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Abstract

A probabilistic seismic hazard assessment has been carried out along the continental section of the Cameroon volcanic line (CVL) in
West Africa. We compiled a catalogue of local earthquakes from different sources and homogenize the magnitudes to moment
magnitude (Mw). The seismicity of the CVL is concentrated around Mount Cameroon the active volcano and diffuse on the rest.
Three seismic source zones were identified: one in Mount Cameroun, the second NE of the volcano in the grabens of Kumba-
Tombel, and the third seismic source corresponds to West Cameroon horst. The recurrence model is that of Gutenberg and Richter,
ZMAP software was used to decluster the catalogue and to determine seismic parameters for each source zone. To calculate the
hazard, we choose two ground motion prediction equations, and to account for uncertainties, a logic tree approach was implemented
using CRISIS software. We estimated the peak ground acceleration (PGA) for eleven cities spread along the CVL, for return period
(RP) 475 and 2475 years. The results show that for RP 475 years, Buea, located at the foot of Mount Cameroon, has a PGA of 10%
g. This value decreases as one moves away from Buea. The seismic hazard was also calculated for the period of 0.2s. Uniform
hazard spectra for RP 475 and 2475 years are plotted for three cities, each chosen in one of the seismic source zone. For each city
and RP, the spectral acceleration increases with the period, up to around 0.1s, and then it decreases as the period increases.
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Introduction Fitton and Dunlop 1985). Volcanism has been active along the

CVL from Eocene and remains active to date on Mount

The Cameroon volcanic line (CVL) in West Africa is a chain of
volcanic islands of the Atlantic Ocean and Cenozoic to
Quaternary intraplate volcanic and plutonic massifs (Fig. 1) that
extends over a distance of approximately 1600 km (Fitton 1983;
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Cameroon (Déruelle et al. 2007; Njonfang et al. 2018). For
petrographic and geochemical point of view, the CVL presents
a wide variety of volcanic rocks, both alkaline and transitional in
nature (Nana 1988; Njilah 1991; Nkoumbou et al. 1995; Kagou
et al. 2001; Moundi 2004; Fosso et al. 2005; Wandji et al. 2008;
Wokwenmendam 2019). Isotopic data indicate that the rocks
have a mantel origin and have undergone low crustal contami-
nation (Jacquemin 1981; Kamgang et al. 2010).

Several hypotheses have been proposed on the origin of the
CVL. The alignment of the volcanoes suggested the existence
of an underlying hot spot over which the African plate was
moving. Unfortunately, the age progression of volcanoes was
not established as in Hawaii (Fitton and Dunlop 1985). The
alignment of volcanoes could also have been guided by the
presence of faults masked by lava flows (Moreau et al. 1987).
According to Fitton (1983), the CVL and Benue trough be-
longs to the West African rift system. Other authors argue that
volcanism along the CVL results from the activity of a mantle
plume, or the upward limb of a small-scale convection cell
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Fig. 1 The Cameroon volcanic line (redrawn from Black et al. 1985). In
green are the African cratons; gray shaded areas represent volcanism

between the Congo and West African Craton (Reusch et al.
2011; De Plaen et al. 2014).

The seismicity of the Cameroon area has been studied by
several authors including, among others, Ambraseys and
Adams (1986), Ambeh et al. (1989), Tabod et al. (1992),
Ateba and Ntepe (1997), Ateba et al. (2009), De Plaen et al.
(2014), and Eloumala Onana et al. (2014). The studies con-
cluded that seismicity is distributed along the CVL with
Mount Cameroon as the most active center. The magnitude
of the earthquakes is in general less than 5. During quiescent
periods of the volcano, the monthly frequency of earthquakes
recorded varies between 20 and 30 small magnitude (<3)
events in the Mount Cameroon region. Nevertheless, stronger
events have been recorded during the 1999 Mount Cameroon
volcanic eruption, which resulted in damage to buildings. Five
of them are listed in International Seismological Centre (ISC)
bulletin. Ambeh et al. (1992) determined normal fault and
strike slip focal mechanism in Mount Cameroon area.

According to the Statistical Yearbook of Cameroon, 2016
edition, the mean density of the population was 48 inhabitants/
km? in 2016. The regions along the CVL, due to fertile vol-
canic soils, attract farmers and have densities that exceed gen-
erally 100 inhabitants/km®. Despite known seismic activity,
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people continue to build houses without any respect to the
building code.

In a recent study, Campbell et al. (2018) identified the main
seismic sources in West Africa; CVL is one of them. They
conducted a preliminary assessment of seismic hazard in ma-
jor cities such as Accra, Lagos, and Douala. Two limited seis-
mic hazard assessment studies were carried out in Cameroon:
one by Sandron et al. (2018), for the construction of a deep see
port in Kribi, and the other by Ngongang et al. (2018) on the
Mount Cameroon region. In this study, we go beyond Mount
Cameroon and focus on the densely populated mainland part
of the CVL. The objective is to provide preliminary ground
motion parameters that potential investors can use and to sen-
sitize populations and local authorities. We use data from local
seismicity catalogues and the results of geological and geo-
physical studies to delineate seismic source zones and deter-
mine their input seismic parameters needed for probabilistic
seismic hazard assessment software.

Data and methods

Mainly two methods are used to assess seismic hazard: the
deterministic and the probabilistic approach. In the determin-
istic approach (Kramer 1996), the basis is to develop earth-
quake scenarios, defined by location and magnitude, which
could affect the site under consideration. The resulting ground
motions at the site, from which the controlling event is deter-
mined, are calculated using ground motion prediction equa-
tions (GMPE) as a function of the distance from the source.
The difference between the two approaches is that the proba-
bilistic approach has units of time and deterministic does not
(Bommer 2002).

Probabilistic seismic hazard assessment

For this study, we opted for the probabilistic approach.
According to Barani et al. (2009), Cornell (1968) invented
probabilistic seismic hazard assessment (PSHA) by introduc-
ing a method of evaluating the likelihood of exceedance (or
occurrence) of any level of earthquake ground shaking at a site
during a given time period. This is achieved by combining the
effects of all the possible magnitudes and earthquake locations
that could affect the hazard at the site investigated. Three
steps are needed before the calculation (Kramer 1996): the
definition of seismotectonic source zones, a model of earth-
quake recurrence with respect to the magnitude, and a
GMPE. Then the probabilities that the ground motion in-
tensity exceeds a certain value are computed for different
time frames. Several free software are available to evaluate
the seismic hazard (example OPENQUAKE, OpenSHA).
For this study, we preferred CRISIS (Ordaz et al. 2015) in
which many GMPEs are included.
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Earthquake catalogues

The catalogue of the local seismicity is an essential element
which helps to know the studied area’s activity and its char-
acteristics. In order to compile the catalogue of the continental
section of the CVL, we extracted available information on
seismic events that took place in our study area, from seismo-
logical bulletins distributed by international dissemination da-
ta centers, such as the ISC, the National Earthquake
Information Center (NEIC), and the United States
Geological Survey (USGS). It is enriched by data from local
networks of the Institute of Geological and Mining Research
(IRGM), as well as the locations given in some publications
(Ambraseys and Adams 1986; Tabod et al. 1992) and doctoral
thesis (Ambeh 1989; Bertil 1991; Nnange 1991; Ateba 2009).
Depending on the source, the magnitudes are given in dura-
tion or local magnitude and also in body or surface wave’s
magnitude. To homogenize the catalogue, we used conversion
relations to bring all the magnitudes to Mw (Hanks and
Kanamori 1979; Scordilis 2006; Griinthal et al. 2009).
Events of high magnitude (M>6) are generally well
catalogued. On the other hand, low magnitude events (less
than 4) are not always well located by global seismological
monitoring networks, but are better captured and located by
local seismograph networks, like those deployed by IRGM
(Fig. 2a, b).
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The results of the compiled earthquake catalogue from
1900 to 2010 are shown in Fig. 3. The biggest magnitude
events (Mw>3.9) are given in Table 1. Magnitudes are less
than 6, and all hypocenters are located in the crust. The stron-
gest felt earthquake with Mw 5.3 was associated to Mount
Cameroon 1999 volcanic eruption. As stated earlier, the seis-
micity is concentrated around Mount Cameroon region and
diffuse in NE of it. The Mount Cameroon region is character-
ized by seismic swarms recorded in North West, South, and
East flanks and summit area (Ambeh 1989; Ateba and Ntepe
1997; Ateba et al. 2000). Such earthquake swarms are not
observed in the rest of CVL. Mount Cameroon region is the
most active seismic zone and is the only remaining active
volcano of the CVL.

Seismic source zones and seismicity model

The combination of the results of seismicity, geology, geo-
physics, and tectonics makes it possible to delimit the
seismotectonic provinces considered seismic source zones.
The first seismic source zone is depicted following the epicen-
ters in Mount Cameroon area (Fig. 4a), excluding south
and east flank where magnitudes are small (<3); moreover
in the east flank, hypocenters are deep (>30 km). Located
at the boundary between the continent and the ocean,
Mount Cameroon is a stratovolcano of Plio-Quaternary
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Fig. 2 Local seismic stations deployed in Cameroon by the Institute of

Geological and Mining Research of Cameroon. a Around Mount
Cameroon volcano region: filled triangles (vertical sensor), empty
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triangles (temporary portable seismograph), filled square (3 component
sensor), difference of altitude between contours is 200 m, redrawn from
Ateba et al. (2009). b For the rest of the country (red filled triangles)
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Table 1 Main recorded carthquakes along the CVL age (~4 100 m high). It is located between the sedimen-
No Year Month Day Hr Mn Long Lat Mw Depth 1Y basins of Douala in the southeast and Rio del Rey in
the northwest. The area has a thin crust of about 25 km
1 1907 11 16 21 0  9.600 4.600 4.8 0.0  (Tokam et al. 2010). The second seismic source zone is
2 1909 4 26 8 0 9400 4300 5.1 0.0  located in the NE of Mount Cameroon region (Fig. 4b).
3 1910 2 23 1 0 9100 4200 44 0.0  The seismicity is diffuse and less regular. The crust has
4 1922 2 3 1 0 9.100 4200 44 0.0  values between 27 and 30 km (Eloumala Onana et al.
5 1969 1 24 3 30 11.100 5400 52 0.0  2014). The zone is characterized by Kumba and Tombel
6 1975 11 2 4 55 9250 4730 4.0 0.0 grabens. The third seismic source zone is located in
7 1975 11 5 7 17 9350 4.650 3.9 0.0  Western Cameroon Highlands (altitude > 1 000 m). The
8 1986 2 13 1 54 9119 4368 3.9 9.4  seismicity is diffuse and the products of volcanic erup-
9 1990 9 20 12 13 9.070 4331 42 98 tions indicate ages ranging from the Eocene (52 Ma) to
10 1999 3 28 20 38 9080 4.170 53 100  the Pliocene periods (Njilah 1991; Moundi et al. 2008).
11 1999 3 27 18 4 9080 4.170 5.1 100  Many crater lakes are observed in the region of which two
12 1999 3 27 22 32 9000 4140 51 100 have been sources of gas explosions that caused loss of
131999 3 28 20 12 8850 3770 5.1 100 human and animal lives (Tanyileke et al. 2019). The geo-
14 1999 3 27 19 3 9040 4160 5.0 100 logical formations made up of products of volcanic erup-
tions are lying on a basement rocks of plutono-
metamorphic nature and of Precambrian to Pan-African
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Fig. 4 Area seismic sources zones. a Around Mount Cameroon. b Along the continental section of the CVL

age (Djoukoua et al. 2008). The earth’s crust in this area
has a thickness of 30-32 km (Eloumala Onana et al.
2014). To summarize, two seismic sources are located
on horsts structures and the third in between lies on gra-
bens environment.

We assumed a seismicity governed by the Gutenberg and
Richter (1954) model which states that the occurrence of
earthquakes obeys the Poisson’s law. Thus the earthquake
events are distributed exponentially according to Eq. (1):

Log N = a—bM (1)

where N is the number of earthquakes whose magnitude is
greater than or equal to M and a and b are constants referred to
as the ag-value and the b-value.

To determine input seismic parameters used by CRISIS for
each of the seismic source zones, dependent events like fore-
shock, aftershocks, and seismic swarms are removed from the
compiled seismic catalogue, operation known as declustering
(Gardner and Knopoff 1974; Reasenberg 1985). It is per-
formed using ZMAP the seismicity analysis package
(Wiemer 2001). The same software is used to calculate b-
value and to determine the completeness magnitude (Mc).
The maximum magnitude of the seismic source zone is the
observed maximum moment magnitude added 0.5Mw (Gupta
2002). The initial earthquake catalogue of close to 1000
events after declustering (Reasenberg 1985) was reduced to
679. Then, seismic input parameters were determined for each

seismic source zone. The results are summarized in Table 2.
Mmax is the maximal moment magnitude; A is the mean seis-
mic activity rate. The maximum magnitudes for the seismic
source zones are Mw35.8 for the first one, Mw35.3 for the sec-
ond, and Mw35.7 for the third one.

Ground motion prediction equations

Recorded ground motion data are not currently available for
Central and West Africa. So a specific local empirical GMPE
has not yet been developed for this region (Campbell et al.
2018). For this study and to account for uncertainties associ-
ated with this lack of useful data, we adopt alternative models
that cover the uncertainty and are implemented in the calcula-
tion using the logical tree methodology (Coppersmith and
Youngs 1986). We choose the equations given by
Abrahamson et al. (2014) and Boore et al. (2014). Indeed,
they are implemented in CRISIS software and cover a wide
range of magnitudes from 3 to 8. They are valid in the context
of an active shallow crust, like in the case of the CVL.

Results
Eleven (11) major cities were selected along the CVL conti-

nental section to calculate seismic hazard for 10% and 2%
probability of exceedance in 50 years (or RP 475 and 2475

@ Springer
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Table2 Seismic input parameters
of the source zones of the

continental sector of the CVL

Source zone b-value Lamda Mc Mmax
Mount Cameroon 0.80+0.10 0.126 3.0 5.840.2
NE Mount Cameroon 0.43+0.09 0.090 3.0 5.340.2
West Cameroon 0.52+0.08 0.125 3.0 5.7+0.2
Discussion

years). For this preliminary study, the sites under consider-
ation are supposed to be located on bedrock. To account for
uncertainties, a logic tree methodology is implemented for the
two GMPEs, the preference goes to that giving higher inten-
sities. Then the weights are 0.6 and 0.4, respectively, for
Boore et al. (2014) and Abrahamson et al. (2014). For a return
period of 475 years that serves as a reference, the PGA is
around 10% g at Buea in the Mount Cameroon region. It
decreases appreciably to values of 5% g (Table 3), as one
moves away from the main focus, in the NE of Mount
Cameroon seismic source (Kumba-Nkongsamba). In the
West Cameroon seismic source (Bafoussam-Bamenda),
PGA values are less than 3% g. For RP 2475 years, the
PGA at Buea is ~25% g and decreases to 8% towards West
Cameroon seismic source.

Hazard curves of PGA and spectral acceleration for the
period 0.2 s are plotted in Fig. 5 a and b for three cities
(Buea, Kumba, and Bafoussam), chosen each, in one of the
seismic source zone. It shows that the seismic hazard is higher
in Buea in the first seismic source zone than Kumba in the
second. Bafoussam in the third seismic source has the smallest
seismic hazard of the three cities. For RP 475 and RP 2475,
we plotted uniform hazard spectra of the same three cities:
Buea, Kumba, and Bafoussam (Fig. 6 a and b). For each city
and return period, the spectral acceleration increases with the
period, up to around 0.1 s, before starting to decrease as the
period increases towards 1s.

Ifthe CVL is assumed to be a rift, one would have expected it
to be the site of intense volcanism and seismicity as observed
along the East African Rift System (Yang and Chen 2010). As
this is not the case (Reusch et al. 2011; De Plaen et al. 2014),
until recently, the CVL was not monitored by seismographs.
However, volcanic activity of Mount Cameroon motivated the
installment of the first network of seismographs in the volcano
area in 1984. Two years later, seismological stations were
extended to the north of Mount Cameroon (Fig. 2b).
However, the intermittent operation of the stations due to lack
of maintenance and spare parts does not allow a good contin-
uation in the seismological data series.

The results of the PSHA depend on the choice of seismic
source areas which unfortunately is not often unique. For ex-
ample, two of our sources are combined into one by Eloumala
et al. (2014). Under the Global Earthquake Model (GEM)
project ( 2020), the entire CVL is part of the same source zone,
which extends to neighboring Nigeria. Our results differ from
those of GEM project for which the PGA around Mount
Cameroon is around 3% g for a RP of 475 years. On the other
hand further north, in the region of Bamenda-Wum, a PGA of
about 1% g was observed. We think that in those studies, the
geology and variation of the crustal structure of the region
were not taken into account. Similarly, Ngongang et al.
(2018) divided Mount Cameroon volcano along its major axis

Table 3 Peak ground

acceleration of main cities along City Latitude (N) Longitude (E) Altitude (m) PGA (g)

the continental part of the CVL

for return periods 475 and 2475 RP 475 yr RP 2475 yr

years
Buea 4.2097 9.3823 720.0 0.109 0.245
Limbe 4.0891 9.3026 90.0 0.069 0.160
Tiko 4.1626 9.4483 35.0 0.049 0.103
Kumba 4.6367 9.4517 224.0 0.057 0.136
Nkongsamba 4.9533 9.9410 827.0 0.051 0.129
Bafoussam 5.5205 10.5620 1430.0 0.025 0.079
Foumban 5.7650 10.9172 1072.0 0.027 0.080
Bamenda 5.9794 10.2263 1280.0 0.027 0.079
Ndop 6.0570 10.5083 1188.0 0.027 0.079
Kumbo 6.3521 10.6966 1866.0 0.027 0.079
Wum 6.4000 10.1633 1014.0 0.027 0.079
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into two (E and W flanks) seismic source zones, each extend-
ing further north of the volcano, into an area where the seismic
activity is probably not of the same origin as under the active
volcano. Consequently, they attributed the same hazard to
Kumba (in the graben), Buea (on the active volcano), and
Tiko located on the Douala basin. The source of the difference
in these results may be among other, linked to the selection of
seismic sources zones. The PGA obtained in Kribi area by
Sandron et al. (2018) for RP 475 years is almost the same like
our values for Limbe and Tiko also located along the Atlantic
coast. The PGA obtained by Campbell et al. (2018) is 8% g for
RP 2475, while Tiko the nearest city to Douala for this study
has a value of 10% g for the same life time.

a RP 475 years
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We are still to investigate on faults supposed to be covered
by lava flows along the CVL (Moreau et al. 1987) before
taking them into consideration for the calculations of the haz-
ards. It is likely that the faults of the Central Cameroon Shear
Zone that are intersected by the CVL would influence the
results.

Cities located along the CVL are experiencing a large in-
crease in population. Unfortunately the construction of houses
and associated infrastructure does not follow the urbanization
plan and even less the standards of earthquake-resistant con-
struction, especially in a city like Buea, where more and more
people are constructing multistory buildings. For this reason,
the results of this preliminary study should be taken into

b RP 2475 years
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Fig. 6 Uniform hazard spectra for Buea Kumba and Bafoussam. a For return period 475 years. b For return period 2475 years
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consideration by authorities in providing guidelines for the
construction industry. This study is valid for basement rocks
and can be backed up by site specific seismic hazard studies
whose results could then be used in the seismic design of
earthquake resistant structures.

Conclusions

A probabilistic seismic risk assessment has been carried out in
the continental section of the CVL, a major structural feature
in West Africa. We compiled from different sources a cata-
logue of local earthquakes and homogenized it in terms of
moment magnitude. Three seismic sources area were identi-
fied using seismicity, geology, and structural analysis results.
One source was in the south around the Mount Cameroon
area, another to the north in the area of Monoun and Nyos
crater lakes, and a third in between, an intermediate source
zone. We adopted the hypothesis that the occurrence of earth-
quake events responds to Gutenberg and Richter law and
choose two known GMPEs previously derived for active shal-
low crust. We used CRISIS software to calculate the PGA at
the level of 11 main cities spread along the CVL, supposedly
built on basement rocks, for return periods 475 and 2475 years
(respectively 10% and 2% probability of exceedance in 50
years). In general, the PGA is higher in the cities located in
the first source zone (10% g for RP 475 years in Buea). It
decreases as one moves away from Mount Cameroon. For
RP 475 years, it is less than 3% g in the third source zone
(Bafoussam-Bamenda). For RP 475 and 2475 years, uniform
hazard spectra plotted for three cities, Buea, Kumba, and
Bafoussam located each in one seismic source zone, show that
the spectral acceleration increases with the period, up to
around 0.1 s, and decreases as the period increases towards
1 s. These results may change when enough data will be avail-
able on the presence of active faults in the area. Thus such
values show that seismic hazard should not to be neglected
along the continental sector of the CVL.
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