol sizes are proportional to the event magnitudes
and indicate that there is no dominant single event in the individual
sub-clusters, an observation which is characteristic for earthquake
swarms (e.g. Ibs-von Seht et al., 2008).

Cluster 1
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The spatio-temporal behaviour of cluster 2 is presented in Fig. 12.
The whole cluster consists of 451 earthquakes and is built-up of at
least 7 swarm bursts, most of them with durations of 1-2 days
which are short compared to the swarm durations in cluster 1. The in-
tensity of the single swarm activities seems to increase systematically
during the observation period and ends with a huge earthquake
swarm lasting from 21 June to 11 July 2007 which consists of 160
events. The upper dashed line indicates a possible migration of the
uppermost seismic activity within each swarm, however, the slope
of this line is constrained only by few events. As for the case in cluster
1, the lower bound of the seismic activity is located at a fixed depth,
here between 16 km and 17 km. After the crisis in June/July 2007
the swarm activity decreases significantly and the vertical extent re-
duces to the situation at the beginning of the whole cluster in November
2006.

Depth vs. time plots for clusters 3-6 are provided in the supple-
mentary information (Fig. S2). Here, we give a short description of
the main characteristics. Cluster 3 consists of a single earthquake
swarm of 72 events from 13-20 August 2006. Magnitudes range
from My =0.2 to M| = 1.8 which is relatively small compared to the
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Fig. 5. Three-dimensional hypocentre distribution of clusters 1 and 2. Colours indicate the temporal evolution of the earthquake swarms from July 2006 to July 2007 and from
December 2006 to July 2007, respectively. Note that horizontal axes are longitude and latitude in degree; vertical and horizontal dimensions are to scale.
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Fig. 6. Hypocentral depth versus source time of events belonging to cluster 1. The symbol size is proportional to magnitude (see legend). The three insets show the initial phase of
different earthquake swarms within the cluster. Numbers on the time axes are days of the respective month. Dashed lines indicate a possible upward migration of seismic activity.

other analysed earthquake clusters (up to My =4.0). The swarm ac-
tivity in cluster 4 develops similar as in cluster 2, with increasing in-
tensity and a final maximum earthquake swarm in May 2007. The
vertical extent of the swarms ranges between 5 km and 10 km
depth, however, the upper and lower bounds of the seismic activity
are not well defined. There is no vertical migration visible. Clusters
5 and 6 are located at profile B1-B2. With a vertical extension of
1-2 km and a horizontal diameter of about 1 km they represent rath-
er point sources rather than vertically oriented, elongated pipes. The
clusters are located in 22 km and 19 km depth, respectively. In con-
trast to clusters 1-4 we observe a permanent seismic energy release
during the observation period from 2006 to 2007 in a fixed depth,
rather than single swarm events.

3.4. Waveform similarity

It is a common feature of earthquake swarms that waveforms of
individual events exhibit significant similarity at the recording sta-
tions (e.g. Hayashi and Morita, 2003). This occurs mainly because
the locations of swarm events are concentrated in a small area and
are close to each other. For this reason the ray paths and site re-
sponses may be considered identical for these events. Furthermore,
the source mechanisms of swarm events are also similar in most
cases (e.g. Ibs-von Seht et al., 2008). An example of similar waveforms
is given in Fig. 7. The graph shows P-wave signals of two earthquakes
belonging to cluster 2 and recorded at two different locations. Station
KASS is located close to the cluster centroid with an epicentral dis-
tance of 1.9 km, whereas station KINY has a distances of 19.7 km
(cf. Fig. 3). There is a substantial waveform similarity at each station
which allows to identify common amplitude wiggles in the P-wave
group of the events. However, there are significant differences be-
tween the two stations. P-waves at KINY are depleted of high fre-
quencies compared to the recordings at KASS. This effect is probably

recorded at KASS (d=1.9 km)

attributed to increasing absorption of seismic energy for longer ray
paths. The observed waveform similarities provide an additional indi-
cation for a common source mechanism within a certain cluster. More
examples of waveform similarity can be found in the supplemental
information (Fig. S3).

3.5. Magnitudes

Fig. 8 presents the magnitude-frequency distribution of all swarm
events contained in clusters 1-4 (circles). There are 911 events in
total with magnitudes between M; =0.1 and My =4.0. This magni-
tude interval is also observed in swarms of other continental rifts
(Ibs-von Seht et al., 2008). Moreover, the cumulative magnitude
distribution seems to be characterized by two different slopes
(b-values): a relatively small slope between M; =0.8 and M; = 1.8,
and a larger one for M > 1.8. Such bimodal magnitude-frequency dis-
tributions are typical for volcanic areas and indicative for fluid-
induced swarm activity (Wiemer and Wyss, 2002). However, a closer
inspection of the data revealed that the apparent bimodal distribution
is an artefact of different detection thresholds: During night-time
(21:00-7:00 local time) the seismometer network has its highest
sensitivity with a magnitude of completeness Mc~0.8. During
day-time (7:00-21:00 local time) the sensitivity is considerably re-
duced by human activity, such as field work and traffic. The increased
noise level at that time reduces the number of located small events
and increases the magnitude of completeness to Mc= 1.8. Therefore,
the cumulative magnitude-frequency distribution of the combined
day and night events will exhibit two discontinuities at Mc; =0.8
and Mc, = 1.8, respectively, which could be interpreted erroneously
as a bimodal distribution with two b-values. The magnitude distribu-
tion of the night events alone (triangles in Fig. 8) is characterized by a
unique magnitude of completeness at Mc = 0.8 and a single b-value of
1.0 (calculated by a linear least squares fit). These values are similar

recorded at KINY (d=19.7 km)

Event1:
2006-12-26 15:48
h=15.1km M=2.8

Event2:
2006-12-26 16:04
h=15.6km M=2.2

0 0.2 0.4 0.6 0.8
time (s)

0.2 0.4 0.6 0.8
time (s)

Fig. 7. Waveform similarity of cluster events. The plot shows the P-waves of two events (upper and lower rows) belonging to cluster 2 and recorded at stations KASS (left column)
and KINY (right column) (see Fig. 3 for position of cluster and stations). Labels d, h, and M indicate epicentral distance, hypocentral depth, and local magnitude, respectively.
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Fig. 8. Magnitude frequency distribution of swarm events in clusters 1-4. Circles: all
events. The distribution includes two magnitudes of completeness: Mc; =0.8 for
night-time events and Mc, = 1.8 for day-time events caused by different noise levels
during the respective periods. The shape of the graph is biased by the different charac-
teristics of day-time and night-time events and should not be interpreted as bimodal
with two different b-values. Triangles: magnitude distribution for the night-time
events of clusters 1-4. This homogeneous subset of data has a b-value of 1.0.

to the b-values derived for the whole earthquake catalogue of the
Rwenzori region (b=1.1, Lindenfeld et al., 2012), but slightly higher
than in other continental earthquake swarms (b=0.8). According to
Mogi (1963) b-values between 0.5 and 1.0 are indicative of tectonic
processes in non-volcanic intraplate areas. Larger b-values (1.0-2.5)
are usually observed in regions with active volcanism, where seismic-
ity is associated with eruptions and magma movements (e.g. Karpin
and Thurber, 1987). Our observation (b=1.0) is located just in be-
tween and does not allow to discriminate between pure tectonic
and magmatic processes.

3.6. Source mechanisms

Source mechanisms of 55 events in cluster 2 were derived from
P-wave polarities and S/P amplitude ratios using a grid search algo-
rithm to determine the orientation of the nodal planes (FOCMEC by
Snoke et al., 1984). A compilation of the individual mechanisms is
given in the supplementary information (Fig. S4). As a synopsis
Fig. 9 presents a classification of the derived fault plane solutions on
the basis of P- and T-axis plunge angles. The majority of mechanisms
are normal faulting (red symbols) or predominantly normal faulting
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Fig. 9. Classification of the source mechanisms of cluster 2 according to the plunge
angles of the P- and T-axes. Normal faulting (red symbols) predominates - with a
few strike-slip mechanisms (blue symbols). There is no reverse faulting in the earth-
quake swarm. The rose diagram in the upper right corner indicates the T-axes trends
of the derived fault-plane solutions.

(pink symbols) with a minor group of strike-slip events (blue sym-
bols). None of the analysed swarm events can be associated to reverse
faulting. This is different to the distribution of source mechanisms in
the whole Rwenzori region, for which we observed also reverse
faulting mechanisms (Lindenfeld et al., 2012). The directions of the
tension axes (T-axis trends) are plotted in a rose-histogram (Fig. 9,
upper right). The results reveal a considerable uniform picture for
the extensional stress field which is oriented WNW-ESE, perpendicu-
lar to the rift axis. This is in agreement with kinematic rift models
(Stamps et al., 2008, 2010) and indicates that the source mechanisms
of the swarm events are controlled by the regional stress field associ-
ated with the extensional regime.

4. Discussion
4.1. General features of the observed earthquake swarms

The earthquake swarms of the Rwenzori area show numerous
similarities in comparison with earthquake swarms observed in
other continental rifts (see Ibs-von Seht et al., 2008, for a compilation
of properties): Clusters 1, 2, 3, and 4 on profile A1-A2 are located in
the crust at depths between 5 km (or less) and 16 km. The duration
of individual swarms within each cluster is spread between a few
days up to months. Only in cluster 1 we observe a clear upward mi-
gration of seismic activity. The remaining clusters exhibit weak or
no vertical migration. This variation corresponds to reports from
other regions which range from “clear migration” (Kenya rift), “diffuse
migration” (Eger rift) to “no migration” (Rio Grande rift). Magnitudes
of the analysed clusters reach maximum values of M; =4.0 with a
b-value of 1. This agrees well with the compilation of Ibs-von Seht et
al. (2008) which states maximum M; =4.7 and b=slightly less or
close to 1. There is no single predominating event within an earthquake
swarm. Fault plane solutions indicate an extensional or strike-slip stress
regime, no reverse faulting is observed. The orientation of the source
mechanisms is controlled by the regional stress field. Recorded wave-
forms of different cluster events are almost identical at individual
stations.

4.2. Cluster location and shape

All of the identified earthquake clusters in the Rwenzori region are
located within a restricted area north-east of the mountains (Fig. 3).
The question arises whether this observation is possibly an artefact
due to the heterogeneous station distribution. To the north of Lake
George, between 0.1° and 0.4° latitude, the inter-station distances in-
crease significantly which leads to an increased event detection
threshold. In this region the earthquake catalogue is complete for
magnitudes larger than M; = 1.2 (compared to M; = 0.8 in the cluster
area) which prevents the detection of small earthquakes that build up
the majority of an earthquake swarm. For this reason it might be
impossible to detect earthquake clusters outside of the area of high
station density.

To verify this assumption we compared the complete earthquake
catalogue with the data set containing only events with M; > 1.2, simu-
lating a quasi-homogenous earthquake catalogue with constant detec-
tion threshold over the whole region (Fig. S5, supplements). Although
a significant number of small earthquakes are now omitted in the
epicentre map, we are still able to identify the already established
event clusters because they contain a sufficient number of stronger
events. This implies that earthquake clusters in other parts of the region
should also be detectable, if they are comparable to the identified clus-
ters in terms of magnitude distribution and number of events. Since we
do not observe significant earthquake accumulation outside the marked
area, we conclude that the major swarm activity is indeed restricted to
the observed region. This observation provides further constraints on
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their origin and their implication for the rift evolution, as discussed
below.

Most earthquake swarms in rifting regimes are related to mag-
matic dike intrusion or fluid-transport processes in crustal faults. As
might be expected these clusters form vertical oriented, planar
shapes tracing the outline of the dike or fault, e.g. in Iceland
(Jakobsdéttir et al., 2008), in the Eger rift (Dahm et al., 2008), Afar
(Ebinger et al., 2008) or the southern Kenya rift (Ibs-von Seht et al.,
2001). In contrast, we observe concentrated vertically-oriented
pipe-like clusters, which have not been reported previously for the
East African rift. Most observations of those earthquake patterns are
related to magma transport in conduits beneath active volcanoes,
like Piton de la Fournaise, Réunion Island (Battaglia et al., 2005) or
Eyjafjallajokull in Iceland (Tarasewicz et al., 2012).

Hensch et al. (2008) report hypocentre migration of earthquake
swarms in the Tjornes Fracture Zone (North Iceland) induced by ris-
ing magma dikes. They observe that the swarm activity concentrates
above an ascending dike due to stress accumulations at the top tip.
This leads to an upward migration of the whole earthquake swarm,
including its base. In contrast, we observe swarms with increasing
vertical extent, however, in all cases the base is located at a fixed
depth. Therefore it is unlikely that these earthquakes are directly in-
duced by ascending magmatic dikes. We rather think that the release
of magmatic fluids or gases in certain crustal depths - depending
on the environment conditions - could induce the observed swarm
activity.

Fluid migration along intersection lines of vertically-oriented fault
systems would explain the observed pipe-like cluster patterns. In the
NE of the Rwenzoris we find two dominant fault systems (Fig. 10a)
that show a very steep intersection lineation. Fault set 1 is oriented
parallel to the main rift faults and corresponds to the far field exten-
sion direction. Fault set 2 is almost perpendicular to fault set 1 and is
only found NE of the Rwenzori, at the northern end of the Lake
George rift and along the intersection of the Rwenzori with the rift
flank. This fault set is also reported in Koehn et al., 2010 (intersection
faults) and may represent a local stress field that develops as the
Rwenzori block breaks off from the Victoria plate. The geometry of
the Rwenzori block within the rift will lead to a clockwise rotation
of the block (Koehn et al., 2008) and this in turn may trigger faults
with a NE-SW extension and a NW-SE trend (set 2 faults). The inter-
section lineation of these two steep fault sets is also steep. Since both
fault sets are mainly extensional their intersection will represent
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Fig. 10. (a) Lower hemisphere stereonet plot showing the p-pole distribution of faults
in the N and NE of the Rwenzoris. Two maxima are indicated by darker shading. Great
circles that cross the two maxima are plotted and labelled fault set 1 and fault set 2,
respectively. The intersection of these two major fault sets, as indicated by the black
circle, corresponds to an almost vertical line. (b) Results of shear wave splitting analy-
sis from local earthquakes in the Rwenzori region. The histogram shows the azimuthal
distribution of the fast-polarization directions binned within 15° wide sectors. The
bimodal pattern corresponds to two sets of fault systems: The first one strikes in NE
direction, parallel to the rift axis, the second one is oriented almost perpendicular to
this, in NNW direction.

vertical pipe-like structures that can act as preferred pathways for
fluids, gas or melt.

These observations are complemented and supported by the anal-
ysis of shear wave splitting parameters of local earthquakes in the
Rwenzori area that were obtained by a cross-correlation method.
The orientations of the fast velocity axes exhibit a distinct bimodal
distribution (Fig. 10b), almost identical to the fault pattern mapped
by Koehn et al. (2010) (Fig. 10a). The majority of the fast axes are
aligned in NE-SW direction, parallel to the main rift faults, whereas
a significant fraction of the data set has a NNW-SSE trend, almost per-
pendicular to the rift axis. Seismic anisotropy in the crust is assumed
to be caused by stress-induced parallel faults with fast velocity axes
oriented parallel to the fault trends (e.g., Crampin and Chastin, 2003).
Therefore, the shear wave splitting results may reflect the same two
intersecting groups of faults as observed by Koehn et al. (2010).

4.3. Indications for fluid triggered swarm activity

According to petrological indications the earthquake swarms in
the Rwenzori area are presumably caused by fluid movements and
gas release in the crust originating from a deeper magmatic body.
The clusters are situated between two quaternary volcanic fields,
the Fort Portal field in the north and the Ndale field to the south of
the cluster area (cf. Fig. 1). The water and CO,-rich lavas are silica un-
dersaturated, strongly alkaline and calcium-rich (Foley et al., 2012).
They range from strongly potassic lavas to alkaline melilitite associated
with calcic carbonatites (Bailey et al., 2005; Hogarth and Horne, 1989;
Stoppa et al., 2000). The majority of the exposed lavas are vesicular
and thus indicate free gas phases at low pressures. The deep and very
large explosion craters are indicative of explosive, probably volatile
and gas rich, volcanic eruptions.

Furthermore, the observed wide spread active thermal, saline and
gaseous springs that are rich in sulphate and free CO, (Dixon and
Morton, 1970), travertines and dry gas vents (pers. comm., Geological
survey of Uganda) suggest ongoing subsurface magmatic activity
throughout the region. The compositions and isotope ratios of the
mineral waters and their incorporated gases also point to a mixing
with a magmatic or mantle related gas flow and water source (Arad
and Morton, 1969; Bahati et al., 2005; Kato, 2000).

Rosenthal et al. (2009) show that the volcanic fields require an oxi-
dized, hydrated and carbonated source within the mantle below 80 km.
Thus it is presumable that the initial primer melt contains H,O as well as
CO,. Primitive melilitites naturally contain up to 8 wt% CO, (Eggler,
1989). But yet at mantle pressure conditions >1 GPa the high CO,-
solubility of 10-20 wt% in alkali rich melt (Brooker et al.,, 2001) should
inhibit carbonatite or CO, immiscibility (Brooker and Kjarsgaard, 2011).
When the melt ascends to lower pressures the vapour saturation of CO,
will eventually be reached and CO, as a free phase can be released. Re-
garding alkaline, silica undersaturated melts, these should be below
1 GPa (Brooker and Kjarsgaard, 2011) and above 0.5 GPa (Dixon,
1997) equivalent to approximately above 30 km and below 15 km
depth, somewhere in the lower middle crust. As the saturation limit
of the melt continuously decreases with decreasing pressure and
temperature the degassing will continuously proceed (Newman and
Lowenstern, 2002). Depending on the melt composition the degassing
continues towards the surface until little CO, <<500 ppm is remaining
in the melt (Dixon, 1997). During this process the released gas phases
will expand due to the lower ambient pressure with shallower depths
and the accompanying stress perturbations can trigger the observed
earthquake swarms.

The existence of the postulated magmatic body in the mantle is
also supported by the analysis of S-wave receiver functions which
provides evidence for two consecutive reductions in shear-wave
speed at depths between 55-80 km and 140-160 km, respectively
(Wélbern et al., 2012). The deeper discontinuity is interpreted as
the lithosphere-asthenosphere boundary, whereas the shallower
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Fig. 11. Cartoon illustrating the system of magma and fluid transport in the lithosphere
beneath the Rwenzori region. The locations of mantle earthquakes and earthquake
swarms are indicated. The depths of the Moho and of an upper mantle discontinuity
are documented by P- and S-wave receiver functions (Woélbern et al.,, 2010, 2012,
Abstract).

discontinuity likely marks the upper bound of an altered mantle lith-
osphere that might be composed by melt infiltrations. The observa-
tion of mantle earthquakes within the same depth range is a further
indication of magmatic fracturing and dyke emplacement close to
the detected discontinuity. A cartoon (Fig. 11) illustrates the princi-
ples of the discussed mechanisms.

The observed earthquake swarms in the Rwenzori region exhibit
several similarities with the occurrence of earthquake swarms in
the Eger rift. Especially the spatio-temporal properties show consid-
erable correlations. As an example we present a depth vs. time plot
of an earthquake swarm recorded in the Eger rift (Fig. 12, top) togeth-
er with the depth vs. time plot of cluster 2 events (Fig. 12, bottom). In
both cases the earthquake cluster consists of a series of single earth-
quake swarms each lasting from few days up to 1-2 weeks and sepa-
rated by inactive periods of up to one month duration. They have
comparable vertical extensions and similar depths. The occurrence
of earthquake swarms in the Eger rift is likewise attributed to trans-
port of fluids ascending along deep reaching fracture system from a

magmatic body at the base of the lower crust or in the upper mantle
(Brduer et al., 2003; Geissler et al., 2005; Ibs-von Seht et al., 2008;
Weise et al., 2001). The migration of magmatic volatiles coincides
with pressure perturbations that are able to trigger earthquakes with-
in the crust (Brduer et al., 2003). Fluid-injection-experiments at the
KTB borehole have shown that even small pressure variations
(<1 MPa) triggered numerous microearthquakes at a depth of 9 km
(Zoback and Harjes, 1997).

5. Conclusions

The results of our study suggest that the observed earthquake
swarms in the Rwenzori area originate from crustal fluid migrations
and/or CO, emanations rising from a magmatic body in the upper
mantle. The model shown in Fig. 11 gives an impression of possible
mechanisms that trigger the observed swarm activities. The transport
of these volatiles concentrates along vertical oriented intersections of
pre-existing crustal fault systems accompanied by pressure perturba-
tions which are able to trigger the observed pipe-shaped earthquake
swarms. The occurrence of mantle earthquakes just beneath the
swarm area provides a linkage between an anomalous upper mantle
body and the postulated melt transport in the crust. All these process-
es are observed close to the tip of the northward directing Lake
George rift segment, in an area where the Rwenzori Mountains are
linked to the rift shoulder. This could indicate that we presently ob-
serve the initial rifting stage of a propagating rift segment which
may eventually lead to the complete detachment of the Rwenzoris
from the surrounding rift flanks in the future as proposed by Koehn
et al. (2008) by numerical modelling. In such an early rifting stage it
is conceivable that migrating fluids within the crust develop before
tectonic evidence is visible at the surface. However, the observation
of fluid induced swarm activity alone is certainly not a sufficient
proof for this conceptual model. Additional evidence has to come
from other disciplines.
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