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In the frame of the Belgian GeoRisCA multi-risk assessment project focusing on the Kivu and northern
Tanganyika rift region in Central Africa, a new probabilistic seismic hazard assessment has been per-
formed for the Kivu rift segment in the central part of the western branch of the East African rift system.
As the geological and tectonic setting of this region is incompletely known, especially the part lying in
the Democratic Republic of the Congo, we compiled homogeneous cross-border tectonic and neotectonic
maps.

The seismic risk assessment is based on a new earthquake catalogue based on the ISC reviewed
earthquake catalogue and supplemented by other local catalogues and new macroseismic epicenter data
spanning 126 years, with 1068 events. The magnitudes have been homogenized to Mw and aftershocks
removed. The final catalogue used for the seismic hazard assessment spans 60 years, from 1955 to 2015,
with 359 events and a magnitude of completeness of 4.4. The seismotectonic zonation into 7 seismic
source areas was done on the basis of the regional geological structure, neotectonic fault systems, basin
architecture and distribution of thermal springs and earthquake epicenters.

The Gutenberg-Richter seismic hazard parameters were determined by the least square linear fit and
the maximum likelihood method. Seismic hazard maps have been computed using existing attenuation
laws with the Crisis 2012 software. We obtained higher PGA values (475 years return period) for the Kivu
rift region than the previous estimates. They also vary laterally in function of the tectonic setting, with
the lowest value in the volcanically active Virunga — Rutshuru zone, highest in the currently non-
volcanic parts of Lake Kivu, Rusizi valley and North Tanganyika rift zone, and intermediate in the re-
gions flanking the axial rift zone.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

of felt seisms recorded at meteorological stations, produced a map
of density showing the felt earthquakes per square degree in which

The Kivu rift region in the Great Lakes region of Central Africa
has been recognised as seismically active as early as in the first half
of the 20th century by the first explorers who reported a series of
felt earthquakes (Cornet, 1910; Passau, 1911, 1912; Krenkel, 1922;
Sieberg, 1932). It was included in the map of seismic areas of the
East African rift of Willis (1936). Herrinck (1959), using a data base
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the Kivu rift region appears as the most seismically active part.

In the 1950's, the ‘Institut pour la Recherche en Afrique centrale
(IRSAC) installed the first regional seismic network in Central Af-
rica, centred on the Lwiro research center along the southwestern
shore of Lake Kivu (De Bremaeker, 1956, 1959; 1961). The latter,
together with Sutton and Berg (1958), used the first seismological
data from the IRSAC network to characterise the local seismicity.
Wohlenberg (1968, 1969) exploited the available seismic data and
produced an instrumental catalogue for the period 1956—1963.
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Some of these events have been revised by Turyomurugyendo
(1996) during the compilation of the Global Seismic Hazard
Assessment Program (GSHAP) seismic catalogue for East Africa
(Giardini, 1999).

In 1992, Zana et al. (1992) estimated the earthquake hazard for
the Kivu rift region for 1909—1980 and issued a map of earthquake
risk in terms of equivalent earthquake magnitude distribution.
Using the revised catalogue of Turyomurugyendo (1996) for East
Africa, this region was included in one seismic source zone of the
seismic hazard assessment map for Eastern and Southern Africa
produced by Midzi et al. (1999). It was also considered by Mavonga
and Durrheim (2009) in their probabilistic seismic hazard assess-
ment for the Democratic Republic of Congo (DRC) and surrounding
areas. Kijko (2008) also produced a probabilistic sesismic hazard
map for Sub-Saharan Africa as an application of a new calculation
procedure.

The main problems encountered in the existing seismic hazard
assessments for Central Africa are the heterogeneity and incom-
pleteness of the catalogues, the short period of the instrumental
recording, the poor knowledge of the active tectonics, the absence
of detailed paleoseismic studies of active faults and the arbitrary
definition of the seismic source zones. However, this highly popu-
lated region is increasingly at risk due to fast demographic growth,
coupled with poor infrastructure and the absence or lack of
enforcement of building code. Within this work, we aim at revising
the seismic hazard assessment for the Kivu rift region, using a
revised and longer database of seismicity (60 years) and more
realistic seismotectonic source zones, with a probabilistic approach.
This work was performed in the frame of the GeoRisCA project
(Georisks in Central Africa) of the Belgian Federal Science Policy
and also as a contribution to the IGCP 601 project “Seismotectonics
and seismic hazards of Africa” and the Seismotectonic Map of Africa
(Meghraoui et al., 2016).

As the geological knowledge of the Kivu rift region is incomplete
and fragmentary, without synthetic geological maps across the
political borders, we first compiled a homogeneous geological and
structural map across the five countries of the Kivu rift region,
mapped the Late Quaternary faults and compiled the existing
knowledge on the thermal springs (assumed to be diagnostic of
current tectonic activity along faults) in order to produce new
geological and neotectonic maps for the region. The seismotectonic
characteristics of the region (stress field, depth of faulting) were
revised using published focal mechanism data and the neotectonic
faults are analyzed using the empirical magnitude-length relations.

A new catalogue of instrumental and historical seismicity was
compiled and processed in order to remove duplicates, homogenize
the magnitudes and decluster it by removing the dependent
shocks. The seismic source zones are defined on the basis of the
new geological and neotectonic maps and the pattern of seismicity.
The Gutenberg-Richter parameters and maximum regional mag-
nitudes are determined using both the classical least square linear
regression and the maximum likelihood method (Kjko and Smit,
2012). With a selection of three existing attenuation laws appro-
priate for the study region, probabilistic seismic hazard maps were
computed using the CRISIS 2012 software (Ordaz et al., 2013). The
results are compared with the previous estimations of peak ground
accelerations and the uncertainties associated with the entire
process discussed. Implications in terms of seismic hazard are
discussed with special attention to the main large cities in the
region.

The areal extent (0°S-5°S; 27°E—32°E) was defined larger than
the seismic hazard map (Fig. 1) in order to limit boundary effects of
the seismic hazard assessment (decreasing hazard towards the
borders) for the target area.

2. Geological and tectonic setting

The Kivu rift region lies in the central part of the western branch
of the East African rift system (Ebinger, 1989a) which is considered
in an early continental extension stage (Déprez et al., 2013). It ex-
tends over Rwanda, Burundi, eastern Democratic Republic of Congo
(DRC), SW Uganda and NW Tanzania (Fig. 1). It developed in the
Mesoproterozoic Karagwe-Ankolean belt (formerly Kibaran belt)
and the Paleoproterozoic Rusizian belt (extension of the Ubendian
Belt known in Tanzania, to the DRC side), which lie between the
Congo and Tanzanian cratons (Tack et al., 2010; Fernandez et al.,
2012). Rifting in this region started at about 11 Ma (Ebinger,
1989b; Pasteels et al., 1989; Kampunzu et al., 1998; Pouclet et al.,
2016) as a consequence of the divergence between the Nubia and
the Victoria plate. The Kivu rift opens at about 2 mm/yr (Saria et al.,
2014) in a direction sub-orthogonal to the rift axis and in a domi-
nant normal faulting regime (Tanaka et al., 1980; Delvaux and
Barth, 2010).

2.1. Basement geology

The Precambrian basement is relatively well known on the
eastern side of the Kivu rift, in Rwanda, Burundi, SW Uganda and
NW Tanzania, but only the geological synthetic map of Lepersonne
(1974) at 1/2.000.000 scale exists on the DRC side, based on old,
preliminary and fragmentary maps. We compiled a general map by
integrating data from various geological maps at different scales,
publications and reports. We used the geological maps of Salée
et al. (1939), and BRGM (1982) for the DRC, and Fernandez-
Alonso (2007) for the Rwanda, Burundi, Tanzania and Uganda
parts. The stratigraphy, magmatism and tectonics was synthesized
from Cahen (1976), Cahen et al. (1979), Lepersonne (1974), Lavreau
(1977), Walemba and Master (2005), Tack et al. (2010) and
Fernandez et al. (2012). This was complemented by results from
local field and/or remote-sensing studies of Passau (1932),
Villeneuve (1976, 1977), Biayi-Kalala (1984), Kampunzu et al
(1985, 1998), Lubala et al. (1986), Rumvegeri (1987, 1991), Waleffe
(1988), Ladmirand and Waleffe (1991), Brinckmann et al. (2001),
Léfévére (2003) and Villeneuve and Guyonnet-Benaize (2006). This
compilation provides a new and homogeneous view of the Pre-
cambrian basement structure across the political borders of the five
concerned countries.

The resulting geological map (Fig. 2, background) illustrates the
heterogeneity of the basement, formed during a long geological
history. The oldest rocks are of Paleoproterozoic age (gneisses,
mylonites and strongly metamorphosed metasediments), attrib-
uted to the Rusizian basement. They are largely covered by silico-
clastic Mesoproterozoic sediments of the Karagwe-Ankolean
Supergroup, in which granitic intrusions were emplaced at about
1370—1380 Ma. Together, they form the Karagwe-Ankole Belt,
structured in an Eastern (external) Domain and a Western (inter-
nal) Domain, separated by a transition zone with mafic to ultra-
mafic intrusions (Tack et al.,, 2010; Fernandez-Alonso et al., 2012).

The entire region was subsequently deformed during the Rodi-
nia amalgamation, at about 1000 Ma ago and anorogenic alkaline
complexes were emplaced at ~750 Ma (Tack et al., 2010; Fernandez-
Alonso et al., 2012). This was followed by the deposition of Neo-
proterozoic glaciogenic and arenaceous sediments (Itombwe Su-
pergroup) (Cahen et al., 1979; Walemba and Master, 2005) and
Karoo sediments in glacial valleys during the Permian (Boutakoff,
1939). The region was again deformed during the late Precam-
brian - early Paleozoic Pan-African amalgamation of the Gondwana
continent. The Neoproterozoic sediments were deformed in a N-S
synclinorium (Itombwe syncline), running along the western shore
of Lake Kivu and extending further south (Villeneuve, 1976;
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Fig. 1. Geological context of the Kivu rift region (area shown as rectangle) within the Mesoproterozoic Karagwe-Ankole belt between the Tanzania Craton, North-East Congo block,
Ubende Paleoproterozooic belt and the Congo Basin. It is also located in the middle of the western branch of the East African Rift. It comprises Rwanda and Burundi and parts of
Eastern Democratic Republic of Congo, Tanzania and Uganda.

Fig. 2. Homogeneous cross-border synthetic geological map of the study region (background) with overprinted neotectonic features (neotectonic faults, late Quaternary volcanic
centers, thermal springs and fossil hydrothermal travertine). Hill-shading from the SRTM DEM (90 m resolution).
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Lefévére, J., 2003). This deformation occurred in the low grade
ductile-brittle domain and generated major faults and shear zones
(Brinckmann et al., 2001) that structured the basement before the
onset of the late Cenozoic rifting. These lateral heterogeneities in
lithospheric structure may have influenced the localization of strain
in the Kivu rift area.

2.2. Late Cenozoic rifting and active tectonics

Rifting in the North Tanganyika—Kivu region started in the mid-
Miocene by extensive volcanism characterized by fissural eruption
of continental nephelinites north of the Idjiwi Island (20—21 Ma),
sodic alkaline basalts along the western side of the Virunga volcanic
massif (13-9 Ma) and tholeiitic basalts in the south Kivu rift (11 Ma)
(Passau, 1932; Kampunzu et al., 1983, 1998; Tack and De Paepe,
1983; Ebinger, 1989b; Pasteels et al., 1989; Pouclet et al., 2016).
These basalts erupted during the doming stage of the rift and
during the initial stage of formation of the rift valley, along normal
faults sub-parallel to the rift axis. In a later stage, starting around 8-
7 Ma, extension localized along a series of major border faults
individualizing the subsiding tectonic basins from the uplifting rift
shoulders, while lava evolved towards alkali basaltic composition
until 2.6 Ma (Ebinger, 1989b; 1991; Wood et al., 2015; Pouclet et al.,
2016). In early Quaternary, renewed basaltic volcanism occurred
along the south-western margin of Lake Kivu (Villeneuve, 1978;
Pouclet et al., 2016). In the late Quaternary-early Holocene, volca-
nism migrated towards the center of the basin, with the develop-
ment of the Virunga volcanic massif that dammed the north-
directed drainage of the Kivu basin. (e.g. Pasteels et al., 1989; Ross
et al., 2014). After a long draught period during the late Glacial
Maximum, the lake level rose sharply at ~12 Ka during the Younger
Dryas (Ross et al., 2014), concomitantly with the nearby Lakes
Tanganyika and Rukwa (Delvaux and Williamson, 2008), until it
reached the sill between the Kivu and Tanganyika rift basin, when a
new drainage established through the Rusizi valley towards the
south, connecting it to Lake Tanganyika (Pouclet, 1978; Ross et al.,
2014).

Different maps of rift faults have been proposed based on
reconnaissance field surveys (Boutakoff, 1939), interpretation of
aerial photographs and satellite images coupled with field work
(Degens et al., 1973; Pouclet, 1977, 1978; Villeneuve, 1978, 1980,
1983; Ebinger, 1989b; Laerdal and Talbot, 2002), and on slope-
shaded topography and bathymetry (d'Oreye et al., 2011; Wood
et al,, 2015; Smets et al., 2016).

A deterministic seismic hazard assessment requires a map of
active faults for which the past activity of each faults (time of last
seismic activation, recurrence rate, maximal magnitude, di-
mensions, segmentation) is well known. In Sub-Saharan Africa,
there are just a few faults where trenching data provide informa-
tion on earthquake recurrence rates (Vittori et al., 1997; Delvaux
et al,, 2007; Zielke and Strecker, 2009; Macheyeki et al., 2008). A
further complication is the water that fills deep basins, preventing
the evaluation of the rupture lengths of many of East Africa’'s M > 6
earthquakes. Therefore, it is not possible to compile a reliable map
of active faults in the Kivu rift region. Instead, we mapped the
neotectonic faults, defined as faults which have been active since
the onset of the current tectonic regime and stress field and which
might still be seismogenic. In our region, the neotectonic faults
correspond to those related to the late Cenozoic rifting stage.
However, rifting started about 11 Ma ago and evolved in three main
stages as reviewed above. Therefore, not every rift fault is currently
active, while ancient faults outside the rift zone might still be
reactivated under the current stress field.

With these limitations in mind, we compiled a new map of
neotectonic faults (those with a marked effect on the

geomorphology), and with a special attention to the chronology of
faulting (Fig. 2, foreground). It was performed on the basis of a new
interpretation of the Synthetic Radar Terrain Model (SRTM) at 90
and 30 m resolution, complemented by published material and
direct field observations. As explained above, the classification and
identification of potentially active faults faces the problem of the
lack of direct field observations for most of the mapped faults, due
to the major difficulties for field access, poor exposure, strong
weathering, slope instabilities (landslides) and the presence of the
lake. As a consequence, we used indirect indicators to identify
faults that are potentially active, such as the presence of morpho-
logical fault scarps seen in the SRTM DEM and the occurrence of
active thermal springs along them. In the interpretation of the
SRTM DEM, we paid also attention to the fault segmentation and
branching, avoiding unrealistic combinations of fault segments into
single long faults.

For the faults in Lake Kivu and their continuation on-shore (see
Fig. 3 for the geographic names), we followed the interpretation of
Wood et al. (2015) but in more details on-shore and thus have
generally shorter border faults. North of the lake (Virunga volcanic
region and Rutshuru basin), we followed more or less closely the
interpretation of Smets et al. (2016). Along the western shore of the
southern part of the lake, in Katana area, we used the interpretation
of Villeneuve (1983), supplemented by our field observation. South
of Lake Kivu, the rift zone appears to split into an earlier and
currently less active NE-SW branch running from Mwenga to
Namoya (Kamituga graben), and the recent and more seismically
active Rusizi accommodation zone described by Ebinger (1989b)
that connects the Kivu rift basin to the northern termination of
the Lake Tanganyika basin in the Rusizi depression (and valley). For
this accommodation zone, our interpretation closely follows that of
Ebinger (1989b). We mapped the faults of the poorly described
Kamituga graben using degraded facetted spurs and fault scarps,
using also the compilation of Villeneuve (1977) for the junction
area between the two branches.

The Kivu rift region has long been recognised for the occurrence
of thermal springs (Boutakoff, 1933; Passau, 1933; Deelstra et al.,
1972) and hydrothermal travertine (Verhaeghe, 1963). They often
occur along faults and fractures and the thermal waters might
reach temperature as high as 90 °C. It is well known that hot springs
and associated travertines can be linked to active faults and that the
hydrothermal regime can be influenced by earthquakes (Hancock
et al., 1999). This relation was also used to identify active faults.

2.3. Neotectonic map

The resulting neotectonic map (Fig. 2) shows the mapped faults
in relation to the basement geology and the thermal springs. In
accordance to Villeneuve (1977) the faults have been classified in
two systems: a NE-SW to NNE-SSW (older) population, and a N-S
(younger) fault population. The relative chronology between these
fault systems has been demonstrated by the same author south of
Bukavu. In the Lake Kivu basin, both systems occur together,
younger N-trending faults tending to co-exist, crosscut or reactivate
older NE- to NNE-trending ones. In the north-eastern part of the
lake, Wood et al. (2015) use multi-channel seismic reflection data to
show a NE-trending fault that lie in the prolongation of a known
fault on land and displace the acoustic basement and older sedi-
ments, but not the superficial N-trending faults. South of Bukavu, at
the southern extremity of the lake, a young N-trending fault system
arranged in an en-echelon way defines the Rusizi depression. It
connects further southwards to the major border faults of the
northern part of the Tanganyika rift basin, also trending N-S. South
of Lake Kivu, the older fault system defines the NE-trending
Kamituga graben (Fig. 3) which runs from Walungu to Namoya
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Fig. 3. Simplified geological map with the geographic names used in the text. Hill-shading from the SRTM DEM (90 m resolution).

and in which the Kamituga volcanic field (Passau, 1932) developed
around 5.8—2.6 Ma ago (Kampunzu et al.,, 1998). The degraded
morphology of the Kamituga graben and border faults suggests that
they are currently not as active as the Lake Kivu graben and the
Rusizi depression. The Kamituga graben can be interpreted as
initiated during the early stage of rifting, together with the rest of
the Kivu graben, but abandoned in a later stage when the newly
formed Rusizi depression started to accommodate most of the
extension. It can therefore be considered as a failed rift, but it is still
seismically and hydrothermally active.

Outside the rift valley, a series of faults run in a NW direction
from the western shoulder of Lake Kivu, towards the region of
Walikale, affecting the Mesoproterozoic series (Bunyakiri fault
zone, Fig. 3). They were probably formed as subvertical strike-slip
faults during the late Pan-African deformation. These faults pre-
sent signs of recent tectonic activity as they host numerous thermal
springs and coincide with a belt of seismic epicenters. They have
been described by Boutakoff (1933) as evidence for the north-
western prolongation on the western side of the Kivu rift, of the
NW-SE rifting direction typical of the Central Tanganyika and
Rukwa rift. Here, we re-interpret them as a reactivation of pre-
existing faults formed during the pre-rift history. On the western
side of the map, the strike-slip earthquake of Mw 5.5 on 30/11/2013
activated one of the faults at that limit the Paleoproterozoic base-
ment from the Mesoproterozoic metasediments (Harvard Centroid
Moment Tensor catalogue).

3. Seismotectonic setting

Besides seismicity, the seismic hazard of a region depends also
on its seismotectonic features such as the dimension of faults,
faulting depth and the stress regime (McCalpin, 1996; Scholz,
2003).

3.1. Empirical estimation of maximum magnitude

We made a first empirical estimate of the regional maximum
magnitude (maximum credible earthquake) on the basis of the
empirical relationship between rupture length and earthquake
moment magnitude of Wells and Coppersmith (1994):

Mmax_ri = 5.08 + 1.16 Log (Rupture Length)

with Rupture Length as the measured length of the surface rupture,
in km. Using the neotectonic faults compiled above, we obtained a
distribution of magnitudes Mmax_r1 between 5.4 and 7.3, assuming
that their entire length will rupture during the fault activation
(Fig. 4). The longest faults giving magnitudes of 7 or above are all
located on the margin of the rift basins, acting as border faults. As in
the Ethiopian rift, such faults are the longest in the fault population
(e.g. Hayward and Ebinger, 1996) and have been probably the first
to develop during the initiation of rifting. We also know that during
rifting, deformation tend to migrate towards the central part of the
basin, along a large number of smaller faults (Corti, 2012; Keir et al.,
2015), and that in an advanced stage of rifting, the large border
faults are progressively abandoned. We are aware that many more
recent magnitude-length scaling relationships exist (e.g.
Wesnousky, 2008; review in Stirling and Goded, 2012) but will not
use these results in the seismic hazard assessment because of too
high uncertainties associated with our data.

3.2. Depth of faulting and mechanical properties of the crust

Most earthquake hypocenters determined by local seismic
networks are located in the intermediate to shallow crust.
Wohlenberg (1968) reported hypocentral depths ranging between
5 and 19 km for the Kivu Lake basin, the Rusizi valley and its
junction with the North Tanganyika basin. Deeper events are also
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Fig. 4. Estimated maximum magnitude Mpax based on the relation between fault length and the empirical relation of Wells and Coppersmith (1994). Simplified geological map
with the two systems of rift faults: older NE-SW and NW-SE (SW corner of the map) and younger N-S. Rose diagrams of corresponding fault orientation (equal area, moving average
with 15° aperture). Histogram of estimated Mmax. Hill-shading from the SRTM DEM (90 m resolution).

reported outside the rift basin by Wohlenberg (1968), but there are
unreliable as they fall outside the IRSAC seismic network. Zana and
Hamaguchi (1978) reported depth ranging between 5 and 15 km for
the aftershock sequence of the 1960-09-22 Uvira earthquake,
measured within the IRSAC network. For the Virunga area, both
Tanaka (1983) and Wood et al. (2015) found relatively shallow
events beneath the active volcanoes (8—14 km), with more diffuse
seismicity down to 20 km. In the central part of the Kivu basin,
earthquakes determined by Wood et al. (2015) are all less than
15 km deep. The 2008 Bukavu-Cyangugu earthquake was modelled
at 9 km deep using a combination of teleseismic and InSAR data
(d'Oreye et al., 2011).

To precise the average hypocenter depth for the Kivu region, we
considered only the events determined from waveform inversion
and modelling. A total of 31 events have been compiled from Barth
et al. (2007), Craig et al. (2011), d’'Oreye et al. (2011) and from the
Harvard Centroid Moment Tensor database (Appendix A, Fig. 5).
They cover most of the rift structure, and also the western rift flank,
including the Kamituga failed rift branch. The epicentral depth
ranges mainly between 7 and 15 km, with a few deeper (but not
always well-constrained) events and a shallow event (3 km). In the
seismic hazard modelling, we will use the average depth of 11 km
for the 27 events which are not deeper than 15 km.

Examined at the scale of the entire western rift branch, the Kivu
rift segment has a shallower seismicity and lower observed
maximum magnitude than the rest of the western rift branch (Yang
and Chen, 2010; Craig et al., 2011). The maximum observed
earthquake of the Albertine - Rwenzori segment is the Mw 6.9 1966
Uganda-Toro earthquake (Craig et al., 2011) and of the South-
Tanganyika - Rukwa segment is the Ms 7.4 1910 Rukwa earth-
quake (Ambraseys, 1991) while the Ms 6.3.1960 Uvira earthquake
(Zana and Hamaguchi, 1978) is the strongest for the Kivu rift

segment. A low velocity zone at 100 km deep below the Kivu rift
region has been identified by Adams et al. (2012), suggesting a
strong thermal perturbation at depth that causes a reduction in
plate strength and which might have an influence on the me-
chanical behaviour at shallow depth. This anomaly might be
responsible for the presence of a warmer crust with shallower
crustal earthquakes (<15 km) in the magmatic Kivu region, while
the other parts western rift branch are in a colder crust with deeper
crustal earthquakes (down to 35 km). Moreover, magma intrusion
related to the volcanic activity might also have an effect on thermal
gradients, and consequently, on mechanical properties. But, at the
scale of the Western Rift, this process seems not so important, as
shown by the high proportion of geodetic moment seismically
accommodated (Déprez et al., 2013).

3.3. Stress pattern and ability of faults to slip

Focal mechanisms are also available for the same data set of
earthquakes determined from waveform modelling. Most of the
events are of normal faulting type, except two on the western rift
shoulders which are of strike-slip type (Fig. 6). The direction of
horizontal principal extension (Spmin) is in general sub-orthogonal
to the trend of the rift segments, with sometimes a slight obliquity.
On the western rift shoulder, the direction of extension tends to
rotate quickly into a N-S direction, matching the stress field which
characterises the margin of the Congo Basin (Delvaux and Barth,
2010). On the southwestern part of the map (Elila region), the
extension direction is more NW-SE, sub-orthogonal to the Kami-
tuga failed rift. The stress field appears to be laterally variable,
requiring more constraints on crust and mantle lithospheric
structure.

The ability of a fault to slip in a given stress field depends on the
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Fig. 5. Earthquake hypocentral depth from events determined with waveform modelling (data from Appendix A, colors of crosses indicating hypocentral depth and circle pro-
portional to magnitude). Histogram of hypocentral depth. The deep hypocenters (>20 km) are probably due to errors in hypocenter location. Hill-shading from the SRTM DEM (90 m
resolution). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Tectonic stress from Earthquake focal mechanisms from events determined with waveform modelling (data from Appendix A, colour in function of the tectonic regime and
bar oriented in function of the horizontal minimum stress direction Shmin). Rose diagram of focal planes orientation (movement and auxiliary planes). Hill-shading from the SRTM
DEM (90 m resolution). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ratio of the shear and normal stress acting on the plane and its
frictional characteristics (Morris et al., 1996). This implies, at con-
stant frictional conditions, that the faults which are more favour-
ably oriented relative to the stress field will be preferentially
reactivated. In a region affected by an Andersonian extensional
stress field regime as here, normal faults oriented at a high angle to
the horizontal principal extension and inclined at about 60° from
the horizontal will be favoured. The stress pattern over the Kivu
region clearly suggests that the recent N-S faults of the active rift
valley are in favourable orientation for being reactivated (sub-
orthogonal to the Spmin directions). The lateral variation of the
stress trajectory on the western shoulder of the rift also suggests
that the NE-trending normal faults of the Kamituga failed rift can
also be reactivated, as the NW-trending (subvertical?) faults of the
Bunyakiri fault zone in Masisi region.

4. Earthquake catalogue

A new catalogue of macroseismic and instrumental seismicity
for the period ranging from 1888 to 2015 (127 years) was compiled
with 1031 events of magnitude Mw or equivalent ranging from 1.4
to 6.3 for the region between 27 and 32 °E and 0—5° S. We added 37
macroseismic events to the catalogue by assessing reports of felt
seisms. For the seismic hazard assessment, the modelling requires a
catalogue without duplications and dependent shocks, and with
homogeneous magnitudes (e.g. Joshi and Sharma, 2008; Kijko,
2008). This requires the classical operations of duplication
removal, magnitude homogenisation and aftershocks removal.

4.1. Instrumental catalogue

Instrumental data were compiled from the Reviewed ISC
Bulletin from the International Seismological Center in UK, for 1970
to end 2015 (not reviewed for the last six months). In this bulletin,
we choose, the events (timing and location) and their magnitude
determined by the following seismic agencies by order of priority
(acronyms of seismic agencies defined in Appendix B): the ISC, BUL
(until 1990), EAF (since 1991), ENT, NAI, PRE and LSZ. We completed
it with events from the CGS (Council for Geosciences) catalogue,
NEIC (National Earthquake Information Center) and GSHAP (Global
Seismic Hazard Assessment Project; Turyomurugyendo, 1996)
which were not yet present in the ISC catalogue. For the largest
magnitudes, we used the last published Mw magnitudes obtained
by waveform modelling (Kebede and Kulhanek, 1991; Barth et al.,
2007; Yang and Chen, 2010; Craig et al., 2011; d'Oreye et al,,
2011; Biggs et al., 2013; Harvard Centroid Moment catalogue).

Historical and/or early instrumental data were taken from
Ambraseys (1991) and Ambraseys and Adams (1986, 1991). We
used also data from the IRSAC seismic network (LWI) which was
progressively set up between 1953 and 1955 (De Bremaeker, 1956)
and became fully operational between 1956 and 1963
(Wolhenberg, 1969). From this catalogue, we kept only the events
determined by at least three stations and the same is done for the
other catalogues when the number of stations is given (ISC and
CGS).

4.2. Additional historical seismicity from felt seismic events

The instrumental catalogue covers a relatively short period of
observation, as the earliest fully instrumental seismicity dates back
only to 1945 in the region. In an attempt to extend the duration of
the catalogue, we determined new historical seismic events from
records of felt seismic shocks. As early as at the beginning of the
colonial times, explorers and geologists occasionally reported felt
seismic shocks the eastern part of the DRC and adjacent regions of

Uganda, Rwanda and Burundi (Cornet, 1910; Passau, 1911, 1912;
Krenkel, 1922; Sieberg, 1932). The Belgian administration asked
all operators of meteorological stations to record also the felt
seismic events (Gasthuys, 1939). Those stations became particularly
numerous in Rwanda and Burundi. In parallel, the Geological Sur-
vey of Uganda installed a seismic station in Entebbe and reported
seisms felt in western Uganda (Wayland and Simmons, 1920;
Groves, 1929; Simmons, 1929, 1939; Willis, 1936).

In 1958, Herrinck (1959) compiled a list 960 felt earthquakes
recorded at the meteorological stations between 1915 and 1954 in
Congo, Rwanda and Burundi. We completed this database by
exploiting the meteorological archives and available historical re-
ports to enlarge the database to 1513 entries between 1900 and
1959, including those from Uganda. These entries have been
examined in order to identify possible historical seismic events
(Mulumba and Delvaux, 2012). Possible events are identified by
three or more quasi-simultaneous records observed at stations
located over a relatively short distance from each other (max. 1-2
degrees of latitude/longitude) and within a short time difference
(few hours). A total of 37 possible historical earthquakes have been
obtained for the Kivu region, for which four or more shocks
(including close aftershocks) have been felt at two or more different
stations (Appendix C). The proposed location is taken as the
average latitude and longitude of the stations where the felt seism
was recorded.

The magnitude of each event is estimated from an empirical
relation between magnitude and perception distance determined
from the data of Ambraseys (1991) on the Rukwa 1910 seismic
sequence. This remains, however, dependent on the possible spatial
incompleteness of the record of felt seism evidence. For three of the
more recent events, locations and magnitudes are also available
from the ISC catalogue. The magnitude estimation is almost similar
but the location differs by up to 2°. In particular, the event of 1945-
03-04 which was determined by Gutenberg and Richter (1954) on
the basis of macroseismic evidence in Uganda was relocated south-
westwards in Rwanda because our database shows that it was also
felt in the DRC and Rwanda.

4.3. Catalogue merging and magnitude homogenisation

Both instrumental and historical seismic data were merged into
a single catalogue (Supplementary Material 1), the duplicates
removed and the magnitudes homogenized to Mw. In the removal
of duplicates, we kept by order of preference, the events for which
the solution was obtained by waveform modelling (Appendix A),
then the solutions from the ISC catalogue, with the exception
mentioned just above. The original catalogues contain a total of
1068 events since 1888, of which 1154 for 1931—-2015 (85 years).
From 1888 to 1930, only a few poorly determined historical events

Table 1a

Statistics for the new seismic catalogue and sub-catalogues for the Kivu region with
time range, completeness characterisation and number of data for original data
compilation (duplicates removed), independent or declustered data (indep.) and
data with magnitude equal or above the magnitude of completeness Mc.

Cata-logues Completeness Number of data
Years Mw Obs Mc  Original Indep. > Mc
1888—1930 4
Cat1 1931-1955 4,2-6,16 4,4 44 42 39
Cat2 1956-1965 1,4-632 3,7 476 366 327
Cat3 1966—1989 4,257 46 238 210 172
Cat4 1990-2015  2,0-6,2 4,1 305 230 179
All cat. 1068 848 717
Cat 2-4 1956—2015 44 1020 806 359
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are known, so this period is no further considered. The contribution
of the different agencies to the catalogue, event location and
magnitude determination is detailed in Table 1a.

In order to homogenize the magnitudes, equivalent Moment
magnitudes Mw-eq have been obtained using the empirical re-
lations of Scordilis (2006) linking Ms to Mw:

Mw-eq = 0.67 (+0.05) MS + 2.07 (0.03) for 3.0 < MS < 6.1
Mw-eq = 0.99 (+0.02) MS + 0.08 (+0.13) for 6.2 < MS < 8.2

or from Mb:
Mw-eq = 0.85 (+0.04) Mb + 1.03 (+0.23) for 3.5 < Mb < 6.2

When both Mbscy and MS(isc) are available, we used the con-
version from MS as the body-wave Mb magnitudes saturate at
magnitudes levels below that of the surface-wave magnitudes MS
(McCalpin, 1996).

For the catalogue provided by Wohlenberg (1968) for the IRSAC
(LWI) network, Mavonga and Durrheim (2009) have shown that,
for magnitudes greater than 4, the M w) magnitudes are system-
atically too high, while for magnitudes less than 4.0, they are
consistent with the Richter local magnitudes. For the higher mag-
nitudes, we used the successive corrections proposed by the same
authors:

Mbuscs) = 0.282 Mwr + 3.315
Mbiscy = 0.90 + 0.14 Mbuscs) + 0.38 + 0.06

Similarly the magnitudes Mbgur) have been corrected using the
relation of Mavonga and Durrheim (2009):

Mbysc) = 0.59 + 0.08 Mbgyy) + 1.97 + 0.26

We are aware that concerns exist on the magnitude determi-
nation by BUL. Most of the data with magnitudes provided by BUL
come from the ISC reviewed catalogue and all prior to February
1993, before the magnitude determination became unreliable
(Midzi, pers. Comm.).

For data provided by ENT, the magnitude ML was taken as
equivalent to Mbscy without correction. In these 3 cases, the
Mbisc) magnitudes have been further converted into Mw-eq using
the Scordilis relation above. When performing these corrections,
we noticed that the original Mwr) magnitude are converted to
higher final Mw magnitude for Mwiy lower than 4.8. Therefore, we
corrected the Mwry magnitudes only for those equal to or above
438.

4.4. Catalogue heterogeneity

A plot of the magnitude versus time (Fig. 7a) shows that the
resulting catalogue is highly heterogeneous. It can be subdivided
into 4 sub-catalogues with different range of observed magnitudes
(Table 1b). On the neotectonic map (Fig. 7b), the seismicity of the
Kivu rift region appears relatively scattered with some first-order
concentration in the North Tanganyika graben, the Kivu basin,
and the Rutshuru basin, as well as on the western shoulder of the
Virunga volcanic province. Second-order concentration along fault
zones cannot be observed, possibly due to the relatively large error
in epicentral location for most of the events in the catalogue.

4.5. Removal of dependent events

The next operation is to remove the dependent events (after-
shocks and volcano-tectonic), related either to sismo-tectonic

events or to volcanic eruptions. Several aftershock sequences of
major earthquakes and volcanic eruptions have been described in
the Kivu region:

e Uvira seism (1960-09-05, Ms 6.3) (Zana and Hamaguchi, 1978);

e Uvira seism (1962-03-08, Ms 5.5) (Ambraseys and Adams,

1986);

Uganda-Toro seism (1966-03-20, Mw 6.9), with the main shock

north of our studied region but with some aftershocks with the

limits of the studied region (Wohlenberg, 1968; Craig et al.,

2011);

Masisi seism (1995-04-29, Mb 5.1) (Mavonga, 2007);

e Nyiragongo volcanic eruption (2002-01-17), with a long series

of associated volcano-tectonic and volcanic earthquakes with

the largest at Mb 4.8 during the following months, up to 2002-

05-17 (Mavonga, 2007; Tedesco et al., 2007; Shuler and

Ekstrom, 2009; Wauthier et al., 2012);

Kalehe seism (2002-10-24, Mw 6.2) which occurred 9 months

after the 2002 volcanic eruption of the Nyiragongo volcano, at

the limit of the zone affected by the volcano-tectonic after-

shocks, possibly triggered by Coulomb stress perturbation

related to the dyking event of the volcanic eruption (Wauthier

et al., 2015);

e Bukavu seism (2008-02-03, Mw 6.0) (d'Oreye et al., 2011);

e Katana seism (2015-08-07, Mw 5.8; aftershocks until at least
February 2016).

Earthquake aftershock distribution follow empirical relations
(Shcherbakov et al., 2004), the G-R frequency-magnitude scaling,
the Omori low for the temporal decay of aftershock rates (Utsu,
1961) and the Bath low following which the maximum magni-
tude of aftershocks is between 1.0 and 1.2 less than the main shock
(Bath, 1965).

Here, the dependent events were removed by considering that
aftershocks occur within a radius distance and a number of days
depending on the magnitude of the main shock as follows:

— 1.2° (132 km) radius and 120 days for Mw > 6.0
— 0.75° (99 km) radius and 60 days for Mw > 5.5
— 0.5° (66 km) radius and 30 days for Mw > 5.0

We found that they occur with a maximum magnitude lower
than that of the main shock by 1.35 units in average, but which can
be as low as 0.3 units. We removed also the series of volcano-
tectonic earthquakes associated to the Nyiragongo volcano 2002
eruption (references given above). We removed a total of 220
dependent events and got a final number of 848 independent
events for the period ranging from 1931 to 2015.

4.6. Catalogue completeness

Using the independent events, the magnitude of completeness
for the different catalogues has been estimated visually from the
Gutenberg-Richter plots, from the break in slope towards the lower
magnitudes (Fig. 8; Table 1b).

Between 1931 and 1955, from the 42 independent remaining
events, 39 are above M, = 4.4. but most of them are macroseismic
events. Due to the rough estimate of their location and magnitude,
they will not be used in seismic hazard assessment. The period
1956—1965 corresponds to the activity of the IRSAC seismic
network established around Lake Kivu, with observed equivalent
magnitudes Mw-eq ranging between 1.4 and 6.3 and a magnitude
of completeness M. = 3.7 (327 independent events above M,). After
1965, the IRSAC network was no longer operational and the
instrumental seismicity was recorded by the regional seismic
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Fig. 7. Characteristics of the new seismic catalogue compiled for the Kivu rift region (duplicates removed, but not declustered). a: Time-magnitude distribution of events from the
catalogue of seismicity with separation into 4 sub-catalogues. b: distribution of seismic epicenters with colors in function of the sub-catalogues and points scaled un function of

equivalent Mw magnitude (0.8—6.3). Time range: 1931—-2015 (1154 data).

networks that were progressively setup in the neighbouring re-
gions. The level of magnitude detection dropped to Mw-eq > 4.2 up
to 1989, with M, = 4.6 (172 independent events above M;). During
the last period (1990—2015), events as low as Mw-eq = 2.00 have
been recorded, but with a M. = 4.1 (179 independent events above

M¢). Most of the events with magnitude Mw-eq below 4.0 that
appear after 1995 are from the ISC catalogue, from the EAF and ENT
agencies. They reflect the extension of the regional seismic net-
works during this period.

As it appeared difficult to work with three different sub-
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Table 1b
Data provenance in function of the origin catalogue, location determination and
magnitude determination (Acronyms of seismic agencies defined in Appendix B).

Catalogue Location Magnitude
Agency Data Agency Data Agency Data
RMCA 35 RMCA 35 RMCA 38
IRSAC 448 WOHL 448 LWI 459
ISC 515 ISC 313 ISC 138
CGS 47 CGS 40 CGS 0
GSHAP 7 GSHAP 7 GSHAP 21
HAR 2 HAR 3 HAR 7
NEIC 5 NEIC 8 NEIC 10
Publications 9 Publications 18 Publications 19
Total 1068 BUL 76 BUL 238
EAF 48 EAF 72
ENT 10 ENT 11
IDC 39 IDC 39
PRE 2 PRE 3
NAI 5 NAI 9
LSz 2 LSz 3
USGS 1 NOAA 1
Others 13

catalogues of different levels of completeness, we extracted a
unique catalogue by merging the three catalogues from 1956 to
2015 and extracted 359 independent events with Mw-eq > 4.4 and
used this new catalogue in the seismic hazard assessment. The
common minimum M. magnitude for each of the separate sub-
catalogues used is 4.6, but we used 4.4 instead to allow a finer
definition of M, for each zone. As we will see later, the effective M,
in all zones but one was found at 4.6. In this final catalogue, on
which the seismic zoning and hazard analysis was done
(Supplementary material 2), only 18 events from the IRSAC cata-
logue remain.

5. Seismic source zones definition and characterisation

The definition of seismic sources on the basis of known active
faults is not possible in the present case, because of the lack of
detailed characterisation of active faults in this region. As an
alternative, we defined seismic source zones over which the
Gutenberg-Richter (G-R) parameters that are necessary for the
seismic hazard assessment are considered uniform. Those are M,
the magnitude of completeness of the catalogue; Mmax, the
maximum regional magnitude; A, the mean seismic activity rate
and the a-value (intercept of the G-R linear fit), and b-value (power-
low of the magnitude distribution and slope of the G-R fit, indi-
cating the relative weight of large versus small events). The G-R
parameters are determined assuming that earthquake magnitudes
follow a double-truncated G-R cumulative magnitude-frequency
distribution with a Poissonian model of earthquake occurrence
and that the catalogue is complete above the magnitude threshold
M, (e.g. Sornette and Sornette, 1999; Joshi and Sharma, 2008; Kijko,
2008):

Log(N) = a — b * Mw-eq

with Mw-eq: the equivalent moment magnitude since the magni-
tudes other than Mw have been converted into Mw, a and b: the
parameters describing the linear fit to the magnitude-frequency
distribution and N: the number of events per year having
magnitudes > Mw-eq.

5.1. Seismic zonation

The definition of the seismic source zones was done on the basis

of the new geological and neotectonic maps as compiled above
(Fig. 2), taking into account the basement structure and the dis-
tribution of neotectonic faults, thermal springs and Quaternary
volcanic centers. It was not done on the basis of the seismicity alone
because of the catalogue incompleteness, inhomogeneity and
sometimes poor accuracy in epicenter location. The Kivu rift region
was split into 7 seismic zones (coordinates in Supplementary
material 3) with a number of data per zone varying from 33 to 76
(Fig. 9, Table 2). In principle 50 events are enough to assess the
value of Mpax when magnitudes follow the Gutenberg-Richter
relation with b-value close to 1 (Kijko, 2004).

The rift valley itself has been split into several seismic zones: the
Virunga - Rutshuru (1), Lake Kivu (2), and Rusizi - North Tanganyika
(3) zones. They represent different sectors of the rift valley, marked
by specific seismic activity. The Virunga - Rutshuru zone (1) com-
prises the entire volcanically active sector of the Kivu rift, extending
from the Toro-Ankole and Bunyarunguru volcanic fields, respec-
tively north and northeast of Lake Edward in the Rusthuru rift
basin, to the active Nyiragongo and Nyamulagira volcanoes in the
Virunga volcanic fields, and extending to the underwater late
Quaternary volcanic cones evidenced by Ross et al. (2014) on the
northeastern extremity of Lake Kivu. The strongest event recorded
in this zone (Mw-eq 5.4, 1968-06-29) is from the ISC catalogue.

The Lake Kivu zone (2) is structured as a first-order west-dip-
ping half-graben (Wood et al., 2015) with a major border fault scarp
on its western side and two directions of smaller internal faults as
discussed above. It extends from the Kalehe horst, just south of the
underwater late Quaternary volcanic cones, and up to Mwenga,
about 50 km south of the city of Bukavu along the southern ex-
tremity of the lake. It also contains evidence of recent volcanism
along the western margin of the basin, but of early Quaternary age
(Villeneuve, 1978; Kampunzu et al., 1983; Pasteels et al., 1989;
Pouclet et al., 2016). It was affected by the 1912-03-08 Mw-eq. 6.1
Lake Kivu, 2002-10-24, Mw 6.2 Kalehe, 2008-02-03 Mw 6.0
Bukavu-Cyangugu (d'Oreye et al., 2011) and, recently, the 2015-08-
07 Mw 5.8 Katana earthquakes.

The Rusizi - North Tanganyika zone (3) represents the accom-
modation zone between the Lake Kivu and the North Tanganyika
rift basins (Ebinger, 1989b), controlled by en-echelon N-S normal
faults. Lava flows of 5—6 Ma old have been recognised in the Rusizi
plain in Burundi (Tack and De Paepe, 1983; Pasteels et al., 1989).
This zone was affected by the 1952-01-31 Mw-eq. 6.2 in Burundi
(De Bremaeker, 1956), and the 1960-09-22, Uvira earthquakes with
three main shocks, at 5hr38 (Mw-eq 6.0), 9hr05 (Mw-eq 6.3) and
9hr14 (Mw-eq 6.2) (Wohlenberg, 1968, 1969; magnitudes revised
by Turyomurugyendo, 1996). The 1952 event is not considered in
the present seismic hazard assessment as we consider only the
period starting in 1956. The three events of 1960 are from the ISC
catalogue, and the Mw-eq 6.3 is still the strongest earthquake
recorded in the Kivu rift region.

On the southwestern part of the map, the Elila zone (4) corre-
sponds dominantly to Paleoproterozoic metasediments, affected by
the early stage of the late Cenozoic rifting. As mentioned above, the
NW-trending normal fault system that lies in the prolongation of
the Kivu basin defines the Kamituga failed rift depression. The Elila
zone comprises also the high plateau that forms the western
shoulder of Lake Tanganyika (Mitumba Mountains). The strongest
event in this zone (Mw-eq 5.8) is from the ISC catalogue, deter-
mined by GSHAP.

On the western side of the rift valley, the Masisi zone (5) cor-
responds to Mesoproterozoic metasediments with large granitic
intrusions affected by the Bunyakiri NW-trending fault system of
probable late Pan-African age. It appears still active as shown by
significant seismicity and thermal springs concentrated along this
fault zone (Boutakoff, 1933). The strongest earthquake occurred
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Fig. 8. Gutenberg and Richter analysis (cumulative number of earthquake per year versus magnitude) by double-truncated least square linear fit to the observed data for the four
sub-catalogues and the combined sub-catalogues 2, 3 and 4. The data used are displayed as plain circles. The lower magnitude correspond to the estimated magnitude of
completeness M. For the combined catalogue, the upper magnitude was set in order to remove the effect of the largest magnitudes. Declustered catalogues, without a priori
removal of magnitudes lower than M,. The number of data per sub-catalogue is given in Table 1, the computed Gutenberg and Richter relations are indicated on the graphs and the
parameters displayed in Table 3 (upper part).
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Fig. 9. Study region with outlines of the seven seismotectonic source zones defined for seismic hazard calculation (marked by black polygons, numbered), together with seismicity
and fault map. Plotted on top of general geological map, with hill-shading from the SRTM DEM (30 m resolution).

close to this fault zone on 1995-04-29, with Mw = 5.4 (Barth et al., highlands forming the eastern shoulder of the Kivu rift. Only
2007). moderate seismicity has been recorded since instrumental
East of the rift valley, the Nyungwe zone (6) corresponds to the recording commenced in 1954, although a series of seismic shocks

Table 2

Maximum magnitude Mp,.x values determined by the maximum likelihood method using the program AUE of Kijko and Smit (2012). Upper part: for the sub-catalogues, lower
part: for the seismotectonic source zones and for the entire region (all zones). Data: number of data by zone, Mc: Magnitude of completeness, Mmax-obs: maximum observed
magnitude, Mmax-obs+0.3: maximum observed magnitude incremented by 0.3. Mmax values and their variance obtained with the methods of Gibowicz-Kijko (G-K: Gibowicz
and Kijko, 1994), Gibowicz-Kijko-Bayes (G-K-B: Kijko and Singh, 2011), Kijko-Sellevoll, (K-S: Kijko and Sellevoll, 1989), Kijko-Sellevoll-Bayes (K-S-B: Kijko, 2004) and non-
parametric Gaussian (N-P-G: Kijko, 2004). The average value of Mmax and the variance are presented for the values obtained with a variance lower than 0.40. Mmax aue
— obs: difference (increment) between Mmax-obs and the average Mmax-aue. With a grey background: values with a too high uncertainty (var > 0.4) for being considered in
the average.

Sub-catalogues Characteristics Mmax-aue (Maximum likelihood method) Mmax aue -
Data Mc Mmax ~ Mmax GK G-K-B K-S K-S-B N-P-G average for O
obs obs +0.3 var <0.40
Mmax var Mmax var Mmax var Mmax var Mmax var  Mmax var
(£) (+) () (£) (£) (£)
1 1931-1955 39 44 6,16 6,4 669 057 658 047 6,5 039 647 037 63 024 642 033 0,26
2 1956—1965 327 3,7 6,32 6,62 682 098 6,77 049 682 054 666 034 655 03 6,68 039 0,38
3 1966—1989 172 4,6 5,7 6 578 022 576 021 577 021 576 021 576 021 577 021 0,07
4 1990-2015 179 4,1 6,2 6,5 641 022 637 021 64 022 632 02 6,4 028 6,38 023 0,18
1-4 1931-2015 717 6,32 6,62 6,4 022 637 021 638 021 638 021 64 022 639 021 007
2—4 1956—2015 678 6,32 6,62 639 021 635 020 640 022 638 021 650 027 640 022 0,08
3—4 1966—1989 351 6,20 6,50 630 022 626 021 628 022 626 021 641 029 6,30 023 0,10
2,4 1956—1965 1990 506 6,32 6,62 641 022 638 021 640 022 638 021 649 026 641 022 0,09
—2015
Zones
1 Virunga 54 4654 57 546 0,12 546 012 546 012 545 011 544 013 545 0,12 0,05
2 Kivu 33 4662 6,5 765 136 7,02 083 674 055 666 047 65 032 6,50 032 0,30
3 Rusizi 74 46 63 6,6 6,6 03 725 096 7,02 073 6,74 045 68 034 6,70 022 0,40
4 Elila 43 4,6 58 6,1 581 0,1 6,01 021 7,1 1,3 637 058 6,1 032 597 021 0,17
5 Masisi 53 46 5,6 59 581 023 577 0.2 575 018 573 016 568 013 575 018 0,15
6 Nyungwe 49 4655 58 571 023 567 02 564 017 563 016 56 0,14 5,65 0,18 0,15
7 Akagera 49 446 6,3 643 044 687 089 661 064 643 047 7,06 1,08

All zones 306 4,6 63 6,6 655 032 644 024 646 026 641 023 645 025 646 026 0,16
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have been reported at meteorological stations in this region before
the deployment of seismic stations and particularly in the region of
Butare in Rwanda. From the processing of these historical data (see
above), their magnitude have been estimated between 4.5 and 5.5
(not considered in the seismic hazard assessment). The strongest
instrumental event in this zone has a Mw-eq of 5.5 (2003-04-04,
ISC catalogue).

At the eastern side the map, the Akagera zone (7) is more stable,
but still affected by moderate seismicity. In February 1999, a
sequence of events occurred along a NW-trending line starting in
the Akagera Park and expanding in a SW direction, south of Kigali
with the strongest event (Mw-eq. 6.0) on the 1999-02-15. The
events of this sequence are from the Council for Geoscience Cata-
logue, determined by EAF.

5.2. Evaluation of the maximum regional magnitude Mgy

The magnitude of largest possible earthquake or maximum
regional magnitude M. for a given seismogenic zone or an entire
region is an important parameter in seismic hazard assessment but
generally poorly constrained (e.g. McCalpin, 1996; Camelbeeck
et al., 2007; Joshi and Sharma, 2008; Kijko, 2004; Kijko and
Singh, 2011). Deterministic methods can be used to determine
Mmax, based on fault rupture length, strain rate, known activity
along active faults, paleoseismic data or probabilistic, based on past
seismicity.

The analysis of fault rupture length has been done above for the
entire Kivu region (Fig. 4). It gives a rough the evaluation of the
Mmax (7.3) that can only be considered as upper bound for the Mpax
estimation as the knowledge of the active fault ruptures and their
segmentation is insufficient.

The first-order opening velocity of the Kivu rift region has been
estimated at between 1.7 and 2.3 mm/yr, based on a rigid plate
model and of sparse continuous GPS data and earthquake focal
mechanisms (Saria et al.,, 2014). Furthermore, the distribution of
slip between the major rift border faults and the other faults inside
the basin is not known. For the entire western rift branch, no
paleoseismic data exist on active faults and only a rough estimation
of the slip rate for the Kanda fault in the Ufipa plateau between
Lakes Tanganyika and Rukwa is available (Delvaux et al., 2007,
2012). In the present case, it is therefore not possible to relate
Mmax to the strain rate.

In absence of reliable estimates of the maximum regional
magnitude Mp,ax based on active fault data and strain rate distri-
bution, we will use the catalogue of instrumental earthquakes.
Among the possible methods for determining Mmax (Camelbeeck
et al.,, 2007; Kijko, 2004), we considered: (1) addition of a magni-
tude increment to the maximum observed magnitude, (2) extrap-
olation of the Gutenberg-Richter cumulative magnitude-frequency
distribution to a given return period and (3) estimation using
maximum likelihood statistical methods. This was done for the 7
seismotectonic zones defined above, and also for the entire region.

The maximum observed magnitude (Mgx-ops) ranges from 6.2
to 6.3 in the non-magmatic parts of the rift (Lake Kivu and Rusizi —
North Tanganyika zones), 5.4 in the magmatic Virunga - Rutshuru
zone, and between 5.6 and 6.0 outside the active rift zone.
Conversely, the two other rift segments that do not show evidence
for late Quaternary volcanism, are the zones with the largest Mygx-
obs iN the Kivu region. For evaluating the regional Mpax, an incre-
ment of 0.5 is often added to Mgx-ops but we prefer to add only an
increment of 0.3. We obtain therefore Mpax-obs0.3 ranging from of
5.7—6.6.

The observation that the Max-opbs in the Virunga - Rutshuru zone
is the lowest for the entire region is compatible with the fact that
this segment is affected by late Quaternary magmatism. Dyking

under the northern part of Lake Kivu related to the January 2002
eruption of the Nyiragongo has been inferred by Wauthier et al.
(2012), with a 4—11 km deep dyke extending from the Nyir-
agongo volcano to the northern part of Lake Kivu, up to half way to
the northern tip of Idjiwi Island. It acted as a magma reservoir
feeding the shallow (0—2 km) dyke which was responsible for the
eruption. This dyke also possibly induced the 24 October 2002 Mw
6.2 Kalehe earthquake on the western rift flank by Coulomb stress
change (Wauthier et al., 2015). Dyke-like conduits are also present
beneath the upper southeastern flank of Nyamulagira volcano
(Wauthier et al., 2013, 2014). Magma intrusion processes beneath
the Virunga area transfer heat to weaken the crust and mantle
lithosphere and the volcanic loads flex the plate (Wood et al., 2015),
so the combined heating and bending stress lead to reduction in
plate strength beneath the Virunga area. In addition, dike in-
trusions are largely aseismic (Buck, 2006; Calais et al., 2008),
potentially leading to smaller percentage of M > 4 earthquakes than
in non-magmatic rift sectors (e.g. Belachew et al., 2011), in a
magma-assisted extension process.

The evaluation of the regional Mp,ax is also frequently done by
extrapolating the G-R linear fit defined by the a- and b- values, up
to a given return period. But this procedure assumes that the G-R
relation is valid for all magnitude ranges and also that there is no
fixed limit to the highest magnitude. In consequence, the Mpax
obtained depends on the assumption on the return period for the
highest magnitude earthquake, which is in general not known, and
particularly in the Kivu rift. To avoid these problems, maximum
likelihood statistical methods have been developed, with different
kind of magnitude cumulative distribution functions (Kijko, 2004).

After defining for each zone/catalogue the magnitude of
completeness M. visually on the G-R plots (Fig. 10), values of Mpyax
and their uncertainties are computed using the AUE (Aki-Utsu-
Extension) MATLAB program of Kijko and Smit (2012), using five
different methods: Gibowicz-Kijko (G-K: Gibowicz and Kijko, 1994),
Gibowicz-Kijko-Bayes (G-K-B: Kijko and Singh, 2011), Kijko-
Sellevoll doubly truncated G-R relationship, (K-S estimator: Kijko
and Sellevoll, 1989), Kijko-Sellevoll-Bayes (K-S-B estimator: Kijko,
2004) and the non-parametric Gaussian method (N-P-G: Kijko,
2004). The first four methods follow the Gutenberg-Richter
magnitude distribution while the N-P-G method does not assume
a specific distribution and is thus independent of the Gutenberg-
Richter law. Using tests on synthetic catalogues, Kijko (2004)
showed the superiority of the K-S-B and the N-P-G estimates over
the K-S estimate.

With these methods, we first computed the M, for all the four
sub-catalogues and for different combinations of sub-catalogues of
different level of completeness. We then computed the M.« for the
seven zones and also for the entire region as a whole using the
catalogue extract from 1956 to 2015 with a minimum magnitude of
4.4, In each case, we determined the average estimate Mpax-que
using only results with variance less than 0.4 magnitude unit
(Table 2). All calculations have been done with a standard error in
magnitude determination of 0.2 for the instrumental catalogue and
0.4 for the mostly historical sub-catalogue (1931—-1955).

The results for the sub-catalogues show a fluctuation of the
Mmax-aue Values for the different periods for the entire region
(Table 2, upper part). The third period (1966—1989) shows anom-
alously low value (5.77) while the three other periods range closely
between 6.38 and 6.68. Despite the high uncertainties, the mostly
historical sub catalogue 1 (1931—-1955) falls within this range with a
Mmax-aue Of 6.42. The combination of sub-catalogues of different
level of completeness gives also similar values: 6.39 for the four
catalogues (1931-2015), 6.40 for the last three catalogues
(1956—2015), 6.30 for the last two (1966—2015) and 6.41 for the
combination of the second (1956—1966) and last catalogues
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Fig. 10. Gutenberg-Richter law analysis and resulting parameters for the 7 seismic zones and all zones grouped together using the declustered catalogue extracted from declustered
sub-catalogues 2, 3 and 4, with a common minimum magnitude of 4.4 (1955—2015, 359 data). The data are displayed as in Fig. 8. The number of data per zone is given in Table 1, the
Gutenberg and Richter are parameters displayed in Table 3 (lower part).
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(1990—2015), skipping the third period (1966—1989) which pro-
vides a too high b-value and is apparently incomplete (see below).
Using the single catalogue for the entire region (1956—2015, Mw-
eq > 4.4.), the Mpgx-aue Obtained is 6.46 for M. = 4.6, not signifi-
cantly different than from the other estimates. For M. = 4.4, the
Mmax obtained by the four methods which depend on the G-R law
are about 0.1 unit lower, and the N-P-G independent method pre-
sents the same value (6.45).

For the source zones (Table 2, lower part), as expected, the Mpqx-
aue for the volcanic Virunga - Rutshuru zone is the lowest (5.45) and
those of the Lake Kivu and Ruzizi - North Tanganyika rift zones are
the highest (6.5 and 6.7). NO Mpax-que average value was obtained
for the Akagera zone as the variances obtained with the five
methods are also high. We used therefore the value of M gx-obs+0.3
(6.3). For the other zones, the Mpgx-aue Values decrease progres-
sively as can be expected from their tectonic setting, from the
Kamituga failed rift (Elila: 5.97), the Bukyakiri fault zone (Masisi:
5.75) and the shoaling side of the rift (Nyungwe: 5.65).

It is interesting to note that the difference between the average
Mmax-aue Obtained by the maximum likelihood method and the
observed maximum magnitude the Mp,qx-ops is variable (Table 2, last
column). These values can be compared with the proposed incre-
ment of 0.3 as one method to estimate Mp.x. They range between
0.7 and 0.27 for the individual sub-catalogues and 0.08—0.15 for the
combined sub-catalogues. For the source zones this difference ap-
pears somehow related to the tectonic setting (and the Mpax-aue):
the lowest difference is recorded in the Virunga - Rutshuru volcanic
rift zone (0.05) and the highest, in the non-volcanic Rusizi - North
Tanganyika (0.41) and Lake Kivu (0.38) rift zones while the other
zones (not considering the Akagera zone) have differences of
0.15—0.17 and the entire region (all zones), of 0.15.

5.3. Evaluation of the a- and b-values

Similarly we evaluated the a- and b-values using both the least
square linear fit to the G-R cumulative plot and the maximum
likelihood method (Fig. 10; Table 3). The least square linear fit was
performed between the magnitudes M. and Mpqx-ops if the relation
has a good linearity for the highest magnitudes. When the upper
magnitudes depart from a good linearity with the lower

Table 3

magnitudes, we determined the upper limit in an arbitrary way.
The maximum likelihood method was performed using the AUE
program of Kijko and Smit (2012). It provides unique Lambda- and
b-values for all the methods implemented. The activity rate Lambda
is given for the magnitude M.. It has been extrapolated to M = 0 to
obtain the equivalent a-value of the G-R linear fit. According to
Sandrini and Marzocchi (2007), the least square technique in-
troduces bias in the estimation of the b-value and the maximum
likelihood method is preferred.

For the sub-catalogues (Table 3, upper part), the b-values from
the AUE program are generally low (0.7—0.8), except for the third
period (1966—1989) where it reaches almost 1.47, demonstrating a
problematic database for that period. The b-value from the com-
bined catalogues reaches 1.03 when the two most recent sub-
catalogues are considered (1966—2015), and 0.94—0.95 otherwise.
Combining the second and the last catalogue gives also a low be-
value (0.79). The period 1966—1989 clearly appears anomalous
relative to the other periods for both the Mp.x and the b-values,
reflecting either the incompleteness of the catalogue, or errors in
the determination of the magnitude. This is consistent with the fact
that during this period, there has been a marked degradation of the

Table 4

Synthesis of the values of the Gutenberg-Richter parameters obtained (Tables 2 and
3)and used in the seismic hazard calculations by seismotectonic source zone and for
the entire region (all zones). Data: number of data by zone; Mc: Magnitude of
completeness; a: activity rate for Mw = 0; b: b-value with its variance; Mmax:
Maximum magnitude; obs: Mmax observed obs, used: Mmax computed using the
maximum likelihood method and with its variance; 475y-aue: Mmax for 475 years
return period computed with the a- and b- values obtained with maximum likeli-
hood method; 475y-1s: Mmax for 475 years return period computed with the least-
square method.

Zones Data Mc a b Mmax
obs used 475y-aue 475y-Is

1 Virunga 55 46 524 116 54 545 6.82 6.80
2 Kivu 33 46 4.01 094 62 650 7.11 7.25
3 Rusizi 76 46 530 115 63 670 694 7.15
4  Elila 43 46 581 130 58 597 6.10 6.53
5 Masisi 53 46 619 137 56 575 647 6.69
6 Nyungwe 49 46 561 123 55 565 627 6.74
7 Akagera 52 44 494 114 6 630 6.68 6.55
All zones 306 46 669 130 63 646 7.20 7.58

Gutenberg-Richter values determined with the determined by the maximum likelihood method using the program AUE of Kijko and Smit (2012) and the least square method.
Upper part: for the sub-catalogues, lower part: for the seismotectonic source zones and for the entire region (all zones). Data: number of data by zone; Mc: Magnitude of
completeness; A: activity rate at the magnitude of completeness and its variance; a: (equivalent) activity rate for Mw = 0; b: b-value and its variance. For both the maximum
likelihood and the least square method, the Mmax for a return period of 475 years (Mmax-475y) is computed with the related a- and b- parameters.

Sub-catalogues Data Mc Maximum likelihood method Least square method
A + a b + Mmax-475y a b Mmax-475y

1 1931-1955 39 4,5 1,32 0,40 3,72 0,80 0,21 8,00 3,21 0,69 8,57
2 1956—1965 327 3,7 9,36 0,25 3,86 0,78 0,04 8,38 4,27 0,83 8,37
3 1966—1989 172 4,6 7,12 1,86 7,61 1,47 0,16 7,00 9,50 1,91 6,36
4 1990-2015 179 4,1 6,92 1,80 4,16 0,81 0,08 8,44 5,71 1,14 7,36
1-4 1931-2015 717 3,7 20,66 3,84 4,79 0,94 0,05 7,95
2—4 1956—2015 678 3,7 26,28 5,61 4,93 0,95 0,05 8,01 7,10 1,37 7,14
3—4 1966—2015 351 4,1 14,64 3,06 5,39 1,03 0,07 7,83
2,4 1956-1965 506 3,7 12,62 2,80 4,02 0,79 0,06 8,48

1990-2015
Zones
1 Virunga 54 4,6 0,80 0,23 5,24 1,16 0,46 6,82 5,82 1,25 6,80
2 Kivu 33 4,6 0,48 0,15 4,01 0,94 0,24 7,11 4,07 0,93 7,25
3 Rusizi 74 4,6 1,03 0,29 5,30 1,15 0,18 6,94 5,04 1,08 7,15
4 Elila 43 4,6 0,67 0,20 7,51 1,67 6,10 5,81 1,30 6,53
5 Masisi 53 4,6 0,77 0,22 6,19 1,37 0,34 6,47 5,62 1,24 6,69
6 Nyungwe 49 4,6 0,72 0,21 6,85 1,52 6,27 5,61 1,23 6,74
7 Akagera 49 4,4 0,83 0,24 4,94 1,14 0,21 6,68 532 1,22 6,55
All zones 306 4,6 5,10 1,31 6,69 1,30 0,09 7,20 7,71 1,37 7,58
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seismic networks and the recorded seismicity appears incomplete,
even above M, = 4.6. A similar trend is observed for the b-values
obtained from the linear fit, with even greater differences.

For the source zones (Table 3, lower part), b- values from
respectively the AUE program and from the linear fit are relatively
similar for the entire region (1.30/1.37) as for the other zones,
except for Nyungwe (1.52/1.23) and Elila (1.67/1.30) zones. For
these two zones, the maximum likelihood method provide anom-
alously high b-values and is not able to provide uncertainties for
the a- and b- values. For all zones, average to high b-values
(0.9—-1.3) were obtained. Such values are characteristic for regions
marked by a comparatively large weight of small seismic events.
This result is confirmed by the absence of any M > 7 event in the
region within the observation period (starting at the end of the 19th
century), while M~6 events are relatively common. Compared to
Déprez et al. (2003) for the central part of the western rift branch,
we obtained also b-values close or higher than 1.0 (1.15-1.30).

Using these a- and b-values, the M.y values are extrapolated
for the standard return period of 475 years (Myax-475y). These are
much higher than the average My qx-aue Values by 1—2.5 magnitude
units for the sub-catalogues and 0.1—1.37 for the source zones.

6. Seismic hazard evaluation

For the seismic hazard evaluation, we used when possible the
average Mmax-aue Values and the a- and b- values determined by the
maximum likelihood methods implemented in the AUE program
(Table 3). For the Akagera zone, for which the uncertainties in the
Mmax-aue are too high, we incremented the maximum observed
magnitude (Mmax-obs) by 0.15, the calculated difference between
Mmax-aue and Mmax-ops for the adjacent zones. For the Elila and
Nyungwe zones, we used the least square a- and b-values as
explained above.

6.1. Existing attenuation models

It was not possible to derive new specific Ground Motion
Parametric Equations for the project area because of the lack of
accelerometric data for known earthquakes in the region. We used
therefore the existing attenuation laws of Jonathan (1996) devel-
oped for southern and eastern Africa, Twesigomwe (1997) devel-
oped for Uganda and the law of Mavonga (2007) developed for the
Kivu rift region:

In(a;) = 3.024 + 1.030 Mw — 1351 In(Rh) — 0.0008 Rh
(Jonathan, 1996)

In(a;) = 2.832 + 0.866 Mw — In(Rh) — 0.0025 Rh (Twesigomwe,
1997)

In(az) = —6.5386 + 1.43 Mw — 1.5 In(Re) (Mavonga, 2007)

with a; in cm/s® and a, in ‘g’ (the results in ‘g’ by the law of
Mavonga, 2007; were multiplied by 981), where Mw is here the
moment-magnitude and Rh and Re are the hypocentral and
epicentral distances, respectively.

A comparison between results obtained applying those three
laws is shown in Fig. 11. It shows that the law of Mavonga (2007)
produces the strongest attenuation (lowest acceleration at larger
distances), the one of Jonathan (1996) produces intermediary re-
sults and the one of Twesigomwe (1997) the lowest attenuation
(largest acceleration at larger distance). However, at very short
distance, the two first laws (Mavonga and Jonathan) produce the
highest acceleration values. Both the Jonathan (1996) and
Twesigomwe (1997) laws are dependent on the hypocentral dis-
tance, and they are therefore sensitive to the hypocentral depth
determination for short distances. Here, the average hypocentral

Fig. 11. Detailed comparison between acceleration values calculated with the applied
Mavonga (2007), Twesigomwe (1997) and Jonathan (1996) attenuation laws for a
Mw = 6.0 event, considering an average hypocentral depth of 11 km for the two latter
laws.

depth is estimated at of 11 km according to the most frequent focal
depth between 10 and 12 km as discussed above.

We used these three laws to provide various estimates of
seismic hazard for the region as we do not know a priori which law
is more suitable. Below it will be seen that the different acceleration
values obtained by these laws at medium and large epicentral
distances will strongly constrain the seismic hazard calculation
results.

6.2. Probabilistic seismic hazard computation

On the basis of the G-R parameters obtained for each sources
zone (Table 4) and the three attenuation laws selected, we
computed probabilistic seismic hazard maps for the area with the
CRISIS2012 software for probabilistic seismic hazard analysis
(Ordaz et al., 2013).

The three maps obtained (Fig. 12) display different levels and
patterns of peak ground acceleration (PGA). In general, the map
computed with the Mavonga (2007) attenuation law (Fig. 12a)
shows the lowest PGA values (for 475-year return period) of
0.17—0.32 g along the axis of the western branch of the East African
Rift, while the map produced with the Jonathan (1996) law
(Fig. 12c) presents the highest PGA values (0.25—0.43 g). The map
produced with the Twesigomwe (1997) law presents similar min-
imum values (0.28 g) but lower maximal values (up to 0.37 g).

For all three maps, the central rift zone presents contrasting PGA
values, with the highest in the currently non-magmatic part of the
Kivu basin (zone 2) and the lowest in the volcanic northern ex-
tremity of the Kivu Basin, Virunga volcanic massif and Rutshuru
basin (zone 3). Similarly, the Nyungwe zone (6) has relatively
similar PGA as for the central Vurunga-Rutshuru zone (1):
0.17—0.20 g with the Mavonga (2007) attenuation law and
0.21-0.30 g with the two other laws. For the three lateral zones, the
Mavonga (2007) attenuation law gives similar low PGA values
(0.10—0.16), while the two other laws give a gradation of PGA values
with the highest (0.21 g) for the Kamituga failed rift (zone 4), in-
termediate (0.18 g) for the Bunyakiri fault zone (5) and the lowest
(0.08—0.16 g) for the Akagera zone (7).

According to the IASPEI seismic hazard classification (Lee et al.,
2003), the non-magmatic central rift zone would be marked by
high peak ground acceleration values (0.24—0.40 g after IASPEI)
and the lateral zones, together with the magmatic part of the rift, by
moderate peak ground acceleration values (0.08—0.24 after IASPEI).
The seismic hazard is systematically higher in the central part of the
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Fig.12. Seismic hazard assessment results for the central target area, for a 475-year return period in terms of Peak Ground Acceleration (PGA) on the bedrock: computation with the
attenuation law of a): Mavonga (2007); b): Twesigomwe (1997); c): Jonathan (1996). On all maps are plotted also the main seismic shocks (circles with size according to magnitude),
country borders, contour of Lake Kivu (in blue) and main cities. d) Averaged 475-year PGA estimate for cities in the target area with indication of the dominant magnitude-epicentral
distance pair provided by the disaggregation charts: 3 values of Magnitude and epicentral distance, respectively, for each town, corresponding to results obtained for the 3
attenuation laws. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

rift (Lake Kivu zone). For this area, the estimates based on the
attenuation law by Jonathan (1996) even predict very high peak
acceleration values (>0.40 g after IASPEI).

At present, we cannot clearly state which of the three maps
(Fig. 12a—c) reproduces the most likely situation as we do not
possess any measured acceleration data that could validate one of
the three attenuation laws used, which is here the only changing
component. We consider that with the given uncertainties, it is not
possible at present to provide a more reliable seismic hazard
assessment and the values obtained with the three models should
be considered as minimum (with Mavonga, 2007), intermediate
(with Twesigomwe, 1997) and maximum (with Jonathan, 1996).

7. Discussion
7.1. Sources of uncertainties

The main sources of uncertainty for our estimates of the seismic
hazard are the relatively short observation period, the in-
homogeneity of the seismic catalogue, uncertainties in the
magnitude determination, epicentral location and hypocentral
depth of earthquake, the definition of the seismic zoning and the
missing peak ground acceleration data.

The first three uncertainties affect the Gutenberg-Richter
magnitude-frequency distribution. They can only be reduced by
enlarging the observation period and densifying the seismic ob-
servatories. Reprocessing the seismic data from the IRSAC network

might also improve the quality of the data for the 1956—1965
period. These uncertainties are particularly high outside the rift
areas as there the seismicity is low and sparse. Within the rift zone,
the number of seismic events is larger and we are more confident
about the defined a- and b-values and thus about the final seismic
hazard estimates.

The uncertainty in the M.« estimation affects mainly the long
return periods, but has negligible effect for PGA of 10% probability
(475 years return period). Sensitivity tests show that the final es-
timates of the Gutenberg-Richter parameters have a relatively
limited impact on the seismic hazard assessment outputs for this
standard period of 475 years but become significant for longer re-
turn periods of 1000 or 2000 years. To show the relatively negli-
gible influence of the Max used for the 475-year PGA estimates we
present (table in Fig. 12d) seismic hazard disaggregation results for
the major cities in each zone of the studied region: Goma, Bukavu,
Uvira, Kamituga, Walikale (DRC), Bujumbura and Gigeta (Burundi)
and Gisenyi, Kigali and Butare (Rwanda). These results show that
magnitudes systematically lower than the observed maximal
magnitudes Myqx-obs are most strongly contributing to the final PGA
estimates, even for the highest seismic hazard area around Bukavu.
The disaggregation analysis also shows that especially events at
short epicentral distances (<10 km) contribute to seismic hazard
outputs.

The arbitrary definition of the seismic zones may add also sig-
nificant uncertainties. Mavonga and Durrheim (2009) tested two
different source models: one with a single zone for the entire
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western rift branch and another with four zones for the western rift
branch, with different activity rate A (and a-value) and maximum
magnitude Mpax but with similar b-value, considering that they are
all in a similar tectonic setting. They found that the two models did
not differ significantly. Here, we consider instead that even at the
scale of the Kivu rift region, the tectonic setting varies along the
trend of the rift (magmatic and non-magmatic segments) as well as
laterally (margin of cratonic blocs, failed rift, fault zone ...). The b-
value, which explains the mechanical behaviour of the crust, is
therefore allowed to vary and was calculated for each zone in order
to reflect the diversity of the tectonic setting and its spatial vari-
ability. The obtained Mp,.x values (Table 3) appear coherent with
the geological characteristics of the source zones.

Another important source of uncertainty comes for the choice of
the attenuation laws. Ideally, it should be validated by ground
motion measurements in the study region but such data are clearly
missing here.

7.2. Comparison with existing models

Considering all those uncertainties (and the absence of valida-
tion of attenuation laws), the novel contributions of the present
seismic hazard assessment of the region relative to the previous
models using seismic source zones (Mavonga and Durrheim, 2009;
Midzi et al., 1999) are present at most levels of the seismic hazard
assessment. We produced a homogeneous basement tectonic map
for the region, which was previously lacking. The revision of the
neotectonic setting for the central part of the western rift branch,
allowed to differentiate more precisely the active rift valley into

magma-rich and magma-poor segments, to identify a failed rift
branch (Kamituga) and an old reactivated fault zone (Bunyakiri) on
the western side of the rift. The finer seismic source zoning better
reflects their tectonic setting, each characterized by their own set of
a- and b-values and Mp,2x. A new and longer seismic catalogue was
produced on the basis of the reviewed ISC catalogue, supplemented
by data from other catalogues and new historical data. The G-R
parameters were computed using two different methods: least
square and maximum likelihood. The average seismic source depth
was revised using well constrained events by waveform-modelling.
Three different attenuation laws were used as end-members for
computing seismic hazard maps.

Our maps show overall larger PGA values than the previous es-
timates by Mavonga and Durrheim (2009) and Midzi et al. (1999).
We obtained for the entire region, up to 0.32 g with the Mavonga
(2007) law; 3.8 g with the Twesigomwe (1997) law and0.43 g
with Jonathan (1996) law, while Mavonga and Durrheim (2009)
obtained up to 0.15 g (Fig. 13) and Midzi et al., up to 240 cm/s2 or
~0.24 g (Fig. 14). For large cities such as Goma, Bukavu, Uvira, Gisenyi
and Bujumbura in the rift zone, 475-year return period PGA values
predicted by the present study are in the range of 0.29-0.43 g
depending on the attenuation law, placing these cities in a high
seismic hazard zone while previous estimates are in the range of
0.15—0.24 g. For Kigali, the two previous studies both predict about
0.1 g as 475-year return period PGA, while according to our study it
could be between 0.15 and 0.18 g, placing this city in a moderate
seismic hazard zone instead of a low seismic hazard zone.

We suspect that the higher PGA/acceleration values obtained in
this study compared with the Midzi et al. (1999) and Mavonga and

Fig. 13. Seismic hazard assessment results (475-year return period) obtained with the Mavonga (2007) attenuation law (b), compared with the map of Mavonga and Durrheim

(2009) based on a rougher zonation (a). Black rectangles in a) outline our target area in b).



Fig. 14. Seismic hazard assessment results (475-year return period) obtained with the Twesigomwe (1997) attenuation law (b) compared with the map of Midzi et al. (1999) for East

Africa (GSHAP 1999 model). Black rectangles in a) outline our target area in b).

Durrheim (2009) can be, at least partly, due to a finer seismic
zonation. These two previous studies have a much larger extent than
ours and the related seismic zonation is clearly rougher than what is
proposed here. However, the comparison is not straightforward as
these maps were obtained by combining several attenuation laws in
a logic tree approach with the EZ-Frisk software package while we
used the CRISIS2010 software without a logic tree approach.

Our seismic hazard maps can also be compared with the general
map produced by Kijko (2008) for Sub-Saharan Africa based on the
maximum likelihood principle, using the K-S and K-S-B estimators
and a similar process for computing the PGA, but without defining
seismic zones, thus removing this uncertainty on seismic zoning.
They also obtain for our region a PGA with 10% probability of ex-
ceedance in a 50-year period (equivalent to a return period of 475
years) up to 0.20 g.

7.3. Need for seismic monitoring accelerometric data and
microzonation studies

Notwithstanding all uncertainties affecting the present study,
the seismic hazard could be significantly higher in the western
branch of the East African Rift than previously estimated. To
confirm these last results, more ground motion data and a longer
observation period for the seismicity are required, thus more efforts
need to be put into the installation of seismic stations both within
the Rift valley and outside. Only when sufficiently seismometric
and accelerometric data are available, the uncertainties affecting
the hypocenter depths and the attenuation of accelerations over
small and large epicentral distances could be reduced. Different
methods for computing the seismic hazard should also be per-
formed using the same data set, parameters, zonation and

attenuation laws to isolate the effect of the hazard computation
method. Furthermore, the relatively high PGA values for major
cities in the region clearly demand more intensive seismic micro-
zonation studies applied to these densely inhabited and strongly
changing environments with exponential increase of construction
activity, such as in Kigali, Bukavu or Bujumbura.

8. Conclusions

A new probabilistic seismic hazard assessment has been per-
formed for the Kivu rift region in the central part of the western
branch of the East African rift system. We performed a seismic
source zoning on the basis of new tectonic a new homogeneous
tectonic map of the basement across the political borders and a
revised neotectonic map which combines the known late-Cenozoic
faults, late Quaternary volcanic centers, thermal springs and
seismic epicenters. The studied region was subdivided into 7
seismic source zones that reflect the lateral variation of the tectonic
setting. The active Kivu rift valley is differentiated into a magma-
rich segment (Virunga - Rutshuru) and two magma-poor seg-
ments (Lake Kivu and Rusizi - North Tanganyika). On the western
side of the rift valley and as a transition towards the intra-
continental Congo Basin, we identified the Kamituga failed rift
branch which initially formed as the south-westwards continua-
tion of the Lake Kivu basin, and the old reactivated Bunyakiri fault
zone on the western side of the rift, in the Masisi region.

A new and longer seismic homogenized catalogue comprising
1068 entries, spanning 127 years from 1888 to 2015 was produced on
the basis of the Reviewed ISC catalogue, supplemented by data from
other catalogues and new historical data. After declustering and
magnitude homogenisation, we obtained a final catalogue of 359
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events spanning 60 years (1955—2015) and with a magnitude of
completeness of 4.4 over the entire region. The seven seismotectonic
source zones are each characterized by their own set of Gutenberg-
Richter computed with both the least square and maximum likeli-
hood procedures. An average seismic source depth of 11 km was
defined using events constrained by waveform-modelling.

Three attenuation laws were used as end-members for
computing seismic hazard maps with the CRISIS 2012 software. We
obtain higher PGA values than previous estimates, with maximum
PGA values between 0.32 and 0.43 g in function of the attenuation
low used, compared to the previous 0.15—0.24 g. This difference
might be due to a combination of the effects of a revised and longer
earthquake catalogue, finer source zonation with independent
calculations of a-, b- and Mp,ax values, the relatively shallow hy-
pocentral depth used, the choice of attenuation laws and different
calculation methods using different softwares. We consider that the
best approximation of the seismic hazard is provided by the model
obtained with the Mavonga (2007) and Twesigomwe (1997)
attenuation laws, which should be considered respectively as
minimum and maximum estimates. The Jonathan (1996) law,
which was obtained for the more stable region of South Africa,
typically produces a too low attenuation (and too high PGA values)
for our region dominated by rifting processes.

These results should be considered as preliminary, given the

limitations of the data set. They need to be confirmed with longer
observation period for the seismicity and locally measured ground
motion data.
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Appendix A. Epicenter, hypocentral depth and focal
mechanism data for available earthquakes processed by
waveform modelling.

Date Time Long_E Lat_N Depth Magnitude Strike1 Dip1 Slip1 Strike2 Dip2 Slip2 Shmax  Reference
1967-10-14  23:29:00  28.200 —-3.300 10.0 5.1 Mb 142 70 -125 026 40 -032 174 Harvard CMT
1977-01-06  18:33:42  28.656 -2542 139 51 Mw 241 45 -090 061 45 -090 61 Harvard CMT
1980-01-09  14:50:00  27.619 -3.298 15.0 52 Mw 045 48 -142 107 63 -049 76 Harvard CMT
1981-07-30  16:46:19  28.560 —2.681 15.0 5.1 Mw 235 45 —090 055 45 —-090 55 Kebede and Kulhanek,
1991;
location from ISC
1982-07-03  23:21:12  28.812 -3.829 150 53 Mw 328 50 -136 206 58 -049 177 Harvard CMT
1985-06-28  22:46:20 28.944 -2372  10.0 49 Mw 211 45 —-090 031 45 -090 31 Harvard CMT
1986-06-29  21:48:00  29.760 -4.960 36.0 56 Mw 191 81 -072 127 20 -153 159 Harvard CMT
1990-09-04  01:48:01 29.164 -0375 10.0 53 Mw 229 77 006 138 84 167 3 Harvard CMT
1995-04-29  11:50:54  28.516 -1310 10.0 54 Mb 229 22 -055 012 72 -103 030 Barth et al., 2007;
locationn from ISC
catalogue,
Depth from Mavonga,
2007
2000-03-02  02:44:56  28.265 -2.537  10.0 54 Mw 184 47 -060 144 51 -118 164 Yang and Chen, 2010;
Barth et al., 2007;
location from ISC
catalogue
2000-03-02  04:29:50  28.144 -2380 10.0 47 Mb 033 75 -103 255 20 -050 054 Barth et al., 2007;
location from ISC
catalogue
2000-03-03  05:03:22  28.153 -2.398 10.0 46 Mb 037 83 -137 121 47 -009 079 Barth et al., 2007;
location from ISC
catalogue
2002-01-20  00:14:48  28.991 -1.730 10.0 5.1 Mw 039 49 -042 160 60 -130 9 Craig et al., 2011;
location from ISC
catalogue
2002-01-21 04:39:25  29.014 -1.728 15.0 5.1 Mw 018 26 -128 239 70 -073 38 Harvard CMT; location
from ISC catalogue
2002-01-22  15:32:09  29.033 -1.664 15.0 52 Mw 233 26 -043 003 73 -110 29 Harvard CMT; location
from ISC catalogue
2002-10-24  06:08:43  29.050 -1.951 8.0 62 Mw 209 47 -82 17 44 -99 23 Craig et al., 2011;
location from ISC
catalogue
2002-10-24  07:12:18  29.005 -1.838 3.0 55 Mw 210 42 -75 10 50 -103 20 Yang and Chen, 2010
2003-03-20  06:15:23  29.507 -2440 7.0 52 Mw 017 45 -023 124 74 -133 160 Craig et al., 2011;
location from ISC
catalogue
2003-08-05  18:56:54  29.663 -0.693 15.0 52 Mw 330 34 -155 219 76 -059 5 Craig et al., 2011;
location from ISC
catalogue
2008-02-03  07:34:13  28.740 -2450 8.0 60 Mw 350 52 -101 188 39 -76 179 D'Oreye et al., 2011
2008-02-03 10:56:10  28.940 -2420 120 50 Mw 352 43 -102 188 48 -79 180 D'Oreye et al., 2011
2008-02-14  02:07:47  28.850 -2.250 12.0 53 Mw 332 69 -121 211 37 -37 2 D'Oreye et al., 2011
2008-04-20  07:30:44  25.970 -3.660 26.0 52 Mw 207 75 -180 117 89 -15 72

(continued on next page)



(continued )

Date Time Long E  Lat N Depth  Magnitude  Strikel Dip1 Slip1 Strike2 ~ Dip2  Slip2 Shmax  Reference

Craig et al.,, 2011;
location from ISC

catalogue
2008-09-15 15:50:51 30.128 —4.982 10.1 5.1 Mw 138 83 173 229 83 7 3 Biggs et al., 2013;
location from ISC
catalogue
2008-10-05  00:02:12  29.066 -1.206 9.0 53 Mw 347 41 -131 216 60 -60 12 Craig et al., 2011;
location from ISC
catalogue
2010-01-28  23:52:30  29.199 —0.945 14.0 49 Mw 15 43 -80 181 48 -99 8 Craig et al., 2011;
location from ISC
catalogue
2012-12-24  14:35:33  28.393 —-4.036 234 50 Mw 355 37 -107 196 55 -78 5 Harvard CMT
2013-11-30 19:20:17  27.001 -0.943 15 55 Mw 242 88 -179 152 89 -2 107 Harvard CMTS
2015-08-07  01:28:41 28.760 -2.110 31.0 55 Mw 204 43 -110 050 50 -072 37 Harvard
2015-08-07  01:25:02  28.888 —-2.161 7.0 58 Mw 194 58 -119 60 42 -52 37 USGS
2016-02-04 12:43:59  28.430 -1.550 10.0 48 Mw 95 040 -90 276 40 -088 95 GFZ-MTS (Geophon)

Source data indicated in the reference column. Harvard CMT: Harvard Centroid Moment Tensor catalogue, ISC: International Seismological center (UK), USGS: United States
geological Survey.

Appendix B. Definition of acronyms of seismic agencies from e LWI: Centre de Geophysique du Zaire, Democratic Republic of
which the data have been used in the compiled seismic the Congo, hosted by the IRSAC (Institut pour la Recherche
catalogue Scientifique en Afrique Centrale)

NAI: University of Nairobi, Kenya

NEIC: National Earthquake Information Center U.S.A.
USGS: United States Geological Survey, U.S.A.

PRE: Council for Geoscience, South Africa

Annexe 2: Acronyms of seismic agencies:

e ISC: International Seismological Centre, United Kingdom
e BUL: Goetz Observatory, Zimbabwe
e EAF: East African Network

e ENT: Geological Survey and Mines Department, Uganda Appendix C. Macroseismic epicenters and estimated
e GFZ: Helmholtz Centre Potsdam GFZ German Research Centre magnitude determined from the catalogue of felt seisms
For Geosciences, Germany initiated by Herrinck (1959) and completed within this work.

e HARV: Harvard University, U.S.A.
e LSZ: Geological Survey Department of Zambia, Zambia

ID Year Month Day Hour Min Long E Lat N Nsta Mw-eq
KIV19311206-04:47 1931 12 06 04 47 29.75 -2.15 6 4.67
KIV19320202-10:53 1932 02 02 10 53 29.99 —-2.80 6 441
KIV19320713-10:40 1932 07 13 10 40 29.75 -2.25 7 4.70
KIV19320903-05:05 1932 09 03 05 05 31.18 -0.73 7 5.12
KIV19320908-15:30 1932 09 08 15 30 29.67 -3.67 4 4.42
KIV19330224-17:00 1933 02 24 17 00 29.89 -3.40 4 4,24
KIV19340115-14:48 1934 01 15 14 48 29.77 -3.43 5 4.48
KIV19340220-19:10 1934 02 20 19 10 29.80 -3.15 4 4.61
KIV19341028-04:42 1934 10 28 04 42 29.72 -2.20 10 4.69
KIV19350206-07:12 1935 02 06 07 12 29.77 -3.15 9 4.60
KIV19350323-05:36 1935 03 23 05 36 30.89 -0.05 8 5.45
KIV19360817-13:12 1936 08 17 13 12 29.51 -2.55 10 4.81
KIV19370728-06:55 1937 07 28 06 55 29.89 -3.30 4 4.30
KIV19380921-11:01 1938 09 21 11 01 29.57 -0.34 4 543
KIV19391128-14:03 1939 11 28 14 03 30.21 -3.09 5 4.41
KIV19391218-01:28 1939 12 18 01 28 29.71 -2.65 23 4.82
KIV19400702-13:22 1940 07 02 13 22 29.64 -2.78 18 493
KIV19400911-22:52 1940 09 11 22 52 29.79 -2.33 7 4.78
KIV19401024-00:20 1940 10 24 00 20 30.02 -2.87 5 4.63
KIV19401226-17:05 1940 12 26 17 05 29.10 -0.94 4 4,51
KIV19410112-02:30 1941 01 12 02 30 29.34 -2.35 8 4.60
KIV19420226-00:00 1942 02 26 00 00 29.96 -1.19 5 538
KIV19420827-15:59 1942 08 27 15 59 28.90 -2.37 5 433
KIV19421212-05:20 1942 12 12 05 20 29.69 -1.76 8 4.55
KIV19430331-03:55 1943 03 31 03 55 29.70 -0.37 4 532
KIV19430625-03:50 1943 06 25 03 50 29.17 -3.22 5 4,75
KIV19431011-22:05 1943 10 11 22 05 29.65 -2.55 6 490
KIV19440519-15:30 1944 05 19 15 30 30.00 -3.20 5 445
KIV19450315-13:48 1945 03 15 13 48 29.69 -3.39 4 441
KIV19450318-09:58* 1945 03 18 09 58 29.91 -0.86 15 6.00
KIV19520306-15:32 1952 03 06 15 32 30.10 -3.28 4 447
KIV19520404-20:16* 1952 04 04 20 16 29.98 -2.95 8 4.61
KIV19530421-04:16 1953 04 21 04 16 29.79 -3.29 5 4.50
KIV19531109-13:21* 1953 11 09 13 21 29.54 -3.03 4 4.63
KIV19540822-06:33 1954 08 22 06 33 30.13 -3.23 6 4.42
KIV19541216-12:38 1954 12 16 12 38 30.01 -3.31 7 4.49
KIV19550227-01:39 1955 02 27 01 39 29.94 -3.39 5 445
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(continued )
ID Year Month Day Hour Min Long E Lat N Nsta Mw-eq
Equivalent events from ISC
KIV19450318-08:01 1945 03 18 08 01 32.00 0.00 6.00
KIV19520404-20:09 1952 04 04 20 09 29.73 —4.23 4.60
KIV19531109-14:04 1953 11 09 14 04 28.50 —4.00 4.60

Long_E: longitude (positive eastwards). Lat_N: latitude (positive northwards, here negative southwards). Mag: estimated magnitude from the perception distance determined
from the data of Ambraseys (1991) on the Rukwa 1910 seismic sequence. Nch: number of felt shocks recorded. Nst: Number of different stations that recorded the felt shocks.

Appendix D. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jafrearsci.2016.10.004.
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