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ABSTRACT

Mount Cameroon is considered the only active volcano along a 1600 km long chain of volcanic
complexes called the Cameroon Volcanic Line (CVL). It has erupted seven times during the last
100 years, the most recent was in May 2000. The approximately 500,000 inhabitants that live
and work around the fertile flanks are exposed to impending threats from volcanic eruptions and
earthquakes.

In this thesis, a hazard assessment study that involves both statistical modelling of seismic
hazard parameters and the evaluation of a future volcanic risk was undertaken on Mount
Cameroon. The Gutenberg-Richter magnitude-frequency relations, the annual activity rate, the
maximum magnitude, the rate of volcanic eruptions and risks assessment were examined.

The seismic hazard parameters were estimated using the Maximum Likelihood Method on the
basis of a procedure which combines seismic data containing incomplete files of large historical
events with complete files of short periods of observations. A homogenous Poisson distribution
model was applied to previous recorded volcanic eruptions of Mount Cameroon to determine the
frequency of eruption and assess the probability of a future eruption.

Frequency-magnitude plots indicated that Gutenberg-Richter b-values are partially dependent on
the maximum regional magnitude and the method used in their calculation. b-values showed
temporal and spatial variation with an average value of 1.53 = 0.02. The intrusion of a magma
body generating the occurrence of relatively small earthquakes as observed in our instrumental
catalogue, could be responsible for this high anomalous b-value.

An epicentre map of locally recorded earthquakes revealed that the southeastern zone is the most
seismically active part of the volcano. The annual mean activity rate of the seismicity strongly
depends on the time span of the seismic catalogue and results showed that on average, one
earthquake event occurs every 10 days. The maximum regional magnitude values which had
been determined from various approaches overlap when their standard deviations are taken into
account. However, the magnitude distribution model of the Mt. Cameroon earthquakes might not
follow the form of the Gutenberg-Richter frequency magnitude relationship.

The datations of the last eruptive events that have occurred on Mt. Cameroon volcanic complex
are presented. No specific pattern was observed on the frequency of eruptions, which means that
a homogenous Poisson distribution provides a suitable model to estimate the rate of occurrence
of volcanic eruptions and evaluate the risk of a future eruption. Two different approaches were

Vi
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used to estimate the mean eruption rate (1) and both yielded a value of 0.074. The results showed
that eruptions take place on average once every 13 years and, with the last eruption occurring
over 15 years ago, it is considered that there is at present a high risk of an eruption to occur.

Keys words: Mount Cameroon, Seismic parameters, Poisson distribution, Rate of occurrence
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LIST OF ABBREVIATIONS AND ACRONYMS

CAFB: Central African Fold Belt

CASZ: Central African Shear Zone

CDF: Cumulative Distribution Function
CVL: Cameroon Volcanic Line

FMD: Frequency Magnitude Distribution
FSZ: Foumban Shear Zone

G-R: Gutenberg Richter

K-S: Kijko-Sellevoll

K-S-B: Kijko-Sellevoll-Bayes

MLE: Maximum Likelihood Estimation

Mmax :Maximum possible earthquake

Mt. Cameroon: Mount Cameroon

NE: northeast

NNE: north-northwest

N-P-G: Non-parametric with Gaussian Kernel
NW: northwest

PDF: Probability Density Function

PSHA: Probabilistic Seismic Hazard Assessment
SE: southeast

SSW: south-southwest

SW: southwest
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Chapter 1

Introduction and Background

1.1 Introduction

Detailed geophysical and geological knowledge of an active volcano is an important tool in
hazards mitigation. Because volcanic eruptions can be very devastating in terms of human and
economic costs, predicting the time, location and nature of future eruption is fundamental when
it comes to volcanology. Volcanic activity is a natural disaster caused by the ascent of magma to
the earth’s surface and its eruption (Sparks, 2003). Numerous attempts to understand and predict
these natural phenomena have yielded some fruitful results. Nevertheless, nature preserves its
superiority over science by striking at places and times we expect the least. Seismicity
monitoring is commonly used for short term volcanic forecasts since eruptions are often
preceded by an increase in the number of earthquakes (Ambey et al., 1989).

In Cameroon, most felt earthquakes have been reported along the Cameroon Volcanic Line
(CVL) and in coastal areas with numerous events coinciding with volcanic activities of the CVL
(Tabod et al., 1992). However, large magnitude events (4.5 to 5 at the local scale) are not
frequent within the CVL, suggesting that crustal stresses are often being released by small
magnitude tremors as commonly observed in many volcanic provinces (Fairhead, 1985). The
CVL, whose origin is still disputed, is a unique 1600 km line of volcanic complexes, striking
N30°E, and is made up of an oceanic and a continental segment; thus, it is an important feature
in Central Africa (Fitton, 1980; Moreau et al., 1987). Mount Cameroon (Mt.Cameroon), the
highest of these volcanic centres, is located on the continental part midway along the CVL and
recently erupted in 2000 (Suh et al., 2003, Fig. 1.2).

1.2 Motivation and objectives of the study

This thesis has two main objectives: (1) a probabilistic seismic hazard of the Mt. Cameroon
volcanic region is assessed by determining the seismic hazard parameters and (2) a general
statistical modelling of the historical recorded eruptions is applied to Mt. Cameroon volcano and
the rate of volcanic eruptions, an important parameter of the Poisson probability model, is
derived. The need to carry out a probabilistic hazard and risk assessment of Mt. Cameroon
Volcano derives from the fact that it is currently the only active volcano of the CVL and its
seismicity is by far the most important along that volcanic line (Tabod et al., 1992). Furthermore,
since approximately 500,000 people are settled around the volcano (Njome et al., 2010), a future
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volcanic activity may not only cause major economic losses, but could also result in high number
of casualties and displacement of these people.

In order to achieve the objectives of this project, it was necessary to determine the basic seismic
parameters such as the mean activity rate, the Gutenberg-Richter parameter, the level of
completeness of each seismic catalogue and the maximum regional magnitude. Defining and
understanding seismotectonic characteristics of a source zone is an important part of a seismic
hazard analysis and requires the knowledge of the local and regional geology The probabilistic
seismic hazard assessment (PSHA) is a computation of probabilities of occurrence of given
levels of ground motion caused by earthquakes at a specific site per unit time (McGuire, 1993).

To calculate the level of ground motion, a catalogue of each seismic zone containing the
location, size and depth of the occurred earthquakes is defined. Hypocenter depths of events used
in this study were highly inaccurate with some events having uncertainties greater than 5 km
whereas the deepest event is 55 km deep (Ambey, 1989). For that reason, the PSHA conducted
in this study is limited to defining the principal seismic zones of Mt. Cameroon and producing
hazard maps of the Mt. Cameroon region showing the probability of occurrence of future
earthquakes with a given magnitude and within a given time period.

Statistical methods have been applied to various volcanoes to analyse the frequency of eruptions
(Ho et al., 1991; Caniaux, 2005; Klein, 1982), and will be used as guidelines to estimate the
probabilities of an eruption to occur on Mt. Cameroon in the next 50 years

The seismic activity of Mt. Cameroon is known for the past 100 years (historical seismicity), has
been measured for the past 30 years (instrumental seismicity), and is currently monitored by the
Geophysical and Volcanological Research Unit of Ekona (Thierry et al., 2008). The seismic
catalogues used in this study contain local earthquakes generated at the level of the Mt
Cameroon volcano from 1900 to 1991.

Such a study has not yet been done on Mt. Cameroon volcano, and is important for two main
reasons: (1) hazard parameters were evaluated utilising as much as possible seismological
information not only from the instrumental period, but also from the historic era and (2) a
Poisson distribution function is selected as a good methodological test offering a suitable basis
for risk assessment of future volcanic eruption. It was hoped that this study would improve our
knowledge of the seismo-volcanic character of Mt. Cameroon, and could help in short term
eruption forecasting.

© University of Pretoria
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1.3 Previous work

At present, most studies conducted in Cameroon focused on the geology and petrology of the
predominant structures. A brief summary of the outcomes are highlighted in this section.

Lithological units of Cameroon consist of Precambrian basement, Cretaceous sedimentary rocks,
Cenozoic sedimentary rocks and volcanic formations (Schluter, 2008; Fig. 1.1). Precambrian
rocks of the basement are formed of two stratigraphic units: the Central African Fold Belt
(CAFB), which is alternatively called the Central African Shear Zone (CASZ) in the north, and
an Archean core known as the Ntem Group in the south (Toteu et al., 2001; Fig. 1.1). The Ntem
Group is situated in the northern part of the Congo Craton and formed about 2.9 Ga ago
(Schluter, 2008). This unit is largely composed of granite, gneiss and charnockite and is
delineated in the west by the 2.1 Ga Nyong series metamorphic complexes (Toteu et al., 2001;
Fig. 1.1). The CASZ is an important tectonic feature in central Africa and generally includes
igneous and metamorphic Neoproterozoic rocks such as gneiss, schist, granites and migmatites
intruded by quartz, diorite and granodiorites (Schliter, 2008). In Cameroon, the CASZ extends
from the Adamawa Plateau in the north through the SW where it is called the Foumban Shear
Zone (FSZ) and then vanishes beneath the volcanic centres of the CVL (Tokam et al., 2010;
Fig. 1.1).

Sedimentary formations are restricted in the south-western and the northern regions of the
country. The Douala and Rio-del-Rey offshore sedimentary basins extend from Nigeria to
southern Cameroon. They were formed during the opening of the equatorial Atlantic Ocean in
Cretaceous-Miocene times (Moreau et al., 1987). In the north, Quaternary to Recent sediments
are observed in the Lake Chad basin (Schliter, 2008). The principal rock types of these
formations are sandstones, conglomerates and shales.

The Cenozoic magmatic rocks, aged between 66 and 30 Ma can be divided into two main units:
(1) the Ring complexes and (2) the volcanic centres of the CVL. The volcanic centres cross
Cameroon in NE-SW direction and are believed to follow a major structural zone named the
Foumban Shear Zone (Moreau et al., 1987; Fig. 1.1). More than 60 ring complexes from one to
ten km in diameter crop out over a distance of 1000 km in the direction of the CVL (Schliter,
2008). They correspond to volcanic-plutonic intrusions into the Pan-African basement and into
the Cretaceous sediments (Deruelle et al., 1991).The principal rock types present in this
stratigraphy are syenites and granites (Schluter, 2008).
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Figure 1.1: Geological setting of Cameroon showing the principal towns and the different types
of rocks present with the corresponding age groups (modified after Toteu et al., 2001; Schliter,
2008).

The CVL, also referred as Cameroon Line (Fitton, 1980; Moreau et al., 1987; Montigny et al.,
2004) or Cameroon Hot Line (Deruelle et al., 2007) represents a 1600 km long line volcanic
centres that have evolved into both oceanic and continental domains during the opening of the
Atlantic Ocean (Deruelle et al., 1987; Morgan, 1983). It is segmented by several N70°E trending
fracture zones of Pan-African age (e.g. the Adamawa also called Central Africa Shear Zone and
the Sanaga Faults; Fig. 1.2). The CVL has been continuously active for the past 65 Ma and
shows no age progression of volcanic activity (Fitton & Dunlop, 1985). This would suggest that
the CVL cannot be interpreted as the surface expression of a single hot spot (Moreau et al., 1987;
Deruelle et al., 2007; Meyer et al., 1998; Montigny et al., 2004).
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The geology and petrology of the CVL have been presented by many authors such as: Geze
(1943), Fitton & Dunlop (1985), Deruelle et al. (1987, 2007), Moreau et al. (1987). Mafic lavas
mostly composed of alkali basalts are present in all volcanic centres (Fitton & Dunlop, 1985;
Deruelle et al., 1991; Pipper & Richardson, 1972) except for Mount Etinde which is entirely
composed of nephelinite (Nkoumbou et al., 1995). The oldest volcanic rock is aged 15-35 Ma
from the oceanic sector (Fitton & Dunlop, 1985), and between 9 Ma (Mt. Cameroon) and 34 Ma
(Mandara Mountains) from the continental sector (Tabod et al., 1992).

The oceanic segment consists of six Tertiary to Recent major volcanoes found on four islands:
one each on Pagalu (former Annobon), Sd&o Tomé and Principe islands and three (Santa Isabel,
Biao and San Carlos) on Bioko island formerly called Fernando Poo (Deruelle et al., 2007;
Tabod et al., 1992). Pagalu Island lies directly on the oceanic crust (Moreau et al., 1987), Sdo
Tomé rests on Cretaceous sandstones (Tabod et al., 1992, Pipper and Richardson, 1972) and
Bioko is built on the Cretaceous sedimentary basins of Douala-Rio del Rey (Deruelle et al.,
1987).

The continental sector includes Etinde, Cameroon, Manengouba, Bamboutos, oku and Mandara
Mounts as well as the volcanic province of Biu and Adamawa plateau (Tabod et al., 1992; Fig.
1.2). The basement is formed of Precambrian metamorphic rocks (schists and gneisses intruded
by granites) covered by Cretaceous to Quaternary sedimentary rocks (mostly sandstones and
small amount of limestone) upon which lavas of Mt Cameroon, the Manengouba volcano and
Bambouto and Oku Mounts rest (Deruelle, et al., 1987; Deruelle et al., 1991; Tabod et al., 1992).

The continental sector of the CVL is also dotted with numerous crater lakes (formed when rising
magma interact explosively with water close to the surface; Fig.1.2): lakes Nyos (1100 m a.s.l.),
Monoun (1080 m a.s.l.), Barombi Koto (1400 m a.s.l.), Barombi Mbo (301 m a.s.l.) and
Debundscha (65 m a.s.l.; Ngwa et al., 2010). Some of these craters have exhibited catastrophic
outgassing in the past decades. For example, lakes Manoun and Nyos released carbon dioxide
gas causing the death of about 37 people and more than 1700 people in 1984 and 1986
respectively (Tabod et al., 1992). The mantle-derived CO, trapped in these lakes is likely to have
been released by limnic overturn (eruption of dissolved CO,from a deep lake water; Ambey,
1989).
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Figure 1.2 Sketch map of Cameroon showing Mount Cameroon (red rectangle), the Cameroon
Volcanic Line, and the different main faults. AF, Adamaoua fault; KFC, Kribi-Campo fault; SF,
Sanaga fault; TBF, Tchollire-Banyo fault (Compiled from Toteu et al., 2001; Suh et al., 2011).

The origin of the Cameroon Volcanic Line is still a controversial subject. Morgan (1983)
proposes that the CVL is an expression of the weakening of the lithosphere caused by the
movement of the African Plate over a hotspot during the Brasil-West Africa split. The lack of
evidence of a systematic age progression of volcanism along the line expected in the case of a
plume (Deruelle et al., 2007; Fitton, 1980; Fitton & Dunlop, 1985) and the presence of a deep
hot zone overlain by a cold shallow one led Montigny et al. (2004) to consider the CVL as a hot
line origin instead of a single hotspot. The development of a hot line is followed by crustal uplift
in both the oceanic and the continental sectors. The hot line hypothesis is supported by deep-
imaging seismic and gravity data of the offshore part of the CVL (Meyer et al., 1998).

The similarity in Y-shape of the CVL and the Benue trough in Nigeria has led Fitton (1980;
1983) to propose that the Cameroon Line derives from the sudden displacement at about 85 to 65
Ma of an asthenospheric hotspot beneath the Benue trough during the Cretaceous to its present
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position (i.e. beneath Mt. Cameroon and the Gulf of Guinea) as a result of the major
reorganisation of the African continental plates boundaries. However, the fact that no structural
or geochemical data have been presented to prove this hypothesis (Deruelle et al., 1991) and the
absence of magmatic activity within the Benue trough (Benkhelil, 1989) make this suggestion
difficult to accept.

The continental part of the CVL coincides with the N 70°E trending faults of the Foumban Shear
Zone which crosses the N 70°E trending Adamawa uplift in the north-eastern part of the line and
is considered to be the continuation of the Pernambuco lineament in Brazil prior the continental
separation (Toteu et al., 2001). During the opening of the Central Atlantic Ocean in Cretaceous
times, the upwelling of melted material caused by the lithospheric uplift might have provoked
the re-activation of the Adamawa fault zone which produced the Cameroon line volcanism
(Moreau et al., 1987). Even though this model does not explain the cause of the partial melting in
the mantle, it is based on structural analyses and is the most accepted hypothesis on the origin of
the CVL (Deruelle et al., 2007).

Whatever may have caused the volcanism of the Cameroon line, basaltic lava that erupted from
the oceanic and the continental segments are geochemically and isotopically identical providing
evidence that both segments have a common mantle source origin most probably the upper
mantle (Fitton and Dunlop, 1985; Fitton, 1987; Der-Chuen Lee et al., 1994). Geological and
geophysical data presently available are still not enough to clearly explain the origin of the CVL.
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Chapter 2

The theory of seismic and volcanic hazard assessment of a volcano

Seismic hazard assessment is the quantification of the ground-motion of a strong earthquake
expected to occur at a particular site (Gupta, 2002). It can be done in two basics methods: the
deterministic and probabilistic, though the probabilistic approach is much widely used (Gupta,
2011). The deterministic approach evaluates the maximum expected ground motion at a site
resulting from the strongest potential earthquake (Gupta, 2002). The probabilistic method
quantifies the probability that a specified level of ground motion will be exceeded at least once at
a site during a specific exposure time (Gupta, 2011).

2.1 Determination of seismic hazard parameters of a selected area

The main objective of the probabilistic seismic hazard assessment (PSHA) is to quantify the
probability of exceeding various ground motion level at a site, given all possible earthquake
scenario (Gupta, 2002). This approach allows the integration of uncertainties in the size,
location, and rate of recurrence of earthquakes and is therefore able to estimate ground motion
parameter with a specified level of confidence. PSHA is essentially carried out in four steps:
identification of the seismic source zones of the site of interest, determination of the seismic
hazard parameters for each seismic zone, calculation of ground motion prediction and their
uncertainties, and integration of uncertainties contributed by each zone (Gupta, 2011).

Each seismic source is characterised by four seismic parameters: the level of completeness mMpip,
the maximum earthquake magnitude mmay, the mean seismic activity rate A and the Gutenberg-
Richter parameter b. It is assumed that earthquake occurrence in time is random and follows a
Poisson process such that earthquakes occur independently of each other. This implies that the
occurrence of future events are not related to the occurrence of past ones and earthquake
magnitudes follow a doubly truncated Gutenberg-Richter frequency-magnitude distribution
(Gutenberg & Richter, 1944, 1954)

LogloN =da-— bM (21)

where N is the number of events with magnitude greater than or equal to M; a is the parameter
that measure the level of seismicity while b (b-value) quantifies the slope of the frequency-
magnitude distribution (FMD) and describes the ratio between the number of small and large
events. This relationship is of critical importance in seismology since it describes both tectonic
and induced seismicity, can be applied at different time scales, and is valid over a large interval
of earthquake magnitudes (Kijko & Smit, 2012). Assessment of the above parameters requires a
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seismic event catalogue containing origin times, size of seismic events (in terms of magnitude or
intensity) and spatial location (Kijko & Graham, 1998). It is further assumed that the magnitude
M lies within the range < Mpin, Mmax > Where mpi, represents the level of completeness of the
earthquake catalogue and mpay is the maximum possible seismic event magnitude of a given
area.

2.1.1 Estimation of the level of completeness (mnmin) of an earthquake catalogue

The magnitude my;, is the minimum (threshold) magnitude above which all earthquakes of a
catalogue are accurately detected (Kijko & Graham, 1999). Errors in the estimation of the level
of completeness lead to under sampling if too high due to unnecessarily discarding usable data,
or to spurious observations in a- and b-values if too low (e.g. Habermann, 1987).

Most methods used to estimate the level of completeness of earthquake catalogues are based on
two fundamentally different assumptions (Woessner and Wiemer, 2005). Some methods are
mainly built on the information provided by seismic catalogues .and assume that earthquake
magnitude distribution satisfy a model of earthquake occurrence, such as a Poissonian
distribution and the frequency-magnitude Gutenberg-Richter relation. In this case, Mpin IS
defined as the minimum magnitude at which the cumulative frequency-magnitude distribution
(FMD) departs from the exponential decay (Ambey, 1989; Fig. 2.1). Examples of procedure
belonging to this category were developed by Wiemer and Wyss (2000), Woessner and Wiemer
(2005), Wiemer and Katsumata (1999) amongst others. Despite the fact most methods widely
used rely on this assumption, it has some weak points. For instance, levels of completeness mpmi,
of the analysed catalogues estimated through this assumption solely represent the average values
over space and time (Gupta, 2011).

The second assumption used for the estimation of mpy, is based on information provided by the
seismic stations recording the seismic events such as the detection capability and the signal-to
noise ratio. Examples of developed techniques that follow this assumption have been proposed
by Sereno and Bratt (1989), and Schorlemmer and Woesser (2008). These methods form a
category of waveform-based methods and are generally not suitable to determine mpi, (Wiemer
and Wyss, 2000).
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Figure 2.1: Idealised cumulative frequency-magnitude plot. N is the cumulative number of
events of magnitude greater than or equal to M. mpa is the maximum possible earthquake
magnitude and my, is the magnitude corresponding to the completeness threshold The
discrepancy (flattening of the curve) at low magnitude is attributed to the incomplete detection
(Ambey, 1989).

Occasionally, mni, is determined estimated using the day-to- night ratio of earthquake frequency
by assuming that the detection threshold due to noise decreases at night (Rydelek and Sacks,
1989). However, this method is only efficient if all non-random features (e.g. swarms, aftershock
sequences, mine blasts) are removed from the earthquake catalogues, thus the limitation on the
applicability.

2.1.2 Estimation of the seismic activity rate 4 and b-value of Gutenberg-Richter for time
varying seismicity

The mean activity rate A refers to the number of annual earthquakes with magnitudes equal or
above mpin (Gupta, 2011). It is considered that earthquake occurrence over time in the given area
is independent and satisfies a Poisson distribution. The variation of the b-value of the Gutenberg-
Richter relationship is directly related to the shear stress conditions, the thermal gradient and the
heterogeneity of the seismic medium with typical values ranging from 0.6 to 1.4 (Gibowicz and
Kijko, 1994).
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In particular, values less than 1 refer to an area of crustal homogeneity and high stress and values
greater than 1 indicate crustal heterogeneity and low stress (Gridges & Gao, 2006). A notable
variation of the b-value is observed in volcanic areas where it can be as high as 3.0, indicating
that the active magmatic system can be exceptionally rich in very small earthquakes (McNutt,
2005).
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=G
L

—
:
1

MAGNITUDE

* e

|
«— Only Extremes—-+e«——Complete parts of Catalogue —|
|

= Span of the Catalogue -

etc
:

Figure 2.2: lllustration of data which can be used to obtain the maximum likelihood estimators
of parameters A and b-value; the largest historical (extreme part of the catalogue) earthquake
magnitude (m22s,) can be combined with the several complete instrumental catalogues (Kijko
and Sevelloll, 1989).

Numerous challenges such as the incompleteness of the dataset and the uncertainties in
magnitude determination are encountered when compiling earthquake catalogues. Historical
(macroseismic) events often contain inaccuracies and misinterpretations of damages when
attributing numerical values of magnitude to an earthquake. The instrumental period might also
have errors either due to the incompleteness of the catalogues or the unification of the magnitude
scale. All these factors need to be taken into account in the evaluation of A and b. To encounter
all these challenges, Kijko & Sellevoll (1989, 1992) introduced another approach that permits the
utilisation of incomplete earthquakes catalogues It is assumed that a classic earthquake catalogue
contains two types of information: macroseismic events that occurred over a period of few
hundred years and recent instrumental data. Macroseismic events are usually the strongest events
and constitute the extreme part of the data and are called the historical catalogue. The recent

11
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instrumental data can be divided into several sub-catalogues, each assumed completed above a
specified threshold of magnitude (Fig. 2.2). The method accepts gaps (no seismic events), either
due to the lack of records or the non-functioning of seismic networks.

The approach commonly utilised to approximate A and b-value parameters is the maximum
likelihood (McGuire, 2004; Kijko and Sellevoll, 1989, 1992; Kijko and Smit, 2012). Let us

assumed that the instrumental data can be divided into ny sub-catalogues, each of them with a
®

time span T; and complete from the known magnitude m,, ;. .
®

min’

For each sub-catalogue i, m;; is the

apparent magnitude, m;j > m j = 1,....,ni, where n; is the number of earthquakes in each

complete sub-catalogue and i = 1, ...., ny.

If the size of seismic events is independent of their number, the likelihood function of earthquake
magnitude in each sub-catalogue i, is the product of the likelihood functions of g (with g =
b In10) and A (Kijko & Graham, 1999).

Li(4,B) = Ly(B)-L;(2) (2.2)

The assumption that the number of earthquakes per unit time is a Poisson random variable gives
a form of L;(4) equal to

Ll(/l) = COIlSt(j.itl')ni exp(—iiti) (23)

where const is a normalizing factor and 1; is the apparent mean activity rate for the complete

sub-catalogue i. The relation between the apparent activity rate A; and the “true” activity rate A;
is given by:

A = 2;Cs(m, §) (2.4)
Where Cs(m, 6) is the correction function and mpmin < m < mmax

The joint likelihood function of all the data in the catalogue, extreme and complete, is given by:

1ap =] [Lap 25)
i=0

To obtain the maximum likelihood of the parameters 1 and 3, we have to solve by iteration the
set of equations dInL(4,B)/0A =0 and dInL(4,B)/dB =0 (Kijko & Sellevoll, 1989). For
special cases where the extreme magnitudes are not taken into consideration and the catalogue is
composed of only one complete part, the maximum likelihood estimators of A and S are
respectively given by:

(2.6)
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l — - Mpmax €XP [_.B(mmax)] — Mmpin exp[_ﬁ (mmin)] (2 7)
ﬁ exp [_B(mmax)] — €xp [_ﬁ (mmin)] '

where n is the number of events that occurred within the time interval T, § = b1n10 and

m = Yi-,m; /n is the mean magnitude of the catalogue under investigation (> mpmin the level of
completeness). It should be noted that equation (2.7) takes the form of Page’s (1968) formula for
the$ maximum likelihood evaluation of S.

Additionally, if it is assumed that mma — oo, equation (2.7) replaces the well-known Aki (1965)
and Utsu (1965) formula classic estimator

1

= =M — Mpyin (2.8)

It follows that for sufficiently large n, £ is approximately normally distributed about its mean
value equal to equation (2.7) with the standard deviation equal to (Gibowicz & Kijko, 1994)

~ 2lnL _B

The standard deviation of b is obtained by dividing 65 by In(10).

2.1.3 Inclusion of a priori b-value information (bprior)

Due to the fact that seismic event catalogues are often incomplete, the knowledge of any
additional information (seismogenic zones or independent geophysical or geological sources) on
a parameter is crucial. As a result, the approximate value of the Gutenberg-Richter parameter
bprior and its standard deviation gy, are assumed to be known from historic events or taken base
on another area with similar seismogenic features.

The most efficient way to include a priori information is to apply the formalism of the Bayesian
estimation from which the value of By, can be written (Kijko & Graham, 1999)

ﬁprior =B +4p (2.10)

where S is the unknown ‘true’ value of the parameter £ and 88 is the unknown error on the
parameter S. In cases where no information leading to the choice of the type of distribution of
6p is available, it is assumed that the errors §5 are Gaussian, with mean equal to zero and
known standard deviation opyior-
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2.1.4 Estimation of the area —characteristic maximum possible magnitude (Mmax)

The maximum magnitude is important in earthquake hazard estimation, particularly when
assessing long return periods. Sometimes used synonymously with maximum credible
earthquake, the maximum magnitude is the magnitude of the largest possible earthquake for a
given seismic source such as a fault (EERI Committee, 1984). In other words, the maximum
magnitude is the sharp cut-off magnitude that cannot be exceeded by any seismic event and
represents the maximum strain crustal rocks are able to support (Richter, 1958). It can be
estimated using a combination of factors like seismicity, geological, geophysical and structure
information of the seismic source (Wheeler, 2009). Presently, there is no universally accepted
procedure for evaluating the value of mpya but the available methodologies are generally
classified into two categories, i.e. deterministic and probabilistic methods.

The deterministic approach commonly applied is based on empirical formulas that depend on the
geology of seismic regions and fault parameters (i.e. fault length, rupture dimension). The
information regarding the length and the different types of faults can be simulated on a computer
(Ward, 1997), while the geological information is used to delineate tectonic features which
control the value of mpa (Wheeler, 2009). In most cases, unfortunately, the value of mpmax
calculated from deterministic methods are often inaccurate and the uncertainties can reach up to
one unit on the Richter scale (Kijko and Graham, 1998), i.e. = 102 ergs difference in terms of
energy release (Richter, 1935).

When using probabilistic procedures, the value of mp,y is estimated purely on the basis of the
seismological history of the area. The choice of the suitable technique for a particular situation
depends on the information available about the past seismicity and/or the assumptions about the
statistical distribution model. Probabilistic techniques can be organised in three groups:
parametric estimators, non-parametric estimators and fit of the cumulative density function
(CDF). A detailed review of most of the available procedures is described by Kijko & Singh
(2011). In this report, three parametric estimators are presented.

In general, the estimated mpax Value is given by Kijko & Singh (2011):
mabs, + A (2.11)

where A is a positive correction factor and m22s, is the largest observed magnitude in the
catalogue.

14
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The first estimator of mpay is based on the formalism derived by Cooke (1979)

Mmax
Fimas = MELS, f [Fy (m)]" dm 2.12)
Mpmin

where F,;(m) is the cumulative density function (CDF) of a random variable m. For the
frequency magnitude Gutenberg-Richter relation in equation (2.1), the respective CDF becomes
(Page, 1968):

0, form < myip
1- exp[—B(m - mmin)]

1 —exp[—B(Muax — Miin)] ’
1, form > my, 4y

Fy(m) for myin <M < Mgy (2.13)

Following equation (2.11), the maximum regional earthquake magnitude mpyax IS equal to the
largest observed magnitude m92s,, added by an amount A= f;ln”f“"[FM(m)]”dm. Based on

equation (2.12), the estimator of m,,,, requires the calculation of the integral

n
dm (2.14)

f l 1 —exp[—B(m — My, )]

. 1- eXp —B(Mpax — mmin)]

This equation does not have a simple solution but, can be estimated through the application of
Cramér’s approximation. According to Cramér (1961), for large n, the value of [F,(m)]"
approximately equal to exp{—n[1 — Fy(m)]}. After the replacement of Fy(m)]™ by its
Cramér’s approximation followed by some calculations, the integral (2.14) becomes

_ Ei(ny) — E1(ny)
B exp(—n,)

Where f = bIn10 ny; = n/{1 — exp[—f(Mmax — Mmin)1} M2 = n1€Xp[—B (Minax — Minin)],
and E;(.) denote an exponential integral function. Hence following equation (2.12), for the
Gutenberg-Richter frequency-magnitude relation, the estimator of mpa is obtained as an iterative
solution of the equation

+ My, exp(—n) (2.15)

Ei(ny) — E1(ny)
Mgy = ML, + + My €xp(—n) 2.16
max max ,BeXp (_nz) min p ( )
Kijko & Sellevoll (1989) introduced equation (2.16) and the solution is termed the Kijko-
Sellevoll (in short K-S) estimator of maximum magnitude. In this case, the variance is given by

(Kijko, 2004):
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2
E,(n,)—E;(n
VAR(Mypgy) = 05 + I 1 (1) 1) + Mypinexp(—n) (2.17)

pexp(—nz)

where oy, represents the epistemic variability which is the uncertainty produced by the
application of the wrong mathematical model in the process (e.g.: an inadequate CDF) or
incorrect value of the model parameters (e.g.: b-value). The second part of the variance
represents the aleatory variability of mpay, i.e. the one inherent in the randomness of the
earthquake generation process. The solution of equation (2.17) quantifies the uncertainty of
maximum magnitude determination.

where a,, is the standard error in the determination of the largest observed magnitude m3Zs, .
This procedure based on the Cramér’s approximation provides a better estimator of Mpmax
compare to the T-P estimator (Kijko & Graham, 1998). Since the above procedure is based on
the Cramér’s approximation, it gives a correct estimation of mpa only for large number of
earthquakes.

However, the second estimator is an alternative approach, correct for any number of observations
and, based on the ‘exact solution’ of equation (2.16). If n is a positive integer, the integral (2.14)
can be expressed as (Dwight, 1961)

Mpax — Mpin + % Z?:l (_il)l (?) (1 - exp[_iﬁ(mmax - mmin)])

(1 - exp[_ﬁ(mmax - mmin)])

A= (2.18)

It follows from equations (2.12) and (2.14) that the exact estimator of mpyay is obtained from the
following equation

(mmax - mmin) + Z?:l (_l'l)i (?) (1 - exp[_iﬁ(mmax - mmin)])
(1 - exp[_ﬁ(mmax - mmin)])

= — obs
Mpmax = Mmax +

(2.19)

The solution of equation (2.19) is called Kijko-Sellevoll (K-S) exact solution and gives the
estimator of mpa When the earthquake magnitude distribution follows the Gutenberg-Richter
relation. The approximated variance is of the form

VAR(Minax)
2

(_il)l (Tll) (1 — exp[—if (Mmax — Mmin)])

(1 - exp[_B(mmax - mmin)])

1
(mmax - mmin) + FZ?:l

= o} + (2.20)

where a,, denotes the standard error in the determination of the largest observed magnitude

obs
Mpax -
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Estimators of mpay derived from the above procedures suppose that: (1) the seismic activity
remains constant in time, (2) the occurrence of earthquakes in time follows a Poissonian
distribution and (3) the parameters of the assumed distributions functions (4, b-value, mp;,) are
known without errors.

Any seismogenic process can be composed of temporal trends, cycles, oscillations and pure
random fluctuations. Thus, alternative techniques that incorporate various supporting data
(geological, geophysical, palaeoseismicity and tectonic information) have been introduced
(Cornell, 1994; Kijko & Singh, 2011; Kijko, 2004). In fact, when the variation of seismic activity
is a random process, the formalism in which the model parameters are treated as random
variables is a powerful tool to include uncertainties overlooked in the previous estimators’
techniques.

The third parametric estimator of mpa IS based on the formalism of Bayes. This method takes
into account the uncertainty of the Gutenberg-Richter parameter b. In such case, the variation of
the B-value (B = b Inl0) in the frequency-magnitude Gutenberg-Richter relation may be
represent by a Gamma function with parameters p and g. The Bayesian CDF of earthquakes
magnitude takes the form (Campbell, 1982):

0 form <mp;,
14 q
Fy(m) =4 (g [1 - (p g mmin) ] for myin < M < Mgy, (2.21)
1, form > my g,

where Cp is a normalizing coefficient known as the Bayesian exponential-gamma CDF of
earthquake magnitude and equal to {1 — [p/(P + Mumax — Mmin)]?}", p = E/(aﬁ)2 and
q= (E/aﬁ)z. The symbol S denotes the known mean value of the parameter B and agis the

standard deviation of .

The knowledge of the equation (2.21) enables to establish the Bayesian version of the estimator
of mmax, Following equation (2.12), the estimator of mpax requires the calculation of the integral

Mmax n

A= (Cp)" f [1—( P )q] dm (2.22)

p+m_mmin

Mumnin
which, after application of Cramér’s approximation (Cramér, 1961), can be expressed as

1 nrd

A sa )exg[m] [1“ (—%,&q) ~ (—3,5)] (2.23)
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where r =p/(p + Mmax - Mmin), § = nCg, and I'(.,.) is the complementary Incomplete Gamma
Function. The estimator of mna, When the uncertainty of the b-value is taken into consideration,
is calculated as an iterative solution of the equation (Kijko, 2004)

1

6(5+2)exp[nrq/(1 —r9)] 1 1
obs _ —_ (= —
Mopax = Miax + ; [I‘( q,6rq) ( q,(S)] (2.24)

The value of my.x Obtained from the solution of equation (2.24) will be denoted as the Kijko-
Sellevoll-Bayes estimator of mpyayx or in short K-S-B.

The approximate variance of the K-S-B estimator of mpya for the frequency-magnitude
Gutenberg-Richter distribution is of the form (Kijko & Singh, 2011):

1

(_ f—
VAR(RL,0) = 0 + 5 exp[anI/(l )] [F (__ 5y q) y—— 5)]‘ (2.25)

B

The assessment of the seismic parameters requires a seismic event catalogue containing origin
times, event magnitudes and the spatial location of earthquakes so that the PDF can be calculated
(Gupta, 2011).

In an assessment of volcanic hazard, it is vital to consider the probability of a future eruption.
Statistical modelling using eruption records have been applied to various volcanoes to predict the
spatial patterns, the frequencies, and the probabilities of eruptions for risks assessment
(Wickman, 1966; Ho et al., 1991; Jones et al., 1999; Caniaux, 2005) Eruptions usually occur in a
random process and a Poisson distribution provides a suitable model for such behaviour.

2.2 Statistical analysis of a volcano

Applications of statistical methods to volcanic eruptions began with the research of Wickman
(1966, 1976) who discussed various Poisson models applied to a number of volcanoes with
different styles of activity. He observed that the eruption recurrence rates of those volcanoes are
not time dependent and can be termed ‘Simple Poissonian Volcanoes’. The Poisson distribution
is an excellent distribution for rare events such as the case of volcanic events.

When applying a Poisson model, it is assumed that volcanic eruptions occur randomly, i.e.
eruptions occur independently of each other. In a Poisson distribution, if X denotes ‘the number
of eruption per unit time’, then the probability of X= x is given by (Haight, 1967):

—llx
P(X=x)=e

por forx =0,1,2, ... (2.26)
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where A is the rate of occurrence of volcanic eruptions and is assumed to remain constant
throughout the time. In a Poisson process, if eruption events happen at a mean rate A per unit of
time, then the total number of occurrences during an interval of time t is At. Also, the time
between two eruptions follows an exponential distribution whose PDF is given by (Haight, 1967)

ft) = 2e™H (2.27)

The rate of occurrence A is also known as the intensity function of distribution. Since the work of
Wickman (1966), this probability law has been applied in various types of volcanoes, from
basaltic (Klein, 1982) to stratovolcano (Jones et al., 1999, Caniaux, 2005). Two different
methods based on the maximum likelihood estimate method and both relying on the number of
events occurring over a certain period of time are used to evaluate the parameter A.

The first one is based on Poisson count data and is proposed by Ho et al., (1991). Let assume that
X1, X2, ..., X, represent the observed frequency of eruption (number of eruption per unit of time)
in a random sample of size n; the likelihood function of such Poisson distribution with parameter
Ais given by:

n

L) = ﬁf(xi;z) [
i=1 v

=1

e—/l/lxl e—l/lxn e—nllz X;

X! T xy! X! X!
e—nAAin
L) == (2.28)
i=1 Xi!

Most statistical methods use the parameters values that ‘best’ explain the observed data. One
way of doing that is to select a function that maximise parameters values of the given set of data
(Consul, 1989). This technique is called the maximum likelihood estimation (MLE).

For computational convenience, the log-likelihood InL(4) (which also maximises A1) is
alternatively used. For a random sample from a Poisson distribution, the log-likelihood function
is:

=1

InL(1) = —nA + (ln/l)le- “In (1_[ xi!> (2.29)

To find the maximum likelihood estimator A, we equate to zero the first partial derivative of InL
with respect to A (Consul, 1989):
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L I0L) = —n + En Xi_ 0 2.30
dAn =-n .ll_ (2.30)
=

The solution of equation (2.30) is the maximum likelihood estimator of A and is given by (Ho et
al., 1991):

N - X _
i=1
This shows that the annual recurrence rate A, is the average number of eruptions x; during the

observation period n (in years). The estimation of 1 in this model does not require an individual
observation of the events x;.

The second method to estimate the eruption rate is derived according to Jones et al. (1999).
Mathematically, depending on the availability of recorded eruptions, the assumptions for a
Poisson distribution are as follows:

(1) n eruptions have occurred during a period of time X, but the eruptions date are not known, i.e.
n-1 consecutive events of that period are not dated. In such case, the probability is written as

f@O =@ —-e™n (2.32)

(i) an event occurred within a known period Y, i.e. two consecutives eruption events are dated,
the probability is given by

f(t) = de= (2.33)
(iii) no event have occurred for a period of time Z since the last dated eruption, the probability is:
f(t)=eH (2.34)

A is assumed to remain constant throughout, since this is the rate of occurrence of volcanic
eruptions.

Assuming that all eruptions of a chronological series are independent from one and another, the
joint probability density function F (likelihood function) is the product of all the probabilities

and is given by:

I J
F = 1_[(1 _ e~ MXiyn; 1_[/19‘”1'. e~z (2.35)
: j
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To determine the parameter A, the natural logarithm of the equation is taken and differentiated
with respect to A, the resulting expression is made equal to zero and solved using an appropriate
method (Jones et al., 1999).

The natural logarithm of the likelihood function is:

I J
InF = zni In(1 — e~21) +Z (InA—AY) — AZ (2.36)
i J
The partial derivative of equation (2.36) with respect to the parameter A is given by:
J
dinF zl:niXie‘“iZ (1 Y) ,
dr ~ Lu1—e i1 Y
i J
I J
din F Tll'Xi 1
Hence dx :Ze)‘xl——l . (z-%) -7 (237)
i J

The estimation of the Poisson parameter A in event where all the volcanic eruptions dates are not
known is calculated as an iterative solution of the equation:

J
! niXi 1
Q=72 (G-4)-2=0 (2:38)

t J

The parameters n;, X;, Y; and Z are derived based on the eruption chronology of the volcano.

Note that if all the eruptions are dated, then equation (2.38) becomes:

J

J

1=2+ )
J

oa=—J (2:39)

(z+x]y)

where Y the elapsed time (in years) between two consecutives dated eruptions, J is the total
number of dated eruption and Z is the time (in years) since the occurrence of the last dated
eruption. The advantage of this method relies on the fact that it is possible to determine A even if
all volcanic eruptions of a given volcano are not dated.
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Chapter 3

Geological Setting and historical lava flow at Mount Cameroon Volcano

3.1 Morphology, local geology and structure

Mount Cameroon is an elliptical-shaped stratovolcano of ~ 4095 m above mean sea level, found
midway along the volcanic center of the CVL (Suh et al., 2003; Fig 1.2). It measures 50 by 35
km at its base and contains a total volume of lava estimated at 1200 km?® (Geze, 1953; Suh et al.,
2003). The volcano has over 100 volcanic cones, explosion craters and lava flows covering both
the plateau and summit regions (Geze, 1953; Fitton, 1987).

The whole massif is essentially made of basaltic lavas except his SW flanks represented by
Mount Etindé which is entirely made of nephelinites. It is bounded to the NW and SE by the Rio
del Rey and the Douala basins respectively (Deruelle et al., 1987; Tsafack et al., 2009). General
reviews of the geology of Mt Cameroon have been provided by Geze (1953), Fitton (1987), and
Deruelle et al. (1987). Figure 3.1 represents a simplified geological map of the Mount Cameroon
and its surroundings.

The general geology of Mt. Cameroon is represented by a Precambrian metamorphic basement
(schists and gneisses intruded by granite and diorites), covered by Cretaceous to Recent
sedimentary rocks (sandstones, claystone, small amounts of shale and limestone) of the Douala
and Rio del Rey basins (Ambey, 1989; Deruelle et al., 1987).

The volcanic rocks of Mt. Cameroon are essentially composed of basanites (60% in volume) and
alkaline basalts (25% in volume), interbedded with small amounts of hawaiites and mugearites
(Deruelle et al., 1991; Tsafack et al., 2009). Recent K- Ar dating of eight lava flows has yielded
ages in the range of 2.83 Ma (Late Pliocene) to 0.00 Ma (Tsafack et al., 2009).

Only two principal normal faults have been initially mapped around the volcano: the Tiko fault
(TF) to the east and the Boa fault (BF) to the west (Ambey, 1989; Fig. 3.1). However, many
small fractures and crevasses are found on the plateau of the summit (SW-NE and NW-SE
trends; Géze, 1953) and the NW flank of the volcano is marked by circular steep structures (the
NW cirque) and the Bokosso fault system Ateba et al., 2009; Fig 3.1). Also identified by
Zogning (1988), is the Ekona fault on the east flank of the volcano (Fig. 3.1).
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Figure 3.1 Simplified geological map of Mount Cameroon area (Ateba et al., 2009).

3.2 Geophysical observations

Information inferred from geophysical studies such as gravity and magnetic provides a better
understanding of the sub-surface geology. Even though the CVL is a significant feature on the
African plate, few geophysical works have been carried out and are summarised below.

3.2.1 Gravity studies

Gravity surveys have been done in Cameroon and environs by individuals, institutions and oil
companies as separate small projects or regional surveys (Collignon, 1968; Okereke and
Fairhead, 1984). These data, together with some aeromagnetic data, were used by Nnange et al.
(2000) to examine the crustal thickness variations throughout the Adamawa plateau region (Fig.
1.1). There is a steep NE trending Bouguer gravity anomaly representing the Sanaga Fault Zone
and the Foumban Shear Zone (members of the Central African Shear Zone; Fig. 1.1). The depth
to the Moho was found to range between 30 km and 37 km underneath the CVL. In particular,
the crustal thickness in the Adamawa plateau region varies from 18 to 23 km. It is about 35 km
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in southern Cameroon and may be up to 45 km in the northern part of the Congo Craton. Beneath
the Benue Trough (Fig. 1.2), the crustal thickness varies between 15 km (lower Benue) and 33 in
the upper part (Poudjom et al., 1995).

3.2.2 Aeromagnetic studies

Aeromagnetic data set covering some parts of Cameroon territory were acquired in 1970 the final
report of Paterson et al., (1976) and was accompanied by residual magnetic anomaly maps.
Several workers have used those maps to enhance magnetic bodies and delineate tectonic
features in Cameroon (e.g. Feumoe et al., 2012; Ndougsa et al., 2013; Bikoro et al., 2014) The
southern Cameroon was affected by a series of tectonic events due to the collision between the
Pan-African belt and the Congo that yielded a series of buried thrust faults (Toteu et al., 2001,
Fig. 1.2). Modelling of aeromagnetic data of the central and south-east Cameroon areas depicted
an abundance of lineaments that could be related to those faults and partially delineated the
transition between the Congo Craton and the Pan-African domain (Feumoe et al., 2012; Ndougsa
et al., 2013). These studies also highlight the fact that part of the Pan-African belt lies on top of
the Congo Craton A quantitative interpretation of aeromagnetic data in the south-east Cameroon
indicates the presence of iron ore formations such as magnetite and haematite with volume
varying from 1.2 to 180 km? (Bikoro et al., 2014).

3.2.3 Seismological studies

Seismological studies have been done in the north of Cameroon (Central African Shear Zone),
and along the CVL. Recordings of a quarry blast across the Adamawa plateau were utilised by
Stuart et al. (1985) in a seismic refraction analysis in order to determine the crustal structure of
the region. These data showed that the eastern arm of the Benue trough (Garoua Rift) is
characterised by a thinned crust of ca. 23 km thickness underlain by the upper mantle with a P-
wave velocity of 7.8 km/s. The crustal thickness below the Adamawa uplift abruptly varies from
23 km (thin crust) in its northern part to 33 km (normal crust) in the southern part where the P-
wave velocity of the upper mantle is 8.0 km/s (Stuart et al., 1985; Plomerova et al., 1993).

Recently, 1-D shear wave velocity models were used by Tokam et al., (2010) to study the crustal
structure beneath the CVL and surrounding regions in Cameroon. According to their models, in
general, the crustal thickness beneath the CVL is between 35-39 km, while it is suggested to be
thicker beneath the northern margin of the Congo Craton (43-48 km) and thinner under the
Garoua Rift (26-31 km).
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Geophysical and geological studies show that the depth to the Moho is approximately 23 km
underneath the Adamawa uplift. This means that the crust is thinner than normal (~33 km)
suggesting a weakening of the lithosphere below both the CVL and the Adamawa Plateau which
may represent a preferred magma conduit (Poudjom et al., 1995; Plomerova et al., 1993).

3.3 Felt Earthquakes

The lack of written records makes the compilation of a complete historical seismicity data base
for Cameroon very difficult. The establishment of the World Wide Standardised Seismogram
Network (WWSSN) in the 1960’s led to an increase in the detection of earthquakes worldwide
which tremendously improved the instrumental study of the seismicity of Africa.

Ambraseys & Adams (1986) reported over 20 felt earthquakes in Cameroon for the period
between 1852-1984, which formed the basis for the, so far, most completed study carried out on
the seismicity of West Africa. These tremors are plotted in Fig. 3.2 together with felt events from
1984 to 2013.

Two seismicity zones are noticeable: (1) the seismicity associated with the SSW-NNE trend of
the CVL and the FSZ with a predominance around Mount Cameroon; (2) the seismicity around
Kribi (also trending SSW-NNE) probably connected with a fracture zone (parallel to the FSZ)
and the northern margin of the Congo Craton which is still not well delimited in the southern
Cameroon (Ambey, 1989; Tabod et al., 1992).

The earliest seismic event felt in Cameroon occurred in 1852 in the Mount Cameroon area where
most of the felt earthquakes are associated with eruption activities of Mt. Cameroon volcano
(Ambraseys & Adams, 1986). During the period 1987 to 1991, there has been an increase in
seismic activity around Mt Cameroon and in the Kribi area (Tabod et al., 1991). The largest
earthquake with body wave magnitude my = 4.8 originating near Tibati on the Foumban Shear
Zone (Fig. 3.2) was recorded by Mt. Cameroon station on January 1987 (Tabod et al., 1991). In
1983, two small earthquakes of magnitude 3.9 and 4.1 at the local scale occurred near Taparé
(Eastern province) and at Magba (Western province) respectively (Tabod et al., 1991). A small
earthquake with an intensity magnitude of about V occurred in Garoua-Boulai in November
1986. In February and August 1986, two swarms of earthquakes were felt in the Bokosso area in
the northwest province of Cameroon (Mt. Cameroon region) with a maximum intensity of V
(Ubangoh, 1997). Some earthquakes with unreported intensity magnitude have also been felt in
the Mt. Cameroon region (Tabod et al., 1991). For example, an earthquake was felt close to
Bokosso on the north eastern flank of Mt. Cameroon (Fig 3.1) on the 29 May 1989. Also, two
earthquakes were felt on the 20 and 25 September 1990 around the Buea region.
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Figure 3.2: Felt Earthquakes in Cameroon and environs from 1852 to 2013 (compiled from
Ambraseys and Adams, Tabod et al., 1991).
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Historic seismicity shows that in 1903, the town of Kribi was shaken by an intensity V
earthquake (Ambraseys and Adams, 1986; Fig. 3.2). An isoseismal map of the felt earthquake
that occurred in the southern Cameroon in the last hundred years is given in Fig. 3.3. About 11
earthquakes occurred in the Kribi region between 1987 and 1989 (Ateba et al., 1992). A small
earthquake of duration magnitude my = 2.6 was recorded by the Mt Cameroon seismic array on
the 18 August 1987 Inhabitants of the kribi region have experienced five earthquakes with small
damages in September 1987 with duration magnitude ranging between 2.8 and 4. Mt. Cameroon
seismic array also detected two earthquakes originating from the Kribi region in 1988: on the 19
March and the 02 October with duration magnitude of 3.4 and 3.0 respectively. One year later,
on March 14 and March 16 two earthquakes of duration magnitude 2.8 and 3 respectively were
recorded to have originated from the Kribi area. Recently. A local magnitude of 3.04 was felt in
Monatélé situated along the Sanaga Fault (Ndikum et al., 2014).
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Figure 3.3: Isoseismal map of earthquakes felt in southern Cameroon within the last hundred
years (Ntepe et al., 2004)

3.3 Known eruption history

According to several historians, the earliest existing record of Mount Cameroon as an active
volcano comes from the narrative of Carthaginian explorer Hannon, who named it “Chariot of
the God”, during his journeys along the African coast around 500 BC (Géze, 1953). Due to the
presence of lava flow found by Dr. Otto Mann (Anonymous, 1910), Mount Cameroon is likely to
have erupted many times in the 19" century. Guillaume (1966) and Deruelle et al. (1987)
presented some information on those eruptions even though they are often vague and uncertain
as to the place and date of occurrence.

3.3.1 19" century eruptions

Between 1800 and 1815, Mount Cameroon erupted at an altitude of 2600 m producing lava that
reached the village of Mapanja (south-eastern flank of the mountain). Before 1835, another
eruption occurred with no further information. Between 1838 and 1839, a summit eruption was
recorded with no further details (Deéruelle et al., 1987). In 1852, an eruption occurred on the
western flank of the Mount Cameroon followed by an earthquake swarm recorded around the
Bokosso—Munyenge area (Ubangoh et al., 1997). A summit eruption was furthermore recorded
in 1865 and it is likely that an eruption also originated from the Mt. Cameroon volcano in
January 1866 (Guillaume, 1966). Lastly, Mount Cameroon volcano erupted on its NW flank in
1868 (Déruelle et al., 1987).
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3.2.2 20" and 21% century eruptions

Circa six eruptions, summarised in table 2.1, which occurred during the 20™ and 21 century are
well described by geologists. The earliest eruption of the 20" century on the NE flank of Mount
Cameroon occurred on the 26™ April 1909 (Géze, 1953; Guillaume, 1966). This eruption was
characterised by the record of long seismic swarms and earthquakes strongly felt around Buea
before (1869, 1905, 1908) during (1909) and after (1910) the eruption (Ubangoh et al., 1997). In
total, approximately 5 million m*of lavas flowed down the slope at a speed of 4 to 5 meter per
minute and large amounts of ash had fallen on the north-western side of the volcano
(Anonymous, 1910; Geze, 1943). However no damage was done since the mountain was
generally surrounded by an uninhabited area (Anonymous, 1910).

In February 1922, a small eruption occurred ca. 1.5 km SW of the summit, followed by a much
larger emission of lava from craters on the SW flank of the mountain (Ruxton, 1922). Many
earthquakes of various intensities were felt in Buea prior these eruptions (Ubangoh et al., 1997)
with some registered by seismographs in Europe (Ruxton, 1922). The lava flows reached the sea
in the Bibundi area (Fig. 3.4), after destroying banana and palm oil plantations, a few houses and
the main road from Limbe (formerly Victoria) to Idenau (Suh et al., 2003). The path of the 1922
lava flows can be clearly observed today thanks to the reconstruction of the road (Deruelle et al.,
1987). The total volume of lava flow was estimated at 10 million m®. They travelled at a speed of
about 60-90 meters per minute (Ruxton, 1922; Guillaume, 1966).

A summit eruption in June 1954, lasting for about three weeks produced ash, explosions and
minor amounts of fresh lava (De Swardt, 1956). The ejected materials mainly consisted of dark-
grey to black vesicular fragments of porphyric basaltic lava.

Five years later, the 1959 eruption occurred from four craters (of which three emitted lava) at
around 1500 m altitude on the eastern slope of the volcano (Jennings, 1959). The 1.5 km wide
main flow destroyed several small cocoyam and banana farms before stopping just 1 km away
from Ekona town (Njome et al., 2008; Fig.3.4). Many earthquakes were recorded and felt in the
Buea — Limbe region during this eruption (Ubangoh et al., 1989). Unlike the previous ones, the
1959 eruption has been documented for its morphology, petrology, and geochemistry (Njome et
al., 2008; Suh et al., 2008).
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Table 3.1: Historical data of lava flows on Mount Cameroon since 1909

Start date Site (s) Elevation Eruption Product (s) Volume of  Direction of Sources
(duration) (m) (a.s.l) style lava flow the flow
(10° m®)
26 April 1909  NE flank ~2390 Strombolian Lava (aa), gases, ~5 NW slopesto  Geze (1943), Wantim
(unknown) and Hawaiian tephra Bavenda (2011)
February 1922  Summit & ~3050(1)  Strombolian Lava (pahoehoe), ~10 West flank to  Ruxton (1922), Geze
(~7 months with  SW flank  ~1300(2) and Hawaiian gases, tephra the coast (1943), Wantim, 2011
some breaks) (Bibundi)
28 June 1954  Summit ~2750 Vulcanian fresh lava (basalt), - - De Swardt (1956),
(three weeks) Gases, tephra, Wantim (2011)
bombs
6 February 1959 NE flank  ~1961(1)  Strombolian Lava (aa), gases, ~34 NE flank Jennings (1954),
(22-30 days) (2 sites) 1500(2) and Hawaiian tephra (towards Njome et al. (2008)
Ekona)
16 October 1982 SW flank ~2700 Strombolian Lava (aa), gases, ~10 Towards the Fitton et al. (1983),
(~24 days) and Hawaiian tephra coast Wantim (2011)
28 March 1999 SW flank  ~2650(1)  Strombolian Lava(aa, ~5.1(site 1)  Towards the Suh et al. (2003)
(26 days) (2 sites) 1500(2) and Hawaiian ~ Pahoehoe), gases, ~60 (site 2) co_ast_ _
tephra (Bakingili)
28 May 2000 Summit & ~4095(1), Strombolian Lava(aa, ~6 (site 2)°  South and SE Suh et al. (2003,
(close to two SE flank ~2700 (2) and Hawaiian Pahoehoe), towards Buea Ateba et al., 2009)
months) (2 sites) ~3300 (2) bombs,gases,tephra and environs
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The 1982 eruption started on 16™ October on the SW flank of the volcano and produced basanite
lava and ash from an ancient cinder cone situated along a NE- SW trending fissure (~1 km long)
at a height of approximately 2700 m (Fitton, 1983; Deruelle et al, 1987). Lava entered the forest
and finally covered a distance of about 7.5 km and an area of 2.6 x 10° m* (Wantim, 2011). In a
recent study, the morphology of the lava flow was described (Wantim, 2011) while its petrology
and geochemistry have been done by Suh et al. (2003) and Njome et al. (2008). This eruption
was accompanied by seismic swarms, felt in the regions of Buea and Bokosso (Ubangoh et al.,
1997).

In March 1999, another volcanic eruption was recorded from two sites on the SW flank of Mount
Cameroon. Mostly explosive activity started on the 28 March at site 1 situated at ~2650 m
altitude, followed on the 30 March by the emission of lavas from site 2 at ~1400 m of altitude
(Deruelle et al., 2000; Ateba et al., 2009; Table 3.1). The major flow from site 2 moved towards
the coast onto the major road linking Limbe and Idenau at Bakingili and stopped ~200 m from
the sea, after destroying forests and palm plantations on its path (Suh et al., 2003, 2011). Seismic
activities recorded for this eruption started as far back as 1986 with a series of earthquakes
events (felt in and around Bokosso and Buea areas) and caused a major explosion in May 1989
on the NW flank of the volcano (Ubangoh et al., 1997; Ateba et al., 2009). This eruption has
been extensively studied for its morphology, petrology and geochemistry (Deruelle et al., 2000;
Suh et al., 2003, 2011).

The level of local seismicity remained high after the 1999 eruption culminated in a violent
explosion earthquake (large tectonic earthquake with an explosion sound) in May 2000 that
marked the beginning of the 2000 eruption (Suh et al., 2003). This eruption occurred at two
sites: site 1 (at the summit ~4095 m) with exclusively explosive eruptions and site 2 (~ between
2700 and 3300 m) with emission of lava that flowed towards the Buea region (Suh et al., 2003).
An earthquake swarm during the 2000 eruption originated beneath the summit region (below the
Moho ~ 20 km deep), suggesting the existence of a vertical magma conduit feeding the Mount
Cameroon eruptions (Ateba et al., 2009). The 2000 eruption is seen as a continuation of the 1999
eruption due to the persistence of the seismic activity between the period separating the two
eruptions, the similarities in the eruption behaviour and the composition of the lava produced
(Suh et al., 2003).
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Figure 3.4: Topographic contour of the Mount Cameroon Volcano displaying the historical lava
flow with the corresponding eruptive year (modified from Suh et al., 2011 and Wantim, 2011).

A common phenomenon observed for all these historical eruptions is that they are usually
associated with an increase of seismic activities and lava (except for the 1959 eruption) and are
erupted along a ~1.5 km-long fissure orientated NE-SW formed from the shear zone within the
underlying basement (Geze, 1953; Njome et al., 2008, Favalli et al., 2012). Furthermore,
eruptions often occur at more than one site. The sites at higher elevations are more explosive,
while the lower elevations sites are characterised by emission of large volumes of lava (e.g.
1922, 1959, 1982, 1999, 2000; Suh et al., 2003, 2011; Ateba et al., 2009; Ubangoh, 1997).

The magma composition evolved differently with time i.e. varied from one eruption to another
(Suh et al., 2003). The morphology of the cinder cones and explosion craters reveals that most
eruptions have been of Strombolian type, though Hawaiian and Vulcanian types are also present
(Géze, 1953; De Swardt, 1956).

3.3 Risk assessment and lava flow hazard map

The lower flanks of the volcano represent a great economic resource of Cameroon due to the
fertile soil. About 500,000 people live around Mount Cameroon with the greatest concentration
at the south western flank (Buea with ~90,000 citizens and Limbe with ~85,000 citizens).

31

© University of Pretoria



=
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

\ 4

YUNIBESITHI YA PRETORIA

Detailed lava flow hazard and risk assessment studies around Mount Cameroon volcano were
lacking until recently and research on this topic only started few years ago (Bonne et al., 2008;
Thierry et al., 2008; Favalli et al, 2011; Wantim; 2011). Inhabitants living around the volcano are
exposed to many natural risks, e.g. volcanic eruptions (explosive with pyroclastic fallout and
effusive with lava flows), earthquakes, lahars and landslides (Thierry et al., 2008).

The map in Figure 3.5 represents the probability of lava invasion upon an occurrence of an
eruption and derives from a statistical study of different geological phenomena likely to occur
around Mount Cameroon (Thierry et al., 2008).

a
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° o QW LY ”
Prababilty of lava invasion (%) £ % Lake Barombi Koto @
<0.01 Negligible Bai Kuke %
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9°0'E e D — 9°20'E

Figure 3.5: Lava hazard map of Mount Cameroon showing the human settlement (Thierry et al.,
2008).
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The lava flow hazard assessment takes into account the morphology, the frequency, the
distribution and the average length of lava flows from previous eruptions. In general, the coastal
and NE portions of the volcano are highlighted as being exposed to lava flow inundation whereas
Mount Etinde acts as a barrier of lava flow invasion, hence making Batoke village safe from lava
flow inundation (Thierry el., 2008; Favalli et al., 2011).
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Chapter 4

Materials and Methodology
4.1 Seismic hazard parameters of Mt. Cameroon volcano

4.1.1 Earthquakes database

Seismic data used in this study are both historical and instrumental data compiled from various
sources covering the 4°N, 8.5° E and 5°°N, 10°E for the period 1907 to 1991. The area mostly
covers the Mt. Cameroon region. Report earthquakes event were taken from available published
seismological bulletins and accepted thesis (Ambrasey & Adams, 1986; Ambey, 1989; Bertil,
1991). The compiled catalogue is incomplete in terms of historic events and complete during two
periods of time (1985-1987 and 1975-1991). Hence the catalogue is split into an incomplete part
(historic) and two complete parts corresponding to the instrumental information (Table 4.1).

Table 4.1: Summary of the input data for the seismic hazard assessment of Mt.Cameroon.

Extreme part of the Complete part of the Catalogue
catalogue Sub-catalogue #1 Sub-catalogue #2
Time period 16/11/1907- 23/11/1985- 02/11/ 1975-
(dd/mmlyy) 28/06/1954 06/04/1987 20/09/1990
Total number of events 6 288 5
Threshold magnitude 35 2.77 4.06

4.1.1.1 Historical data (1907-1954)

The main source for data of historical earthquakes in Cameroon has been established by
Ambraseys & Adams (1986). For the period 1906-1954, six earthquakes of Ms magnitudes
ranging from 3.5 to 4.5 were felt in Cameroon originating from Mount Cameroon (Table 4.2)
and constitute our input data for the historical catalogue.

Table 4.2: Mt. Cameroon historical seismic catalogue; Ms is the surface wave magnitude
(Ambraseys and Adams (1986).

Date Lat. (°N) | Long. (°E) Ms
16 Nov. 1907 4.6 9.6 4
17 Dec. 1908 4 9.7 4.3
26 Apr. 1909 4.3 9.4 4.5
23 Feb. 1910 4.2 9.1 3.5
3 Feb. 1922 4.2 9.1 3.5
28 Jun. 1954 4.2 9.2 3.5
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4.1.1.2 Instrumental data

The first seismic station in Cameroon was installed in 1982 (Fairhead, 1985). The instrumental
data used in this study originates from two different sources and therefore, will be named sub-
catalogue #1 and sub-catalogue #2.

i) Sub-catalogue #1 (1985-1987)

This catalogue was produced by Ambey (1989) while studying the seismotectonic activities of
Mt. Cameroon using temporal and permanent seismic stations installed around the volcano. The
overall seismicity during this period is characterised by the predominant clustering of
earthquakes at a few distinct localities (representing earthquake swarm regions or regions of
continuous occurrence of single earthquakes).Focal depths extend from near surface to about 55
km, indicating the presence of both crustal and subcrustal activity. Errors in hypocentral
parameters are estimated with a 95% confidence level. In particular, location accuracies of the
seismic events are between about = 3 km and £ 5 km for the Epicentral coordinates and the focal
depths respectively depending on how far detected events are from the seismic network (Ambey,
1989). Four major seismic source zones are identified as follows:

» Region A: The northwest Seismic Zone

Earthquakes in this region occurred both as discrete and swarm events. The concentration of
events around Bokosso represents the Bokosso swarm (Fig. 4.1). Focal depths studies reveal that
events are relatively shallow less than 20 km deep, with no obvious linear trend of epicentres.
The Bokosso swarm was a short, intense swarm that started on the 13 February 1986 and lasted
for 10 days.

» Region B: The southeast seismic zone

This part of the volcano represents the most seismically active area of the Mount Cameroon
region (Fig. 4.1). The depth distribution of these events reveals that they are relatively deep,
extending from about 30 km to 55 km and maybe shallower northwards, towards Ekona (Ambey,
1989). Events usually occurred as single shocks about once every three days of which some are
accompanied by one or two aftershocks. The fact that this area is close to the equator, suggests
that these seismic events might be triggered by the earth-tide, but no correlation was found
(Ambey & Fairhead, 1991).

> Region C: Offshore Bimbia Seismicity

Almost all earthquakes located in this region occurred during the period 1985/86. This area
appears to be characterised by episodic burst of swarms rather than an area of continuously
occurring activity. A swarm started on the 25 February 1986 and lasted for about 6 days. The
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earthquakes epicentres roughly define an E-W trend (Fig. 4.1) with focal depth between 13 and

22 km (Ambey, 1989).

» Region D: Wouri - Douala area
The small concentration of earthquakes around the Douala region (Fig 4.1) was observed as a

sequence of two minor swarms. Some events are also scattered in the Wouri estuary and around
the coastal boundary. The focal depths for these events range between 20 and 30 km.

Equatorial
Q©  Guinea

o

10°0

Legend
[ Atiantic Ocean Duration magnitude
o <20
o Town © 20-30
O 30-40
O >40

Figure 4.1: Epicentre map for the period 1985 to 1987. The identified seismic zones for the
analysis are shown by the letters A, B, C and D (Ambey, 1989)
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ii) Sub-catalogue #2 (1975-1991)

For his PhD thesis, Bertil (1991) studied the intraplate seismicity of West Africa using data from
Lamto Geophysical station in Cote d’Ivoire situated =1500 km from Cameroon. A seismic
swarm of 6 events with duration magnitude of about 4 originated from the Mt. Cameroon region
between the 2" and the 7" of November 1975.] A similar swarm occurred on the 13 February
1986 with five events of duration magnitude between 3.7 and 4.2. This swarm was detected by
Mt. Cameroon stations (Ambey, 1989) and is discussed in section 4.1.1.2(i). Consequently, those
events are removed from this sub-catalogue to avoid duplication. Three other earthquakes
originated from Mt. Cameroon region from 1989 to 1991. However, due to the fact that Mt.
Cameroon is situated at the limit of the detection zone which is between 400 and 1200 Km from
the seismic station, the location and size of some of those earthquakes was uncertain. In total,
only five seismic events were fully detected in terms of location and sizes and constitute the sub-
catalogue #2 (Table 4.3).

Table 4.3: Mt.Cameroon instrumental sub-catalogue for the period of 1975 to 1991; Mp is the
duration magnitude (Bertil, 1991).

Date Latitude | Longitude | My
02 Nov. 1975 | 4.73 9.25 4.3
05 Nov. 1975 | 4.65 9.35 4.2
06 Nov. 1975 | 4.64 9.33 4.1
01 Jun.1989 4.39 9.14 4.2
20 Sep. 1990 | 4.37 9.31 4.2

4.1.2 Method
4.1.2.1 Homogenisation of the magnitude of the earthquake catalogues

The size of an earthquake can be defined using different magnitude scales depending on the
stations used by the seismological centres when determining the source parameters. As a result,
some significant discrepancies may be observed in reported earthquakes. Therefore, it is
necessary to choose a suitable magnitude scale to homogenise the catalogue prior to a seismic
study. The moment magnitude is selected for the unification of the catalogue since it is
directly linked to the seismic moment which is important to characterise an earthquakes
source (Joyner, 1984). However, for small earthquakes local magnitude M, gives a better
measure of the size of an earthquake (Singh, 1990).
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To convert corresponding seismic events of magnitude Ms in the extreme catalogue into the
moment magnitude M, the following empirical equations were applied (Scordilis, 2006):

M = 0.67(£0.005)M; + 2.07(£0.03) 30sM, <61

Ambey (1989) established a relationship between the Richter Local Magnitude M and the
magnitude from signal duration Mp (Fig. 4.2):

MD = ML (41)

ML
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4-
3-
[ ]
2-
L L
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»
0 T
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Figure 4.2: Correlation between Mp and M, data (Ambey, 1989).

Hanks and Kanamori (1979) shows that the local magnitude M and the surface wave magnitude
Ms are connected to the moment magnitude M via the seismic moment My through the following
equations

M = 2/3 log;o My — 10.7 (4.4)

where My is the seismic moment in dyne.cm; these relations are valid for 3 < M| < 7 and
5<Ms<75

However, these relations were extended for M < 3 to unify the magnitude of the sub-catalogue
#1 from Ambey (1989) since the coda duration magnitudes Mpare linked to M, (Hanks and
Kanamori, 1979; Fig. 4.2).
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To correlate the duration magnitude Mp and the local magnitude My referenced in the
instrumental sub-catalogue #2, a linear regression was done based on events where both Mp and
M, and the following relation was used (Fig. 4.3).

M, = 1.28Mp — 1.19 (4.5)
6.0 -
T M =1.28M,-1.19
5o . R>=0.87
/
4.0 4 "
3.0 - 2 ¢ @
M /‘3/
L *
DS
20 7 /
| ®
1.0 P
0.0 »
2.0 2.5 3.0 3.5 4.0 4.5 5.0

M,

Figure 4.3: Linear regression of values of M. versus Mp of selected events observed in West
Africa from 1965 to 1991(compiled from Bertil, 1991).

4.1.2.2 Completeness of the catalogues

The statistical distribution of a magnitude for a group of earthquakes follows the Gutenberg-
Richter (1954) frequency-magnitude relationship:

Log;oN(M) = a — bM (4.6)

where N is the number of earthquakes of magnitude M or greater, a and b are constants. The
completeness of the catalogue is defined as the range over which the magnitude-frequency
relation roughly follows the Gutenberg-Richter relationship. The most common approach used to
determine the threshold magnitude is by plotting the cumulative number of events against
earthquake magnitude. Each value in a cumulative quantity depends on all of the preceding
values, thus it is important to also plot the non-cumulative FMD in addition to the cumulative
FMD. The level of completeness is determined using the maximum curvature technique (Wiemer
and Wyss, 2000). This technique is a straightforward method and consists in defining the point
of the maximum curvature by computing the maximum value of the first derivative of the
frequency-magnitude plot. In practice, this matches the magnitude bin with the highest frequency
of events in the non-cumulative FMD. The advantage of this method is the fact that it requires
fewer events than other techniques.to reach a stable result. Hence found suitable to determine
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Mnin since the total number of events is relatively small. It should be noted that only deviations
from the G-R linearity at the lower end of the FMD are considered rather than deviations at
upper end of the FMD which can lead to under-sampling (Mignan and Woessner, 2012;
Woessner and Wiemer, 2005).

In fact, instrumental sub-catalogue #1 contains a gap period of = 9 months. To verify the quality
of the data in terms of acquisition and processing, two assumptions are made. The first one (case
I) considers the gap and splits the data into two complete sub-catalogues, and the second
assumption (case Il) treats it as one complete sub-catalogue.

Figure 4.4 and 4.5 represent the cumulative and non-cumulative frequency-magnitude plots in
case I. The gradual curvature in FMD plots is commonly due to (1) the spatiotemporal evolution
of the seismic network (2) potentially man-made effect such as the use of different magnitude
scaling relationship and (3) physical processes in the earth (Mignan and Woessner). In the case
of Mt. Cameroon volcano, 95 % of events of the sub-catalogue in case | are of duration
magnitude less than 3. This is typical to volcanic environment with the predominant occurrence
of swarms of small magnitudes and might explain why the FMD catalogue (Fig.4.4) does not
strictly follow the G-R law. From the maximum curvature method describe above (Wiemer and
Wyss, 2000), the threshold magnitude corresponding to case | is around 2.7 as highlighted by the
arrows (Fig 4.4 and 4.5). Similarly, the threshold magnitude in case Il is also around 2.7 (Fig.
4.6).

N=74 AM=0.1
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Figure 4.4: Cumulative and non-cumulative FMD on logarithmic scale of earthquakes that
occurred during the period 1985-1986. The arrow indicates the level of completeness M, and
the magnitude increment AM = 0.1.
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Figure 4.5: Cumulative and non-cumulative FMD on logarithmic scale of earthquakes that
occurred during the period 1986-1987. The arrow indicates the level of completeness Mp, and

the magnitude increment AM = 0.1.
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Figure 4.6: Cumulative and non-cumulative FMD on logarithmic scale of earthquakes that
occurred during the period 1985-1987. The arrow indicates the level of completeness Mpi, and

the magnitude increment AM = 0.1.

In the absence of seismic network as prior 1982 in Cameroon, the threshold magnitude of the
historical catalogue will be the lowest magnitude at which an earthquake can be felt. In the
compiled historical catalogue, all earthquakes were reported to have been felt in and around the
Mt. Cameroon region, thus the level of completeness of the historical catalogue can be assumed
to be M5 = 3.5.
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Similarly, the seismic signals detected by the Lamto network stations could only be localised for
duration magnitude greater than or equal to 3 (Berlil, 1991). For that reason, the magnitude of
completeness of the sub-catalogue #2 is taken as the lowest duration magnitude of the compiled
catalogue i.e. Mg=4.1

4.1.3 Mean annual activity rate 4 and b-value

To evaluate the seismic hazard parameters, a well-known technique (Kijko and Sellevoll, 1989;
1992) was used. In this approach, it is assumed that the earthquake catalogue contains two types
of data: macroseismic observations of events that occurred over a period of the last few hundred
years and a complete recent dataset for a relatively short period of time. The theory behind this
method is well described in chapter 2 (section 2.2.2).

Table 4.4: Required format for the input files

Format of the historic file Format of the complete files
Start of the catalogue (YY MM DD) Start of the catalogue (YY MM DD)
End of the catalogue (YY MM DD) End of the catalogue (YY MM DD)
Threshold magnitude Threshold magnitude
Magnitude uncertainty Magnitude uncertainty
Event date(YY MM DD) magnitude Event date(YY MM DD magnitude

The MATLAB computer program HA2 developed from this method and written by Kijko and
Sellevoll (1989; 1992) is used for the analysis. The input of the program consists of three files
containing the seismic data of the Mt. Cameroon area: one containing historic events and two
completed catalogues. In both historic and instrumental data files, it is important to specify the
level of completeness, the standard error in the determination of the catalogue and the span of the
catalogue (Table 4.4) In general, the format of the historic files contains two columns (dates and
magnitudes) and the format of the complete files only has one column of magnitude.

The code requires the knowledge of a-priori b- value corresponding to the type of seismicity
induced area (volcanic or tectonic). As output, the code calculates the average value of the mean
activity rate A, the Gutenberg-Richter b-value and produces hazard curves of the area under
investigations.
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4.1.4 Maximum possible earthquake magnitude

The maximum magnitude myax is sometimes inferred through other available information such as
the geology and paleoseismicity. Since there is no well-documented information about the faults
and paleoseismic events of Mt. Cameroon, a procedure for the evaluation of mm.x developed by
Kijko & Sellevoll (1989; 1992) and Kijko (2004) was used based on equations derived from
Cooke (1979). This procedure considers that mpy;n is known, only depends on seismic data, and is
therefore, free from subjective assumptions. Section 2.2.3 (Chapter 2) illustrates some methods
used in the determination of mmax. Several statistical techniques for assessing the value of My
have been compiled by Kijko & Singh (2011). The described procedures include parametric and
non-parametric methods and are computed in a MATLAB toolbox called MMAX written by the
latter authors.

The compiled seismic catalogue is divided into an incomplete part (historic) and two complete
parts, each with a different level of completeness. The format of the input file used for MMAX
toolbox simply consists of a column of magnitudes. For non-parametric approaches, the
estimation of the probability density function requires the knowledge of a smoothing factor h. In
the absence of a seismic event catalogue, the b-value of the Gutenberg-Richter and its
uncertainty, the mean activity rate and its uncertainty, the levels of completeness, the time span
of the catalogue, the maximum observed magnitude in the area and its uncertainty are required.

The code generates information about the input data and estimated the maximum magnitude with
their respective standard deviations using several methods (parametric and non-parametric)
including the three methods described in Chap. 2. Standard errors of maximum observed
magnitude were arbitrarily chosen equal to 0.3.

4.1.5 Standard deviation of the determination of magnitudes and a-priori b-value

The standard deviations in the magnitude determination of our catalogues were assumed to be
0.3 for the historical catalogue, 0.2 and 0.3 for instrumental sub-catalogue #1 and sub-catalogue
#2, respectively. To improve the standard deviation of the annual activity rate, the time span of
each catalogue stretches from one month before the first seismic event until one month after the
last seismic event. Since Mt.Cameroon is a volcanic area, the average a priori b-value is taken to
be 1.5 + 0.2 (Kijko, personal communication, 2015).
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4.2 Rate of recurrence of volcanic eruptions of Mt. Cameroon

4.2.1 Data

In total, 16 eruptions were confirmed to have originated from Mt. Cameroon volcano between
1800 and 2000 (Table 4.5). The last volcanic eruption of Mt. Cameroon took place over 15 years
ago. In an assessment of the volcanic hazard, it is important to evaluate the rate of occurrence of
volcanic eruptions using an appropriate method.

Table 4.5: Authenticated dates of eruptions of Mt. Cameroon Volcano for the period 1800-2000
(Lapi et al., 2010).

Years Interval between
of eruption Eruption (years)

1800

1815 15

1835 20

1838 3

1845 7

1865 20

1866 1

1868 2

1909 31

1922 13

1925 3

1954 29

1959 5

1982 23

1999 17

2000 1

Fig 4.7 represents the trend analysis of the total number of eruptions that have occurred at Mt.
Cameroon throughout the time. A quick inspection of this figure indicates that Mt. Cameroon’s
eruption frequency remains relatively constant with time. This means that volcanic eruptions
occur randomly (Lapi et al., 2010), which makes a simple Poisson distribution suitable for Mt.
Cameroon volcano eruptions.
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Figure 4.7: Scatter plot of Mt. Cameroon eruption since 1800.

4.2.2 Determination of the rate of eruption occurrence 4
In this section, the two different methods described in section 2.3 of Chapter 2 were applied.

Following the relation derived by Ho et al.; (1991), the rate of recurrence of eruption is equal to:

Y
L 4.7
=z (47)

A=

NgE

i=1
where x; x, ... x, represent the observed frequency of eruption and n is the length of time
corresponding to all the eruptions that have ever occurred .

16
(2015 —1800)

Numerically, A=

A =0.07442

Following the equation developed by Jones et al., (1999), the rate of eruptions at Mt.Cameroon is
given by:

J

S 4.8
Z+30) (+8)

where Z is the time (in years) since the last recorded eruption, Y is the time interval between two

recorded eruptions and J is the total number of recorded eruption. From the eruption dates
mentioned above (Table 4.5), it can be written:
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4= 16
~ 154 (2000 — 1800)

A = 0.07442 eruption/year

It is observed that when all eruptions are dated (as in the case of Mt. Cameroon), A is given by
the total number of eruptions divided by the considered time frame. In this case, Equation (4.8)
derived by Jones et al.; (1999) and equation (4.6) from Ho et al.; (1991) are equivalent.
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Chapter 5

Results and Discussion

Seismic and volcanic hazard parameters are important, firstly because they are needed in the
overall evaluation of the hazards caused by a particular volcano. Secondly, they can, to a certain
extent, be of major significance to the problem of volcanic eruption forecasting. Statistical
methods were applied to the seismic and eruption data, recorded at Mt. Cameroon volcano.
Results of the hazard analysis are displayed as seismic hazard curves of return periods of 25, 50
and 100 years. It was found that eruptions occur at Mt. Cameroon at an average rate of 13 years
and the map of probabilities of eruption was derived.

5.1 Seismic hazard parameters

5.1.1 Seismic activity rate 4 and b-value of Gutenberg-Richter

The region around Mt. Cameroon is seismically very active. The earthquakes are relatively
shallow in nature with depth extending from near surface to about 55 km (Ambey, 1989). The
largest earthquake of moment magnitude 5.09 + 0.3 occurred in 19009.

Table 5.1: Seismic Hazard parameters of the Mt. Cameroon region for mp, =2.77; A is the mean
activity rate, p=b In10 and b-value is the Gutenberg-Richter parameter. SD is the standard
deviation.

Case | (= SD) Case Il (x SD)

A(year) 32.528 £5.640 20.594 + 4.027
B 3.52£0.04 3.52 £0.05
b-value 1.53+0.02 1.53 +0.02
Mmax 5.34+0.77 5.34+1.55

The MATLAB computer program HA2 has been applied to our catalogues and the results are
computed based on a method implemented by Kijko and Sellevoll (1989, 1992) with 25%
expected uncertainty of parameters of the seismicity model. Since instrumental sub-catalogue #1
has a gap period of nine months (when seismic stations were not operating), two assumptions
were made: (1) the sub-catalogue #1 was split into two complete sub-catalogues, (2) the gap
period was ignored and the seismic events were gathered in one complete sub-catalogue. In case
I, seismic data reported in Ambey’ thesis, (1989) were divided into two complete specific time
frames: from 1985 to early 1986 and between late 1986 and early 1987. In case Il, the sub-
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catalogue #1 is assumed to be completed for the entire period of 1985=-1987. Results from the
assumptions made in case | and case Il respectively are presented in Table 5.1

In general, the maximum magnitude obtained from case | is more accurate than the one obtained
from case study Il. The computed Gutenberg-Richter value for the Mt. Cameroon area is in both
cases b = 1.53 £ 0.02. This value agrees with observations from other volcanic areas where the
b-value usually is greater than 1 (Bridges & Gao, 2006; Mc.Nutt, 2005; Farrell et al., 2009). The
mean activity rate A(mmin = 2.77) in the first assumption is higher than the value obtained in the
second case (Table 5.1). The fact that the gap period in case study | was removed, the time span
of the catalogue has reduced, which results in an increase of the mean activity rate.

From Figures 5.1 (i) & (ii), it is clear that events of greater magnitude (> 4.5) have higher return
periods, implying that weaker events occur more frequently. This observation is confirmed by
our instrumental sub-catalogue #1 where most earthquakes have magnitudes ranging from 2.7 to
3.2. For the maximum magnitude mmax = 5.34, the return period is computed as 502 years

AREA: Mt. Cameroon
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Figure 5.1 (i): Curve showing the estimated return period using mixed data in the case study |I.
The maximum possible moment magnitude is 5.34
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Figure 5.1 (ii): Curve showing the estimated return period using mixed data in the case study Il
The maximum possible moment magnitude is 5.34

Considering the respective annual probability of occurrence and for 25, 50, and 100 years return
periods plots (Figs. 5.2 & 5.3) one can observe that the probability of occurrence of earthquakes
decreases with magnitude.
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Figure 5.2 (i): Probability-magnitude diagram for one year return period for the case study I.
The maximum possible moment magnitude is 5.34
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Figure 5.2 (ii): Probability-magnitude diagram for one year return period for the case study II.
The maximum possible moment magnitude is 5.34
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Figure 5.3 (i): Curve showing the probability-magnitude diagrams for 25, 50 and 100 years
return periods following case study 1.
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Figure 5.3 (ii): Curve showing the probability-magnitude diagrams for 25, 50 and 100 years
return periods following case study II.

The parameter A quantifies the number of events occurring per year. The results show that on
average one seismic event occurs every 10 days. This is far less than the number of earthquakes
that are actually being detected, i.e. one to two events every three days (Ambey et al., 1989). The
parameter A strongly depends on the time span of the catalogue. The seismic catalogue used in
this report stretches on a longer period of time (= 84 years) compare to the seismicity period of
observation from Ambey (1989), i.e. under two years. This could be the reason for the
inconsistency in the value of A.

The value of the maximum regional magnitude estimated according the K-S procedure is
identical in both case I and Il and is equal to 5.34. Nevertheless, the standard deviation is
considerably higher when one assumes that instrumental sub-catalogue #1 is complete from the
period 1985 to 1987.

Previous average b-values of Mt. Cameroon, obtained by the standard linear regression method
include 0.69+0.07 and 0.86+0.06 for the period 1985/1986 and 1986/1987, respectively (Ambey,
1989). These results are not characteristic of volcanic areas, thus, the stress releases from
earthquakes during these periods were associated with the tectonic setting even though the
occurrence of swarms are usually triggered by the activity in the magma chamber (Ambey,
1989).

Nevertheless, the average b-value computed here is in accordance with the one derived by Ateba
et al. (2009) who reported a b-value of 1.43 £ 0.02 from earthquake data events that occurred in
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the Mt. Cameroon region during the year 2000. Since the b-value controls the capability of a
medium to release the accumulated energy (Gibowicz & Kijko, 1994), one can suggest that the
intrusion of the magma body could be responsible for the stress concentration. This generates the
occurrence of relatively small earthquakes as observed in our instrumental sub-catalogue #1 and,
thus, increases the b-values.

There are temporal changes of the seismic activity A as well as the parameter b that, if
disregarded, can lead to biased (over-estimated) values of the seismic hazard parameters (Kijko,
2004). It has been demonstrated that b-value parameter has a longer time constant in some
volcanoes (years to decades; Mc.Nutt, 2005). In fact, the occurrence of earthquake swarms
increases b-value to a short-lived high which then decreases to a of normal background level
with a longer time constant. However, there is a spatial variation of the seismic activity rate and
b-value beneath volcanic regions (McNutt, 2005, Bridges & Gao, 2006; Sanchez et al., 2005).

In the instance of Mt. Cameroon, this assumption could not adequately be verified because of
(1) the absence of enough seismic data for the period of studies (2) the non-availability of the
catalogue used in the study done by Ateba et al. (2009) and (3) the hypocentre depths of the data
used in this study are not very accurate since the accuracies can greatly exceed 5 km (Ambey,
1989) The seismic catalogue combined for the study of Ateba et al. (2009) could have been
analysed separately through the method used in this thesis (Kijko and Sellevoll, 1989; 1992) to
show the temporal fluctuation of the seismic activity rate and the parameter b between 1984
(using the catalogue from Ambey, 1989) and 2000 (using the catalogue from Ateba et al., 1989).
However, looking at previous activity rate and b-values (Ambey, 1989; Ateba et al., 2009), it can
be speculated that variations of these seismic parameters is related to the volcano’s eruptive
activity.

Several factors can influence the reliability of b-value especially for volcanic areas. The
predominance of a large number of small earthquakes swarms tend to increase the b-values and
can affect the linearity of the FMD (Gibowicz & Kijko, 1994). Fortunately, such behaviour was
not noticed in our instrumental sub-catalogues (see Fig. 4.6 in Chapter 4). Another factor that
controls the b-values is the change in the number of seismic network coverage. This results in
inconsistencies in magnitude reporting, which can affect the distribution of b-values (Bridges &
Gao, 2006). This was verified by separating the instrumental sub-catalogue #linto two sub-
catalogues (see Table 5.2) and no difference in the rate of earthquakes reported was observed
since the obtained b-values are identical.

There are many possible causes for a higher than normal b-value at volcanoes. These include the
relatively small number of large events compared to small events. For instance, of all
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earthquakes recorded in our instrumental sub-catalogue #1, only two events had a magnitude as
high as 4. The high material heterogeneity beneath Mt. Cameroon Volcano caused by the
existence of highly fractured rock above the magma chamber (Sanchez et al., 2005) might be at
the origin of a high b-value.

Another possible cause of the high b-value anomaly could be the stress regime in the magma
chamber due to the exsolution of gases from fumaroles (vents around a volcano from which hot
gases especially steam are emitted) as observed in most Mt. Cameroon eruptions (Wantim,
2011). The interaction between the rising magma and groundwater at shallow depth
consequently reduces the stress level and allows the recurrence of small earthquakes which
increase the b-values (Bridges & Gao, 2006).

5.1.2 Maximum regional magnitude

Table 5.2: Maximum magnitude of Mount Cameroon volcano estimated from different
approaches.

Procedures Estimated Standard

Mmax deviation
Parametric Kijko-Sellevoll -APPROX. (K-S) 5.77 0.74
methods Kijko-Sellevoll -EXACT (K-S) 5.76 0.74
Kijko-Sellevoll-Bayes (K-S-B) 5.65 0.63
Non-parametric Robson-Whitlock (W-R) 5.23 0.69
Robson-Whitlock-Cooke (R-W-C) 5.16 0.48
Non-parametric with Gaussian kernel (N-P-G) 521 0.32

The computer program MMAX described in section 4.1.4 of Chap. 4 is used to evaluate the
maximum magnitude of a possible earthquake originating from the Mt. Cameroon region. The
output file contains information summarised in Table 5.2. The observed cumulative number of
earthquakes and its non-parametric fit for the Mt. Cameroon seismic data are shown in Fig. 5.4.
The seismicity in the Mt.Cameroon region is characterised by the occurrence of earthquakes
swarms of small magnitudes. The compiled catalogue used for the determination of the
maximum magnitude comprises a column of magnitudes of events from both the extreme
catalogue and the complete sub-catalogues. In general, the maximum regional magnitude values
of the Mt. Cameroon area overlap when their standard deviations are taken into account.
However, it can be noticed from the standard deviation that the non-parametric methods are
substantially better than the parametric procedures.
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Non-Parametric Fit to Observations (mmax =5.21)
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Figure 5.4: Plot of the observed cumulative number of earthquakes and the non-parametric fit of
the Gutenberg-richter CDF for the data from the Mt. Cameroon region. The estimated value of
Mmax from the fit is equal to 5.21

Figs. 5.5 & 5.6 represent the maximum possible magnitude to be expected in the Mt. Cameroon
region when the Gutenberg-Richter model is assumed to fit the magnitude distribution and
Fig. 5.7 estimates mmax When no specification on the form of the magnitude distribution is
required (non-parametric). The maximum observed magnitude is determined with a standard
error assumed to be 0.3

These applied formalism plots also provide a confidence limit for the estimated myax that gives
an indicator on how reliable the estimated maximum magnitude value is. The confidence limits
equation (probabilities) known as the fiducial distribution is given by (Kijko, 2004):

Pr[rnmax <z]=1- [FM(mgr?asx; z)|" (5.1)

where F,;(m;e)denotes the cumulative density function of parameter mmyax, Z correspond to any
value less than mmay, N is the number of seismic events and m92s. is the maximum observed
magnitude.

The probabilities (confidence limits) for K-S, K-S-B and N-P-G procedures are ~ 0.12, 0.28 and
0.61, respectively. According to Pisarenko (1991), the assessment of my,y is reliable and stable
when the confidence limit is equal to 0.90 or higher. As a result, estimators of mmax following
procedures developed by K-S, K-S-B and N-P-G do not seem to fit the magnitude distribution of
the Mt. Cameroon Volcano region. However, the N-P-G procedure is more reliable and useful
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than the model-based estimator K-S and K-S-B since it does not require any specification about
the magnitude distribution function F,(m) (Kijko, 2004).

AREA: Mt.Cameroon
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Figure 5.5: Fiducial distribution function of mpya for Mt. Cameroon when the Gutenberg-Richter
model of the earthquakes magnitude is assumed. The value of mpmax calculated according to the
K-S procedure and its confidence limit are represented by the dash
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Figure 5.6: Fiducial distribution function of m,,,, for Mt. Cameroon when the Gutenberg-
Richter-Bayes (K-S-B) model of the earthquakes magnitude is assumed. The value of m,,,, and
its confidence limit are represented by the dashed vertical line and the arrow respectively.
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Figure 5.7 Fiducial distribution function of mpma for Mt. Cameroon when the empirical
distribution of magnitude is estimated according to the N-P-G procedure. The value of mpax is
equal to 5.21 and the probability defining whether the model is suitable to assess the value of
Mmax IS equal to 0.61

The very low values of the confidence limits for K-S, K-S-B and N-P-G procedures can be
attributed to the short period of observations of our seismic data (84 years). Pisarenko (1991)
noticed that the span of a seismic catalogue is generally considered to be sufficient if the
catalogue contains a minimum of two to three earthquakes with magnitude close to mpyax (With a
difference of order of 0.3 to 0.4).

The maximum magnitude estimated from the N-P-G procedure is equal to 5.21; The three largest
earthquakes that took place in the Mt. Cameroon area are of moment magnitude 5.09, 4.95 and
4.75; only two magnitude values (5.09 and 4.95) are close to the values obtained from non-
parametric estimators and none of them is close to the parametric estimators values (cf. Table
5.2). This implies that estimators based on the Gutenberg-Richter model may not be valid for the
Mt. Cameroon region.

However, parametric approaches have the major advantage of being able to incorporate
additional geological or geophysical information to supplement the pure seismological data.
Therefore, they provide an appropriate tool that takes uncertainties into account (Kijko &
Graham, 1998).

It should be noted that the estimated standard errors of the maximum possible magnitudes Mpmax
depend on the chosen errors of maximum observed magnitude, which was arbitrary taken to be
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0.3 in this study. Also, not considering the uncertainties resulting from a selection of the wrong
magnitude distribution model can produce unacceptably erroneous estimations of mmax (Kijko
and Graham, 1998).

5.2 Evaluation of volcanic hazard at Mt. Cameroon volcano

A geostatistical study done by Lapi et al. (2010) suggests that the series of Mt. Cameroon
eruptions are indefinitely random and independent of one another. These findings make the
application of a Poisson distribution suitable to estimate the eruption rate of Mt. Cameroon
Volcano. The knowledge of the parameter A evaluated in Chapter 4 (section 4.3.2) allows us to
estimate the volcanic risk, i.e. the probability to have an eruption in the next t years (Fig. 5.8).
This is given by the formula

Pt)=1—eH (5.2)

In other words, the probability for an eruption to occur is equal to one minus the probability not
to have an eruption in the next t years. At the origin time (t = 0, taken to be the year 2015), the
probability is zero. The mean recurrence time (1/ A) of Mt. Cameroon is approximately 13 years.
This value is slightly higher than the one from Lapi et al.; (2010) who found that the average rate
of occurrence of Mt. Cameroon eruptions is approximately one every 10 years.
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Figure 5.8: Probabilities for an eruption to occur in the next 50 years’ time starting in the year
2015.

Considering the last eruption date (in 2000) and, with eruptions occurring once every 13 years, it
is assumed that at present (2016) there is a high probability of eruption at Mt. Cameroon. In
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general, there is a 52% chance for an eruption to occur before the end of the year 2025 and a
90% chance of eruption in the next 30 years (year 2045).

Geostatistical studies of Mt. Cameroon Volcano (Lapi et al., 2010) suggest that the next volcanic
eruption at Mt. Cameroon is likely to take place in 2022. From our statistical assessment
technique, there is only a 40 % chance of an eruption to occur in that year.

The volcanic risk evaluation of Mt. Cameroon from statistical methods used requires knowledge
of the total number of eruptions during the observation period. VVolcanic eruptions that occurred
prior t01900 were used in the calculations even though there is no proven historical record about
the exact occurrence dates (Deruelle et al., 1987). The traditional K-Ar dating technique usually
contains large errors in the age range recorded by volcanoes (Ho et al., 1991). Thus, the exact
duration of volcanism of Mt. Cameroon is still unknown. Also, the quality of results of statistical
techniques depends on the length of the sample size (Ho et al., 1991). For a given volcano, the
eruption history covering a long period of time yield reliable long-term average recurrence rate
with precision. Records of eruptions at Mt. Cameroon are found back to 2500 B.C. (Deruelle et
al., 1987), few of its eruptions have been documented. This is in great contrast to other volcanoes
like Mount Etna whose documented eruption history dates back to more than 2500 years
(Smethrurst et al., 2009). All these factors can influence the value of the mean annual recurrence
rate and misestimate the risk of volcanism at Mt. Cameroon.
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Chapter 6

Conclusion

This study has illustrated the feasibility of combining historical with instrumental seismic data
and has produced some significant results on the seismicity and eruptions pattern of Mt.
Cameroon. Nevertheless, as any hazard and risks assessment, the reliability of the results for a
given area depends on the methodology and the input information used. Compare with any other
unbiased estimator, the maximum likelihood procedure provides more robust and straightforward
estimates with the least uncertainty.

6.1 Summary of the results

An examination of the Gutenberg-Richter Frequency magnitude (Fig. 4.4-4.6) shows that b-
values are partially dependent on the maximum regional magnitude and the method used in their
calculation. Also, b-values vary both temporally and spatially with an average value of 1.53 +
0.02 estimated for the Mt.Cameroon region. This value is typical for volcanic areas where b-
values are usually greater than one. We interpreted this anomalous b-value as the presence of
high material heterogeneity beneath Mt. Cameroon. The intrusion of the magma body generates
the occurrence of relatively small earthquakes as observed in our instrumental catalogue and
could be responsible for the high b-values.

The great majority of sub-crustal earthquakes recorded reveal that the southeast zone is the most
seismically active part of Mt. Cameroon volcano. By splitting our instrumental sub-catalogue
into two (Table 5.1), we observed that the annual mean seismic activity rate strongly depends on
the time span of the seismic catalogue and results show that on average, one earthquake event
occurs every 10 days.

The maximum regional magnitude values determined from various approaches overlap with each
other when their standard deviations are considered. However, the non-parametric with Gaussian
Kernel (N-P-G) approach gave a more reliable maximum regional magnitude value. This may
imply that the magnitude distribution model of the Mt. Cameroon earthquakes does not follow
the form of the Gutenberg-Richter frequency magnitude relationship.

Since volcanic eruptions occurrence does not follow a specific pattern, a Poisson distribution was
fitted to the previous recorded eruptions of Mt. Cameroon to estimate the rate of occurrence of
volcanic eruptions and evaluate the risk of a future eruption. On average, one eruption takes
place every 13 years and, with the last eruption occurring over 15 years ago, it is considered that
there is at present a high probability of eruption.
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The application of statistical techniques in volcanic areas require a sufficiently large sample size
(time span of the seismic catalogue and number of volcanic eruptions) to evaluate a reliable
prediction in the long run. An earthquake catalogue containing events for a period of time of just
under 84 years and the fact that only 16 eruptions have been recorded so far do not give enough
information to produce highly accurate results.

The seismic catalogue showed unusual inconsistencies such as having gaps, for example, from
mid-1986 up to early 1987. This could be attributed to the downtime of the seismic network.
Since an assumption has to be made that the instrumental data is complete, this considerably
increases uncertainties in the values of the seismic hazard parameters. Likewise, the precise
eruptions history of a volcano is not always known. Thus, to a certain extend, volcanoes are
inherently unpredictable and this study only serve to provide average estimates of hazard and
risks calculations. Nevertheless, as weather forecasting, it is much better to have forecast with
known limitation (probabilities, uncertainties) than none at all.

Precise dates of eruptions are critical for volcanic rate calculations. The commonly used K-Ar
dating method often has large errors in the age and duration of volcanism. Therefore, a more
precise technique of dating is needed and the record of past volcanic eruptions of Mt. Cameroon
must be developed by detailed field and geochronologics studies

6.2 Suggestions for Further Work

Admittedly, because of time and data availability constraint, this study has not been exhaustive
and many of the lines of investigation pursued can still be extended considerably.

The reliability of the results for seismic hazard estimation in a given region depends on the
methodology and input information used. In this thesis, we have applied a MLM to a
combination of disparate catalogues covering about 84-years long seismic data. This period is
not considered long enough and more recent seismic data should be added to produce highly
accurate results.

The hazard parameters A, m,,,, and b-value represent the seismic potential of a zone and
attention should be focused on these parameters. For instance, with additional seismic data and
better broadband seismograph coverage, the resolution in the determination of the focal depth of
earthquakes will be improved. This will allow better determinations of the b-value distribution
both laterally and with depth as well as over time. This technique has found applications to many
geological problems, including the determination of the magma chamber location, size, and
morphology (Gridges and Gao, 2007; Sanchez et al., 2005).
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This study has demonstrated the feasibility of the technique developed by Kijko & Sellevoll
(1989, 1992) in a volcanic environment. A necessary improvement would be in the assessment of
the b- value and seismic activity rate. For example, instead of taking one average value for the
whole region, a similar technique could be used to calculate these seismic parameters at each
grid point. This will help delineate zones of lower earthquake risk where human settlement
should preferably be located.
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