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ABSTRACT

Ignimbritic flow deposits which derived from pyroclastic density currents (PDCs) are mostly
observed in West-Cameroon Highlands located in the central portion of the Cameroon Volcanic
Line (CVL), especially in Bambouto (21.12 - 0.50 Ma) and Bamenda (27.40 - 0 Ma) volcanoes.

*Corresponding author: E-mail: merlin.gountie@gmail.com, merlinodedzo@yahoo.fr;



Gountié Dedzo et al.; JGEESI, 24(2): 39-60, 2020; Article no.JGEESI.55452

These deposits covering approximately 27% (=195 km®) of the volcanoes surface with thickness
ranging from 30 to 200 m representing a total volume estimated at 20 km®. Because of the intense
weathering of the ignimbritic formations after their setting up and being buried by basaltic and
trachtytic flows, the initial volume of these pyroclastic deposits is really much larger. Soil fertility has
fostered an important population growth (more than 1,200,000 people) in these volcanoes. The
economic and agropastoral activities on the flanks and inside the caldera of the volcanoes are
estimated at about $US7.5 billion. In this paper, we evaluate and realize cartography of the hazards
associated to ignimbritic eruptions which are most disastrous in term of volcanic process in this
region. Magnetic studies, specifically, Anisotropy of Magnetic Susceptibility (AMS) method has
been utilized for the determination of flow directions in visually nearly isotropic ignimbritic deposits
outcrops. The AMS data reported from the Bamenda and Bambouto volcanoes ignimbrites
produced significant informations about the depositional scheme of the PDCs. In most sites,
magnetic lineations and principally magnetic foliation are reliably parallel to downhill directions,
frequently with an upslope imbrication. Inferred palaeoflow directions based on the field indicators,
orientation of minerals and other objects in oriented thin sections and the directional AMS data
show that Bambouto caldera, Oku crater and Santa-Mbu caldera are the sources of main PDCs of
Bambouto and Bamenda volcanoes. These AMS results have aided us to produce a hazard and
risks maps related to potential future pyroclastic flows on these volcanoes. The assessment of risks
in these volcanoes was based on populations in the study area, infrastructures (houses and roads)

and average income of breeding activity.

Keywords: Bambouto and Bamenda volcanoes; ignimbrites; anisotropy of magnetic susceptibility;

hazard and risk maps; assessment.

1. INTRODUCTION AND BACKGROUND
GEOLOGY

The Cameroon Volcanic Line (CVL) is an
alignment of continental and oceanic volcanic
massifs, and plutonic complexes spreading from
Pagalu island in the Atlantic Ocean to lake Chad
(Fig. 1). The volcanism along the CVL is still
active at Mount Cameroon with the 1999 and
2000 eruptions. Volcanic activities in this line
started during the Eocene with the setting up of
the Bamoun plateau between 51.8 and 46.7 Ma
[1]1 and Mount Bangou between 44.7 and 43.1
Ma [2]. Rhyolites, phonolite, trachyte and basalt
are the main products of this volcanism
[3,4,5,6,7,8,9,10,11]. Ignimbrite outcrops are
found only in the central continental part of the
CVL, particularly in the Bamenda and Bambouto
volcanoes [12,13,14]. In Nkogam massif, other
small deposits are also reported [14,15,16,
17,18,19].

Mount Mélétan (2740 m) and Bambili Lake
borders (2621 m) are the highest point of the
massif (Fig. 2) of the Bambouto and Bamenda
volcanoes respectively which cover an area of
about 1400 km?. The presence of PDCs deposits
(Fig. 3) justify the hazard caused by the
volcanoes which are still considered as an active
with a 0 Ma basalts in Mt Bamenda [20] and
0.480 Ma scoriae in Mt Bambouto [21].
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Bamenda volcano is made up of two calderas
namely, Santa-Mbu caldera (6 x 4 km) and Lefo
caldera (4 x 3 km). Their floors and external
slopes are composed principally by domes and
lava flows of trachytic nature. According to
Kamgang et al. [7,20,22], felsic and intermediate
rocks (27.40 - 18.98 Ma) are made of rhyolites,
trachytes, benmoreites and mugearites. Mafic
rokcs (17.4 Ma to the present) are represented
by hawaiites, basalts and basanites. Welded and
non-welded ignimbrite deposits are generally lie
on the granito-gneissic basement and covered by
lateritized old basalts.

The volcanic products of Bambouto volcano
(2112 to 0.48 Ma) consists of rhyolite,
phonolites, trachytes, basalts and various facies
of ignimbritic deposits [4,16,21,23,24,
25,26,27,28]. The Mt Bambouto caldera is
situated in the summit of the volcano and
represents an irregular depression with an
elliptical form (16 x 8 km). Subvertical walls on
the southeast side and the dregs of this caldera
are characterized by trachytic and phonolitic
flow-domes and domes.

1.1 Pyroclastic Density Currents Deposits
PDCs constitute an inhomogeneous combination

of lava fragments, ash, block and gas that flow
according to their density relative to the nearby
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fluid and due to Earth’s gravity [29,30]. The
deposits of these PDCs lead to the formation of
ignimbrite. Temperatures (up to 600-700°C) and
speeds (up to 300 km/h) of these flows are
generally high on the earth surface
[31,32,33,34,35], and frequently implying a
turbulent regime [32,36,37,38]. When a PDCs
have a solid volume concentration equal or less
than a few percent, it's a diluted pyroclastic flow;
a concentrated suspension or of high
concentration will therefore have a concentration

of several percent or several tens of percent [39].
Diluted concentration flows with stratified
deposits which drape topography are known as
pyroclastic surges. Pyroclastic flows are
generally denser than pyroclastic surges and
form more massive poorly sorted deposits that fill
valleys and poorly sorted [40,41,42,43].
Pyroclastic surges can be associated with a
pyroclastic flow, situated at the edge of this flow
or produced by ash cloud surmounting it (case of
Mt. St. Helens [44] and the Soufriere Hills
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Fig. 1. Location of the study site in the Cameroon Volcanic Line (CVL); Inset: location of the
CVL in Africa
OVG: Oku Volcanic Group;, WCH: Western Cameroon Highland; CCSZ: Central Cameroon Shear Zone
according to Ngako et al. [19]
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Fig. 2. Digital elevation model (DEM) of Bambouto and Bamenda volvanoes: Shuttle Radar
Topography Mission (SRTM, NASA)

volcano [45]). These two categories of flows
deposits have been identified on Mts Bamenda
and Bambouto. They can originate from laterally
inclined blasts or from hot avalanches resulting
from lava domes, or by fountain-like downfall of
parts of an eruption column following explosive
fragmentation of rock and magma in a volcanic
conduit. PDCs can transport important volumes
of hot debris speedily for several kilometers
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across the ground and they represent a
destructive and lethal volcanic hazard. Ground-
hugging PDCs create a buoyant counterpart,
known as co-ignimbrite ash plume or a phoenix
cloud, which can transport aerosols and ash into
the stratosphere and thus can cause important
climatic malfunction. The majority of processes
within PDCs is difficult to observe and are
frequently inferred from the related deposits.
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Fig. 3. DEM of study area presenting the ignimbritic outcrops (modified from Gountié dedzo et
al. [13]) and the AMS sampling stations

1.2 Aim of Study

A significant number of people have been killed
on volcanoes during the previous few decades
by somewhat small volcanic eruptions that
otherwise represented no hazard to nearby
cultivated and populated areas. PDCs have
caused about 65,000 deceases since 1600 A.D.
(about 48% of all volcano-related fatalities). The
Bamenda and Bambouto volcanoes are
considered as active and can possibly cause
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enormous damage if an eruption happened,
since in the past, violent eruptions have resulted
in substantial ignimbrite deposits in the calderas
and on the slopes of the volcanoes. The aims of
this manuscript are to cartography and assess
PDCs hazards at Mounts Bamenda and
Bambouto which are the most catastrophic in
terms of possible volcanic processes. To
accomplish this objective, AMS has been used to
infer palaeoflow directions in ancient deposits of
ignimbrite which, are visually practically isotropic
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in all outcrops. Results of magnetic fabrics of
ignimbritic deposits aid us to determine ancient
flow directions of PDCs, to reassemble
discontinuous deposits into their primary
ignimbrite sheets, and to locate their emission
source. Such restorations permit us to predict
scenarios of future probable ignimbritic eruption
and to realize a vulnerability, hazard and risks
maps of PDCs in the Bamenda and Bambouto
volcanoes.

2. FIELD OBSERVATIONS
PETROGRAPHY OF IGNIMBRITES

AND

Ignimbrites are principally observed in the central
portion of the CVL; they are Ilocated
predominantly in Mt Bambouto and its NW
extension (Mt Bamenda) (Fig. 2). The Bambouto
ignimbrite deposits (about 17% of the massif)
(Fig. 2) outcrop sporadically and represent
roughly 135 km? for a total volume projected at
13.65 km®. The ignimbrites of Mt Bamenda
represent approximately 7.5% of the rock
outcrops of the volcano constituting about 45 km
with a volume of around 6.42 km® (Fig. 3). These
volumes are actually much higher because these
formations are generally covered by lateritized
basalts. In the two volcanoes, ignimbrites are
covered by lateritized basalt and lie on a
basement made up of granitoid and gneiss. The
different facies are principally massive lithic
breccia facies (mIBr) and massive lapilli tuff (mIT)
according to Kokelaar and Branney [29]
classification.

These ignimbritic deposits are characterized by
their high aspect ratio of about 3.2 x 102 to 1.5 x
10 in Mt Bambouto and 7.23 x 107 to 2.77 x 10°
2 in Mt Bamenda. In fact, the shape of an
ignimbrite sheet may, apart from its volume, be
basically and quantitatively described by the
aspect ratio which is defined as the ratio of
average sheet thickness to the diameter of a
circle that covers the similar area as the sheet
[40,46,47]. The aspect ratios of the studied
ignimbrites range from > 107 (high aspect ratio)
to < 10® (low ratio). We distinguish in the field

the welded and non-welded ignimbrites
depending to the degree of welding.

2.1 The Welded Ignimbrites

The welded ignimbritic deposits generally

outcrop as sheets. Depending of the type of the
facies, the colors of rock are whitish, dark gray
and light gray with massive and compact
structure. In the ignimbrites of Bamenda volcano,
the amounts of minerals and lithic fragments are
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considerably less significant compare with those
of neighboring Mt Bambouto [12].

Ignimbrite deposits in the two volcanoes are
generally made of two or one flow units which
consist of a simple cooling unit [12]. The fiammes
(5-20%) which is lens or flame-shaped object,
such as typically forms from flattened lapilli-rich
pumice in a welded ignimbrite, presents lenticular
to ovoid shapes. Eutaxitique fiammes with
unidirectional orientation are present at Nzemla
and Bambili localities. Trachytic enclaves (10-
20%) are the main component of the lithic
fragments of mIT ignimbrites. In Mbou, Big
Babanki, Mbu and Mbengwi municipalities were
the mIBr facies are represented, enclaves of
black scoriae (20-25%) constitute the majority of
the rock fragments. Enclaves of granite, scoriae,
ignimbrites and vitrophyres are less represented
(1-5%). Devitrified matrixes (50-90%) are made
up of clinopyroxene (1%), plagioclase (1%),
oxides (1-2%), biotite (2%), quartz (2-5%) and
alkali  feldspar  (10-35%; sanidine and
anorthoclase).

2.2 The Non-welded Ignimbrites

The non-welded ignimbritic deposits are volcanic
tuffs and also belong to TIm facies. These
deposits cover about 65 km? of the massifs (Fig.
2) [12]. The rocks outcrop in Dschang, Mbeng
Santa Coffee and in the calderas of the two
volcanoes (Bambouto caldera, Santa-Mbu and
Lefo caldera). Due to the abundant vegetation
and uneven terrain the exact thickness (> 20 m)
of non-welded ignimbrites is difficult to assess.
This facies is very powdery and mainly consists
of trachytic enclaves (20-25%) with insignificant
proportion of rhyolite, ignimbrite, obsidian and
granite. The mean size of these lithics is 3 x 2.4
cm. The dimension of some trachytic lithic
fragments reached 4.5 x 6 m in Bambouto
caldera and 1.5 x 2.5 m in Lefo caldera; these
huge lithic rock fragments are comparable to co-
ignimbritic breccias and generally linked with
subsidence related to the genesis of calderas.
Agglomerated volcanic ash (accretionary lapilli;
up to 10%) with variable size (0.6 to 2.5 cm in
diameter) are also present in all non-welded TIim
facies. The matrix of non-welded ignimbrites
constituted by ashy fine particles represents 25-
30% of these formations.

3. SAMPLING METHOD AND AMS
MEASUREMENTS

The magnetic susceptibility (K) of a rock refers to
its response to an applied magnetic field.
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Magnetic susceptibility (K M/H, in Sl
international system of units) also expresses the
ability of a body to acquire a magnetization (M)
when subjected to an inducing magnetic field (H).
K is a scalar for an isotropic body (K; = K, = K3),
but if this body is anisotropic (K; 2 K, = K3) then
there is anisotropy of magnetic susceptibility. Iron
is the principal element responsible for the
magnetic susceptibility. AMS predominantly
defines grain-shape anisotropy for magnetite.
AMS also expresses crystallographic control on
magnetic  properties for other minerals.
Therefore, we may infer the orientation-
distribution of a main mineral from the AMS of a
rock. Flow-directions from PDCs deposits and
magma, current directions from sediment, can be
recorded by AMS principal directions [12,35]. In
this paper, AMS is applied to PDCs deposits or
ignimbrites with an aim to reconstruct palaeoflow
directions of pyroclastic current. All AMS data
were acquired at Paul Sabatier University in
Toulouse (France) in GET (Géosciences
Environnement Toulouse) laboratory. Sampling
of the the Bambouto volcano (244 core samples)
and Bamenda volcano (115 core samples)
ignimbrites was done on 41 sites (Fig. 3) using a
non-magnetic diamond-tipped drill bit portable,
gasoline-powered drill-machine. Samples were
only taken from nearly horizontal beds (dip less
than 10°) and from rocks with a grain size
smaller than that of ash (< 2 mm). At each
station, a total of 6 to 10 oriented cores were
collected in a surface covering about 4 to 8 m”.
None of the studied rocks showed field evidence
of rheomorphic flow (secondary flow) that might
have modified their primary emplacement
magnetic fabric. Before numbered samples,
Magnetic compass was used to orientate
(azimuth/dip). Each core sample in laboratory
was severed into 22 x 25 mm cylindrical
specimens, using a non-magnetic, diamond
tipped saw blade. A total of 297 specimens were
obtained with up to four specimens per sample.
AMS measurements were done on a KLY-3S
Kappabridge susceptometer (Agico, Czech
Republic) working at low alternating field (4 x 10
T at 920 Hz) with a sensitivity of about 2 x 107
S|, tolerating anisotropy discrimination below
0.2% over a large range of susceptibility. This
technigue measures the orientation of the
minerals (magnetic carriers) in a rock sample
which aid to restore palaeoflow directions. In
different directions of the sample, the AMS can
also be measured and the results are generally
expressed in terms of a ftriaxial ellipsoid
characterized by the minimum, intermediate and
maximum susceptibility directions, Kmin Kint and
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Kmax respectively. The anisotropy of the
principal susceptibility axes is commonly
considered to be inherited from the mechanism
of emplacement and can be used to reconstruct
flow directions in intrusions, lavas and
ignimbrites. The minimum susceptibility (short
axis Kj3) represents the pole of foliation,
meanwhile the maximum susceptibility (long axis
K4) characterize the magnetic lineation; the mean
susceptibility is define by K, axis. Km (average of
magnetic susceptibility) expresses the arithmetic
mean of the main axes (Km = [K1 + K2 + K3] /
3). The (Km) is of the lengths. The method also
estimates P% (anisotropy percentage; P% = [(K1
/ K3) = 1] x 100), F% (planar anisotropy (F% =
[(K2 / K3) = 1] x 100) and L% (linear anisotropy;
L% = [(K1 / K2) —=1] x 100). The T parameter
express by T = (2InK; - InK; - InK3) / (INK; - InK3)
characterize the shape of the susceptibility
ellipsoid [48] and fluctuating from -1 for prolate
ellipsoid to +1 for oblate ellipsoid. The values of
T ranging between +0.5 and -0.5 qualify the
triaxial ellipsoids.

Numerous researches have used AMS in an
attempt to localize source vents of large
ignimbritic deposits since the early study of
Elwood [49]. Several researchers [50,51,52]
compared AMS data from PDCs deposits with
petrographic and field observations and
recognized that AMS provides a significantly
rapid and precise means of assessing the
transport  direction of ignimbrites  than
macroscopic examination techniques. It is
confirmed that the heterogeneous character of
an ignimbritic deposits does not completely affect
the fabric of AMS, and that AMS offers a realistic
indication of the PDCs flow direction [53,54]. The
shape of the AMS ellipsoid of most rocks
characterizes the favorite alignment of
paramagnetic (Km < 500 pSI) and ferromagnetic
(Km > 500 pSl) mineral grains within the rock
[49,55]. Numerous AMS studies have revealed
that ferrimagnetic phases such as maghemite
and magnetite, dominate the magnetic
susceptibility when these phases are present in
silicic rocks [56,57,58]. The mean plane of
magnetic foliation (represented by K,—K; axes) is
normal to the K; axis and approaches the flow
plane in the case of a normal magnetic fabric.
Nevertheless, the plane of magnetic foliation
frequently differs in orientation (imbrication
angle) comparative to the flow plane [49,50,59]
and inclines in a direction opposite to the
direction of flow. The imbrication dip direction is
supposed to point towards the emission center or
source area of PDCs (Fig. 4). The K; axis is
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Fig. 4. Conceptual model for imbrication of magnetic foliation in two ideal cases; (i) Magnetic
foliation can be imbricated with Kmax axis oriented parallel and (ii) perpendicular to the flow
direction, and the related (iii, iv) stereoplots of AMS axes. Note the orientation of the magnetic

foliation is parallel to the inferred flow direction in both cases (redraw from Giordano et al.
[59])

usually inferred to be parallel to the direction of
flow and therefore plunges towards the emission
center [50]. A different methodology must be
used to interpret the AMS data because the use
of the maximum susceptibility axis K, alone as a
proxy for flow direction is not usually reliable
[50,52,60,61,62]. Another method to determine
the flow direction of PDCs deposits is the use of
the imbrication angle of the plane of the magnetic
foliation, which equals the deviation of the
minimum axes K; from the normal to the
macroscopic flow plane [63,64,65] (Fig. 4). In the
present study, the K; axes are roughly
perpendicular to the dip direction of the
imbrication plane in most AMS sites then, only
the K3 axes were used to infer flow directions in
the case of normal fabrics. According to Wang et
al. [66], the AMS fabrics is (i) normal when the
magnetic foliation is subhorizontal (K; axis dips
at angle of less than 30°) and (ii) inverse when
the magnetic foliation plane is subvertical (K,
dips at high angle generally > 50°). Inverse
fabrics have been attributed to secondary
processes [67], such as hydrothermalism or post
emplacement modification (tectonic effect).
Concerning the ignimbrites of Bambouto and
Bamenda volcanoes, post-depositional vertical
structures are attributed to subvertical elutriation
pipes [12]. In fact minuscule secondary oxide
minerals may have deposited or be crystallized in
the pore boundaries produced from separation
and upwards movement of dust-loaded vapor
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phases formed during post-emplacement of
ignimbrites [12].

4. RESULTS OF AMS AND DISCUSSION

4.1 Identification of Emission Centres

In the two volcanoes, inverse AMS fabrics were
not used to infer flow direction of PDCs; but in
some cases (GM7, GM29 and GM40) presenting
this type of fabric, orientation of minerals and
other objects (fiammes, rock enclaves and
minerals) in oriented thin sections (Fig. 5) were
used to determine transport direction following
the procedure of Robin [68] and Launeau and
Robin [69].

4.1.1 Bambouto volcano

All AMS stations of Lepo display normal fabrics
(Table 1, Fig. 6) with best pole of synthetic
stereograms of magnetic foliation and a best line
of magnetic lineation at 190/84 and 43/3
respectively. Three stations have planes of
magnetic foliation gently inclined (2-10° for
GM36, GM37 and GM38) to NE, whereas station
GM35 show K3 axe inclined approximately 10° to
E. The remaining stations are imbricated to the
NW (3 to 28°), as can be observed in Fig. 6.
Magnetic lineations commonly present a NE-SW
direction with low plunges (2 6°). AMS
directions and field transport evidently indicate
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that the source of these PDCs is located in the
Mt Bambouto Caldera (Figs. 6 and 8).

Stations of Dschang ignimbritic deposits also
present normal fabrics (Table 1, Fig. 6). Magnetic
lineations (low plunges: 1 - 10°) define a NE-SW

magnetic foliations at 38/4 and 248/88
respectively. The general flow direction for
Dschang PDCs deposits (stations GM3, GM2,
GM1), inferred by field indicators (imbricated
fiammes nearby station GM1 with N56°E mean
direction) and magnetic data suggest that flow

axis with the best line and the best pole of was moved to SW (Figs. 6 and 8). The AMS data

a)

T

e B

Mean orientation
of objects in
one window

Mean orientation of
objects in the thin section

(ii) (iii)

Fig. 5. Determination of the shape fabric ellipses. a) Oriented thin sections realized from
sample GM40 following the NS, EW and horizontal sections. b) Exemple of the acquisition of
the shape fabric ellipses using the intercepts method following the procedure of Robin [68]

and Launeau and Robin [69] from (i) one thin section realized in NS plane; (ii) with nine

overlapping windows of the thin section, (iii) mean ellipse (dark blue circle) of the shape fabric
is obtained from the nine ellipses (light blue circles) of all windows. In the thin section, objects
are represented by fiammes, rock enclaves and minerals
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Table 1. Magnetic study results of Bambouto and Bamenda volcanoes. N is the number of
samples for the site; Km is the mean magnetic susceptibility; L% is the linear anisotropy
percentage; F% is the planar anisotropy percentage; P% is the total anisotropy percentage;
T is the Jelinek’s shape parameter [48]; K,, K; and K3 are the maximum, intermediate and
minimum susceptibility intensities respectively; D: declination in degrees; I: inclination in

degrees
Locality Site N AMS parameters Means eingenvectors
K4 K. Ks
Km@sSl) P L% F% T D [ D [ D [

Bambouto volcano

Dschang GM02 24 1763.5 71 1 6 0.7 31 7 121 0 212 83
GM04 27 17129 82 08 73 08 224 1 134 6 325 84
GM05 18 2198.8 63 03 6 09 208 2 2908 6 102 83
GMO1 23 196.6 25 01 23 09 70 10 161 2 264 80
GM03 23 1957 03 0 03 08 18 10 287 1 190 80

Mbou GM11b 9 250.5 19 03 1.7 07 359 23 260 18 154 68
Mbeng GM10 22 187.8 05 02 03 03 132 65 330 24 237 7
Lepo GM13 22 5717 37 04 32 08 T 2 341 12 168 78

GM14 23 5129 02 01 01 -03 41 3 310 18 139 72
GM15 17 13034 03 01 02 06 26 4 295 8 143 81
GM17 23 4191 21 03 18 0.7 43 2 313 3 163 87
GM38 32 801.5 19 01 17 08 60 5 330

GM35 27  211.2 1.1 01 1 09 27 6 118
4

GM16 24 2111 07 05 02 -06 238 80 132
GM39 24 1075 07 07 01 -07 230 86 4
GM40 20 99.8 05 03 02 -06 177 74 274
Baranka GM19 17 3547 2 04 16 07 33 26 72
GM20 25 703.7 11 07 04 -03 7 47 221

8
8
GM36 33 6144 35 02 33 09 77 347 2 233 86
GM37 27 130.6 04 01 03 06 334 2 64 2 208 88
Nzemla | GMO6a 10 819.1 04 O 04 08 324 56 195 23 94 24
GMO6b 10  856.9 04 01 03 05 28 51 25 8 121 38
GMO6c 8 952.5 04 01 04 07 302 45 168 35 59 24
GMO7 9 359.1 1 04 06 01 59 4 328 8 179 81
GM09 17 1610.5 02 O 01 06 35 75 265 10 174 11
GM18 21 3473.2 02 0 02 09 127 4 216 1 283 86
GM34 35 33747 02 01 01 01 19 10 286 17 139 70
GM41 16  227.3 02 01 01 00 107 81 304 8 214 3
Nzemla Il GM08 25 153.7 03 02 01 -02 2156 75 84 10 352 12
GM12 20 242 1.2 1 03 -10 309 75 54 4 145 15
3
3
2
1
3

~N O

Bamenda volcano

Bamenda GM27 23 1473 07 03 04 01 142 2 233 11 45 79
GM28 24 88.9 07 0 07 09 254 35 14 35 134 36
GM29 22 3755 06 04 02 -03 278 81 43 6 134 8
Mbu GM21 20 9111 08 03 04 01 213 13 307 13 79 71
Mbengwi GM31 33 2062.5 02 0 01 05 182 24 274 4 12 66
GM32 32 7256 14 01 12 08 197 1 100 13 310 87
Bambili GM24 24 3253.2 02 0 02 06 315 2 45 6 202 84
GM26 12 2579.5 02 01 01 00 50 26 144 8 249 62
GM33 27 ©66.6 01 01 01 01 39 84 20 2 199 6
Sabga GM22a 11  1220.6 1.7 07 1 02 315 32 73 37 197 37
GM22b 9 1143 16 05 11 04 128 20 241 47 23 36
GM23a 7 391.9 05 03 01 -03 221 8 340 73 129 15
GM23b 9 379.8 05 02 03 00 225 6 116 73 317 16
Big-Babanki GM30 12 555 05 02 03 00 5 6 326 0 235 84

Source: [73]
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Fig. 6. Magnetic lineation and magnetic foliation map obtained from AMS stations of Bambouto
volcano ignimbrites. Lower hemisphere projections of AMS data from Mt Bambouto with
inferred flow direction using field indicators and imbrication of magnetic foliation (normal

fabrics) are also shown; squares, triangles and circles represent K;, K, and K3 respectively;
filled symbols represent means of K, K; and Kj; stars represent the pole of the
paleotopography. In every stereoplots of AMS axes, values of magnetic foliation (F) and
lineation (L) are also given

for the remaining two sites (GM5 and GM4) are increases the global scattering of the transport
practically orthogonal to the general flow directional data. The influence of subtle
direction. Modification of K; directions and in the topography on directional data of AMS has been
flow imbrications angle in the study area thus in fact recognized in other PDCs deposits
expresses variations in local slope which [70,71,72].
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Eight AMS sites at Nzemla | show K; and K;
axes slightly dispersed with an overall trending to
the SE and NW (best pole of magnetic lineation
and foliation are 23/9 and 154/77 respectively. In
detail, three sites (GM7, GM18 and GM34) show
normal fabrics with a poorly defined flow direction
toward the SE to the W, consistent with field data
suggesting transport toward the SW at station
GM7. The other 5 stations display inverse fabrics
with abruptly dipping planes of foliation (52-87°)
and reasonably to extremely plunging lineations
(45-81°). General flow direction inferred from
normal AMS fabrics is to SE (Figs. 6 and 8),
consistent with flow direction infer from
imbricated lithic fragments around station GM11
(with N49°E mean direction) and from orientation
of minerals and other objects in oriented thin
sections (Fig. 5) also evidently indicate
Bambouto caldera as the emission center of
these PDCs deposits (Figs. 6 and 8).

Due to the inverse magnetic fabrics at Baranka,
Mbeng and Nzemla Il (Table 1, Fig. 6), no
transport direction can be identified. The five
stations of Nzemla Il display subvertical plane of
foliation (75° - 87°) and high plunges of magnetic
lineation (51° - 86°). In station GM40, orientation
of different objects and minerals in oriented thin
sections suggest a NW - SE flow direction (Fig.
5). GM10 station, at the Mbeng also displays
high plunge of lineation (65°) and high magnetic
foliation dip (83°). Site GM19 displays a
reasonably dipping plane of magnetic foliation
(30°) and a transverse-to-flow magnetic lineation
(26°). At Baranka, site GM20 in Bambouto
caldera shows moderate plunge of magnetic
lineation (47° to the north) with a subvertical
magnetic foliation (72°).

AMS station of Mbou with a normal fabric
(GM11b) was used to have an idea of the
transport direction. In fact, the pole of magnetic
foliation points to the NW, signifying a NW - SE
flow. Imbricated lithic fragments nearby this site
are consistent with this flow direction (Figs. 6
and 8).

Based on magnetic foliation, imbrication of field
indicators and orientation of minerals and other
objects in oriented thin sections, we finally
conclude that the PDCs responsible for these
ignimbritic deposits were generated from caldera
of Bambouto volcano.

4.1.2 Bamenda volcano

AMS directional data indicate a relatively
consistent transport pattern in different stations
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inferred by magnetic foliation plane or imbrication
dip direction. The most stations located at Big
Babanki, Bambili, Mbengwi, Mbu and Bamenda
show normal fabric (Table 1, Fig. 7)
characterized by well-defined magnetic fabrics
presenting generally moderately inclination (3 -
24°) of the planes of magnetic foliation and low
plunges (1 - 26°) of the magnetic lineations. The
remaining seven staions at Sabga, Bambili and
Bamenda cannot used to suggest the transport
direction of flow since they display inverse fabric
characterized by commonly abruptly dipping
magnetic foliation planes (52 82°) and
extremely plunging (20 - 81°) of magnetic
lineations.

AMS sites at Mbu, Mbengwi and Bamenda with
well-defined normal fabric (excepted stations
GM28 and GM29 with inverse fabrics), field
indicators imbrication (GM28) and orientation of
minerals and other objects in oriented thin
sections (GM29) demonstrate that flow direction
of PDCs is from SW to NE. Therefore, Santa-
Mbu caldera is the probable source of the
Bamenda, Mbenwi and Mbu ignimbrites (Fig. 8).

Concerning the AMS stations of Big Babanki,
Sabga and Bambili, only 3 sites exhibits normal
fabrics (Bambili: GM24, GM26; Big Babanki:
GM30) and can be used to infer flow direction.
The imbrication of fiammes and others lithics in
Sabga (GM22) and Bambili (GM24) ignimbritic
deposits was also used to suggest transport
direction. It's obvious that flow patterns of PDCs
were roughly directed from NE to SW; we can
then conclude that PDCs responsible for the
ignimbrite deposits of Babanki, Sabga and
Bambili were probably generated from Oku
caldera located in the NE of these localities

(Fig. 8).

4.2 Mapping and Assessment of the
Ignimbritic Hazards

4.2.1 Mapping

With outcrop map of exposed ignimbritic deposits
and their thickness, we have drawn hazard map
(Fig. 9) related to PDCs or ignimbrite eruptions
which are responsible for these deposits. In the
zones where ignimbritic deposits are covered by
other volcanic rocks, the boundary and
approximately thickness of PDCs deposits were
evaluated from several roadcuts, quarries (for
engineering materials or construction), wells and
particularly from water drillings, realized on
trachytic and basaltic covers. The drillings carried
out in these zones are in noteworthy numbers
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(over 290 listed in the study area) and deeper
than 40 meters in many cases. The data
collected (thickness of PDCs) have permitted to
evaluate in more realistic manner, the surface,
the volume of ignimbrites and reliable hazard
map. According to the data acquired from the

a] =}
Bamhili.gi
GM26

Bambili,

o

Ao @
Filf e,

o %

&3

AMS technique and the field studies of
pyroclastic deposits in the volcano’s craters and
on their respective slopes, the former flows have
been mapped. It emerges that the steepest
slopes of the volcanoes controlled the flow of the
pyroclastic materials [73].
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Fig. 7. Magnetic lineation and magnetic foliation

map obtained from AMS stations of Bamenda

volcano ignimbrites. Lower hemisphere projections of AMS data from Mt Bambouto with
inferred flow direction using field indicators and imbrication of magnetic foliation (normal
fabrics) are also shown; squares, triangles and circles represent K;, K, and K; respectively;
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Vulnerability map (Fig. 10) highlights the stake of
the study area. The stake includes humans
(Children, men and women), houses and their
respective equipment and, farms and cattle.
Major towns are found in the downslope areas of
the volcanoes whereas small towns/villages are
found on the upper slopes of the volcanoes.
Other stake that can be taken into account is the
forest and breeding areas [73].
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The risks map (Fig. 11) highlights the risk
zones in the study areas. In case of the
resumption of a volcanic eruption, certain human
and natural patrimonies developed on the
ancient pyroclastic flows are more exposed to
the damage (high risks zone). Moreover, the
inhabitants living on the trajectory of the former
flow are also exposed to damage (Low risks
zone).
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Fig. 9. Hazard map of the study area showing the probably deposits zones of pyroclastic
density currents

4.2.2 Assessment

The first risk assessment work in the study area
was carried out by Zangmo et al. [74,75] in the
calderas of Mt Bambouto and Lefo. The
Bambouto and Bamenda volcanoes and its
nearby surroundings are densely populated with
more than 1250000 inhabitants. The information
for the location and inventory of the exposed
elements, followed by the examination of the
different values (strategic, human,
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environmental, economic, social and monetary)
was achieved by field surveys from the relevant
Cameroonian government departments and
completed by  concerned organizations.
Population (places of sporadic concentrations of
people and urbanized areas, such as markets,
schools, stadiums main centres of worship),
networks infrastructures and buildings (roads and
bridges, housing, telecommunications relays,
water-supply  systems, power networks),
breeding activities, main centres of economic
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and financial interest (factories, banks, tourist

centres), strategic  buildings for crisis
management (army and security, governance,
health  centres), farmland and natural

environment (industrial plantations, food crops,
vegetation and hydrography) are the main
elements considered by the authorities of
Cameroon as being the most important.
According to the Ministry of livestock, fisheries
and animal industries of Cameroon, in the
departments covered by Mts Bto and Bamenda,
the cost of livestock is generally estimated

5°45'0"N

5°30'0"N

10°0'0"E

at around 8.5 bilion FCFA ($U14.0369

million).

Assessing the value of the different element-at-
risk was focused on information obtained from
the several organizations and services
responsible for the social system (Table 2). It is
therefore possible to assess by this technique of
calculation the total capital budget (updated to
2020) of this different elements within the study
area at about 4193 bilion FCFA or $US9.93
billion.
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Fig. 10. Vulnerablity map of Bamenda and Bambouto volcanoes
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Table 2. Average construction costs in the study area (updated in 2020)

Type of construction (houses and roads) Cost per m” of housing and road
(FCFA). (1,000 FCFA = $US1.65140)
Wooden or clay-brick cabin without foundations 25,000 - 45,000

Wooden or clay-brick cabin on a masonry foundation 45,000 - 70,000
Mixed construction building (breeze-blocks and wood 85,000
or sheet metal)

“Standard” house of breeze-blocks and reinforced 155,000 per storey

concrete (R0-R1-R2-R3)

Road Tarred: 2850; Not tarred: 750
Source: [73]
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5. CONCLUSION

With the help of ASM study, field indicators and
orientation of minerals and other objects in
oriented thin sections, the palaeoflow of
pyroclastic density currents were highlighted in
the deposits of ignimbrites of Miocene age
constituted in most cases by remnant blocks of
PDCs deposits. The map of mean flow directions
of pyroclastic flow obtained from each AMS
station was used to realize vulnerability, hazard
and risks maps of Bambouto and Bamenda
volcanoes. The high density of population in the
Mts Bamenda and Bambouto regions (1,250,000
inhabitants) increasing the vulnerability level for
the future ignimbritic eruptions. Therefore, the
risk will be high if the hazards will happened. The
economical assets of this volcanic region gave
rise to the settlement of active population that
leads the cost-effective breeding and farming
activities. This situation increases the level of risk
which is evaluated at roughly $US9.93 billion.
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