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Abstract 

The weathering of some granitic rocks in the West Region of Cameroon (Central Africa) was examined by X-ray 
diffraction (XRD) and X-ray fluorescence Spectrometer (XRF) in conjunction with Scanning Electron Microscopy 
(SEM). Kaolinite and illite were the most predominant weathering products whereas gibbsite, goethite and 
maghemite were also found in small amounts; only residual quantities of quartz and potassium feldspar were 
observed. The geochemical study shows the mobility of major elements during the progressive kaolinization of 
granitic rocks. The main trend is the loss of elements, with high losses of CaO, Na2O and MgO, slight losses of 
SiO2 while Al2O3 and K2O appear to increase with weathering intensity. Chemical index of alteration (CIA) shows 
a high value (68-95%). The scanning electron microscope analysis reveals the existence of several surface features 
that reflect the effect of mainly chemical actions on the quartz and K-feldspar grains. Quartz and K-feldspar 
crystals from kaolinized granitic rocks show low to very high chemical etching attributed to weathering under 
moderate to severe environmental conditions such as low pH, high temperature and humidity and extreme leaching 
typical of tropical climatic conditions. Etched pit densities on quartz surfaces increase with weathering, as a result 
of increasing silica concentrations in pore fluids. 
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1. Introduction 

A tremendous amount of literature exits on the mechanism of chemical weathering under different geomorphic and 
paleoclimatic conditions, provided by many investigators (Stanley, 1968; Lelong, 1969; Pedro, 1964, 1968; Millot, 
1971; Krinsley & Cavallero, 1970; Berner & Holdren, 1979; Nahon et al., 1979, 1982; Tardy, 1993; Kitagawa et 
al., 1994; Wilson, 1995; Wouatong et al., 1996; Wouatong et al., 2005; Deepthy & Balakrishnan, 2005; 
Nguetnkam et al., 2008; Ndjigui et al., 2008; Kamgang et al., 2009). The main chemical factors that usually control 
the weathering of rocks include: solution pH, parent material composition and crystallinity, microenvironment, 
oxidation-reduction potentials, temperature and ionic strength. Geochemists interested in weathering and 
alteration processes have long recognized the need for a better understanding of the nature of the mineral surface 
and its influence on dissolution reactions. Lasaga (1981) and Berner et al. (1980) have previously pointed out the 
importance of active sites concentration in silicate dissolution kinetics. Indeed, etch pits have been identified in 
many naturally dissolved samples (Berner & Schott, 1982; Berner & Holdren, 1979) and used as evidence for 
interface-controlled dissolution. These poorly characterized “active sites” consist of dislocation edges, micro 
fractures, point defects, kinks, and grain or twin boundaries (Helgeson et al., 1984). 

The actual process by which dislocations nucleate etch pits at the mineral surface has not been extensively 
investigated. The application of the theories for etch pit formation have been developed as a tool in interpretation 
of the nature of fluids interaction with mineral surfaces, as pointed out by Lasaga (1983) and Lasaga and Blum 
(1986). According to these workers, crystal growth involves the transport of dissolved species to and from the 
surface of a crystal and various chemical reactions occurring at the surface. The latter include adsorption, ion 
exchange, and dehydration of ions, formation of two-dimensional nuclei on the surface, diffusion along the surface 
and ion pair formation among others. The rate of growth is limited by the slowest step within a whole chain of 
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processes and the nature of the rate-limiting step is relatively unknown. However, as a first approximation, the rate 
of crystal growth can be characterized as being controlled either by transport of ions to the surface 
(transport-controlled), by reactions at the surface (surface-reaction controlled), or by a combination of both 
processes. Transport-controlled processes can induce surface-reaction controlled processes observed on quartz and 
K-feldspar growth. 

According to Berner (1981), actual mechanisms to explain surface-reaction controlled growth are varied. The two 
most commonly cited ones are surface nucleation and dislocation control. Quartz in particular exhibits slow 
dissolution although some first order information regarding this dissolution on the overgrowth surface of quartz 
has not been adequately documented. A paucity of information exists on the weathering and transformation of 
primary minerals to secondary minerals in this region. Information on the type of secondary minerals in this region 
is important to their use. A good understanding of the weathering processes and the resulting minerals will enhance 
prospection of these earth materials for application in various domains (pottery, ceramic, refractory, etc.). In this 
study, the crystal surfaces of quartz and K-feldspar collected from kaolinized granitic rocks in the West Region of 
Cameroon (Figure 1) were investigated using XRD, chemical composition and SEM, in order to obtain 
information about the origin of the surface features and their evolution during kaolinization. 

2. Materials and Methods 

2.1 Geology of the Region 

The area under study belongs to the western part of Cameroon commonly called Western Highlands with altitudes 
varying from 1300 m to 2700 m (Figure 1). Its topography is characterized by pyramidal stages with different 
vegetation types, which are typical of the grassland region of West Cameroon. This distinctive vegetation is of 
herbaceous savannah with thorn shrub which appears to be related to the human activities. The climate of these 
highlands is similar to the Sudanese tropical type but modified by altitude. It is characterized by two contrasting 
seasons i.e, a dry season of four months, from November to March with an average temperature of 25-30°C and a 
rainy season of eight months, with a higher amount of rainfall in August, September and October. The estimated 
annual precipitation in the study area varies from 1500 to 2500 mm per year. 

 

 

Figure 1. The sampling sites in the west region of Cameroon 
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This region belongs to the central part of the Cameroon Line (N30°E) marked by about 60 alkaline anorogenic 
complexes e.g Koupé, Bana and Ntumbey with various types of rocks (metamorphic, plutonic and volcanic) and 
representing a chain of Tertiary to Recent volcanoes stretching along the Cameroon Line. According to Ngako et al. 
(1991), Marzoli et al. (2000), Tagne-Kamga (2003), and Njanko et al. (2006), this region belongs to the Central 
Cameroon Shear Zone characterized by a main shear zone with their secondary branches associated with abundant 
granitoids of Pan African age, i.e, 630-550 Ma, for example Batié, Fomepia and Tibati. The basement rocks of the 
region are composed of gneissose rocks such as orthogneiss, porphyroid granite and migmatite. The main rock is 
granite (Batié granite, Dschang granite, and Bangoua granite) and veins of pegmatite, quartzite and aplites with 
occasionally some basic rocks (monzonite, granodiorite, monzodiorite) such as xenoliths (Figure 2). These 
coarse-grained granites are leucocratic and outcrop as boulders. The constituent minerals of these granites are 
quartz (25-40%) and K-feldspar (15-38%) composed of microcline and orthoclase. Some crystals show biotite, 
plagioclase and iron oxides as inclusion and sericite as weathered products. Biotite (less than 10%) occurs as flakes 
and are rich in iron with zirconium present as inclusions. Chloritization is commonly observed in Batié granite. 
Plagioclase (22-30%) occurs in form of oligoclase. Amphibole (less than 1%) is a green hornblende observed in 
Batié and Dschang granites. Sphene, allanite, apatite, zirconium and magnetite are observed as accessory minerals. 
Geochemical analysis of these granites show 70-75% SiO2, 11-15% Al2O3, 2-3% Fe2O3, 00-1.5% MnO and MgO 
and 3.5-5.5% Na2O and K2O (Nana, 1988; Talla, 1995; Kuepouo, 2004; Kwekam, 2005). These granites are 
intensively weathered and are quarried by the indigenous population for sand. Mica and kaolin minerals occur as 
secondary products of amphiboles, biotites and feldspars. The weathered mantle is very thick, varying from 20m to 
more than 100m deep. 

 

 

Figure 2. The sampling localitions and sampling points on the geological map of the west region: 1) quaternary 
alluvium; 2) cretaceous sandstone; 3) tertiary volcanic rocks; 4) tertiary anorogenic complex; 5) norite of Kékem; 

6) panafricain granitoid; 7) undifferentiated gneiss; 8) fault; 9) sampling point 
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2.2 Sampling Area 

Twenty seven samples were collected on weathered granite (sand quarry) from different localities of the Western 
highlands of Cameroon around the following sites: Dschang, Batié, Bangoua and Bana (Figure 2). 

In each profile (Figure 3), sampling was done at the middle flank of the interfluve from up (below the A horizons) 
extending down to the parent rock (0.5-2m) at 1 to 5m intervals depending on the thickness of the profile as 
follows (Table 1): 

 Dschang (Menouet) (DM): 8 samples, (1317m altitude, 10°01’33’’E, 5°27’27’’N) in Menoua division, 
(Figure 3a);  

 Batié (Djedem) (BD): 7 samples, (1482m altitude, 10°17’9’’E, 5°18’22’’N) in Hauts plateaux division, 
(Figure 3b); 

 Bangoua (Bandianseu) (BB): 5 samples, (1419m, 10°30’12’E, 5°10’54’’N) in Ndé division, (Figure 3c);  

 Bana (Lembo) (BL): 7 samples, (1662m, 10°18’81’’E, 5°09’91’’N) in Haut Nkam division, (Figure 3d). 

The analyses were performed at the Science of Earth and Planetary Materials Laboratory of the Department of 
Earth and Planetary System Science, Faculty of Science, in Hiroshima University, Japan. 

 

 
Figure 3. Presentation of representative profiles of the different sampling sites: a) Dschang, b) Batié, c) Bangoua 

and d) Bana 
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2.3 X-ray Diffraction 

Identification of the constituent minerals in the bulk and selected samples (Ø <200 µm) (Table 1) and selected clay 
fractions (Ø <2 µm) were determined by X-ray diffraction (XRD) methods, using a Ni-filtered Cukα radiation. The 
samples were treated by wet sieving and sedimentation. The analytical conditions were X-ray generator, 18 KW, 
40.0 KV, 100.0 mA, sample width, 0.02 deg, scanning speed 8.00 degrees/min.  

 

Table 1. Location of sampling sites and sampling depths within given profiles at each site 

LOCALITY SAMPLE DEPTH (m) 

DSCHANG (DM) DM3 6 

1317 m altitude DM4 8 

10°01’33’’E DM5 9 

5°27’27’’N DM6 14 

DM10 19 

DM12 24 

DM13 29 

DM14 34 

BATIE (BD) BD2 4 

1482 m altitude BD6 7 

10°17’09’’E BD7 9 

5°18’22’’N BD9 14 

BD10 19 

BD12 24 

BD14 29 

BANGOUA (BB) BB1 6 

1419 m altitude BB2 8 

10°30’12’’E BB3 9 

5°10’54’’ N BB4 14 

BB5 19 

BANA (BL) BL1 4 

1665 m altitude BL2 6 

10°18’81’’E BL3 7 

5°09’91’’N BL4 12 

BL5 17 

BL6 22 

BL7 27 

 

2.4 X-ray Fluorescence Spectrometer 

The parent rock, granite (RDM, RBD, RBB, and RBL) and selected saprolitic material (DM, BD, BB and BL) 
collected from the weathered mantle of each locality were analysed to obtain the bulk chemical composition. 
These analyses were carried out by X-ray fluorescence spectrometer using a Rigaku model 3030 equipped with a 
dual anode X-ray tube, to obtain the bulk chemical composition. The major elements were obtained using the rock 
standard of the Geological Survey of Japan as a control. 

The samples were fused with 6 g of 4: 1 mixture of lithium metaborate and lithium tetrabonate, for 20 min at 
1100°C, with intermittent swirling to ensure thorough mixing. The results of the analyses were calculated and 
expressed in the form of oxides. Detailed chemical composition of weathered rock is indispensable to determine 
the constituent clay minerals, leaching conditions and the degree of weathering.  
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2.5 Scanning Electron Microscope 

After XRD examination, further investigations were carried out on saprolitic materials of each profile depending 
on the thickness of the saprolite. The samples examined were collected from the upper part of the saprolitic zone. 
From the saprolitic speciments, quartz and K-feldspar grains were selected (DM5, BD7, BB3 and BL3, Figure 3) 
using a binocular microscope and washed with distilled water using an ultrasonic generator and then glued to 
aluminium specimen stubs (one stub per sample) and coated in a vacuum evaporator. Because of the high vacuum 
conditions in the scanning electron microscope (SEM) all samples were dehydrated before viewing. The air drying 
(AD) method of Reynolds and Gorsline (1991) which is widely employed for observation of aggregated texture 
was used. The grains were viewed with a Nova Scan 30 Akashi-alpha 10 SEM. Each grain was studied in detail 
from low to high magnification and the micro textures and micro surface features of the grains were observed and 
photographed.  

3. Results 

3.1 Description of Profiles 

The profiles (Figures 3: a, b, c and d) are very thick, deep, well differentiated, and well developed comprising from 
the top to the bottom of: 

- An organic matter-rich A horizon, less than 50 cm thick, with a dark brown (7.5 YR 3/2) colour, a sandy loam 
texture and crumb structure. 

- A thick B horizon made up of a lateritic surface and mottled subsurface composed of a 200-300 cm thick, 
reddish brown (5YR 5/4), reddish yellow (7.5 YR 6/8) and pale brown (10 YR 6/3), clayey sand, gravels and 
abundant quartz grains. The transition to the saprolite below is gradual. 

- A weathered C horizon (an upper saprolitic zone and a lower saprock zone) (Nahon, 1991; Deepthy and 
Balakrishnan, 2005), with very thick (300-1500 cm), pale brown to very pale brown (10 YR 8/3), whitish, 
and yellowish colors with many slighty weathered fragments of granite, and moderately plastic mixed clayey 
and sandy materials. The weathered granite shows well-preserved structures and shapes of the primary 
minerals relative to the original rock, with few changes throughout the profile. The original structure of the 
granite was lost only in the upper most part of the profile due to weathering. 

- The parent rock granites are both coarse and fine grained, and are greyish in colour. They are composed 
mainly of quartz, K-feldspar, plagioclase, and amphiboles and variable amounts of biotite; biotite and 
muscovite exist only in the Bangoua granite. The Bangoua granite has features of an orthogneiss. Secondary 
and accessory minerals are sphene, epidote, zirconium, apatite, chlorite, sericite and sesquioxides. Some of 
the granites (Batié and Dschang) are porphyritic due to the abundance of white K-feldspar megacrysts 
observed in the thin section with preferred orientation. In addition, fractures with preferred orientations were 
recognized at many localities suggesting that the fracture patterns were formed under the regional stress field. 
Many clay veins are also recognized in the granites as well as in the saprolitic zone. 

3.2 Mineralogical Composition 

The representative XRD patterns of the bulk samples collected from weathered granites from the different 
localities i.e, Dschang, Batié, Bangoua and Bana are presented in Figures 4a, b, c and d.  
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Figure 4. XRD patterns of constituent minerals of weathered granites collected from: a) Dschang, b) Batié, c) 
Bangoua and d) Bana. I/V: illite/vermiculite, S: smectite, I: illite, I/S: illite/smectite, K: kaolonite, Gi: gibbsite, Go: 

goethite, Ma: maghemite, Hm: hematite, Q: quartz, Kf: potassium feldspar, and An: anatase 

 

After XRD analysis of bulk samples, the major constituent minerals in all the samples studied were identified 
following the methods of Brindley and Brown (1980) and Duane et al. (1989).  

The mineralogical composition (Table 2) were identified by the following corresponding XRD peaks: kaolinite 
(K:7.2Å; 3.56Å), mica (I: 10.13Å; 5.03-4.98Å), quartz (Q: 4.26; 3.33Å) and feldspar (Kf: 3.83Å; 3.48-3.46Å; 
3.29-3.24Å); goethite (Go: 4.16Å; 2.56Å; 2.43Å), and gibbsite (Gi: 4.85Å; 4.37Å); maghemite (Ma: 2.95Å) 
occurs within the middle part of the Dschang and Batié profiles and within the upper part of the Bangoua profile. 
Hematite (Hm: 3.68Å; 2.70Å) and anatase (An: 3.52Å) occur in the upper part of Bangoua profile. Traces of 
anatase occur throughout the Dschang profile and within the middle part of the Bana profile. 

The mineralogical composition of the clay fraction (Ø <2µm) of weathered granites also show that kaolinite (K) 
and illite (I) are both present in all samples of the different localities. In all profiles gibbsite appears mostly in the 
upper part but was observed in the lower part of the Batié profile. A trace of Illite/Smectite (I/S) was observed in 
the lower and middle part of the Dschang, Batié and Bangoua profiles. Goethite occurs throughout the Dschang 
and Batié profiles (Figures 4a and 4b), but was only observed at the top of Bangoua (Figure 4c) and the middle to 
the top of the Bana profiles (Figure 4d). Hematite is observed also at the top of the Bangoua profile. Anatase is 
observed only at the surface of the Bangoua profile (Figure 4c), but occurs throughout the Dschang profile. All the 
profiles studied show numerous to trace amounts of K-feldspar throughout their profiles. XRD patterns (Figures 4a, 
4b, 4c and 4d) indicate the presence of quartz in all profiles studied. The semi quantitative analysis of mineral 
assemblage given in Table 2 shows that, kaolinite is the dominant mineral in all profiles.  
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Table 2. The mineral composition assemblages and semi quantitative determination of the mineralogy of the 
weathered granites within the horizons of the representative profiles of each study site 

 I/V S I/S I K Gi Go Ma Hm Q Kf An 

DSCHANG            

DM3         6m    ○ ●●● ● ○   ●  □ 

DM4         8m    ○ ●●● ● ●   ● ○ ○ 

DM5         9m    ● ●● ● ○ ○  ● ○ ○ 

DM6       14 m    ● ●● ● □   ● ○ ○ 

DM10      19m  □ □ ● ●● ● □   ● ○ ○ 

DM12      24m   □ ●● ●● ○ ●   ● ○ ○ 

DM13      29m   □ ●● ●● ○ ●   ● ○ ○ 

DM14      34m   ● ●● ●● □ ●   ● □ ○ 

BATIE             

BD2          4m    □ ●●●  □   ●   

BD4          7m   ○ ○ ●●● □ □ □  ● □  

BD7          9m    ○ ●●● ○ ○ □  ● □  

BD9        14m    ● ●●● ○  □  ● □  

BD10       19m ○ ○  ● ●●● ●● ○ □  ● ○  

BD12       24m □ □  ● ●●● ●● ○   ● ○  

BD14       29m    ○ ●●● ●● ○   ● ○  

BANGOUA            

BB1          6m    □ ●●● ○ ●● ● ○ ● ○ ● 

BB2          8m    ○ ●●● ○ ○ □ ○ ● ○ ○ 

BB3          9m ○   ● ●●● ○ ○ □  ● ○  

BB4        14m    ● ●●● ○ ○   ● ○  

BB5        19m    ● ●●● □ □   ● ●  

BANA             

BL1          4m    □ ●● ● □   ● □  

BL2          6m    ○ ●● ● □   ● ○  

BL3          7m    ○ ●● ● ○   ● ○  

BL4        12m    ● ●● ● ○   ● ○ □ 

BL5        17m    ● ●● ○ ○   ● ○  

BL6        22m    ● ●●● ○ □   ● ○  

BL7        27m    □ ●● ○    ○ ○  

 

3.3 Geochemical Composition 

The chemical composition of different saprolites shows a wide variation in Si, Ti, Al, Fe, Mn, Mg, Ca, Na and K 
contents (Table 3).  
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Table 3. Chemical composition of the weathered granite and parent rock of the various samples of the profiles of 
each study site 

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O  P2O5 LOI  Total

DSCHANG   

DM3 45.65 1.81 32.83 3.32 0.11 0.07 0.04 0.00 0.08 0.03 13.55 97.49

DM4 46.26 1.11 28.15 6.81 0.62 0.21 0.21 0.04 0.28 0.18 12.62 96.24

DM5 46.75 1.25 24.44 2.45 0.02 0.68 0.71 0.42 2.05 0.08 19.33 98.18

DM6 46.23 1.28 30.19 4.89 0.02 1.13 0.19 0.05 1.85 0.07 12.57 98.47

DM10 49.83 1.42 27.11 2.78 0.02 0.64 0.52 0.47 2.43 0.06 13.38 97.66

DM12 40.36 1.29 28.51 10.86 0.04 1.02 0.04 0.03 2.58 0.22 12.55 97.50

DM13 39.10 1.64 29.89 10.25 0.05 0.41 0.14 0.03 1.07 0.09 15.44 98.11

DM14 38.43 2.13 21.22 7.62 0.04 0.65 0.81 0.18 0.64 0.04 25.14 96.9 

RDM 69.24 0.47 15.30 3.36 0.04 0.57 1.77 3.56 5.49 0.19 96.63

BATIE   

BD2 68.18 0.51 19.5 3.10 0.02 0.16 0.01 0.01 0.70 0.04 7.68 99.91

BD4 70.21 0.38 18.01 2.20 0.02 0.10 0.01 0.01 1.02 0.03 6.53 98.52

BD7 69.18 0.41 17.6 2.25 0.02 0.14 0.03 0.12 3.90 0.05 5.22 99.17

BD9 66.50 0.07 20.03 1.10 0.00 0.03 0.02 0.30 7.66 0.02 3.75 99.48

BD10 68.70 0.42 16.08 2.40 0.01 0.38 0.03 0.20 6.75 0.05 4.35 99.37

BD12 69.90 0.40 16.71 2.78 0.03 0.29 0.02 0.14 6.20 0.04 4.77 100.7

BD14 66.08 0.60 16.28 4.90 0.03 0.32 0.05 0.14 5.91 0.18 4.83 99.32

RBD 71.93 0.37 14.22 2.89 0.05 0.33 1.25 3.81 4.33 0.12 99.27

BANGOUA   

BB1 32.67 7.59 27.41 20.27 0.06 0.18 0.02 0.00 0.31 0.26 11.67 100.9

BB2 57.6 1.19 23.91 5.25 0.02 0.17 0.02 0.00 3.27 0.12 8.09 99.74

BB3 66.57 0.30 19.05 2.00 0.03 0.34 0.01 0.08 0.65 0.05 8.43 97.51

BB4 65.37 0.27 21.10 2.09 0.12 0.17 0.01 0.00 4.89 0.06 5.77 99.85

BB5 69.43 0.19 16.71 1.52 0.01 0.24 0.01 0.15 2.30 0.02 6.61 97.19

RBB 71.25 1.18 13.45 2.86 0.07 0.20 0.72 3.94 5.13 0.01 98.86

BANA   

BL1 58.6 0.01 28.18 1.70 0.02 0.00 0.39 0.19 1.42 0.02 9.45 99.98

BL2 59.00 0.02 29.70 0.90 0.03 0.00 0.36 0.10 2.50 0.10 7.11 99.82

BL3 58.00 0.60 26.10 3.40 0.04 0.00 0.36 0.20 5.70 0.04 5.25 99.69

BL4 51.50 1.10 29.10 5.80 0.05 0.40 0.35 0.05 3.20 0.10 6.91 98.16

BL5 58.10 0.70 26.20 4.60 0.04 0.90 0.38 0.20 5.30 0.10 3.15 99.67

BL6 64.10 0.10 23.60 0.60 0.01 0.00 0.36 0.30 6.40 0.01 4.31 99.79

BL7 57.80 0.03 31.30 0.70 0.04 0.00 0.41 0.10 0.80 0.04 7.35 98.57

RBL 72.06 0.44 11.61 3.13 0.7 0.00 0.57 4.50 4.34 0.01   99.55

Where: RDM, RBD, RBB, RBL are: parent rock. 

 

The main tendency is the loss of alkaline and alkaline earths, but some profiles show relatively high concentration 
of potassium throughout their profiles, for example: Bana (0.80-6.40%) and Batié (0.70-6.75%). The silica 
contents vary from 38.43-49.83% in the Dschang profile, 66.50 to70.21% in the Batié profile, 32.67-69.43% in the 
Bangoua profile and 51.50-64.10% in the Bana profile. The silica contents are near uniformly distributed within 
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the Batié, Bangoua and Bana profiles. The alumina contents vary from 21.22-32.83%, 16.08-20.03%, 16.71-27.41% 
and 23.60-31.30%, respectively in the Dschang, Batié, Bana and Bangoua profiles. In the Dschang, Batié and 
Bangoua profiles aluminum contents decrease with depth. The amount of percent water through loss on ignition 
(LOI) is considerable. It is more than 3% in all profiles: (12.55-25.14%) at Dschang; (3.75-7.68%) at Batié; 
(5.77-11.67%) at Bangoua; and (3.15-9.45%) at Bana. The iron content varies from 2.45 to 10.86%, 1.10-4.90%, 
1.52-20.27% and 0.60 -5.80%, respectively in Dschang, Batié, Bangoua, and Bana profiles. The content of 
titanium (TiO2) is high in some profiles such as in Dschang (1.11-2.13%) and Bangoua (0.19-7.59) soils. The 
Bangoua profile surface horizon has 7.59% TiO2.  

The variation of chemical composition with depth (Figure 5) of some elements such as SiO2, Al2O3, and Fe2O3 
indicates their different evolution.  

 

 

Figure 5. Depth functions of silica, alumina and iron of weathered granites of each profile: a) Dschang, b) Batié, c) 
Bangoua, and d) Bana 

 

No definite depth functions are indicated for all elements. SiO2 shows a high loss at the surface and tends to remain 
constant from the 9 m depth downwards (Figure 5c); it shows near constant depth functions for Figure 5b and 5d, 
with a slight decrease in the subsurface of 5a. Fe2O3 and Al2O3 have similar depth functions and tend to remain 
constant with depth except within the lower part of the profile (Figure 5a) where depth trends are erratic. The 
SiO2/Al2O3 ratio varies from 1 to 2 at Dschang, Bangoua and Bana, and from 3 to 4 at Batié.  
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The Chemical Index of Alteration (CIA) proposed by Nesbitt and Young (1982) to evaluate the intensity of 
weathering is used in this study. The values of parent rocks and saprolitic materials are directly represented on the 
A-CN-K triangle (Figure 6a). Most samples plot high on the diagram, reflecting preponderance of aluminium clay 
minerals. The slope of predicted and observed trends lie parallel to the A-Kf boundary, as with increasing 
weathering, potassium feldspar has been destroyed and K is selected from the residues in preference to Al and thus 
trend toward the A apex. The A-CNK-FM diagram introduced by Nesbitt and Young (1989) to illustrate the 
relationship between leucocratic and melanocratic constituents in a weathering profile is also used (Figure 6b).  

 

 

(a)                                (b) 

Figure 6. Evaluation of weathering trends and weathering intensity: (a). A-CN-K diagram illustrating the 
weathering trend of saprolitic materials, A—Al2O3; K—K2O; CN—CaO*+Na2O; Pl—plagioclase; 

Kf—K-feldspar; Sm—smectite; I—illite; Ka—kaolinite; Gi—gibbsite (Nesbitt and Young, 1984; 1989). (b). 
A-CNK-FM diagram illustrating the weathering trend, A—Al2O3; CNK—CaO*+Na2O+K2O; FM—FeO* (total 
FeO)+MgO; Fel—feldspar; Chl—chlorite; I—illite; Ka—kaolinite; and Gi—gibbsite (Nesbitt & Young, 1989; 
Nesbitt et al., 1996). CaO* is the amount of CaO incorporated in the silicate fraction of the rock. Solid arrows 

show the general trends as weathering increases. Dashed circles indicate source composition 

 

As seen in these diagrams, analyzed saprolitic samples from weathering profiles on granites plot above the feldspar 
join, indicating that feldspars are the dominant Al-bearing minerals in these rocks. The general trend evolves 
towards the A apex, reflecting the preponderance of aluminium containing clay minerals within them. Most 
samples lie along the A-K joint, reflecting enrichment in K, possibly due to secondary illitization as reported by 
Fedo et al. (1995). The XRD patterns confirm the presence of illite which remains in all profiles in spite of high 
weathering. The geochemical characteristics of weathered materials show a considerable amount of K2O.  

In the A-CNK-FM diagram (Figure 6b), saprolitic materials are displaced toward the A-CNK edge and the A apex, 
reflecting again the dominance of aluminum clays. Figure 7 illustrates the weathering intensity (CIA values) of 
rock samples collected, and plotted on a summary diagram.  

As seen in this diagram, the parent rock yields values between 55 and 60 whereas those from weathered samples 
vary between 64-96%: (85-94%) of weathered samples from Dschang; (65-90%) from Batié; (79-96%) from 
Bangoua; and (76-96%) from Bana. Some parent rocks are plotted above the Pl-Kf join between rocks discoloured 
by weathering. The parent rock of Dschang is very highly weathered. This study indicates that, all these parent 
rocks are not fresh, but are undergoing initial weathering. This figure shows the same tendency as observed in the 
A-CN-K diagram. All samples lie along the A-K join. The CIA values obtained in this study vary from 68% to 
95%. They increase with increasing weathering. The pH of the samples studied ranged from 3 to 4.5 indicating the 
very acid nature of the environment. 
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Figure 7. A-CN-K diagram illustrating weathering intensity (CIA values) of samples collected from the west 
region of Cameroon. The CIA scale is divided into the simplified typical weathering profile described by the 

Geological Society of London (Lambe, 1996) 

 

3.4 Scanning Electron Microscope Observation 

As a whole, the quartz and K-feldspar crystals examined show many etch pits on the overgrown surfaces (Figures 
8: a, b, c, d; Figures 9: a, b, c, d). These etch pits are similar to those observed in nature or experimentally on quartz 
grains and feldspar grain surfaces by previous investigations (Crouk, 1968; Cleary & Connoly, 1972; Al-Saleh & 
Khalaf, 1982; Kitagawa et al., 1994; Dove, 1995; Hochella Jr & Banfield, 1995; White, 1995; Wilson, 1995).  

 

 

 
Figure 8. Scanning electron micrographs of specimens collected from weathered granite showing: a) etch pits on a 

quartz grain of Dschang (DM5); b) small striations and gooves on a quartz of Batié (BD7); c) big striations 
associated with stepped cleavage planes on a quartz of Bangoua (BB3); and d) irregular surface features and deep 

grooves on a quartz of Bana (BL3) 
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Figure 9. Scanning electron micrographs of specimens collected from weathered K-feldspar showing: a) conical 

hollows on a K-feldspar of Dschang (DM5); b) oriented coalescent pits developed on a K-feldspar of Batié (BD7; 
c) oriented coalescent pits on a K-feldspar of Bangoua (BB3); d) coalescent pits with conical hollows on a 

K-feldspar of Bana (BL3) 

 

Meticulous observations of saprolites developed in situ on the weathered granitic rocks of Dschang, Batié, 
Bangoua and Bana reveal a gradual change in morphology of grains, from angular pitted grain surfaces to rounded 
surfaces. In Figure 8a, irregular pits and grooves interrupt the plane surface. The groove is very pronounced at the 
lower part of the photograph whereas the upper part shows triangular pits of varying sizes. The striations and 
curved sutures are developed in some quartz grains collected from Batié (Figure 8b). Samples collected from 
Bangoua (Figure 8c) show that the right part of the grain appears to have flaked out, leaving flat and irregular 
surfaces. Those collected from Bana (Figure 8d) show rough surfaces with deep holes of varying sizes. These etch 
pits show triangular, circular and hexagonal shaped patterns. Although etch pits have various size distribution, 
most pits are smaller than 5 μm in size. The most common etching patterns include triangular etching pits, irregular 
solution pits, deep grooves and other less pronounced textures of chemical dissolution. In Figures 8a and 8b, 
chemical weathering appears to start from the zone of weakness and spreads outwards.  

K-feldspar grains from weathered granite collected from the same localities exhibit crystallographically controlled 
etched pits showing uniformity of pitting. These are microperthite coalesced features which now form channels. 
The c-axis is in the direction of the etch pit elongation (Figures 9a, 9b, 9c and 9d) on samples from Dschang, Batié, 
Bangoua and Bana, respectively. Some K-feldspar grains Dschang (Figure 9a) show conical hollows. In most 
samples, casts of horizontal channels connect pits intersecting with the original surface. The K-feldspar etch pits 
are in general rectangular. Many samples exhibit faces with a very high density of elongated etch pits, many of 
which have coalesced to form deep eroded channels, several microns in length. All these types and shapes of etch 
pits confirm the chemical action and the high degree of weathering these quartz and K-feldspar grains have been 
subjected to. 

4. Discussion 

Factors common to the tropics such as high rainfall and high temperature, which are proper to the area of study, do 
play a major role in the development of the chemical features recorded on the quartz and K-feldspar grains. 
However, their origin and evolution remain unknown. Following the geological setting of the area, the occurrence 
in the profiles of many microfractures, cracks and micro fissures on sand grains as well as in the saprolite, which 
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are moreover filled by clay minerals is indicates that silica concentrations in pore solutions play an important role 
and can be considered as a key factor for etch pit features. 

Many field and laboratory studies have examined the decomposition of quartz-bearing and K-feldspar source rocks 
and the resulting detritus, attempting to correlate grain sizes and textures with weathering and paleoclimate 
histories (Helland et al., 1997; Wei-Min et al., 1998). As an example, Moss et al. (1981) observed experimentally 
that grain fragmentation was attributed to the combined physical and chemical effects on the degradation of 
minerals. In their work on quartz formation in a humid tropical environment, Pye (1983) and Pye and Marzzuli 
(1994) also observed that quartz grain fragmentation occurs through silica solution penetration along micro 
fractures and dislocation defects. These findings confirm the hypotheses that weathering processes are primary 
mechanisms in the formation of silt-sized particles. However, Asumadu et al. (1988) suggested that fragmentation 
processes on quartz described above are so extensive to validate the use of quartz as a stable index mineral in soil 
pedogenesis studies. Morey et al. (1962) and Dove (1995) also noted that quartz dissolution must continue 
indefinitely into silica under saturated solutions. Crouk (1968), Cleary and Connoly (1972) and Dove (1995) 
proposed that weathering intensity, climate and soil development can be qualitatively measured by the degree and 
amount of roundness and the embayment of grain surfaces. Field observations show that inorganic solutes act as 
catalyzing agents in the surface corrosion of quartz mineral grains in soil environments; this can be observed in our 
region of study where rainfall is very high. 

Brantley et al. (1986b) studying the dissolution at dislocation etch pits in quartz proposed that pit development is 
governed by the aqueous silica concentration such that pits cannot nucleate above a critical saturation state. They 
also suggested that the shallow flat-bottomed pits correspond to a surface defect while the pyramidal pits are 
caused by line defects. These features are observed on quartz grains from the samples studied (Figure 8a). Hicks 
(1985) also described similar features in hydrothermally etched natural quartz. The shape and size of etched pits in 
quartz have been found to be crystallographically controlled (Wegner & Christie, 1983). The shape of etch pits is 
controlled by the relative dissolution rate in different crystallographic directions, just as final crystal shapes are 
determined by relative rate of growth in different directions. These features are also observed on quartz grains 
(Figures 8a, b, c and d) in this study. Hydrothermally etched pits on the rhombohedra faces of quartz grains are 
characteristically pyramidal, with triangular bases uniformly oriented with respect to the crystal. Al-Saleh and 
Khalaf (1982) showed that signs of chemical etching are manifested on the quartz grains by the presence of deep 
grooves (Figure 8d), which are mostly due to the solution of silica penetration along micro fractures near an 
alkaline surface. 

The surface features of quartz and K-feldspar grains from the different localities in the West Region of Cameroon 
reveal the occurrence of triangular pits and deep grooves as shown in Figures 8 and 9. Chemical features generated 
by etching are mostly developed in the grains. The occurrence of etched pits is attributed mainly to chemical 
weathering process in spite of the slight mechanical weathering. In these environments quartz grains are affected 
by pore water for relatively long periods of time. 

Investigations of etched pit densities on naturally weathered surfaces suggest that dissolution from etched pits 
increase with long exposure time to weathering conditions (Anbeek et al., 1994). Bennett (1991) asserted that, the 
organic acids appear to increase dissolution rates. The observation of pitting which changes as a function of depth 
suggests that the existence of etched pits is controlled by some depth-related factors. As fluids pass through the 
profile, silica dissolved from the soil grains increase the silica concentration towards saturation, as obtained 
experimentally by Brantley et al. (1986). The surface morphology of the weathered sand grains which show 
differing patterns of etching, may result from eluviation processes. Dissolution at these depths occur primarily at 
grain contacts (corners and edges) producing round grains. Some rounded grains of quartz were observed in the 
lower part of profiles. This may have resulted from downward transport of surface materials along fractures and 
micro cracks induced by shrinkage during weathering or leaching, or they may have formed in-situ from silica-rich 
solutions. These observations, are supported by the presence of rounded quartz grains at the base of the profiles, 
which further indicates that quartz dissolution is continuing at all depths as reported by Brantley et al. (1986).  

Apparently, the surface horizons are subject to more severe weathering in agreement with previous works 
(Wouatong et al., 1996, 2005). Based on the thickness of the weathering mantle, the conditions of good drainage 
and leaching also affected the lower part of profiles. This is confirmed first, by the presence of gibbsite formed 
probably through the transformation of kaolinite into gibbsite (allitisation process) associated with good drainage 
and high leaching intensity resulting in the loss of silica into solution and secondly, by the amount and shape of 
etched pits observed on quartz grain surfaces. In some profiles, this observation is confirmed by the presence of 
gibbsite in the lower part (Figures 4a, 4b and 4c). Following the XRD data and the geochemical composition of the 
saprolitic materials, the geochemical processes are dissolution and hydrolysis through monosiallitisation and 
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allitisation. The degree of weathering is one of the most significant factors controlling the type and abundance of 
clay minerals as pointed out by Duzgoren-Aydin et al. (2002) and Aristizabal et al. (2005). Tropical weathering of 
granites in the West Region is characterized by loss of SiO2, CaO, Na2O and MgO and an increase in Al2O3 and 
K2O. Mineralogically, these chemical changes reflect the formation of secondary clay minerals, predominantly 
kaolinite and sesquioxydes. The SiO2/Al2O3 ratios vary between 1 and 4 depending on the profile: (less than 2 in 
Dschang; (3-4 in Batié); (1-4 in Bangoua); and (1-2 in Bana). This data suggests that bisiallitisation also took place 
but was metastable and consisted only of the transformation of illite/smectite to 1/1 minerals. The chemical 
composition of the bulk materials gives a large amount of water as loss on ignition (LOI) showing that the water 
table level is high and the whole profile remains moist during the year. The triangular etched pits of our study are 
very similar to those observed in the single crystal experiments of Brantley et al. (1986) and Hicks (1985). 
According to these experiments, sand dissolution took place at very high and very low temperatures. Brantley et al. 
(1986) concluded that the concentration of silica could control pitting from experiments they carried out at high 
temperatures. A more thorough investigation of chemical etching as a function of soil depth and/or increasing 
weathering and fluid chemistry is necessary in order to provide further information and insights into fluid history 
in the weathering environment. 

5. Conclusion 

Mineralogical composition obtained from saprolitic materials developed on granites of the West Region of 
Cameroon reveals the occurrence of illite, kaolinite and the appearance of gibbsite in the upper and lower parts of 
profiles. The geochemical composition of the weathered mantle reveals the loss of CaO, Na2O and MgO, small 
amounts of SiO2 and an increase of Al2O3 and K2O. The chemical index of alteration (CIA) is very high and reveals 
the highest degree of chemical weathering. Chemical features widely recorded are attributed to etching developed 
in most of the samples. These features are common in residual minerals (quartz and K-feldspar grains) exposed to 
different levels and conditions of weathering, good drainage and high leaching. The different forms of etched pits 
recorded and their evolution with increasing weathering are related to the silica concentrations in pore solution.  

The concentration of quartz throughout all the profile as indicated by XRD data confirms the high weathering 
intensity indicated by the dissolution pitting on quartz grains in the Scanning Electron Micrographs. Equally, the 
presence of gibbsite both in upper surface and sub-surface horizons confirms high weathering intensity throughout 
the profiles to depths exceeding 30m. The results indicate that the pathways for mineral weathering follow the 
trend granite (contain the minerals: quartz / K-feldspar / mica) → illite → kaolinite → gibbsite / goethite. In view 
of the high concentration of weathered minerals throughout the profile more studies need to be carried out to 
evaluate the quantity and quality of these materials for application in the ceramic industry. 
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