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Abstract

The Barombi Mbo Maar (BMM), which is the largest maar in Cameroon, possesses about 126 m-
thick well-preserved pyroclastic deposits sequence in which two successive paleosoil beds have
been identified. The maar was thought to have been active a million years ago. However, layers
stratigraphically separated by the identified paleosoils have been dated to shed lights on its age
and to reconstruct the chronology of its past activity. The results showed that the BMM formed
through three eruptive cycles: the first ~0.51 Ma ago, the second at ~0.2 Ma and the third ~0.08 Ma
B.P. The ages indicate that the BMM maar-forming eruptions were younger than a million years.
The findings also suggested that the maar is polygenetic. At a regional scale, the eruptive events
would have occurred during some volcanic manifestations at Mt Manengouba and Mt Cameroon.
Therefore, with the decrease in the recurrence time of eruptions from ~0.3 Ma to 0.1 Ma, and given
the possible relation between its eruptive events and those of its neighboring polygenetic volca-
noes, the BMM is expected to erupt within the next 20 ka.
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1. Introduction

Maar-diatreme volcanoes are created by many sub-surface phreatomagmatic explosions, which occur when
magma interacts with groundwater/water saturated sediments [1] [2]. However, due to variations in magma and
local water abundance and fluxes, intermittent Strombolian, lava-fountaining and/or effusive activities can also
develop within the eruption progression. Typical maars are known to be monogenetic volcanoes [2], with erup-
tions lasting from hours to up to weeks [3]. However, when closely examined, the contrasting volcanic facies
presented by their deposits in addition to the presence of erosional limits such as paleosol suggest that some
maars result from multiple eruptive events separated by significant quiescence periods of thousands of years.
Such maars, interpreted as polygenetic, have been little documented. Case examples are the Goélcik maar vol-
cano in Turkey [4], the Albano Maar in Italy [5], or the Hule Maar in Costa Rica [6].

In this study, we present the case of the Barombi Mbo Maar (BMM) located in the Kumba Volcanic Field, in
the South-West Region of Cameroon (Figure 1). Recently, from a tephrostratigraphic examination, the about
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Figure 1. Location map of the study area along the Cameroon volcanic line (A) and the geological map (B), modified after
[7]. (C) shows the sampling points (stars) around the BMM and the adjacent maar, and the position of the limburgitic lava

flow (black dot).
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126 m-thick tephra pile preserved at its eastern flank was subdivided into three stratigraphic units U;, U, and U
[7]. The first unit (U;) consists of about 26 m-thick series of alternating unconsolidated and consolidated sets of
thinly and well-stratified lapilli- and ash-beds. The second unit (U,), which is about 12 m-thick, consists of a
scoria-rich layer containing various centimeter- to decimeter-sized spatter bombs, vesiculated scoria, few mantle
xenoliths and country rocks; a lithic and mantle xenolith rich-explosive breccia; and two compact and consoli-
dated layers of lapillituff and lapillistone. The upper unit Us comprises fallout and pyroclastic density current
derived-beds piled up repetitively for about 90 m. Units U; and U, were thought to have been deposited during a
volcanic episode that initiated the BMM formation [7]. A well-distinct 10 cm-thick paleosoil bed, which is in-
dicative of relatively long quiescent period, separates the precedent units from the upper unit Us. From those
observations, it was suggested that the BMM might be a polygenetic maar [7]. However, no systematic geo-
chronological evidence existed to comfort that observation. For instance, the first age to be published for the
BMM was 1 Ma [8] and was obtained from a prismatic lava flow cropping at the eastern shore of the BMM cra-
ter (Figure 1(C)). This age was interpreted to be that of the likely last eruptive event of the BMM [8]. Two other
ages of 0.20 and 0.24 Ma were obtained on two lherzolite bearing trachy-basalts collected in the BMM pyro-
clastic sequence [9]. Although those young (relative to the 1 Ma) ages clearly suggest that volcanic activities at
the BMM were more recent, they do not say anything about either the first or the last eruptive phase on the
BMM or even on its potential polygenetic nature [7]. Moreover, during a recent field investigation, another
likely poorly developed soil-bed was identified in the upper part of the BMM’s pyroclastic deposits sequence
[Chako Tchamabé, personal communication], implying that the eruptive history of the BMM could be more
complex than previously thought [7]. Therefore, it is important to investigate the chronologic relationship be-
tween the prismatic lava flow and the different maar-forming eruptive events. This study aims at clarifying that
issue, in order to appreciate the temporal evolution of the BMM, and shed lights on its polygenetic nature. To
this end, we carried out additional K-Ar dating of samples collected from both the BMM and the western adja-
cent maar deposits (Figure 1(C)). The selection of samples in the BMM pyroclastic deposits was guided by the
stratigraphic location of the identified paleosoils.

2. Geological Outline of the BMM

The BMM is a large maar crater (~2.5 km in diameter) occupied by a lake, namely Lake Barombi Mbo. As
pointed out in the introduction, the pyroclastic materials surrounding the lake were emplaced by a complex
eruptive sequence consisting of at least two eruptive cycles.

The proxy-geology of the BMM is still poorly known. However, based on the composite fragments contained
in its pyroclastic deposits, it is likely that the maar cuts through a geological succession composed by granite-
gneissic formation, sandstones, and basaltic lava flows; the same formations that make up the Kumba volcanic
field [10]-[12]. The volcanic activity in the volcanic field began probably in the Eocene as at other volcanic
centers along the Cameroon Volcanic Line [12]. However, there is no information about the age of latest vol-
canic activities there.

3. Sampling, Sample Preparation and Dating Methodology
3.1. Sampling Strategy

A total of five fresh juvenile rocks, with very few crustal xenoliths were collected and dated. These include two
samples CTB71-10 from U, and CTBL10-3 from the upper most layers of unit Us;. The sample CTBL10-3 was
collected at the uppermost part of U; so as to have an age representative and close as possible to the final stage
of activities. This sampling strategy was also done to further check if the difference between the obtained ages
could fit a minimum time necessary to the formation of the different soil beds mentioned above. Two other
samples (CTBal0la and CTB101b) were collected from the deposits of the western adjacent maar (Figure 1(C))
in order to check its relationship to the BMM evolution. The last sample (CTB124a) was taken at the summit of
the strombolian islet of the Kotto Barombi Maar. This islet was presented as the final eruptive stage at that vol-
cano [10]. Therefore, its age could also be important for comparison with the BMM eruptions.

Prior to K-Ar dating process, the samples were assured for their freshness. Thin sections were thus prepared
and checked for the degree of alteration. The samples present a micro-porphyritic texture and characterized by
the presence of millimeter-sized crystals of plagioclases, olivine, pyroxenes, and micas, embedded in a micro-
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crystalline groundmass. No sign of significant alteration was observed, except the slight oxidation around some
vesicles of CTBL10-3 (Figure 2).

3.2. K-Ar Dating: Mineral Separation, Quantification of Potassium Contents and Argon
Isotope Ratios

Whole-rock K-Ar dating was carried out commercially by the Hiruzen Institute for Geology and Chronology,
Japan. Sample preparation was done according to the procedures described in [13]. The procedure consists of
slicing of rock samples into thin plate shape of about 5 mm - 1 cm thickness. By doing so, it is possible to re-
move much of the heterogeneous and weathered rock fragments and minerals specimen especially phenocrysts
and xenocrysts, which are potential carriers of extraneous “°’Ar (including excess and inherited components)
from the samples. A homogeneous part of the sample is then crushed in a stamp mill and sieved to 60 - 80 mesh
size. The aliquot is ultrasonically washed several times with deionized water and dried up. Then, a hand magnet
is used to remove the magnetic minerals, and the sample is resized again to 60 - 80 mesh size. After this stage,
an electromagnetic separator is used to remove the ferromagnetic phenocrysts, and the sample undergoes an-
other ultrasonic bath cleaning. The process is deemed to increase the K content as well as the percentage of ra-
diogenic argon over the bulk rock values. It also minimizes the potential sources of systematic error due to the
presence of excess “°Ar*.

Potassium contents were analyzed by flame spectroscopy on solution prepared from about 1 g of sample [14].
The analytical reproducibility was better than 2%. Regarding the argon isotopes, the measurement was done at
the Okayama University of Science, Japan, using an HIRU Mass spectrometer. The measurement method and

Vesicle

Figure 2. Photographs of the samples CTB71-10 and CTB-L10-3, showing
their macroscopic bomb aspect on field. Each sample is shown with its thin
sections images below it. It can be observed on the thin sections that the
phenocrysts are not altered, confirming the freshness of the samples. PI: Pla-
gioclase; Bi: Biotite; Ol: Olivine.
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sample preparation are described in detail in [15]. For this study, a minimum of eight sets for *®Ar and **Ar, and
seven sets for “°Ar were measured, in order to overcome the memory effect within the Mass spectrometer. Age
calculations were based on the decay and abundance constants from [16].

4. Results and Discussion

The chemical compositions of the dated samples are reported in (Table 1). The potassium contents, isotopic re-
sults and the obtained ages are reported in Table 2. The two samples collected from the BMM pyroclastic se-
quence, CTB71-10 from U, and CTBL10-3 from U; yielded ages of 0.5129 + 0.049 Ma and 0.0836 + 0.073 Ma,
respectively. Samples from the adjacent maar yielded ages of 0.29 + 0.04 Ma for CTB101a and 0.34 + 0.01 Ma
for CTB101b. The other sample collected at Kotto Barombi (CTB124a) gave an age 0.05 + 0.01 Ma. Almost all
the samples have ages with relatively good errors, except for sample CTBL10-3 (Us) for which the error is al-
most close to the age. This error may be due to its high (98.18%) non-radiogenic argon content (Table 1). For
example, it was shown that, for a sample of less than 0.2 Ma, if the excess argon content is high (i.e., >97%), it
can significantly affect its K-Ar age [17]. Excess argon can originate from the initial magmatic argon trapped in
(mainly phenocrystic) mineral fluid inclusions. Also, if there is insufficient magma degassing, which result to
highly vesiculated lavas, samples of such lavas can have an important initial argon retention capacity. Therefore,
such lavas can present high amounts of non-radiogenic argon, leading to large errors in ages. Thus, the high con-
tent in non-radiogenic argon for the CTBL10-3 that might be due to its vesiculated aspect (Figure 2(B)), can ex-
plain the large error obtained on its age. To further check the reliability of the 0.08 + 0.07 Ma age of CTBL10-3,
we compared it to the age of the 23 m-thick sediments cored in the BMM crater [18]. According to [18], the
middle of those sediments was ~0.021 Ma B.P. The latter age might suggest a sedimentation rate of about 0.4
mm/year. However, after the formation of a maar, it should require a certain time for a catchment to develop and

Table 1. Chemical composition of the dated samples. These analytical results are from Chako Tchamabé (unpublished). Sample
Limburgite (*) is the sample MBO.3 from [8], including 2.5% L.O.I. and is presented here just for comparison.

Sample SiO, TiO, Al,O3 T-Fe,04 MnO MgO CaO Na,O K0 P05 Total
Limburgite 41.70 341 13.58 15.12 0.18 9.41 11.41 1.45 1.89 1.31 99.46
Limburgite (*) 40.31 3.45 13.17 14.86 0.20 9.25 11.17 151 1.87 1.10 99.60
CTB71-10 (Basalt)  48.28 291 14.38 12.90 0.16 7.14 8.15 3.39 1.29 0.39 99.04
CTBL10-3 (Basalt)  46.56 5.65 14.01 14.21 0.15 6.82 7.44 3.37 1.13 0.20 99.54
CTB124a (Basalt) 45.63 3.01 14.76 12.71 0.20 7.26 10.80 3.70 151 0.41 100
CTB101a (Basalt) 45.97 3.60 15.33 14.14 0.18 7.17 8.53 3.22 1.23 0.63 100
CTB101b (Basalt) 45.93 3.50 15.12 13.79 0.18 7.17 8.92 3.39 1.36 0.64 100
Table 2. K-Ar ages of samples from the BMM.
Sample ID m\(l)\:ggré) K (Wt%) [*°Ar] measured [*°Ar] measured (10,[:02;]_"?‘; o) 4% n(;gi(:;?]%:r& ) K-Ar age (Ma)
CTBL10-3 1.0069 1.140£0.023 1.539E—12+4.827E—-15 3.628E—-10+ 1.911E-13 0.3700 + 0.3221 98.18 0.0836 £ 0.0728
CTB71-10 1.0038 1.133+0.023 9.225E-13 £ 6.044E—-15 2.564E—-10+ 1.901E—-13 2.2552 +0.2137 84.36 0.5129 £ 0.0497
CTB10la 1.0267 0.984 +0.020 5.239E-13 £ 2.643E-15 1.450E—-10 + 3.060E-13 1.1140 +0.1458 88.3 0.2917 £ 0.0386
CTB101b  1.0242 1.040 £0.021 2.417E-13+1.652E-15 8.156E—11+ 1.683E-13 1.3921 +0.0783 73.9 0.3449 £ 0.0062
CTB124a 1.0378 1299 +£0.026 2.965E-13 +2.093E-15 7.765E-11 +4.487E-13 0.2461 +0.0820 95.1 0.0488 £ 0.01683
0.4721 1.360 £0.068 6.336E—10 + 3.248E-11 2.000E-07 +1.312E-09 1.2470+0.78 - 0.24 +0.02
Aka (2000)
0.4716 1.430+0.071 2.149E-10+ 1.265E-11 7.479E-08 +9.257E-10 1.1180+0.76 - 0.20 £ 0.02
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start to fill a maar crater with fluvial sediments. That time can be long depending on the climate and the hydro-
logical system of the area where the maar is located. In the case of the BMM, the climate is of equatorial type,
and the small size of its actual catchment is ~8 km? only and limited to the flat bottom of the old maar [8]. Given
the large crater diameter (~2.5 km) of the BMM and assuming a sedimentation rate of 0.4 mm/year, one can ar-
gue that the 23 m-thick sediments would have deposited during the last 50 ka. This agrees with the 0.083 Ma
obtained for the youngest dated age at BMM. Taking into account all these observations, the obtained age for
CTBL10-3 is acceptable. These findings confirm the observations that U; and U, on the one hand and U; on the
other hand were deposited by distinct eruptive episodes [7]. One episode occurred ~0.5 Ma and another around
~0.08 Ma B.P. The findings, together with the 0.2 Ma obtained from [9] reveal that the eruption that putted in
place the 1 Ma lava flow was not the final one as suggested by [8] but would rather correspond to an older activ-
ity around the BMM. However, the proximity of this lava to the BMM crater opens the question as to whether it
was produced from the same vent or from an earlier activity. In fact, during the formation of maars, a small
volume of the rising magma can follow a crack or any weakness in the substrate to reach the surface without inter-
acting with groundwater [19]. In such case, a small lava flow and/or a scoria cones can form near maar vents
depending on the degree of viscosity and the magma volume. It is likely that such phenomenon would have been
responsible to the formation of the limburgitic lava flow, given its very small outcrop surface. However, its po-
sition close to the BMM crater requires that any post-eruption would have fragmented it. That might be why, judg-
ing from its smooth surface, it was thought that the lava was not fragmented by the BMM maar-forming erup-
tions [8], and hence concluding that the 1 Ma was probably that of the last eruptive event at the BMM. Although
the smooth surface of the lava might orient to such conclusion, the fact that the lava is prismatic, its fragmenta-
tion can be quite easy. Also, the action of water that could polish the fragmented surface can give the impression
that the lava was not fragmented. However, given all these incertitude, it is not easy to say whether or not the
lava and the maar are volcanically linked based only on field observation. Nevertheless, it can be observed from
our obtained ages that that lava flow pre-dated the BMM pyroclastic deposits. It even pre-dated the formation of
the western adjacent maar where eruptions would have occurred between 0.29 Ma and 0.35 Ma B.P.

On the basis of the observations above, the temporal evolution of the BMM as summarized in Figure 3 can
thus be described as follows: after the eruptive activity that produced the limburgitic lava flow about a million
year ago, the first series of phreatomagmatic eruptions that probably initiated the formation of BMM started
about 0.513 Ma B.P. These first series of eruptions were followed by the development of a paleosol on the
tephra units. During this reposed time, a series of phreatomagmatic explosions occurred also at the western part
of the BMM crater and resulted in the formation of the adjacent maar crater. This suggests that there was a lat-
eral shift in the eruptive vents, which can be observed within the development of polycyclic volcanoes [20].

Then explosions restarted at the eastern part with a second series of phreatomagmatic eruptions. Judging from
the 0.2 Ma age from [9], this second activity took place ~0.2 Ma ago, suggesting a repose period of about 0.3
Ma. This 0.3 Ma of repose time is in agreement with the minimum timescale (>thousands of years) during which
a soil might form and evolve [21]. For example, soil layers found within the 80 m-thick pyroclastic sequence of
the Albano maar deposits took a same range of time i.e., ~0.3 and ~0.03 Ma to form [5]. The eruptive activities
might have resumed at the BMM ~0.083 Ma B.P. This age at the uppermost unit also suggests a volcanic hiatus
of about 0.12 Ma, which is still in accordance with a minimum timescale necessary for a soil to form. It, there-
fore, confirms that the poorly developed soil bed is another paleosoil, implying that the BMM formed by three
eruptive cycles. This confirms that the BMM is a polygenetic maar.

The present findings have implications on the regional volcanism. We observed, for example, that the first
eruptive episode (0.513 Ma) occurred at about the same time as the one that put in place the Eboga crater on the
Mt Manengouba ~0.56 Ma ago [22]. Also, the second eruptive episode (0.2 Ma) took place during some fissural
activities about 0.2 Ma on that same volcano, which is located at ~62 km NE of BMM [22]. It also appears that
most of the strombolian activities that produced cinder cones and others small lava flows composing the Tombel
graben occurred within the last 0.1 Ma [23]. The graben is the nearest monogenetic volcanic field to the Kumba
volcanic field. In addition, [24] suggested that an eruption would have occurred at Mt Cameroon, located ~60
km southwest the BMM, during the same period (~0.1 Ma). These periods of strombolian activities in the Tom-
bel graben and the eruption at the Mt Cameroon would have been also relatively contemporaneous to the final
eruptive phase (~0.08 Ma) at the BMM. Those observations suggest that the BMM would have formed during
some intense volcanic manifestations of the Cameroon volcanic line. In addition, the youngest age obtained in
this study (0.05 + 0.02 Ma) was from the sample of the Barombi Kotto Maar. We suggest that this may represent
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Figure 3. Schematic reconstruction of the chronology of eruptions at the BMM the stratigraphic log is modified after [7].
The red stars in the stratigraphic log represent the positions of the dated samples, and from the bottom to the top, we have
sample CTB71-10, Sample from [9] and sample CTBL10-3.

the latest volcanic activity in the Kumba volcanic filed. This suggestion is corroborated by field observation that
deposits in Kotto Barombi are relatively fresher than in Barombi Mbo.

For hazard purposes, the differences between the ages of the eruptive phases indicate that the eruption fre-
quency within the BMM varied from ~0.3 to 0.1 Ma. If the concomitant eruptions observed signifies that the
BMM activity might be related to those of its neighboring polygenetic volcanoes (Mt Cameroon and Mt Ma-
nengouba), it is likely that any future intense volcanic activity on these polygenetic volcanoes, could trigger an-
other eruption at the BMM. Another issue is the evidence provided here for polycyclic behavior of BMM. The
fact also that eruptions occurred almost at the same place and given that there would have been a renewal of ex-
plosions at the first eruptive site, the renewal potentiality at the other explosive site is also possible.

5. Conclusion

This study has shown that the recent activity of the BMM appears to be quite young, taking place in the Holo-
cene. Activities would have begun ~0.5 Ma ago and resumed ~0.08 Ma ago rather than 1 Ma ago. The study has
permitted to confirm the existence of a second thin paleosoil bed throughout the deposits. This has straighten the
two eruptive episodes indicated by [7] at three main eruptive cycles for the BMM. Those eruptive cycles, which
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highlight the polycyclic nature of the BMM, would have occurred during a general volcanism that affected the
region. This included volcanic eruptions at the Mt Cameroon and mainly at the Mt Manengouba and in the
Tombel graben. The recurrence time from an eruptive cycle to another appeared to diminish from 0.3 Ma - 0.1
Ma. This decrease in the frequency of eruption suggests that the BMM can experience a volcanic activity at any
time within the future 20 ka, especially if a high explosion occurs at the Mt Cameroon, which is still active.
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