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Abstract
This study investigated the mineralogical assemblage of weathering products developed on mylonite rocks in west 
Cameroon. Smectite and vermiculite occurrence was studied, particularly to emphasize its origin and the potential of the 
samples in terracotta production. Samples characteristics were determined through X-Ray Diffraction (XRD) and X-ray 
Fluorescence (XRF) methods. Weathering products were observed along road trenches of 450 m long and 50 m height 
on a syenitic basement rock intruded by magmatic rock veins. Clay minerals are mainly composed of kaolinite and illite. 
2:1 swelling clay minerals (vermiculite, montmorillonite) occur in some samples mainly originated from the contact 
between weathering materials and quartzo feldspatic bands. The main oxides are SiO2 (46–72%), Al2O3 (16–31%), Fe2O3 
(2–16%) and K2O (0.1–6%). Vermiculite may be formed by fluid-mineral interactions during alteration of the chlorite in 
the plasmic microsystems of the soil. Structural changes in the upper part of the saprolite leading to the transformation 
of vermiculite into smectite under supergene alteration control, which predominates in humid tropical zones. Heavy 
rainfall leads to the formation of kaolinite at the expense of 2:1 clay minerals. Empirical classification revealed that the 
studied weathering products can be used to produce common bricks.

Keywords  Chemical weathering · Secondary minerals · Clay minerals · Construction material

1  Introduction

Major processes for soils formation at the surface of the Earth are controlled by climate and local factors during weath-
ering and pedogenesis [1–3]. The soil behaviour depends on the type and amount of minerals present therein [4]. 
Weathering products are observed on trenches along the main road that cross the Njimom locality, near Foumban, in 
western Cameroon. The properties of these products depend on their particles amount, size, shape, arrangement and 
mineral composition. These characteristics are well known to result from the disintegration of parent rocks in situ and 
differ according to the nature of the basement, climate and topography. Clay minerals are among the most abundant 
constituents derived from this process, and their mineralogy is related to pedogenetic processes [5–7]. Depending on 
the weathering conditions, some preexisting clay phases may be transformed into other species through a sequence of 
intermediate interstratified phases. Smectites, for example, in humid climatic conditions, may transform into mixed-layer 
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kaolinite-smectite (K-S) clays, while vermiculite or mixed-layer chlorite/vermiculite (Ch-V) may result from supergene 
solutions on biotite or phlogopite or the transformation of chlorite present in the parental rock [8–11]. Many authors 
evidenced the supergene origin of vermiculite. Some conclusions coming from the study of Basset [12] and revealed 
that the pegmatitic intrusive zone is mainly formed by producing alkali and silica-rich solutions, favouring then the 
formation of mica than the vermiculite. Experimental results concluded that the presence of vermiculite in this peculiar 
area is due to an alteration of the mica, because the presence of a low concentration of potassium generally inhibits 
the formation of vermiculite. Also, Basset [12] evidences that vermiculite occurrences can be divided in 2 categories, i.e. 
macroscopic or microscopic (or clayey) vermiculite. Major commercial deposits belong to the first category whereas the 
material that is mined correspond to mixed-layer vermiculite-biotite or vermiculite-phlogopite. Microscopic vermiculites 
may be either trioctahedral or dioctahedral with variable compositions and cation exchange capacities, making them 
difficult to distinguish from smectite [10, 12]. According to Courshesne et al. [13], the formation of smectite depends of 
the geochemical conditions prevailed in the alteration environment (dissolved base cations and Si concentrations), also 
by the climatic conditions dominated by a prolonged dry period after a rainy season. The transformation of mica and 
chlorite during supergene process is believed the most probable mechanism of smectite formation, and this mechanism 
particularly take place in the interlayer region of these minerals [10, 14]. The difference between smectite and vermiculite 
is referred to the composition of their interlayer charge, largely located in the tetrahedral sheet. Both are expandable 
minerals, but the higher layer charge of vermiculite restricts its expansion [14]. Schulze [7] reported that the weathering 
of micas to vermiculite or smectite can occur after substitution in the interlayer space, K+ by hydrated exchangeable 
cations. According to Barshad (1966) in [5], the occurrence of vermiculite in a given region is more influenced by climatic 
factors than the nature of the parent material. Under humid tropical environment like the Njimon area favored by most 
intense chemical weathering, deep and well differentiated weathering products are observed in comparison of profile 
observed in the dry tropical climate [15]. Soil profile is an ABC type differentiated from the bottom to top as follow: (i) 
coarse saprolite with preserved bedrock structure, (ii) fine saprolite with many isalteritic relicts, (iii) nodular horizon with 
fine red clayey materials containing about 40% of nodules, (iv) set of red clayey and loose horizon with surficial humifer-
ous horizon and rare nodules. The soil profile is resulting of lateralisation process, characterized by intense leaching of 
the alkaline, alkaline earth elements and some silica of the parent rock. In the mineralogy view, kaolinite is the dominant 
neo-formed clayey mineral and its presence in the saprolite marks the more advanced stages of weathering [1, 15]. Iron 
and aluminium sesquioxide (goethite, gibbsite) reflected the intensive tropical weathering (good drainage). The Northern 
most dry tropical part with low rainfall shows dark grey soils with neoformation of beidellite which transforms upwards 
into montmorillonite and kaolinite under poor drainage [15].

Clay minerals are used as raw materials in different industries, and their uses and properties depend on their structure 
and mineralogical composition. Some domains of valorization include ceramic, pharmaceutical or oil industries [16–18]. 
Studies carried out in Cameroon show clay deposits of various origins (i.e., sedimentary, residual and alluvial) [19–21]. 
In west Cameroon, notably around Foumban, many potential kaolin deposits, smectite and other clay minerals varieties 
have been developed as residual products over large areas, resulting in large volumes of weathering products. Previous 
works with respect to the valorization of these resources have shown that clayey materials from Mayouom and Koutaba 
(around Foumban) and those from Lembo and Balengou are rich in kaolinite and can be used in refractory industries [22, 
23]. There are also numerous clayey deposits for the manufacture of earthen bricks in the localities of Koutaba, Bamend-
jing, Marom, Mambain and Ndop [23, 24]. Given the importance of the clayey materials resources in the Foumban region 
on the one hand and the problems related to construction materials encountered by the population on the other hand, 
the terracotta products sector is interesting for economic development in the country. In this paper, we investigate the 
main products of weathering mylonite rocks in Njimom (near Foumban) to better characterize them and identify the 
origin of vermiculite and smectite present inside, and the suitability of these raw materials for terracotta production.

2 � Geographical and geological setting

The Njimom area is located on Foumban Shear Zone, part of the Central Cameroonian Shear Zone with mylonitic rocks, 
mainly calc-alkaline orthogneisses marked by shearing evolution, it is ~ 30 km from Foumban (Fig. 1). The geology of 
Njimom consists of soil profiles developed on Neoproterozoic mylonite rocks (500–660 Ma) intruded by more recent 
magmatic veins (40 Ma) [19, 25]. Minerals within the mylonitic band are crushed, flattened or stretched [25]. They are 
composed of quartz, K-feldspar, plagioclase, pyroxene, amphibole and biotite and the transformation of those primary 
minerals during the mylonitisation are described by Njonfang et al. [25, 26] as follow: K-feldspar to microcline, plagioclase 
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to damourite and calcite, pyroxene to amphibole, amphibole to biotite or chlorite, biotite to chlorite or muscovite, 
sphene to oxides, calcite or epidote. Njoya et al. [23] studied the genesis of kaolin in Mayouom (~ 3 km from Njimom) 
and revealed that 2 majors processes influenced the weathering evolution of these mylonitic rocks and, are responsible 
for the weathering products (kaolin) derived: (i) the kaolin indices originating from a hydrothermal alteration and, (ii) 
the kaolinitic clays originating from a supergene weathering. The study area is tropical characterized by two contrasted 
seasons: a short dry season (November to February) and a long rainy season (March to October). The mean annual air 
temperature varies between 22 to 25 °C and the annual average of precipitation is between 1850 to 200 mm per year [23].

Fig. 1   Geological map and location of the study area (after [51])
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3 � Material and methods

3.1 � Sampling techniques

Field prospection was performed on newly cut road trenches in the locality of Njimom (Fig. 2) between the villages of 
Manki (east) and Folap (west). From east to west, five levels were chosen on the four trenches described, and in some 
trenches, only one or two levels were observed (Table 1). The sampling nomenclature was chosen as follows: T1A1 = sam-
ple 1 from level A of trench 1. Overall samples are collected based on the colour, texture and recurrence. The general 
feature of the Njimom weathering sequence developed on the syenitic bedrock is well observed in Trench 2 and may be 
described as follow: (i) the saprolite horizon marked by the presence of quartzo-feldspathic bands with same orientation 
as we see in the mylonite, (ii) the fine saprolite horizon with relicts, which may be correspond to A, B and C levels, and 
(iii) the fine clayey horizon which may be correspond to D and E levels.

Trench 1 (~ 300 m long and 40–50 m high, close to Manki) has 5 levels labelled A to E with no clear vertical variation 
and the mylonitic bedrock is not appear here (Fig. 2). In lateral variation, increasingly fine materials are observed with, in 
places, intersections with quartzo-feldspathic bands. At level A, the height reaches 10 m, and there is no major difference 
from the materials at levels B and C. Based on some structures and materials observed, this trench presented an interest 
centre: the chemical and mineralogical composition of the contact zone between the quartzo-fedspathic bands and the 
surrounding clayey material. 5 samples were collected at level A following lateral variation and one at level D (Table 1).

Trench 2 (50–60 m high) shows a soil profile developed on mylonitic rock. The bedrock presented parallel debitage 
plans consisting of an alternation of white quartzo-feldspathic banks and dark ferromagnesian mineral-rich banks. Three 
outcrops appeared along the 450 m long wide trench. Compared to trench 1, this trench features lateral and vertical vari-
ations in facies, similar to what has been found in many weathering patterns in tropical areas. The grain size decreases 
upward as one moves away from the parent rock (mylonite). The lateral variation is marked by an alternation of facies 
of different colors with more clayey material upwards. The quartzo-feldspathic bands observed along the weathering 
profile maintain the orientation of the bedrock but are less common upwards. Since the material was homogeneous in 
grain size, three samples were collected on the E based on the color of the clayey material. Njonfang et al. [26] described 
the geochemistry data of these mylonitic bedrock which consist of SiO2 (56 to 74.5%) with the sum of alcalin between 
6 to 40%. They belong to the Middlemost transalcalin domain, and trace elements are more abundant in dark facies 

Fig. 2   a Location of trenches (Google Earth, 2023); b–e Location of some sampling points on trenches, f–h are samples marked by differen-
tiated color in trench 4
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than in whitish one. The variation of proportion of transition element reflects the relative abundance of ferromagnesian 
minerals which fractionate them [26].

Trenches 4 and 5 show several clayey layers with different colors (ochre, white, multicoloured, mauve or red) over 
approximately 30 m. These clayey layers are homogeneous in terms of color and grain size.

Trench 4, located ~ 8.2 km from trench 2, extends ~ 250 m long and 30 m high over four levels (B, C, D and E). At level 
B, a clayey material with an orange‒yellow color was observed at the two lateral ends of the trench. At level C, the 
composition is similar to that observed at level B. A pure white clay band ~ 2 m thick (T4C1), observed at the western 
end, lies on a succession of 1.5 m thick clayey layers of different colors, giving rise to a particular feature (T4C2). The D 
level (~ 3 m in height) consists of a mauve-colored very plastic clay (T4D1). At level E, a clayey-sandy material (~ 10 m 
height) with a dark red color was observed, ending in its eastern part with a compact clayey band that was yellow in 
color with mauve spots (T4E1).

Trench 5 is located 1 km east of trench 4, extends 200 m long and has only one level (A). The clayey materials observed 
here present the same variety of colors as trench 4.

A total of twenty samples (Table 1) was characterized in the laboratory by X-ray diffraction and X-ray fluorescence 
spectroscopy.

3.2 � Analytical methods

X-ray diffraction (XRD) was carried out on randomly oriented powders and on oriented aggregates using a Bruker Advance 
D8 ECO diffractometer (Cu Kα1 radiance, λ = 1,5418 Å, 40 kV, 30 mA) in the laboratory AGEs (ULiège, Belgium) according 
to the methodology of Moore and Reynolds [27]. Small powdered sample (grinding less than 80 µm) were deposited 
on sample holder by front loading to reduce the preferential orientation. The < 2 µm fraction were separated by settling 
in a water column; after samples were mounted as oriented aggregates on glass slides and three X-ray patterns were 
recorded on each sample: air drying (24 h), glycolation (24 h) and heating (500 °C for 4 h). The measurements were carried 
out in the 2θ range from 2° to 45° with a step size of 0.02° and a time per step of 2 s. Identification of mineral phases 
was carried out using Bruker®Eva software. The relative mineral abundance was estimated from the patterns using the 
Rietveld method through TOPAS Bruker software.

The chemical composition was determined by X-ray fluorescence spectroscopy (XRF) with Bruker S8 Tiger 4 kW 
spectrometer equipment (PGEP, ULiege, Belgium). The chemical index of alteration (CIA) defined by [28] was used to 
estimate the chemical weathering intensity of the samples.

SEM observations were used on the T1A3 and T4C1 samples to characterize the morphology and the size of the 
vermiculite and smectites minerals detected by XRD. The observations were made on a FEG-ESEMXL3 type (Greenmat, 
ULiege, Belgium). The samples were metallized with gold powder by plasma spraying (distance 5 cm, 30 mA, 0.05 atm, 
Argon, 50 s), and images were subsequently obtained by a secondary electron detector at accelerating voltages of 10 kV 
and 15 kV. Fourier transform infrared (FTIR) spectroscopy was used in complement to confirm the XRD results obtained 
from those particular samples. Spectra were recorded between 4000 and 400 cm−1 on a Bruker® alpha-P spectrometer 
on KBr pellets.

4 � Results and discussion

4.1 � Mineralogical composition of weathering products

Bulk powder diffractograms revealed the intensity of the main peak (with semi-quantitative estimation) characteristic 
of total clay fraction with a general amount between 10–80%, quartz 5–60%, feldspars (orthoclase < 10% and micro-
cline < 30%), muscovite < 15%, anatase < 20% and hematite < 20% (Fig. 3). The majority of the samples consisted of quartz 
followed by potassium feldspar. Others species encountered in various proportion are: in trench 1 we note the presence 
of plagioclase (albite) < 20%, goethite ((5–20%), calcite and dolomite (< 5%), in trenches 1 and 2 the presence of arago-
nite < 5%, and in trenches 1, 2 and 4 the presence of augite < 5% (Table 2).

The clayey < 2 µm fraction essentially consists of kaolinite (20–80%) and illite (< 10%) in trenches 1 and 5. Other 
clay minerals species (chlorite, smectite, vermiculite) may be existed in the milieu by observing the behaviour of 
peaks at: normal condition (N), ethylene glycol (EG) and heated (H) treatment. For example, T1A1 showed a peak at 
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14 Å under (N) conditions and after treatment with (EG), and at 12 Å after heating to 500 °C, where the intensity was 
reduced by half (Fig. 3). According to [5, 29, 30] these peaks may be attributed to chlorite that underwent alteration 
into vermiculite. The decrease in intensity by half after heating to 500 °C may indicate that it is more likely to be a 
mixed-layered Ch-V consisted of 50% chlorite and 50% vermiculite [29, 30]. T1A3 taken 3 m from sample T1A1 showed 
a peak corresponding to N and EG at 14 Å, which moved to 10 Å after heating; this behaviour may be attributed to 
vermiculite. The semi-quantitative estimation suggests chlorite and montmorillonite (< 10%) in trench 4, vermiculite 
(< 20%) in trench 1 (T1A1, T1A3). The smectite (montmorillonite) (5–10%) are present in samples T4D1, T4C1 and 
T4C2. Overall, the methodology used here to evidence vermiculite seem limited, and according to Srodon [14] 
vermiculite could definitely be confirmed by Mg saturation and glycerol treatment and can be further elucidated 
through incremental heating (e.g. 330 then 550 or 400 then 550 °C) and EG treatment of Ca saturated samples.
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51
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Fig. 3   Specimen diffractograms of some samples. a Bulk diffractograms; b–d oriented diffractograms (N-natural, EG-ethylene glycol, 
500-heated), T1A1 and T4C1 samples respectively contain vermiculite and smectite
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Samples from trenches 4 and 5 present high kaolinite proportion, and their clayey < 2 µm fraction represents 40 to 70% 
of the composition of the bulk powder (Table 2, Fig. 4). According to Njonfang et al. [25, 26], the presence of chlorite in 
mylonitic basement rock paragenesis is due to their microtexture and the mineralogical changes that occurred during 
deep crustal (15–20 km) mylonitisation.

This phenomenon is responsible for the transformation of pyroxene to amphibole, amphibole to biotite or chlorite, and 
biotite to chlorite or muscovite mostly during interactions with late-stage hydrothermal fluids [25, 31]. In the soil profile, 
where rock structures are non-preserved and engaged in the supergene alteration process, these chlorites experience 
secondary alteration plasma microsystem destruction, leading to the formation of vermiculite [1, 2, 31]. The presence 
of vermiculite is probably related to the location of the sample in the contact zone between the clay mass and the 
plurimetric quartzo-feldspathic bands.

With regard to the probably presence of smectites, some samples showed a peak at 14.7 Å under normal conditions 
(N) and 16.6 Å after glycolation before collapsing at 9.9 Å after heating to 500 °C (Fig. 3). Additionally, on FTIR spectra, 
the stretching vibration frequency of the structural OH group strongly varies as a function of the octahedral cation on 
which it is in coordination. According to Madejova [32] this band appears at 3620 cm−1 (AlAlOH) in montmorillonite 
(Al-rich smectite) and also in kaolinite. The peak at 3620 cm−1 indicates the presence of kaolinite, montmorillonite or 
both. Moreover, for the analysed sample, absorption bands centred at approximately 1625 cm−1 represent OH vibration 
of water [32, 33]. The absorption bands of the T1A3 sample may be reveal the presence of another mineral species in 
addition to kaolinite (Fig. 5). These values are slightly different from those of the kaolinite standard peaks (3550 cm-1, 
3375 cm−1, 3250 cm−1, 1657 cm−1, 1070 cm−1) [34]. The peaks observed at 3391 cm−1 and 3234 cm−1 most likely corre-
sponded probably to the stretching vibrations of the OH bonds of the water molecules present between the sheets of 
2:1 clay mineral. The bands at approximately 1116 cm−1, 1030 cm−1 and 1007 cm−1 represent the stretching vibrations of 
the Si–O bands [34, 35]. At the 830 cm−1 band vibration, if Mg substitutes to Al, it may correspond to Mg for Al substitu-
tion in the octahedral layer [33–35].

In Fig. 6, EDS spectrum and its respective image reveal the presence of magnesium, potassium and iron in T1A3 sam-
ple, calcium and iron in T1C4 sample which may confirmed the presence of vermiculite and montmorillonite in those 
samples respectively.

Among the chemical elements commonly observed in clay minerals, potassium is more common in mica, Mg might 
be a marker of vermiculite compared to smectites which contain hydrated cations (Na+ et Ca2+) in their interlayer space 

0

10

20

30

40

50

60

70

80

90

100

T1A1 T1A3 T1A8 T1A10 T1A11 T1D1 T2E1 T2E2 T2E4 T4B1 T4C1 T4C2 T4D1 T4E1 T5A1 T5A2 T5A3 T5A4 T5A5 T5A6

Quartz Augite Albite Orthoclase Microcline Muscovite

Illite Chlorite Montmorillonite Vermiculite Kaolinite Goethite

Hema�te Anatase Calcite Dolomite Aragonite

Fig. 4   Mineralogical estimation of studied samples
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[10, 20, 33]. The common chemical elements obtained in analysed samples are Si, Al, K, Ti, Fe and Mg. Mg content could 
point to vermiculite and Ca or Na could point to smectite, these results would go towards confirming the postulate 
explained with XRD results.

The possible provenance of smectites may be the transformation of muscovite present in those weathering products. 
Many authors have proven that biotite and muscovite, as well as sericites included in some plagioclase grains, can 
undergo transformation during bedrock weathering to produce smectites [10, 36]. Pseudomorphic transformation of 
plagioclase produce microgranular material which includes small units’ zones where optic characteristics of muscovite 
are observed [36]. As we know in the literature, smectites are principally found in poorly drained environments, high pH 
and abundant base cations and they can form from different precursor minerals [37].

In this study, where strong leaching conditions prevailed under warm and humid tropical environments, the presence 
of smectite in the soil profile may be attributed to a particular environment where fluid-mineral interactions operate 
inside weathering microgranular materials originated from plagioclase [10, 36]. These smectites derived from di- or 
trioctahedral micas (muscovite/biotite) are named “transformation smectite” (Robert, 1973 in [36]). The formation of 
vermiculite by transformation of micaceous minerals is known and described by several authors in temperate climates. In 
the tropical climate, illite and beidellite- montmorillonite have been reported, vermiculite is not common. The occurrence 
of vermiculite should be due to particular microsystems conditions in relation with the previous shearing evolution and 
hydrothermal alteration before weathering of the mylonite (bearing damourite, chlorite, biotite, muscovite) which favors 
the formation of some 2/1 clays, with kaolinite as the dominant clay mineral [1–3].

Based on the X-ray diffraction results, clay minerals from the Njimom locality can be merged in two categories: trenches 
1 and 2 are less rich in kaolinite whereas trenches 4 and 5 are enriched in kaolinite. These clayey materials can be 
considered as kaolinitic raw clays exploited as refractory material products [18, 23].
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4.2 � Geochemistry of the weathering products

The bulk chemical composition is correlated with the mineralogical composition. Silica (SiO2, 46–72%) and alumina 
(Al2O3, 16–31%) are the main elements present following by iron (Fe2O3, 2–16%) and potassium (K2O, 0.1–8%) 
(Table 3). Samples from trenches 1 and 2 are enriched in potassium in agreement with the presence of potassium 
feldspar and/or illite. Titanium and magnesium were detected in smaller quantities (≤ 3%), revealing a low proportion 
of anatase. According to [38], SiO2/Al2O3 ratios (⁓1) are characteristic of kaolinitic clays, SiO2/Al2O3 ratios values of 
2 indicate a mixture of kaolinite/micas or illite and samples with a ratio between 3 and 5 contain siliceous minerals. 
Samples T2E1 and T5A6, whose SiO2/Al2O3 ratios are 4.5 and 5.5 respectively, exhibit lower LOI (< 6%) than the other 
samples. LOI largely represents water and organic matter. According to the XRD results, the T2E1 sample is rich in 
quartz and potassium feldspar with a low proportion of clay minerals.

Like T1D1 and T1A10, which contain high proportions of K2O (6–8%), T2E1 is also characterized by a high abundance 
of K2O (7%). This predicts good fusibility during the sintering process [18, 21, 39]. The high SiO2/Al2O3 ratio therefore 
reflects the presence of siliceous minerals in addition to the silicates. Moreover, the negligible K2O content and 
high SiO2/Al2O3 ratio of T5A6 reflect the abundance of siliceous minerals such as quartz. T1A3, T4C1, T4C2 had the 
highest LOI values (15–19%) in agreement probably with the presence of swelling clays in these samples (vermiculite 
in sample T1A3 and smectites in whitish coloured vein in samples T4C1 and T4C2). The release of water from the 
structure of the swelling minerals results in higher LOI compared to non-swelling clays such as kaolinite. Smectites 
and vermiculites may absorb a certain amount of water from their internal surfaces and this absorption leads to the 
swelling of these clays following the intercalation of 0 to 4 discrete layers of water molecules in their structure [20, 
40, 41]. This may explain the significant loss of ignition (LOI) values for these samples (Table 3).

The low CIA value for bedrock (56) indicates slightly weathering conditions, this being close to the CIA value of 
the un-weathered upper crust (50) [42]. The CIA value can be considered here as a relative measure of weathering, 
because many authors as Buggle et al. [43] have approved that CIA has been largely disproved mainly in samples 

Fig. 6   SEM micrographs of weathering products of T1A3 and T4C1 samples coupled with EDS spectrum of different phases: (a) Mg content 
could point to vermiculite; (b) Ca or Na could point to smectite
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containing plagioclase for evaluation of geochemical weathering indices. The CIA values of samples T1A10, T1D1 and 
T2E1 (68–74) (Table 3) correspond to moderately weathering material, meaning that up to 50% of the material may 
be disintegrated into soil. The other samples display high CIA values (80–99.8) corresponding to strong leaching of 
mobile elements and accumulation of immobile elements such as Al [28].

4.3 � Origin of swelling clay minerals in weathering products

The loss of silica relative to alumina marks the difference between temperate climate soils and humid tropical alteration. 
Under conditions of intense weathering in tropical climates, kaolinite is predominant in saprolites, as noted in the 
study area. The clay assemblages in temperate climate soils are enriched in silica in comparison by soils formed under 
high rainfall conditions and consequently enriched in 2:1 clay minerals [1, 2]. The predominance of 2:1 clay minerals, 
vermiculite, smectites and illite, as well as their coexistence with interlayered minerals, is typical of temperate climate 
situations [5, 35]. In Cameroon, 2:1 minerals, and mainly smectites, are observed under dry tropical climates. Low rainfall 
and high temperature induce high evaporation leading to soil solutions concentrated in silica and basic cations [3, 15, 44].

The probably presence of smectite and vermiculite in the studied area in the western highland of Cameroon under a 
warm and humid tropical climate that usually favors kaolinite formation is peculiar. Vermiculite was observed in samples 
collected at the transition between the clayey layers and the plurimetric quartzo-feldspathic veins. According to Basset 
[11], vermiculite is found in this area in close association with chlorite and garnet, which are high-temperature minerals 
observed in mylonite, suggesting that it’s formed through weathering of chlorite. This process is characterized by the 
depletion of magnesium and iron [11, 45]. Vermiculite might also be formed by fluid-mineral interactions during alteration 
of biotite or chlorite in response to a specific set of chemical conditions imposed on secondary plasmic microsystems [2, 
11, 31]. By studying the syenitic bedrock, Njonfang et al. [25, 26] suggested that minerals as biotite and chlorite come from 
the following transformation (pyroxene → amphibole → biotite or chlorite → chlorite or muscovite). Under weathering 
conditions imposed on primary or secondary plasmic microsystems, meteoric water enters the rocks through a connected 
microcracks network and, biotite or chlorite may be transformed into vermiculite under fluid-mineral interactions [1, 
2]. According to Velde and Meunier [2], mica or chlorite in the early weathering stage of bedrock are altered along their 
intergranular joints; and different polyphased mineral assemblages can be observed on the two sides of the intergranular 
joint: di or trioctahedral vermiculite + Fe-hydroxide + kaolinite. Also, following the time duration of fluid-interaction in the 
joins, a specific set of chemical conditions may be imposed, and the secondary products which have been formed in the 
early stages could be destabilized in the later ones [2, 13]. At Earth surface conditions, the dissolution of K-feldspar for 
example liberates Si, Al and K ions to form new mineral stable at the given time following three petrographical situations: 
(i) illite may be form if the residence time of the solution is long enough and the chemical composition of the milieu is 
close to equilibrium with K-feldspar, (ii) smectite, stable at lower K potential than illite, may be formed because mobile 
components of the immobile solution continuous to migrate by diffusion inside larger fractures, and (iii) kaolinite may be 
formed because it is stable at the lowest K chemical potential; here the solution is continuously diluted by meteoric water 
where the potential difference for the mobile component is very great and inert component as Si ions become mobile 
when Al remaining inert [1, 2]. Overall, the appearances of vermiculite and smectite in the studied area are transitional. 
According to Wang et al. [46], different clay minerals present in clayey raw materials may influence the behaviour of the 
finished products depending on their respective concentrations therein. The starting materials must contain kaolinite 
and illite as base clay minerals; other clay minerals can be considered impurities or additives, and their total content 
must be less than 20 wt% [16, 46, 47].

4.4 � Potential in terracotta products

The XRD results, reported in a triangular diagram according to [47] (Fig. 7) indicate 2 clusters: clayey materials from 
trenches 1 and 2 are concentrated in the inner triangle, reflecting an intermediate composition between the three poles, 
and clayey materials from trenches 4 and 5 with a higher proportion of clay minerals. According to Fiori et al. [47], the 
zone of the inner triangle corresponds to materials containing more than 50% of the clay components, generally for 
“plastic” red bodies. Clays from trenches 1, 2 and 4 can be most suitable for the manufacture of sandstones or red stone-
ware, and those from trench 5 may be used for ceramic floor tile with a moderate white color. Furthermore, Ngun et al. 
[48] suggested that clayey materials containing more than 50% clay minerals can be used for the manufacture of white 
products and porous products. Clay mineralogy plays an important role in the ceramic process and kaolinite being a 
major component of the raw materials, is one of the most widely used because of its high fusion temperature and white 
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color characteristics. Montmorillonite and vermiculite may provide greater plasticity in ceramic process, but causes 
problems (cracks) in fired products. Illite (micaceous mineral) act as a fluxing agent to guaranty faster frittage [18, 40].

The Fabbri and Fiori diagram [49] (Fig. 8) is used to compare the Njimom clayey materials with reference raw clayey 
materials used in the sandstone tile production industries (Italy, Germany, England and France) [48]. Clayey materials from 
trench 5 and T4D1 from trench 4 can be used for the production of white sandstone tiles according to [50]. However, the 
color of sandstones is strongly dependent on the proportion of iron oxides [17, 39, 48]. For example, T1D1, which has a 
low content of Fe2O3 (1.5%), could serve as an additive to decrease the amount of iron.

According to Murray [16, 17], 3 groups can be distinguished based on the Fe2O3 content of the raw clayey material: 
Fe2O3 clays at 5% give red products, those with Fe2O3 content between 1 and 5% give bronze colour products, and 
clays with Fe2O3 content less than 1% give white colour products. Samples from trenches 2 and 4 can be used for the 
production of red sandstone tiles (II). Samples of trench 2 can also be used for the manufacture of porous products such 
as tiles and bricks and semi-vitrified tiles, as well as clays of trench 1 whose plotted points appear in domains III and IV, 
representing those used in Italy for the manufacture of "cottoforte" type tiles (semi-vitrified tiles with a double firing 
stage) and "majolica" type tiles (Italian equivalent of earthenware), respectively. Sample T5A3, which was rich in titanium 
oxide (4%) and iron oxide (9%), could give a peculiar color to the fired product.

5 � Conclusion

The weathering products from the mylonite of Njimom were investigated to determine the clay mineralogy and the 
potential of samples in terracotta production. The main results are as follows:

The mineralogy observed in the weathering products of Njimom include quartz, feldspars, muscovite, anatase, 
hematite and goethite as non-clay minerals followed by kaolinite and illite as the main clay minerals. Reporting in the XRD 
and FTIR results interpretations, the 2:1 swelling clay minerals (vermiculite, smectite) may be present in the milieu mainly 
in the contact between weathering materials and the quartzo-feldspatic veins observed, despite the climatic conditions 
prevail (humid tropical zone, high rainfall), leading to conclude of the transitional appearances of that 2:1 clay minerals.

Fig. 7   Triangular diagram 
Quartz/Iron oxide + Feld-
spars + Other minerals/Clay 
minerals for all clayey material 
studied, according to [47]
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With the present clay minerals (kaolinite, illite) in the weathering products, these later can be adjusted in order 
to produce common terra cotta. Samples representative of trenches 1 to 4 can be used for the manufacture of solid 
bricks, while samples for trench 5 can be used for the production of white stoneware tiles. The quality of these bricks 
would improve if a mixture of materials from these trenches was made.
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