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In West Cameroon, the Kekem weathering mantle exhibited a shallow weathered soil pedon with seven 
differentiated soil phases. The secondary minerals consist of akaganéite, sepiolite, berthierine and 
smectite. Phlogopite, feldspar and pyroxene, which are not completely weathered, remain present in 
specific soil phases. Silica (37.2 - 43.9%), aluminum (16.8 - 23.7%) and iron (9.9 - 15.9%) are the most 
abundant major elements. Calcium and sodium are almost completely leached, whereas potassium 
(4.2%) and magnesium contents (6.9%) increase with depth. The most abundant trace elements are Ba 
(3309.0 ppm), Cr (1133.0 ppm), V (638.0 ppm), Sr (428.1 ppm), Zr (238.0 ppm), Ni (227.9 ppm), Co (174.4 
ppm), Zn (139.0 ppm) and Rb (102.7 ppm). Chromium with enrichment factor, EF: 9.1 - 48.1, Cu (EF: 3.0 - 
4.9), Hf (EF: 1.9 - 3.5), V (EF: 1.4 - 4.0), Nb (EF: 0.9 - 3.0), Ta (EF: 0.8 - 3.7), Th (EF: 0.9 - 2.3), U (EF: 0.9 - 
2.8) and W (EF: 0.6 - 1.8) are enriched in soil phases. The light rare earth elements (LREE) are the most 
abundant REE in soils, with ∑LREE ranging from 69.5 to 293.4 ppm. The REE in various soil phases are 
strongly fractionated from La to Dy, with important Eu anomaly. 
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INTRODUCTION 
 
Norites are basic intrusive igneous rocks                    
composed largely of calcium-rich plagioclase                        
and hypersthene. Their weathering is commonly 
associated with rare metals and platinum group            
elements (PGE) mineralization. It is the case in                       
the Bushveld complex in South Africa with platinum 
(Moyen, 2007 ; Lee, 1996 ), the Okiep Copper District in 
South Africa (Hamman et al., 1996),  the                       
Stillwater  complex  in Montana (USA), the Sudbury Basin  
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complex in Ontario (Canada) which is the world's second 
largest nickel mining region (Ames and Farrow, 2007) 
and the Gombak norite in Bukit Gombak (Singapore) 
(Singh et al., 2012).  

Norites have been described by Kwékam (2005) in 
Kekem, a part of the Cameroon volcanic line (CVL) with 
various volcanic products and Neoproterozoic Pan-
African basement (Kwékam et al., 2010). They are basic 
intrusive rocks with high amounts of feldspars (40 to 
50%) and pyroxenes (20 to 30%). Additionally, these 
rocks have 54 to 59% of SiO2, 4 to 14% of MgO, 5 to 7% 
of CaO, 3 to 5% of K2O, and relatively high contents of 
Ba (2831 ppm), Cr (1321 ppm) and Sr (1602 ppm). In 
Cameroon, no previous investigations have been carried 
out on the weathering mantles derived from norites. The 
only    studies    were    on   basic   rocks    (serpentinite)  
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Figure 1. Geological map and location of the Kekem area 
 
 
 
in the southern region of Cameroon (Ndjigui et al.,                
2008; Yongue-Fouateu et al., 2006; Yongue-Fouateu, 
1995). These studies indicate that the weathering of 
serpentinite has led to accumulation of chlorite,               
smectite, talc, goethite, maghemite, hematite, kaolinite 
and gibbsite; that the highest concentrations of Ni, Co 
and Cr are in the saprolite; and that the concentration of 
U and Th increase upwards in the weathering mantle. 
This paper deals with a detailed exploration of the 
weathering mantle of Kekem norites in order to document 
and explain the origin of sepiolite, akaganéite and 
berthierine, and the occurrence of medium grade 
accumulation of rare metals in this area. This calls for 

detailed investigation of soil phases in this weathering 
mantle that cover their macroscopic and micro-                         
scopic organization, characterization of their minerals  
and mobilization and distribution of their chemical 
elements.   
 
 
Regional setting 
 
The Kekem basic intrusive complex is located in the foot-
slopes of the southern edge of the Bamiléké plateau, 
between latitudes 5°05’ and 5°10’ north, and longitudes 
10°00’  and  10°06’ east (Figure 1). This area is under the  
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influence of the rain forest equatorial climate with more 
than 2000 mm of annual rainfall and about 23°C of mean 
annual temperature. Morphologically, it shows an 
undulating landscape of lowlands which corresponds to 
the east extension of the Mbô plain, a major graben of 
the Cameroon volcanic line (Déruelle et al., 1991). This 
area also exhibits numerous mineral springs with whitish 
foams all around it, indicative of a highly confined alkaline 
environment.  

From a geological point of view, the Kekem basic 
complex is a basic intrusion of about 10 km wide made 
up of norites and gabbros (Kwékam, 2005) (Figure 1). 
Norites are predominant with gabbros located mainly at 
the edge of the massif. These norites, mostly medium-
grained, are made up of feldspars, pyroxenes and 
phlogopites (Kwékam et al., in press). Ilmenite, Cr-rich 
magnetite, rutile, apatite and zircon are the main 
accessory minerals. Feldspars display large variation in 
composition and consist of plagioclase (40 to 50%) and 
alkali feldspar (<5%). Plagioclases range from labradorite 
to oligoclase, but oligoclase (An32-55Ab44-66) and alkali-
feldspar (Or32-87Ab12-13An0.3-7) are common. Pyroxenes 
are made up of diopsides (20 to 30%) and enstatites 
(20%). Diopside composition is less magnesian (Wo45-

46En38-39Fs15-17, with XMg equal to 0.72 - 0.76). Enstatite 
composition is close to Wo0-3En60-75Fs25-39, with XMg equal 
to 0.61 - 0.75 and generally poor in Al (AlIV: 0.0 - 0.014 
p.f.u). Phlogopite, 10 to 20%, is relatively rich in 
magnesium, with XMg equal to 0.67 - 0.69. Chemically, 
the major element contents range from 54.2 to 58.7% for 
SiO2, 6.1 to 9.2% for Fe2O3 and 3.7 to 13.8% for MgO. 
The most abundant trace element is Ba (2831 ppm), 
followed by Cr (1321 ppm), Sr (1297 ppm), in association 
with Ni (345 ppm), Zr (275 ppm), V (190 ppm) and Rb 
(156 ppm). Lead (Pb) reaches an average of 22.1 ppm. 
Concentrations of the rare earth elements (REE) are very 
high compared to the bulk silicate earths (BSE)(Mc 
Donough and Sun, 1995), with enrichment rates (ER) 
varying from 3.4 for Yb to 81.3 for La (not shown). The 
light rare earth elements (LREE) have higher 
concentrations (ER: 22.4 to 81.3 times) than the heavy 
rare earth elements (HREE). The most abundant REE is 
Ce (101.6 ppm), followed by La (64.0 ppm), Nd (52.4 
ppm), with smaller amounts of Pr (12.8 ppm), Gd (9.9 
ppm), Sm (9.7 ppm) and Dy (8.2 ppm). Chondrite-
normalized REE abundance in the Kekem norites (cf 
Figure 5 below) exhibits a typical pattern of the upper 
continental crust (McLennan, 1989) and also evidence 
REE enrichment accompanied by strong La to Dy 
fractionation. 
 
 
METHODS OF STUDY 
 
The Kekem weathering mantle was exposed by hand dug 
wells cut through the soil to the unweathered parent rock.  

 
 
 
 
Soil pedons were differentiated by soil horizons              
with various soil phases; a macroscopic description           
of these soil phases was made. After soil                    
profiles excavation, soil samples were collected from the 
various soil phases (see Figure 2 below), air-dried and 
crushed into a fine powder prior to mineral and chemical 
analyses.  

Mineral analysis was done using X-ray powder 
diffraction (XRD) on un-oriented powdered whole-
samples. The XRD analysis were performed in the 
MIPROMALO laboratory (Cameroon) using a          
BRUKER type diffractometer with Cu-Kα radiation, λ: 
1.5418Å, with a scan mode between 2θ: 5 - 90°, with 2θ 
step of 0.002° and a scanning speed of 1°2θ/min. 
Relative amounts of each mineral in the soil sample  
were obtained from the intensity of its principal              
basal reflection. For chemical analyses, the whole-
samples of fine grained soil phases were sent to GeoLab 
(Ontario, Canada) for major, trace and rare earth 
elements determination and quantification. Chemical 
elements identification and quantification was        
performed by the X-ray fluorescence spectrometry 
method using a Philips XRFSPW1404 spectrometer. 
Mass contents are reported as percent of oxides (%) for 
major elements and part per million (ppm) for trace and 
rare earth elements.  

In addition, three soil weathering indices were inferred 
from the major element data. They are: the chemical 
index of alteration (CIA = [Al2O3/(Al2O3 + CaO* + 
Na2O)]x100, where CaO* is the content of calcium oxide 
in fresh rock) (Nestbitt and Young, 1989), the molar       
ratio SiO2/Al2O3 (Ruxton, 1968) and the bases/R2O3         

ratio that equal to [(MgO+CaO+Na2O+K2O)/ 
(Al2O3+Fe2O3+TiO2)]x100 (Birkeland, 1999). Chemical 
mass balance between soil phases were estimated from 
the calculations of enrichment/depletion factors 
determined using Ti as immobile element. Enrichment 
factor (EF) was estimated by the ratio between the 
content of an element in a soil phase and that of fresh 
rock according to the relation EF(X) = (Xi/Ri)/(Xs/Rs) 
(Rahn and Mc Cafrfrey, 1979), where Xi and Ri are the 
concentrations of the element of interest and that of a 
reference element (Ti) in a given soil phase and Xs and 
Rs are the concentrations of the same elements in fresh 
rock. The REE concentrations were normalized relative to 
CI Chondrite (Anders and Grevesse, 1989) to facilitate 
the comparison of the REE patterns between soil phases. 
The (La/Yb)N ratios were calculated to indicate the 
degree of LREE to HREE fractionation, while the 
(La/Sm)N measures the degree of LREE to MREE 
fractionation. Europium (Eu) anomalies were estimated 
by comparing the measured concentration of Eu with an 
expected concentration (Eu*) obtained by interpolation 
between the normalized values of Sm and Gd, as 
proposed by Taylor and McLennan (Taylor and 
McLennan, 1985).  
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Figure 2. Macroscopic organization of the Kekem weathering 
mantle typical soil pedon and location of the sampling sites (KC, 
pink saprolite; KBC3, reddish brown saprolite; KBC2, whitish grey 
soil matrix; KBC1, yellow brown soil matrix; KB2, pale red soil 
matrix; KB1, dark grey soil matrix; KA, dark brown soil matrix) 

 
 
 
RESULTS 
 
Minerals association and characterization in various 
soil phases  
 
Vertical organization of the typical soil pedon from this 
weathering mantle is illustrated in Figure 2. 

This weathering mantle exhibits a 2.5 m thick shallow 
weathered soil pedon with A, B, BC, and C soil horizons 
(Figure 2). The surface A horizon is 26 cm thick and has 
a dark brown (7.5 YR 3/4), clayey, fragile, crumbly and 
fine granular soil matrix (Table 1). Its transition to the 
underlying B horizon is distinct and regular. This 

subsurface B horizon is 100 cm thick; is heterogeneous, 
with pale red (10 R 5/3), clayey, slightly cemented and 
undifferentiated soil matrix which forms centimetric 
domains embedded into yellow brown (7.5 YR 5/8) and 
clayey soil matrix with coarse sub-angular to polyhedral 
structure. Both soil matrices are cut off by wormlike 
cavities infilled with dark grey (5 YR 3/1), clayey, fragile 
and crumbly soil matrix with fine granular structure. The 
subsurface B horizon grades progressively downward to 
a 50 cm thick BC horizon which is also heterogeneous, 
with saprolite boulders and whitish grey domains 
embedded into the above yellow brown soil matrix.  The 
saprolite   boulders   are   strongly   weathered,   but   still  



 

 

234 Int. Res. J. Geol. Min. 
 
 
 

Table 1. Minerals and their relative abundance in various soil phases 
 

Minerals 

Horizon R C 
(176 - 250cm) 

BC 
(126 - 176cm) 

B 
(26 - 126cm) 

Soil phases KR KC KBC3 KBC2 KBC1 KB2 KB1 
Akaganéite 

re
la

tiv
e 

am
ou

nt
s 

in
 %

 

- 18 16 25 40 21 75 
Berthierine - 3 9 38 8 14 8 
Sepiolite - 44 32 19 34 32 10 
Smectite - 8 16 - 3 4 - 
Phlogopite 10-20 20 14 18 15 21 7 
Feldspars 40-50 4 7 - - 8 - 
Pyroxenes  20-30 3 6 - - - - 

 

-: not detected 
 
 

 
 

Figure 3. The X-ray diffraction patterns of the Kekem weathering mantle 
(Sm: smectite; Se: sepiolite; Be: berthierine; Ph: phlogopite; Ak: 
akaganéite; Px: pyroxene; Fd: feldspar) 



 

 

 
 
 
 
preserve the medium-grainy structure of fresh norites. 
They comprise a reddish brown (10 R 3/2), silty sand and 
undifferentiated weathered material with abundant 
micrometric and polychromatic punctuations. The whitish 
grey domains are centimetric, whitish grey (10 YR 7/1) in 
color, clayey and very porous. The saprolite boulders of 
the BC horizon become bigger with depth and demarcate 
an almost continuous C horizon between 176 and 250cm. 
This lowermost C horizon has a pink (7.5 YR 7/4), silty 
sand, undifferentiated and strongly weathered material 
with original structure of preserved fresh norites, and 
partially weathered norites boulders. Fresh unweathered 
norites occur in the core of these boulders. Thus, 
macroscopically, the typical soil pedon of the Kekem 
weathering mantle has differentiated seven soil phases 
(Figure 2): the dark brown soil matrix sampled KA in the 
A horizon; the dark grey (KB1), pale red (KB2) and yellow 
brown (KBC1) soil matrices in the B horizon; the whitish 
grey (KBC2) and yellow brown soil matrices, and the 
reddish brown saprolite (KBC3) in the BC horizon; and 
the pink saprolite (KC) in the C horizon. 

Under the optical microscope, the seven soil phases 
exhibit six s-matrices: isalteritic, whitish grey, yellow 
brown, dark grey, pale red and dark brown s-matrices.  
The isalteritic s-matrix refers to the pink and the reddish 
brown saprolites. It is made up of both crystal-rich and 
clayey plasmas. The crystal-rich plasma is similar to 
more or less weathered crystals of feldspars. In the pink 
saprolite, it forms a continuous frame representing about 
45% of the s-matrix. It falls below 10% in the reddish 
brown saprolite where it appears as centimetric and 
diffuse domains embedded into the clayey plasma. The 
clayey plasma is made up of brown red ferruginous 
matrix underlying contours and splittings of not 
completely weathered pyroxenes, or forming more or less 
homogeneous veil over the crystal-rich plasma. The 
whitish grey s-matrix refers to the whitish grey soil phase. 
It is porphyritic, with a whitish grey and argilasepic 
plasma that forms continuous matrix densely dissected 
by micro-cracks. The yellow brown s-matrix represents 
the yellow brown soil phase. It is also porphyritic, with 
both yellow brown and dark red plasmas. The yellow 
brown plasma, making up more than 55% of the s-matrix, 
is yellow and locally brown in color, clayey and 
argilasepic. It still contains relics of partially weathered 
phlogopites and crystal-rich plasma. The dark red plasma 
did not exceed 10% of the s-matrix. It shows an isotic 
fabric and forms 2 to 5 mm wide diffuse micro-domains 
scattered into the yellow brown plasma. The pale red s-
matrix refers to the pale red soil phase. It is porphyritic, 
with reddish brown and locally isotic ferruginous plasma. 
The dark grey s-matrix corresponds to the dark grey soil 
phase. It is agglomeroplasmic, with grayish, continuous, 
more or less homogeneous and argilasepic clayey 
plasma. It still contains isotic micro-domains                         
and abundant  packing  voids. The  dark  brown  s-matrix  
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represents the dark brown soil phase. It exhibits the 
same microscopic characteristics as the dark grey s-
matrix. Thus, at a microscopic scale, the seven soil 
phases of the Kekem weathering mantle may have 
differentiated five s-matrices: isalteritic, yellow brown, 
whitish grey, pale red and dark grey to dark brown s-
matrices.  
 
 
Minerals association and characterization of various 
soil phases 
 
Minerals and their relative abundance in various soil 
phases are summarized in Table 1 and their X-ray 
diffraction patterns illustrated in Figure 3.  

In this weathering mantle, all the soil phases have 
approximately the same secondary mineral composition, 
which consist of akaganéite, sepiolite, berthierine           
and smectite. Partially weathered primary minerals such 
as phlogopites, feldspars and pyroxenes are still        
present in some soil phases. Akaganéite (16 to 75% of 
minerals detected by X-ray) and sepiolite (10 to 44%)   
are the dominant weathering products. Akaganéite is 
easily recognized in the X-ray patterns by its                
basal reflection at 3.32 Å (Figure 3). It occurs in all the         
soil phases, with the highest values in the yellow         
brown and the dark grey soil matrices, respectively (40% 
and 75%) (Table 1).  Sepiolite was identified in the                 
X-ray patterns by its major peak around 12.02 Å         
(Figure 3). Its highest content is in the pink              
saprolite (44%). It reduces gradually upwards to 10% in 
the dark grey soil matrix at topsoil. Both the                  
above weathering products are associated with    
important amounts of berthierine (3 to 38%)                     
and phlogopite (7 to 21%), and relatively low contents of 
smectite (3 to 16%) (Table 1). Berthierine also              
occurs in all the soil phases, with its highest contents in 
the whitish grey soil matrix of the BC horizon (38%). It 
exhibits distinct basal reflections at 7.12 Å, 3.54 Å           
and 2.54 Å, respectively (Figure 3). Smectite also         
occur in various soil phases, except in the whitish           
grey and the dark grey soil matrices. In the X-ray 
diffraction patterns, this mineral displays distinct        
reflection at 14.15 - 14.25 Å. Phlogopite, a magnesium-
rich biotite, is the unique partially weathered primary 
mineral remaining in all the soil phases. It ranges from 7 
to 21% of the minerals detected by X-ray (Table 1). In the 
X-ray diffraction patterns, it shows a basal reflection 
between 9.9Å and 10.1Å. Pyroxene, another partially 
weathered primary mineral which represents about 3 to 
6% of the minerals, is only reported at soil depths in the 
pink and the reddish brown saprolites. Feldspar,           
which constitutes about 4 to 8% of the minerals, is           
also a partially weathered primary mineral. It is present 
within the profile, but also occurs in the surface         
horizons (Table 1).  



 

 

236 Int. Res. J. Geol. Min. 
 
 
 

Table 2. Major, trace and rare earth elements contents and weathering indices in soil phases 
 

 
 

a: ΣLREE/ ΣHREE 
 
 
 
Chemical elemental contents, mobilization and 
redistribution in various soil phases 
 
Major and trace elements contents  
 
Major and trace elemental contents and some weathering 

indices are given in Table 2. 
Silica (SiO2: 37.2 to 43.9%), aluminum (Al2O3: 16.8 to 

23.7%) and iron (Fe2O3: 9.9 to 15.9%) are the most 
abundant elements in the soil phases. Silica contents 
decrease significantly from fresh rock to the dark grey soil 
matrix of the B horizon (SiO2: 54.7 to 37.2%), and slightly  

  Horizon 
R 

C 
(176 - 

250cm) 

BC 
(126 - 176cm) 

B 
(26 - 126cm) 

A 
(0 - 26cm) 

Elements Sample KR KC KBC3 KBC2 KBC1 KB2 KB1 KA 

SiO2 

M
aj

or
 e

le
m

e
nt

s 
in

 
%

 o
f 

ox
id

es
 

54.7 40.8 38.7 43.2 40.9 40.1 37.2 41.1 
Al2O3 15.8 16.8 21.4 22.6 23.7 23.3 18.6 18.3 
Fe2O3  8.1 14.4 14.4 10.1 10.2 9.9 15.9 12.5 
TiO 2 1.3 1.7 1.5 1.4 1.7 1.7 3.0 2.7 
CaO 7.0 1.4 0.2 0.2 0.2 0.2 0.1 0.4 
MgO 4.6 6.9 1.2 1.5 1.1 1.1 1.0 1.4 
K2O 4.0 4.2 2.5 3.2 2.2 2.1 1.5 3.0 
Na2O 3.1 0.4 0.1 0.1 0.1 0.1 0.1 0.3 
SiO2/Al2O3 

Weathering 
index 

 2.9 2.1 1.5 1.6 1.5 1.5 1.7 1.9 
Bases/R2O3 % 

99.5 56.5 14.6 19.1 13.2 13.1 10.3 21.1 
CIA 52.7 70.9 77.9 78.8 79.6 75.4 79.3 73.4 
Ba 

T
ra

ce
s 

el
em

en
ts

 in
 p

pm
 

2706.0 3309.0 1197.7 1251.7 241.3 859.9 729.2 1700.2 
Co 34.0 47.6 22.0 45.3 14.1 17.8 174.4 43.7 
Cr 18.0 1133.0 299.0 213.0 610.0 264.0 381.0 339.0 
Cu 6.0 26.9 33.9 28.9 38.1 31.9 53.4 38.0 
Ga 24.0 28.2 24.9 24.8 30.4 31.8 26.9 26.2 
Hf 1.0 2.5 2.6 2.3 4.6 3.4 6.2 5.3 
Nb 9.0 10.8 16.6 14.4 35.2 20.7 35.5 30.4 
Ni 116.0 227.9 48.7 53.6 70.8 61.9 81.9 65.4 
Pb 20.0 20.1 26.4 23.0 21.1 24.9 28.4 25.4 
Rb 83.0 102.7 27.9 20.5 21.2 16.5 40.8 27.5 
Sn 1.8 7.9 2.0 1.9 2.5 3.0 4.1 3.8 
Sr 1602.0 428.1 310.4 240.0 84.2 191.1 181.8 355.7 
Ta 0.6 0.6 1.0 0.9 2.9 1.3 2.6 1.9 
Th 3.1 3.7 6.1 3.2 9.2 5.5 9.9 6.1 
Tl 0.4 0.5 0.4 0.5 0.2 0.4 1.1 0.5 
U 0.8 0.9 1.9 1.3 2.9 1.8 2.8 1.8 
V 122.0 247.0 367.0 255.0 638.0 273.0 455.0 361.0 
W 0.5 0.4 0.8 0.6 1.2 0.9 1.4 1.1 
Y 23.0 16.3 16.9 13.2 12.9 10.7 15.1 11.3 
Zn 125.0 139.0 74.0 79.0 75.0 83.0 116.0 106.0 
Zr 105.0 86.0 87.0 79.0 171.0 121.0 238.0 210.0 
La 

R
ar

e 
ea

rt
h 

el
e

m
e

nt
s 

in
 p

pm
 

52.7 38.7 42.6 10.8 61.6 14.7 57.4 32.9 
Ce 85.9 94.4 105.2 31.6 111.6 34.1 163.9 72.8 
Pr 10.9 11.0 13.8 4.0 15.9 4.9 14.2 9.1 
Nd 46.8 45.3 58.6 17.9 59.1 20.6 51.9 35.4 
Sm 9.1 7.9 1.9 4.1 2.5 4.4 4.1 6.4 
Eu 4.0 2.1 2.9 1.1 2.1 1.2 1.9 1.7 
Gd 8.1 5.5 8.3 3.6 5.4 3.6 5.3 4.4 
Tb 0.9 0.7 1.1 0.5 0.6 0.5 0.7 0.5 
Dy 3.9 3.8 5.7 2.8 3.6 2.9 3.8 3.1 
Ho 0.7 0.6 0.9 0.5 0.5 0.5 0.6 0.5 
Er 1.8 1.7 2.1 1.5 1.4 1.3 1.6 1.3 
Tm 0.3 0.2 0.2 0.2 0.1 0.1 0.2 0.1 
Yb 1.5 1.5 1.5 1.2 1.2 1.1 1.5 1.1 
Lu 0.3 0.2 0.1 0.1 0.1 0.1 0.2 0.1 
ΣREE 

T
he

 R
E

E
 In

de
x 226.9 213.6 307.3 79.9 244.9 90.0 265.7 169.4 

ΣLREE 209.4 199.4 293.4 69.5 225.0 79.9 252.8 158.3 
ΣHREE 17.5 14.2 13.9 10.4 19.9 10.1 12.9 11.1 
a 12.0 14.0 21.1 6.7 11.3 7.9 19.6 14.3 
Ce/Ce* 1.0 1.3 1.6 1.3 1.2 1.1 1.0 1.2 
Eu/Eu* 1.0 0.5 0.6 0.3 1.6 0.3 0.8 0.4 
(La/Yb)N 1.0 0.7 1.1 0.3 0.8 0.4 1.5 0.9 
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Table 3. Enrichment factors (EF) for major and trace elements in various soil phases  
 

 
 
 
 
increase up to 41.1% at the soil surface. Inversely, 
aluminum (Al2O3: 15.8 to 23.7%) and iron (Fe2O3: 8.1 to 
15.9%) contents increase invariably upwards. Calcium 
(CaO: 7.0 to 0.1%) and sodium (Na2O: 3.1 to 0.0%) are 
almost completely leached from all soil phases. However, 
potassium (K2O: 1.5 - 4.2%) and magnesium (MgO: 1.0 - 
6.9%) contents remain relatively high, generally with 
increasing values from fresh rock to the pink saprolite 
(K2O: 4.0 to 4.2%; MgO: 4.6 to 6.9%). The molar ratio 
SiO2/Al2O3, related to silica leaching intensity, remains 
relatively high in all the soil phases (1.5 to 2.1), and 
decreases slightly towards the surface. The chemical 
index of alteration (CIA), related to weathering intensity, 
increases very slightly from the pink saprolite towards the 
surface horizons (CIA: 70.9 to 79.6%). Furthermore, the 
bases/R2O3 ratio, giving an estimation of the weatherable 
primary minerals remaining in soils, decreases 
moderately upwards from the pink saprolite (56.5%) 
through  the  reddish brown saprolite to 10.3% in the dark 
grey soil matrix.  

The most abundant trace element in this weathering 
mantle is Ba (3309.0 ppm in the pink saprolite), followed 

by Cr (1133.0 ppm), V (638.0 ppm), Sr (428.1 ppm), Zr 
(238.0 ppm), Ni (227.9 ppm), Co (174.4 ppm), Zn (139.0 
ppm) and Rb (102.7 ppm) in various soil phases (Table 
2). Overall, trace elements in this weathering mantle can 
be grouped into three main categories according to their 
behavior in the soil phases compared to the fresh rock. 
They are: elements with increasing contents in soil 
phases (Cr, V, Cu, Nb, Ta, Th, Hf, Pb, Sn, U and W); 
elements with decreasing contents in soil phases (Sr and 
Y); and elements with alternately increasing and 
decreasing contents in soil phases (Ba, Co, Ga, Ni, Rb, 
Tl, Zn and Zr). 
 
 
Major and trace elements balance 
 
Enrichment-depletion of major and trace elements in this 
weathering mantle was assessed using enrichment 
factors (EF). These results are presented in Table 3. 

Major and trace elements in various soil phases are 
grouped into enriched (EF ≥ 1.0), depleted (EF < 1.0) or 
alternately enriched-depleted (EF ± 1.0) elements  (Table  

R C 

(176 - 250cm) 

BC 

(126 - 176cm) 

B 

(26 - 126cm) 

A 

(0  - 26cm) 

KR KC KBC3 KBC2 KBC1 KB2 KB1 KA 

SiO2 1.0 0.6 0.6 0.7 0 .6 0.6 0.3 0.4 
Al2O3 1.0 0.8 1.2 1.3 1 .1 1.1 0.5 0.6 
Fe2O3 1.0 1.4 1.5 1.2 1 .0 0.9 0.9 0.7 
CaO 1.0 0.2 0.0 0.0 0 .0 0.0 0.0 0.0 
MgO 1.0 1.1 0.2 0.3 0 .2 0.2 0.1 0.1 
K2O 1.0 0.8 0.5 0.7 0 .4 0.4 0.2 0.4 
Na2O 1.0 0.1 0.0 0.0 0 .0 0.0 0.0 0.0 
Ba 1.0 0.9 0.4 0.4 0 .1 0.2 0.1 0.3 
Co 1.0 1.1 0.6 1.2 0 .3 0.4 2.2 0.6 
Cr 1.0 48.1 14.4 11.0 25.9 11.2 9.2 9.1 
Cu 1.0 3.4 4.9 4.5 4 .9 4.1 3.9 3.0 
Ga 1.0 0.9 0.9 1.0 1 .0 1.0 0.5 0.5 
Hf 1.0 1.9 2.3 2.1 3 .5 2.6 2.7 2.6 
Nb 1.0 0.9 1.6 1.5 3 .0 1.8 1.7 1.6 
Ni 1.0 1.5 0.4 0.4 0 .5 0.4 0.3 0.3 
Pb 1.0 0.8 1.1 1.1 0 .8 1.0 0.6 0.6 
Rb 1.0 0.9 0.3 0.2 0 .2 0.2 0.2 0.2 
Sn 1.0 3.4 1.0 1.0 1 .1 1.3 1.0 1.0 
Sr 1.0 0.2 0.2 0.1 0 .0 0.1 0.0 0.1 
Ta 1.0 0.8 1.4 1.4 3 .7 1.7 1.9 1.5 
Th 1.0 0.9 1.7 1.0 2 .3 1.4 1.4 0.9 
Tl 1.0 1.0 0.9 1.2 0 .4 0.8 1.2 0.6 
U 1.0 0.9 2.1 1.5 2 .8 1.7 1.5 1.1 
V 1.0 1.5 2.6 1.9 4 .0 1.7 1.6 1.4 
W 1.0 0.6 1.4 1.1 1 .8 1.4 1.2 1.1 
Y 1.0 0.5 0.6 0.5 0 .4 0.4 0.3 0.2 
Zn 1.0 0.9 0.5 0.6 0 .5 0.5 0.4 0.4 
Zr 1.0 0.6 0.7 0.7 1 .2 0.9 1.0 1.0 
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Figure 4. CI Chondrite-normalized REE patterns for various soil phases 
 
 
 
3). Enriched elements are Cr, Cu, V, Hf and Sn. They   
are enriched in all the soil phases. Cr is the                    
most enriched, with EF between 9.1 and 48.1;          
followed by Cu (EF: 3.0 to 4.9); V (EF: 1.4 to 4.0), Hf (EF: 
1.9 to 3.5) and Sn (EF: 1.0 to 3.4). The                       
highest enrichments of V and Hf are in the yellow brown 
soil matrix (EFV: 4.0; EFHf: 3.5); those for Cu and              
Sn are in the reddish brown saprolite and in the           
yellow brown soil matrix Cu (EFCu: 4.9) and the              
pink saprolite Sn (EFSn: 3.4). Depleted elements          
include Si, Ca, K, Na, Ba, Ga, Rb, Sr, Y and Zn. They        
are strongly depleted, with EF ≤ 0.2 like in Ca, Na              
and Sr, or slightly depleted, with EF ranging from 0.5           
to 0.9 like in Si, K, Ba, Ga, Rb, Y and Zn. Thus, in all        
the soil phases of the Kekem weathering mantle, Ca, Na 
and Sr are almost completely leached, whereas Si, K, Ba, 
Rb, Y and Zn are increasingly depleted towards the soil 
surface, and Ga remains very slightly                        
depleted. Alternately enriched and depleted              
elements include Al, Fe, Mg, Co, Nb, Ni, Pb, Ta,                
Th, Tl, U, W and Zr. Elements such as Nb, Ta, U and W 
are very slightly depleted in the pink saprolite, but 
enriched in the other soil phases. Al, Pb, Co, Zr and Tl 
are invariably depleted and enriched, with EFAl: 0.5 to 
1.3; EFPb: 0.6 to 1.1; EFCo: 0.3 to 2.2; EFZr: 0.6 to 1.2 and 
EFTl: 0.4 to 1.2. Th is slightly depleted in the pink 
saprolite and the dark brown soil matrix (EF: 0.9), but 
enriched in the other soil phases (EF: 1.0 to 2.3). Fe, Mg 
and Ni are enriched in the subsoil, and depleted in the 
surface horizons. 

The REE elements  
 
In the Kekem weathering mantle, abundance of the REE 
varies from ∑REE: 79 ppm in the whitish grey soil matrix 
to 307.3 ppm in the reddish brown saprolite (Tab. 2). In 
general, the REE in various soil phases are more 
enriched compared to the BSE (Mc Donough and Sun, 
1995), with enrichment rates (ER) ranging from 11.5 to 
44.8. The LREE are the most abundant, with ∑LREE 
ranging from 69.5 to 293.4 ppm. The most abundant 
LREE is Ce (163.9 ppm in the dark grey soil matrix), 
followed by La and Nd (with values of 61.6 ppm and 59.1 
ppm respectively in the yellow brown soil matrix). 
Concentrations of the HREE did not exceed ∑HREE: 20 
ppm.  

The REE fractionation index, a:∑LREE/∑HREE, which 
ranges from 6.7 to 21.1, highlights important 
accumulations of the LREE in the soil phases. The 
highest accumulations are in the reddish brown saprolite 
(a: 21.1) and the dark grey soil matrix (a: 19.6). The 
Eu/Eu* ratio, related to the REE fractionation, varies from 
0.9 to 2.3, indicating important fractionation of the REE in 
various soil phases, with significant Eu anomaly.  The 
Ce/Ce* ratio, ranging from 0.8 to 1.4, points out to a 
positive anomaly of Ce, except in the yellow brown and 
the pale red soil matrices (Tab. 2). The (La/Yb)N ratio, 
which ranges from 6.3 to 36.1, also indicates a strong 
fractionation of the LREE compared to the HREE. 

The Chondrite-normalized REE patterns illustrated in 
Figure 4  confirm  the  marked  fractionation of the REE in  
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Figure 5. Variation of Eu anomaly versus LREE fractionation in various soil phases 
 
 
 
all the soil phases, from La to Dy. This REE fractionation 
in soil phases is not very significant from Ho to Lu. These 
Chondrite-normalized REE patterns, as well as the 
variability of the Eu/Eu* as a function of the (La/Sm)N 
(Figure 5), makes it possible to classify soil phases in this 
weathering mantle into three main categories: (i) soil 
phases with slightly pronounced LREE fractionation and 
Eu anomaly represented by the pink saprolite, and the 
whitish grey, the pale red and the dark brown soil 
matrices; (ii) soil phases with strong LREE fractionation 
and slightly pronounced Eu anomaly such as the dark 
grey soil matrix; and (iii) soil phases with very strong 
LREE fractionation and Eu anomaly like the reddish 
brown saprolite and the yellow brown soil matrix. The 
norite-normalized REE patterns (not shown) also reveal a 
significant fractionation of the REE compared to the fresh 
rock, with the pink and the reddish brown saprolites, the 
yellow brown and the dark grey soil matrices relatively 
enriched in LREE.  
 
 
DISCUSSION  
 
Weathering trends and intensity in the Kekem 
weathering mantle  
 
In the Kekem weathering mantle, the pink and the 
reddish brown saprolites have preserved the medium-
grainy structure of norites that is indicated by the 

presence of the crystal-rich plasma as well as 
micrometric and polychromatic punctuations. Chemical 
weathering with conservation of the rock structure is 
evenly reported in tropical regions (Nguetnkam et al., 
2003; Nahon and Merino, 1997; Yongue-Fouateu, 1986; 
Delvigne, 1965). It has usually contributed to generation 
of the saprolites (Nahon, 1991).  Moreover, the 
weathering of norites in Kekem has led to the formation 
of 2:1 clay minerals (sepiolite and smectite) as well as 
relatively low leaching of Si, Mg and K to lower soil 
depths. Presence of these 2:1 clay minerals, with 
recurrence of mineral springs and low exportation of Si, 
Mg and K in these environments are indicative of a highly 
confined alkaline milieu suitable for specific hydrolysis 
known as bisiallitisation (Nguetnkam et al., 2003). The 
relatively low values of CIA (70.9 – 79.6%) in soil phases 
of the Kekem weathering mantle suggest a restrained 
weathering process in this environment that led to the 
formation of 2:1 clay minerals. Additionally, in this 
weathering mantle, the high SiO2/Al2O3 molar ratio (1.5 to 
2.1) reinforces the presence of 2:1 clay minerals and 
relatively low leaching of silica in this environment. Also, 
the relatively high values of bases/R2O3 in various soil 
phases (10.3 – 56.5%) highlight limited leaching of the 
alkali cations (Little and Aeolus, 2006), more specifically 
Mg and K. This can be attributed to sepiolite and smectite 
development that need important consumption of Mg and 
K respectively (Kadir et al., 2002). Limited exportation       
of  the  alkali  cations from the topsoil could be related to  
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persistence of rock fragments (Tematio et al., 2009). All 
these statements indicate that the Kekem weathering 
mantle has experienced restrained weathering process 
with minor pedological differentiation.   
 
 
Occurrence of specific secondary minerals  
 
The mineral data of the Kekem weathering mantle have 
revealed the presence of unusual minerals like sepiolite, 
akaganéite and berthierine.  

Sepiolite is a Mg hydrated silicate with general formula 
[Mg4Si6O15 (OH)2. 6H2O]. It is a poorly crystallized 2:1 
clay mineral with a fibrous structure (Kadir et al., 2002). 
Nickel (Ni), Mn, Fe and Al are the main impurities 
(Caillère et al., 2004) and may replace Mg in the crystal 
lattice or associated with H2O in the channels of the 
mineral structure (Kadir et al., 2002). Sepiolite is 
commonly found in weathering products in saline or 
alkaline environments (Kadir et al., 2002; Singer et al., 
1998). But, the configuration of the Kekem area makes it 
a highly confined alkaline milieu. For instance, the poor 
drainage in this environment may result to the collapsing 
lowland structure of this area which belongs to the Mbô 
plain. Its alkaline status may be attributed to mineral 
springs. Under these alkaline conditions, released Si and 
Mg may have served in the formation of sepiolite during 
precipitation under highly confined conditions (McLean et 
al., 1972).  

Akaganéite is an iron oxide-hydroxide/chloride mineral 
[β- Fe3+O(OH,Cl)] with tunnel structure, sheaflike 
morphology with Ni as impurity (Xiong  et al., 2008). It 
has attracted much investigation because of its sorption, 
ion exchange and catalytic properties (Fitzpatrick and 
Shand, 2008). It has since been recognized as a Fe-
oxide component rarely observed in soils. Nevertheless, 
the highly alkaline environment provides ideal conditions 
for its crystallization in soils (Bibi et al., 2011). In the 
Kekem weathering mantle, akaganéite has been 
identified as a significant weathering product in the soil 
phases (16 to 75% of minerals detected by X-ray).  In 
these highly confined alkaline conditions, it apparently 
forms from dissolution of pyroxene with release of free 
Fe2+. Under exposure in alternately humid and dry 
conditions during a long period of time, free Fe2+ can be 
oxidized, leading to the formation of akaganéite (Garcia 
et al., 2008; Bigham et al., 2002).  

Berthierine is a tri-octahedral Fe-rich clay mineral with 
the general formula [(Fe2+, Fe3+, Mg, Al)2-3(Si, 
Al)2O5(OH)4]. It has a 1: 1 type structure, and is related to 
the serpentine subgroup of clay minerals. It contains a 
greater range of minor and trace elements substitution. 
Berthierine has been very little reported in soils (Kodama 
and Foscolos, 1981). However, some workers suggested 
that berthierines in soils may have formed                           
in  poorly  oxygenated  conditions during pedogenesis or  

 
 
 
 
hydrothermal alteration (Moore and Hughes, 2000). In the 
Kekem weathering mantle, berthierines occur in all the 
soil phases. Thus, in the Kekem area which is like a 
highly confined alkaline environment, berthierine may 
probably have formed through the dissolution of feldspars 
in the presence of Fe-rich solution (Wise, 2007).     
 
 
Occurrence of rare metals  
 
In the Kekem weathering mantle, medium grade 
accumulation of Ba (241.0 to 3309.0 ppm), Cr (213.0 to 
1133.0 ppm), V (247.0 to 638.0 ppm) and Sr (84.2 to 
428.1 ppm) have been observed. Other rare metals like 
Zr (121.0 to 238.0 ppm), Ni (227.9 ppm), Co (174.4 ppm), 
Zn (106.0 to 139.0 ppm) and Rb (102.7 ppm) also exhibit 
significant accumulations in specific soil phases. The 
mass balance evaluation reveals that Cr, Cu, Hf, V, Nb, 
Ta, U and W considerably accumulate in soil phases. The 
rare metals accumulations in weathering mantles 
originated from the alteration of basic rocks are well 
known around the world (Singh et al., 2012; Ames and 
Farrow, 2007; Moyen, 2007. In the Kekem weathering 
mantle, it could have resulted from relative enrichment 
during hydrolysis in association with Fe-oxides (Singh et 
al., 2002) during which rare metals accumulate due to 
poor drainage of the percolating groundwater (Yongue-
Fouateu et al., 2006). It may also resulted from slow and 
partial dissolution of the neosynthesis of secondary 
minerals through weathering (Singh et al., 2002) or 
incorporation into relatively resistant primary minerals 
such as Cr-rich magnetite, rutile, apatite, phlogopite and 
zircon (Lowson et al., 1986). It could lastly be attributed 
to intense biological activity due to recycling process of 
metals by plants at the soil surface (Kabata-Pendias, 
2001). Copper (Cu), Hf, Nb, Ta, U and W, despite their 
high enrichment rates, remain little concentrated in all the 
soil phases. This could be due to the very low 
concentrations of these rare metals in fresh norites.  

In the Kekem weathering mantle, some other rare 
metals, despites their relative low contents, remain of 
great interest. They are Pb, Y, La, Ce, and Nd.  Their 
relative low concentrations in soil phases suggest that 
they may either remain incorporated in more resistant 
primary minerals and residual heavy minerals (Lowson et 
al., 1986); or are trapped during neosynthesis of 
secondary minerals (Singh et al., 2002), or may be taken 
up through recycling process of metals by plants (Kabata-
Pendias, 2001). In addition, the LREE accumulation in 
soil phases as illustrated by high (La/Yb)N values (6.3 – 
36.1) may be attributed to intense REE fractionation 
(Moroni et al., 2001). Thus, concentration of REE in soil 
phases highlights the influence of secondary minerals 
development on the REE redistribution during                   
the weathering process. Moreover, the strong positive Ce 
 anomaly may be linked to  oxidation  of  Ce3+ to  Ce4+ or 



 

 

 
 
 
 
primary Ce4+ in residual zircon minerals because of its 
oxidation ability, insolubility and stability in lateritic 
environments (Ndjigui et al., 2008).  
 
 
CONCLUSION 
 
This paper focused on the occurrence of sepiolite, 
akaganéite and berthierine, and medium grade 
accumulation of rare metals in the Kekem norites 
weathering mantle. Macroscopic and microscopic 
organization of various soil phases in this weathering 
mantle as well as their mineral composition and chemical 
elements mobilization and redistribution enable us to 
draw the following conclusion: 
-  This weathering mantle has been subjected to 
restrained weathering process with minor pedological 
differentiation; 
-  The major weathering process in this area, referred to 

as bisiallitisation,  led to formation of 2:1 clay minerals 
such as   sepiolite and smectite; 

-  The highly confined alkaline conditions prevailing in this 
area have contributed to the formation of unusual 
secondary minerals like sepiolite, akaganéite and 
berthierine in these soils; 

-  Accumulation of rare metals, more specifically                    
Ba, Cr, Sr, Zr, Ni, Co, Zn and Rb, and to some                
extent Cu, Hf, Sn, Nb, Ta, Th, U and W, in this 
weathering mantle could have resulted from: (i)              
relative enrichment during hydrolysis of weather-                 
able primary minerals, (ii) slow dissolution of                       
the neosynthesis secondary minerals or relatively 
resistant primary minerals, (iii) intense biological  
activity with recycling of metals by plants at the soil 
surface; 

- There is a strong REE fractionation in various soil 
phases of this weathering mantle from La to Dy, with 
high Eu anomaly. 

Overall, the Kekem norites weathering mantle may be 
compared to a potential deposit with its relatively high 
accumulation of sepiolite, akaganéite and berthierine, 
and medium grade concentrations of rare metals (mainly 
Ba, Cr, Sr and V) in soil phases. 
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