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Abstract

In subtropical volcanic environments, there are often few accessible outcrops.
These are often highly weathered and of very poor quality. Soil development
is rapid (1 cm/y) and small eruptions are unlikely to be preserved in the geo-
logical record. Reconstructing past eruptions and assessing hazards is a chal-
lenge. Here, we studied a poorly outcropping tuff ring (very poor, incomplete
sections) with the best outcrop observed at a beach cliff (up to ca. 5 - 10 m
high) at Batoke, to the south of Mt Cameroon volcano. Mt Cameroon has a
few tuff rings, currently of unknown ages, near the SW coast of Cameroon. In
the Batoke case, the sequence is dominated by gently dipping tuff beds vary-
ing in the proportion of lithics, juvenile clasts, and accretionary lapilli (acc-laps).
Several beds are close-packed with acc-laps of up to 10 - 15 mm diameter.
Part of the section is gullied by mud flow deposits. The rocks are highly wea-
thered but differential weathering enhances relationships. Quantitative data
can be extracted from a detailed study of outcrops’ external surfaces. The
preserved section is close to where the deposits were initially thickest and
where acc-laps were most abundant and largest. There is an empirical corre-
lation between maximum acc-lap size in the thickest outcrop and eruption
column height. This and the deposit features suggest that the Batoke erup-
tion was pulsating but dominated by fallout, with a water and ice-rich erup-
tion column reaching 10 - 15 km high. Recycling of water drops and ice-
coated fine ash accumulated during eruption. At switch off, wholesale gra-
vitational collapse of this material produced the mud flows, which gullied the
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previously-laid down deposits. Such ash fall and mud flows can represent a
substantial hazard, e.g. they can gully down through towns and roads and cut
evacuation routes. This study illustrates how, at subtropical tuff rings, it is
possible to extract key data needed for hazard assessment from only 1 - 2 poor
outcrops.

Keywords
Batoke Tuff Ring (BTR), Accretionary Lapilli

1. Introduction

The Batoke Tuff Ring (BTR) is found on the southern flank of the Mt Cameroon
volcano (Figure 1).

Mt Cameroon is a large, 4095 m high stratovolcano that has erupted at least
seven times in the past one hundred years. Workers (e.g. [1] [2] [3] [4]) who
have attempted to assess the hazard potential of Mt Cameroon often rank the
Hawaiian-style eruption that results in long lava flows, as the most common haz-
ard. This is probably because lava flows are more recurrent as against the Strom-
bolian to sub-plinian type eruptions that generate eruption columns and result
in ash fall. Also, volcanic activity within the last 100 years has shown these ex-
plosive activities to be small and less frequent than lava flows. But for the 1959
eruption that did not follow the SW-NE fissure pattern [5], the TO READ
when the explosive eruptions occur, they are invariably constrained along the
corridor of these fissures [6]. This corridor coincides with the higher altitudes of
the volcano that are relatively farther away from settlement. This has lent further
credence to lava flows as the most important volcanic hazard in this region. Such
an assertion is, however, illusory. From a geologic standpoint, 100 years of activ-
ity is not enough to draw overriding conclusions on the hazard potential of a
volcano that is more than 1 M yr old. Small explosive activity today may become
very violent large explosions tomorrow. Mt Krakatoa was dormant for 200 years
before it erupted in 1883 in one of the most violent eruptions in history that re-
sulted in the death of more than 36,000 people [7] [8] [9].

The few but extensive tuff rings like the BTR observed around the Mt Camer-
oon volcano are evidence that some unrecorded past eruptions were of strong
explosive character. This has been confirmed in a study on the BTR that shows
that it is of phreatomagmatic origin [10]. However, little is known about the
eruption characteristics of these explosive eruptions because there has been no
opportunity to effect real-time observations of such eruptions in this region.
This is because they rarely occur. Information, therefore, has to be collected from
deposits of past eruptions. This can be achieved by the study and observation of
the tuff outcrops. Outcrop observation is, however, made difficult by the poor
state of exposures in subtropical environments like that of Mt Cameroon—another

aspect which has obscured the assessment of the hazard potential of explosive
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Figure 1. Digital elevation model of Mt Cameroon volcano showing location of the study area.

eruptions of Mt Cameroon. In subtropical volcanic environments, there are of-
ten few accessible outcrops. These are often highly weathered and of very poor
quality. Soil development is rapid (1 cm/y) and small eruptions are unlikely to be
preserved in the geological record. Reconstructing past eruptions and assessing
hazards is, therefore, very difficult. The goal of this study is to demonstrate how
invaluable data can be gleaned from the physical observation of a few outcrops

and how such data can be used to reconstruct the eruption characteristics.

2. Field Investigations and Measurements

The BTR is one of the few tuff rings that has been preserved around Mt Camer-
oon and that contains records of past explosive eruptions of the volcano. It is
found on the southern flank of the Mt Cameroon Volcano where it outcrops at
several places including a cliff, and a road cutting with the best exposures found
at the cliff. It is dissected by deep ravines some of which served in the past as
lava flow channels. Its age is not yet known. It is, however, thought to be associ-
ated with early eruptions of Mt Cameroon more than 1 My old [1].

An attempt was made to map the spatial spread of the tuff ring based on field
observation of outcrops backed by interpretation of satellite imagery (Figure 2).

It is quite extensive with a surface area of about 5 square kilometres (Figure

2). The thickest (about 10 m) observed portion is at the beach cliff outcrop from

DOI: 10.4236/0jg.2023.138039

885 Open Journal of Geology


https://doi.org/10.4236/ojg.2023.138039

G.T. Mafany et al.

where it extends northwards to terminate at Etinde village at the foot of the fel-
spathoid Etinde massif some 4 km away.

The lone cone found in the vicinity of the tuff ring is suggested to be the source
vent of the eruption. The 150 m high cone with a base of 0.3 km” was breached
to the north; given it a horse-shoe shape (Figure 3). This suggests that the ejecta
was spewed northwards explaining why the bulk of the ash was deposited in this
direction towards the Etinde Massif.

The tuff ring was logged at three different portions along the more than 200 m
long and 10 m high coastal cliff exposure (Figure 4). The tuff beds dip gently
from 10° in the NW to 30° in the SE such that from an accessibility standpoint it
is easier to log the lower beds (Section A) in the NW, the upper beds (Section C)
in the SE and the middle beds (Section B) somewhere between the NW and SE.

The three logs represent three different sets of beds which when superimposed
from bottom to top in the order A, B, C give a more or less complete strati-
graphic sequence (herein referred to as the detailed column) of the tuff ring cliff
exposure (Figures 5(A)-(C)). The sections were investigated at millimetric scale
with the aid of a hand lens only. Estimates were made of the relative proportions
of accretionary lapillis, tuffaceous matrix and mafic particles present in each de-
scribed layer. The sizes (the longest diameter) and core and rim thicknesses (where
macroscopic measurements allowed) of the acc-laps were also measured. The col-

our and relative hardness of the various layers were determined.
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Figure 2. Geologic map of Batoke showing spatial extent of the Batoke Tuff Ring. Inset: Google earth 2021
landsat shows outcrop observation points (white dots) and source cone (red polygon) circumscribed by tuff
ring (yellow polygon).
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Figure 3. 3D model showing height and shape of the source cone of the eruption that resulted
in the deposition of the Batoke Tuff Ring.
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Figure 4. Schematic section of tuff ring exposure at Batoke Beach Cliff showing logged
portions ((A) - (C)).

DOI: 10.4236/0jg.2023.138039 887 Open Journal of Geology


https://doi.org/10.4236/ojg.2023.138039

G.T. Mafany et al.

5 5
= P-7N
_ - Q 3
§ 3 g8 5 §E
o= [ S =
ot EE kg 2 8 £ £
£ X g S5 =< 2 5 =
2 g2 £a o e < F =
@ < 0 3 0% ® g .
=] = - < = © BN
0
10 20 Indurated fine grained tuff Well developed AL. 4 30 65 5
17 Friable coarse grained tuff Well developed AL. 3 10 70 20
18 Fine grained tuff Well developed AL. 4 35 60 10
7 Friable coarse grained tuff Poorly developed AL. 5 85 10
Scoriaceuos lapilli. Scoria
embedded in and supported by
42 tuffaceous matrix.Scoria also Poorly developed AL. 1 50 40
occurs as load sags.
8 Friable coarse grained tuff Poorly developed AL. 3 15 70 15
6 Indurated fine grained tuff No AL
o
2
_ < ©E
< ]
5 8 0§ 2 §E
~ L~ (= k=] o B —g o
SE oL 5 a4 E=R
s <6 o5 H =< Z 5 ©
-8 L= 28 2 S < £ s
@ = = a 0° ® g ¢
[=] [ 49 4 s S
<
100
Highly indurated very fine non
= grained tuff HoAts e 0 % 5
10 Fine grained tuff Poorly developed AL. 2 10 80 10
18 Indurated fine ﬂ:;med vesicular Well developed AL. 3 35 25 45

Friable coarse grained tuff.
67 Vesicular scoriaceous blocks No AL. 0 0 70 30
embedded as load sags in tuff

6 Highly indurated very fine No AL. ) 0 85 15
19 grained tuff Well developed AL 5 5 50

Highly indurated tuff ell develope 4 5
12 Friable fine grained tuff Poorly developed AL. 1 10 60 30
10 Fine grained friable tuff Well developed AL. 5 10 80 10
15 Indurated fine grained tuff Well developed AL. 3 35 60 5
14 Coarse grained tuff Poorly developed AL. 1 10 75 15
16 Friable coarse grained tuff No AL 0 0 70 25
15 Coarse grained tuff Poorly developed AL. 2 5 70 25
15 Coarse grained tuff No AL. 0 0 920 10

Friable coarse grained tuff.
29 Vesicular scoriaceous blocks No AL. 0 0 70 30
embedded as load sags in tuff

34 Indurated fine ?\;afined vesicular Well developed AL 6 35 40 25
3 . Highly indurated fine grained Well developed AL. 4 50 40 10
_ vesiculartuff
30 Indurated fine grained vesicular Well developed AL. 3 35 60 5
tuff

(B)

DOI: 10.4236/0jg.2023.138039 888 Open Journal of Geology


https://doi.org/10.4236/ojg.2023.138039

G. T. Mafany et al.

c .
o &
—_ - Q £
c
£ [ O 0 % £ £
L &~ o8 8 g = o
s cgE S @ 83 o ot £
= X o 05 a =< < S ©
o Q2 — £ a0 O s'S5 s F =
= - 2 o
a = da < 2 SRR
Highly indurated very fine No AL. 0 0 80 20
grained tft Oblate AL. 8 35 60 5
Fine grained tuff ate AL
Friable coarse grained tuff ‘Well developed AL. 3 15 70 15
Poorly developed AL.
Loosely packed friable
coarZepgrained tuff Aggregates foAmL core of some 3 10 60 30
Loosely packed friable Well developed AL and
coarse grained tuff aggregates. AL larger than 8 10 10 50 40
mm in diameter are oblate.
Highly indurated tuff Well developed AL 7 25 75 0
Loosely packed friable Well developed AL and 10 10 50 40
coarse grained tuff aggregates. AL larger than 8 7 50 40 10
Fine grained tuff mm in diameter are oblate
Poorly devel d AL f
Coarse grained tuff O e o 0 10 75 15
Well developed AL and
Fine grained tuff aggregates. AL larger than 10 9 30 55 15

mm in diameter are oblate.
Well developed AL. Mafic
articles observed in core of AL,

Coarse grained tuff 3 15 70 15

Poorly developed AL. Mafic with
glassy particles.

Fine grained tuff Well developed AL 4 25 60 15
Loosely packed friable Poorly developed AL.
3 10 60 30
coarse grained tuff _ Aggregates form core of some
AL.
Fine grained tuff Well developed acc-laps. Mafic 4 60 25 15
particles observed in core of
acclaps.
Indurateq fine grained Well developed thick-rimmed P 25 60 15
vesicular tuff AL.
. Poorly developed AL and
Coarse grained tuff aggregates. 8 30 40 30

Figure 5. Lithologic logs of the three different tuff sections studied at the Batoke Beach
Cliff showing millimetric details of the tuff ring. AL = Accretionary Lapilli.

Based on grain size, presence or absence of acc-laps, quantity and type of
acc-laps present, position of the layer/unit in the sequence and the response of
each bed to weathering (differential weathering) the tuff ring was collapsed into
thirteen main units to generate the collapsed column (Figure 6) described below
from bottom to top.

A, ; .3t The lowermost layer (A,;) of this lowermost unit is a friable coarse
grained 18 cm thick tuff bed. It has poorly developed acc-laps which consti-
tute ~30% of total bulk volume. The acc-laps have a diameter range of 1 - 10
mm with 8 mm as the most recurring diameter. It is overlain by two layers 14
cm (A,,) and 26 cm (A,;) thick respectively. They are both highly indurated,
fine grained tuff layers bearing well developed (distinct rim and core) acc-laps.
However, A,, is more vesicular, has smaller acc-laps (2 mm modal diameter)
than the thicker A, whose abundant acc-laps (*60%) peak at a diameter of 3 -
4 mm. Average rim thickness of acc-laps in A, is 1.5 mm. The rims are
thicker than the cores. Mafic particles are clearly observed in the cores of A,
acc-laps.

A ,: A scoriaceous lapilli unit separated from the lower unit by a distinct par-
allel boundary that in some places depresses down into the lower unit as a result

of impact pits caused by huge scoria blocks (Figure 3 see load sag). It is 12 cm
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thirteen main units (collapsed column) based on grain size, presence or absence of acc-laps,
quantity and type of acc-laps present, position of the layer in the sequence and differential
weathering.

thick, poorly sorted and poor in acc-laps (<10%) which are very poorly devel-
oped.

A, o4 This unit has eight layers which occur in an alternating sequence of
highly indurated fine grained tuff and friable coarse grained tuff. The layers all
contain well developed acc-laps although there is a dominance of poorly devel-
oped acc-laps in the coarse tuff. Besides its alternating layers, this unit is differ-
ent from A, ; in that both the coarse grained and fine grained tuff of the unit
have large diameter acc-laps up to 15 mm. Modal diameters of 8 mm are ob-
served in the fine tuff. The coarse layers nonetheless have more abundant large
and oblate acc-laps than the fine layers. The large acc-laps have fractured rims.

Some of the fractures extend into the cores.
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Ays: Ay, is similar to A, differing only in its greater thickness of 13 cm.

AB,,.5: Layer Ay, the bottom layer of this six-layered unit is the only coarse
grained layer of the unit. It has no acc-laps and contains an abundance of mafic
particles. The overlying 12 cm thick layer (A,,) is strongly indurated and rich in
well developed and large acc-laps up to 10 mm in diameter. Acc-laps > 8 mm are
spheroid. The next layer (A,,) in the sequence is just 4 cm thick. It is indurated,
vesiculated and has no acc-laps. The thickness increases to 30 cm in the layer
above (B,,) which is also indurated and vesiculated but is rich in acc-laps (35%).
The acc-laps have a maximum diameter of 6 mm and a modal range of 3 - 4 mm.
B, is similar to the preceding layer except that the acc-laps constitute 50% of the
total bulk volume of the layer and it is just 3 cm thick. B; the uppermost and
thickest (34 cm) layer of the unit is also indurated and rich in acc-laps (35%) but
the acc-laps are smaller (2 mm) than in all the other layers.

B4 By, is a scoriaceous 29 cm thick, coarse grained lapilli tuff unit. Scoria
blocks attain diameters of 24 cm. It is similar in most aspects to A, and A, but
has no acc-laps.

B,5.0: All the four layers of this unit are coarse grained friable tuff. Each has a
mean thickness of =15 cm. The first, (B,;) has no acc-laps. It is overlain by B,, that
contains a few poorly developed acc-laps. The pattern repeats itself in the next
two layers.

Bys.os: This unit begins with an indurated fine grained layer (By, - 15 cm) rich
in well-developed acc-laps. It is followed by an equally fine grained but friable
and acc-laps-poor (10%) - though well-developed - layer (By; - 10 cm). The sub-
sequent layer (By, — 12 cm) is also friable, fine grained and acc-laps poor (10%).
But the few acc-laps are poorly developed. Finally the topmost layer (B) is
thicker (19 cm) and richer (45%) in well developed acc-laps averaging 4 mm in
diameter.

B;;s,: Three layers of equal thickness (2 cm each) with one coarse grained
and friable and the other two fine grained and indurated characterise this unit.
The coarse grained layer is sandwiched between the two indurated fine grained
layers. All the layers are devoid of acc-laps.

By, B, is very similar to A,, and A,,. Nonetheless it is the thickest (67 cm) sco-
riaceous unit of the entire sequence and has no acc-laps.

BCy;.07: BCy.; begins from the bottom with an indurated fine grained vesicu-
lar 10 cm thick layer (By,;) rich in well developed acc-laps (35%). The modal
range of acc-laps is 2 - 3 mm with maximum diameters of 10 mm observed. The
sequence continues onto the next layer (By,) with fine grained tuff but no vesi-
cles and few (10%) and poorly developed acc-laps. By, is also 10 cm thick. The
acc-laps deficiency accentuates in the overlying highly indurated fine grained
layer (By,) where there are no acc-laps at all. It is 23 cm thick. The topmost layer
(Cy) of the unit is similar to By, though slightly less indurated.

Cos.0a: Cos (8 cm thick) and Cy, (7 cm thick) are similar as they are both friable,
coarse grained and are poor in acc-laps which are largely poorly developed. Cy;,

a scoria bearing lapilli tuff layer is sandwiched between them. It is 42 cm thick
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and has scoria blocks as large as 16 cm. The scoria is embedded in and supported
by the tuffaceous matrix. The scoria also occurs as load sags and contains some
poorly developed acc-laps.

Cos.o1t Cos.op s typified by three layers all containing well developed acc-laps.
The 17 c¢m thick coarse grained middle layer (C,,) has fewer acc-laps (10%) as
against 35% and 30% for C,; and C,, respectively. Cy, is sandwiched between
Cy; (18 cm thick) and C;; (20 cm thick) 4 indurated fine grained tuff layers.
The mean diameter of the acc-laps is 3 mm.

From the foregoing, the BTR is characterised by an alternating sequence of
fine grained tuff and coarse grained tuff layers. The scoria occurs in some places
as load sags. Both the fine grained and coarse grained tuffaceous layers con-
tain accretionary lapillis. Some of the tuff horizons (irrespective of grain size)
are vesiculated. However, the quantity and type of acc-laps vary with the type of
layer.

The fine grained tuff layers invariably contain acc-laps. The acc-laps are smaller
with a diameter range of 2 - 5 mm. They are in most cases well developed with
well defined cores and rims and a sharp grain size break between the core and
the rim. In some of these fine grained layers the acc-laps are so abundant (up to
60% bulk volume) that they form the framework of the layer.

Many of the coarse grained layers do not contain acc-laps and when the acc-laps
are present they are usually few and are matrix supported. These coarse grained
layers contain from the smallest (<1 mm) to the largest acc-laps (20 mm) domi-
nated by the 10 - 13 mm range. The smaller acc-laps (<1 mm) manifest poorly
developed characteristics.

In both the fine and coarse grained layers, the small acc-laps are spherical
while the large ones are oblate. The rims of the oblate acc-laps usually have frac-
tures which sometimes extend into their cores. Both poorly developed and well
developed acc-laps are common to both types of layers but the former is more
common in the coarse tuff than in the fine tuff which is typified by the latter.
The cores of all the acc-laps (small or large, spherical or oblate) are vesiculated
and have coarser particles than the rims. There is no clear relationship between

the thickness of the layer and grain size or acc-laps content.

3. Interpretations and Discussions

The eruption characteristics, height of eruption column and emplacement model

are interpreted from the physical attributes of the tuff ring described above.

3.1. Eruption Characteristics

New data generated during this study on the extensive nature of the BTR (more
than 5 km?), the abundance of well developed acc-laps, the absence of rootless
and/or spatter cones but presence of cinder cone in the vicinity of the tuff ring
and whose northerly breaching direction coincides with the direction of abun-

dance of the ash fall deposit posits that the eruption was caused by the interac-
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tion between a rising magma source and surface water and not by simple inter-
action between an advancing lava and surface water source as suggested by [10].
For well developed acc-laps to form they need an abundant supply of fine ash,
rain and an ash cloud sufficiently high or sufficiently dense [11]. Low content of
fine ash and inadequate cloud height usually less than 100 m [12] typical of lit-
toral rootless cone eruptions cannot generate the acc-laps observed in the Batoke
Tuff Ring. Furthermore, the classic line of evidence for a littoral rootless cone,
namely the occurrence of two partcones on either side of a lava corridor, with
synchroneity of the part-cones and lava [11] and the presence of spatter cones
[12] is not available in Batoke. Only the remnant of one cinder cone is visible.

The BTR eruption ring was dominated by sub-areal phreatomagmatic activity
with occasional switches to Strombolian activity. Change in eruption style oc-
curred when the cone grew above the water level to exclude further influence of
water. The occurrence of Strombolian activity is evidenced by the thick scori-
aceous units observed in the sequence and around the source vent of the erup-
tion. The alternation between coarse and fine grained beds suggests that the
eruption was rapidly pulsating and was characterised by an alternation of vigor-
ous and weak explosions. But for the occasional breaks marked by the presence
of scoriaceous units, the change in acc-laps size and type and the subtle changes
in average grain size and/or the proportion of lithic clasts, the BTRsequence is
monotonous. This suggests that the time between the pulsating explosions was
short. This time is a function of the rate at which magma and water converged at
the vent [13] and which in the Batoke case is suggested to be high.

The eruption that resulted in the emplacement of the BTR was of phreato-
magmatic origin as already established by [10]. Surface water was the main source
of water. Groundwater-driven sub-surface explosions are consistent with abun-
dance of accidental debris derived from underlying strata [14] and such erup-
tions usually result in maars and not tuff rings [15]. We use the fact that the
studied pyroclasts are tuff rings, the near absence of accidental debris in the tuff
and the proximity of the tuff ring to the Atlantic Ocean which had been there
before the onset of the first eruption of Mt Cameroon to infer that the prove-
nance of the water was from a surface water source and not groundwater. The
abundant acc-laps and vesiculation of most layers is further evidence that large
amounts of water participated in this eruption [16] and such large amounts
could only be supplied by an external source like surface water. More credence
to this assertion is supplied by experimental studies carried out by [17] who have
demonstrated that for tuff rings to form, a magma/water ratio of 1:1 is required.
Such a low ratio is invariably furnished by a large surface water body which in
this case could be seawater.

The presence of distinct scoriaceous units and bomb sags in some tuff layers
implies deposition took place within the range of ballistically dispersed pyro-
clast. The parallel to sub-parallel bedding is evidence that the layers were depos-
ited beyond the limits of any constructional features such as tuff cones or rings
developed around source vents [14]. [18] has shown that the presence of vesicu-
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lated horizons suggest that tuff have been deposited with abundant water and are
the product of very wet co-surge fall out. The vesicles are attributed to thawing,
partly during fall and partly after deposition [19] and to the coalescence of damp
acc-laps after rapid deposition [20]. [13] interprets strongly indurated tuff as wet
surge deposits and poorly indurated, thinly bedded tuff as dry-surge deposits.
We recognise the hard indurated vesiculated fine grained tuff layers of the Ba-
toke sequence as products of wet surges while the friable layers are of dry surge
origin. The presence of acc-laps and the absence of undulatory bedding, low an-
gle cross stratification, climbing dune forms and so on (features characteristic of
base surges) indicate that both the fine grained and coarse grained planar-bedded

layers of the Batoke tuff are primarily of airfall origin.

3.2. Accretionary Lapillis and Their Implications

Accretionary lapillis may be formed by volcanic eruptions or meteorite impact
events [21]. However, the single, sub-spherical, regularly-shaped rim structure of
acc-laps observed in the BTR suggests they are of volcanic origin compared
against the multiple or irregularly shaped rims of meteorite impact-related ag-
gregates. Volcano-related acc-laps are formed in wet hydrovolcanic or phrea-
tomagmatic eruptions in which water ejected directly from the vent or con-
densed from steam [14] or supplied by rain that falls through the ash [22] results
in the nucleation of ice on ash particles in the ash cloud [18]. This causes cohe-
sion of the ash particles [23]. Cohesion is accentuated by electrostatic attraction
in the ash cloud [22] [24] [25]. The result is the non-selective aggregation of
both fine and coarse ash particles. The maximum diameter of these aggregates is
limited by “drop break-up” to 5 - 6 mm and accretion of ash is attenuated at 5 -
6 km asl by freezing of the aggregates at a temperature of about —13°C [18]. The
acc-laps that exceed this diameter-range are formed by further growth of aggre-
gates that remain longer in suspension and at higher altitudes (6 - 9 km asl) as a
result of re-entrainment or recycling. At about 4 km asl on their way down, the
aggregates start to thaw from the outside. The resulting thin film of liquid water
at the rim, favours the size-selective accretion of fines as the acc-laps fall through
elutriated ash layers [26] or through secondary co-surge intrusions [18] to form
well-developed acc-laps. We intimate that the small acc-laps observed in the
BTRwere formed at 5 - 6 km asl while the large ones formed at 10 - 15 km asl.
This implies that the eruption was violent enough to project material to such
heights given it a surteseyan character as observed by [27] [28]. An eruption of
such magnitude will pose serious threats to aircraft aviation and riparian popu-
lations.

Contrary to the close association of acc-laps and fine vesiculated ash observed
by [18] for the Santorini tuff, the Batoke tuff exhibits a co-existence of small
acc-laps (<6 mm in diameter) and fine grained tuff (vesiculated or not) on one
hand and large acc-laps (>6 mm) and coarse grained ash on the other hand. This
is consistent with a simultaneous emplacement of fine ash and small acc-laps on

one hand and coarse ash and large acc-laps on the other hand. Fine ash and small
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acc-laps generally have smaller terminal velocities than coarse ash and large
acc-laps. It would, therefore, be expected that the coarse ash and large acc-laps
would be emplaced first before the fine ash and small acc-laps. The alternation
of these layers in the Batoke sequence and the non-exposure of the lowermost
layer (in contact with the country rock) make it difficult to determine the chro-
nology of deposition. We, however, postulate that, an initial water-rich explo-
sion produced an ash-laden plume that rose several kilometres asl. Due to the
difference in terminal fall velocities between the coarse ash and fines in the ash
plume, gravitational forces caused the rapid fall-out of the former [24] without
allowing enough time for the formation of acc-laps. This is thought to account
for the acc-laps-free coarse grained tuff layers (e.g. B,;).

The fines that remain in suspension and at higher altitudes favour the forma-
tion of acc-laps. Agglomeration of fine ash increases their terminal fall velocities
and causes a simultaneous sedimentation of acc-laps and fine ash, hence their
co-existence in the same tuff layers. During fall-out, few (*10%) of these acc-laps
are recycled or re-entrained to higher heights [18] resulting in further growth of
the acc-laps to attain diameters above 6 mm. These larger acc-laps are sustained
in suspension by the buoyancy effect produced by the latent heat released by
freezing of the acc-laps [18]. All these take place as plume activity progressively
dwindles from its initial vigour. Without a complete attenuation of the eruption,
another vigorous pulse is released, injecting more coarse material into the erup-
tion column. This increases the gravitational forces and causes the coarse ash to
pull down the large acc-laps out of suspension resulting in a coeval sedimenta-
tion of both.

Class II volcanic fragments classified in terms of dispersal behaviour [27] [28]
dominate the material involved in acc-laps formation. These fragments have ter-
minal fall velocities that are substantially smaller than the velocities of the tur-
bulence inside the umbrella cloud but greater than the velocities of the turbu-
lence of the atmosphere outside the cloud [27] [28] factors which are favourable
from a buoyancy and re-entrainment stand point for the formation of acc-laps.

Poorly developed acc-laps are also known to be closely associated with coarse
grained layers some of which bear large well-developed acc-laps. These aggre-
gates do not develop distinct cores and rims because they are either precipitously
or rapidly removed from suspension by settling coarse ash introduced into the
plume by a vigorous pulse or melting doesn’t commence until they are depos-
ited. Their co-existence with large well-developed acc-laps in a coarse matrix
underpins the possibility that the coarse material rises to 10 - 15 km asl where it
triggers the settling of the large acc-laps and as the mixture continues its down-
ward trend, it incorporates the poorly developed acc-laps at lower altitudes (<6
km asl). Rimming in poorly developed acc-laps is hampered either because the
settling rate is so fast that it doesn’t allow the size-selective accretion of fines at
the outer margin of the aggregates or the aggregates do not melt until they are

deposited.
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The deep gullies dissecting the BTR were formed at the end of the eruption.
At the stop of the eruption, most of the suspended material falls back around the
vent [18]. As it falls, most of the ice thaws and this results in short-lived torren-
tial showers of high intensity. These showers perpetrate flash floods that dissect

the already deposited material to produce deep gullies.

3.3. Hazard Implications

Recent eruptive activity (past 100 years) of Mt Cameroon is confined to fis-
sure-controlled vents running NE-SW [29]. But for the remnants of some cones
found on the southwestern flank of the volcano that are proximal to the Atlantic
Ocean, most of the recent vents are distal from any significant surface water bo-
dies. As a result, the occurrence of an explosive, surface water-driven phreato-
magmatic eruption like that which deposited the BTR may be erroneously con-
sidered to be unlikely around the Mt Cameroon Volcano. The absence of surface
water in the fissure zone where vents are most likely to open up does not prec-
lude the incidence of a phreatomagmatic eruption because this corridor hosts
significant quantities of groundwater that may cause an explosive hydrovol-
canic eruption. That the 1959 eruption did not respect the SW-NE fissure pattern
[5] is also proof that an eruption can break out anywhere on the edifice at a place
that may harbour sufficient water to replicate the BTR eruption.

Ephemeral lakes are formed when water collects in large depressions dammed
by lava flows or in volcanogenic craters on a volcano [30]. Abundant rainfall of
above 3000 mm per annum (that climaxes to above 9000 mm per annum on the
southwestern flank in Desbunscha) and a morphology typified by depressions
and more than 100 cinder cones provide for the occurrence of ephemeral lakes
on Mt Cameroon volcano. Such water bodies may fortuitously serve as sources
that may trigger volcano-hydrologic hazards as was observed during the 2000
eruption of Mt Cameroon where a small short-lived phreatic eruption (lasted
less than 2 mins) that produced a plume height of about 30 m broke out on the
lava front that was advancing towards Bokwaongo. No casualties to life and prop-
erty were observed firstly because it was small and secondly because it took place
in the forest zone away from human settlement.

There is also a high possibility of lava flowing into the Atlantic Ocean as al-
most happened in the 1999 eruption in Bakingili where the flow stopped less
than 200 m from the ocean. This could generate a littoral eruption with the at-
tendant ash fallout.

The BTR has not yet been completely mapped, so it is possible that it may be
more extensive than has been described in this study. Should such an extensive

ash fall occur again it will pose a huge threat to human life and property.

4. Conclusions

The BTR had never been described in such detail before. In this study, we use
the BTR to show how, at subtropical tuff rings, it is possible to extract key data
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needed for hazard assessment from only 1 - 2 poor outcrops through physical
observation of the outcrops. We also illustrate that ash fall is an important vol-
canic hazard in the Mt Cameroon region.

This investigation has demonstrated that:

1) The eruption was caused by the interaction between a rising magma source
and surface water and not by simple interaction between an advancing lava flow
and a surface water source.

2) The eruption was pulsating but energetic enough to result in an ash plume
that rose to more than 10 km as to allow for the formation of well-developed
acc-laps.

3) Upon switch-off of the eruption, the gravitationally unstable base of the
umbrella cloud orchestrated a catastrophic fall-out of ash and frozen aggregates.
This resulted in the rapid and massive deposition of tuffs and intense torrential
rains that caused flash floods. These flash floods incised deep gullies in the al-
ready laid down deposits.

4) Such an eruption represents a serious hazard to aircraft and riparian popu-

lations around the volcano.
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