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Abstract

This paper presents the geochemical features of Vertisols developed on granites from Kaele, North Cameroun. The mineralogy of soil samples 
was determined by X-ray diffraction (XRD). X-ray Fluorescence (XRF) and Inductively Coupled Plasmas-Mass Spectrometry (ICP-MS) have been used 
to determine major and trace element including rare earth elements compositions of granite and soil samples. Granite samples consist of feldspars 
(orthoclase, plagioclase), quartz, biotites and opaque minerals. They have peraluminous composition and of S-type granite. They also have high 
contents in Ba, Cr, Sr, Zr and low REE contents with variable Eu anomaly values. The mineralogical and geochemical features of Vertisols corroborate 
with the parent rock nature and the intensity of weathering process. The Fe-oxide precipitation, the presence of kaolinite and calcareous nodules 
are responsible for significant contents in Fe2O3, Al2O3 and CaO, respectively. Several major and trace elements are accumulated at the bottom of 
the profiles. The accumulation of clay increases with REE contents from the upper to the lower horizons in Vertisols of Kaele area. LREE-enrichment 
in Vertisols is inherited from the parent material and probably preserved by the formation of secondary LREE-bearers. The low REE contents 
may result from depletion of REE rich minerals as in the parent rocks despite the REE remobilization during weathering. REEs how coherent 
geochemical behavior and low solubility during weathering. The variable Eu anomalies can be explained by the variable behavior of Eu-bearers 
while Ce anomalies exhibit the variability of the oxidation conditions. The low (La/Yb)N values and the similarity of the spectra of mass balance 
calculation in most of the profiles are linked to the environment which is not well drained and the homogenization of the profiles by seasonal deep 
surficial desiccation cracks.
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Introduction
Vertisols are dark-colored and very hard soils that develop 

superficial cracks which open and close periodically during 
moisture content variation [1]. They are rich in clay-oxyhydroxide, 
amongst the most fertile soils in the world at their natural state and 
consequently very attractive for agricultural purposes [2]. However, 
their physical and some of their physico-chemical properties make 
their agricultural exploitation very difficult [3]. This explains why  

 
their agriculture potentials have not yet been fully exploited in 
many parts of the world, especially in the Sub-saharan zone where 
widespread areas of Vertisols are either left fallow or used for 
grazing and wood and for charcoal burning [4].

Vertisols form under hot tropical and sub-tropical areas with 
contrasting climate marked by dry season and flat to gentle slopes. 
Mineralogically, Vertisols are characterized by a high amount of 
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smectites, such as montmorillonite, beidellite and nontronite 
with small amounts of kaolinite, illite, quartz and feldspars 
[1,5]. Their CEC generally varies between 20 and 45 meq/100g, 
with exchangeable sites occupied mainly by Ca and Mg [3]. They 
have moderate weathering degree and Si/Al ratio higher than 2 
indicating a dominant bisiallitisation process [1]. These properties 
are favorable for the accumulation of REE. In fact, the abundance of 
clay-oxyhydroxide adsorption favors the accumulation of REE and 
especially LREE [6].

The behavior of Rare Earth Elements (REE) in soils and 
different pedological environments is poorly documented, and the 
different geochemical behaviors of REE need to quantify [7]. The 
studies concerning the geochemistry of Vertisols and particularly 
REE behavior are scarce [8,9]. The geochemical properties and 
REE behavior in Vertisols developed on sedimentary rocks have 
been discussed in detail by Huang and Wand [10]. The previous 
authors explained the variable REE behavior in different sections of 
sedimentary rocks by the different clay contents and clay mineral 
composition due to various sediments sources and sedimentary 
environments. However, the distribution of REE during in situ 
vertisol-forming process, especially Vertisols developed from rich-
REE parent rocks, remains to be deeply examined. In such soils, 
formed from primary rocks, primary minerals are the main source 
of REE in the soils [7,11]. Concentrations of REE naturally found in 
soils depend on the parent material and typically decrease in the 
following order: granite >basalt > sandstone [12-14]. Under a dry 
and hot climate as in Kaele area, REE are less differentiated than 
their parent rocks [10].

REE are a chemically uniform group which is commonly 
defined as the 14 elements of the lanthanide series. Commonly, 
rare-earth elements with low atomic numbers are classified as 
Light Rare Earth Elements (LREE: La, Ce, Pr, Nd, Pm, Sm and Eu) 
and those with high atomic numbers are referred to Heavy Rare 
Earth Elements (HREE: Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) [15]. 
REE are used in several devices and there has been explosion in 

demand during the past twenty years [16]. This study reports 
the geochemical features of Vertisols developed on granite under 
contrasting seasonally variation climate in North Cameroon. It also 
investigates the suitability of Vertisols developed on granite as 
targets for REE exploration.

Geographical and Geological Setting
The study area is located in the north of Benue basin, between 

10° 00’ - 10° 30’ N and 14° 00’ - 14° 30’ E (Figure 1) in the Kaele-
Mindif pediplain. It is subjected to a Sudano-Sahelian climate [17] 
characterized by a long dry season (seven to eight months) and a 
short rainy season (four to five months). The mean annual rainfall 
and temperature in the area is 800 mm and 28.5 °C, respectively. 
The relative air humidity is low throughout the dry season 
(26%) and increases significantly during the rainy season (80%). 
Evapotranspiration is intense (2685 mm). The sunshine in the 
area is very strong and its average annual duration varies from 
162 to 297 h/year [18]. The Kaele peneplain is an extension of the 
inselbergs located east of Mayo Louti. At an average altitude of 380 
m, the topography is generally flat with gentle slopes <5% which 
limit the external drainage.

The hydrographic network is characterized by the existence 
of seasonal rivers. All streams are drained by temporal flows. The 
regime is strong in the rainy season and each rain is followed by a 
significant evacuation of water heavily loaded with clay, sand and 
gravel.

The geological substratum consists of magmatic rocks that 
crop out in the form of blocks in the peneplain and metamorphic 
rocks. The magmatic rocks are composed of calc-alkaline granites 
with equant grained texture and consist of feldspars (orthoclase, 
plagioclase), quartz, biotite, amphiboles and opaque minerals 
[19]. Metamorphic rocks consist of schists and gneisses (Figure 
1). According to the World Reference Base for Soil Resources [20], 
these granites are altered to give Vertisols.

Figure 1: Geological map the study area showing sampling site locations.
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Materials and Methods

Sampling and analytical methods

Five soil profiles (SG, GA, KA, TY and DT) have been described 
and sampled at different depth (Figure 1). A total of 24 soil and 5 
granite samples have been collected. Each rock sample represents 
the parent rock of a profile. Samples were collected along the profile 
on the basis of structure or/and color changes.

The physico-chemical analyses were done at the IITA 
(International Institute for Tropical Agriculture) Nkolbissong, 
Yaoundé. So, bulk density (Bd) was determined in reference to 
Archimedes’ principle by pycnometer method [21]. Particle size 
distribution was measured by Robinsons pipette method [21]. The 
pH-H2O was determined in a soil/water ratio of 1:2 and pH- KCl in 
a soil/KCl ratio of 1: 2 using a glass pH meter [22]. The presence of 
carbonates was tested with dilute HCl solution. The organic carbon 
(OC) was measured by Walkley-Black procedure [23]. The organic 
matter was deduced from the Springel’s coefficient [21]. Total 
nitrogen (TN) was measured by the Kjeldahl method [24]. Available 
phosphorus was determined by concentrated nitric acid reduction 
method [24]. Exchangeable cations were dosed by ammonium 
acetate extraction method and cation exchange capacity (CEC) was 
determined using the sodium saturation method [25].

Geochemical and mineralogical compositions have been 
determined in Geoscience Laboratories (Sudbury, Canada) and 
University of Rennes (France). The mineralogy was determined by 
X-ray diffraction (XRD). The analytical instrument is PAN Analytical 
X’PERT PRO diffractometer requipped with a monochromator 
using a Co Kα radiation of 1.7854 Å over a range of 2.5° to 35° 2θ 
and a step size of 0.05° 2θ/min at 40 Kv and 45 mA.

Samples analyzed for major and trace elements were first 
crushed by a jaw crusher with steel plates and pulverized in a 
ball mill made of 99.8 % Al2O3. A two-step loss on ignition (LOI) 
determination was used. Powders were first heated at 105 °C under 
nitrogen to drive off adsorbed water, before being ignited at 1000 
°C under oxygen to eliminate the remaining volatiles and oxidize Fe.

The major element concentrations were determined by X-ray 
Fluorescence (XRF) after sample ignition. The powder samples 
were first ignited then melted with a lithium tetraborate flux before 
analyzing with a Rigaku RIX-3000 wavelength-dispersive X-ray 
fluorescence spectrometer. The international reference material 
and the in-house reference material of the laboratory were used.

Powder rock samples were prepared by acid dilution to ensure 
the completed decomposition of the sample powder for the ICP-MS 
(Inductively Coupled Plasmas-Mass Spectrometry) analyses for 
trace elements concentrations by acid digestion in closed beakers 
[26]. They were melted with two acids (HCl and HClO4) at 120 
°C in sealed Teflon containers for one week; then in dilute nitric 
acid (HNO3) and dried. The residue was then re-dissolved in an 

acid mixture (HCl and HClO4) and dried for a second time before 
being dissolved in three acids (HNO3, HCl and HF) at 100 °C. The 
instrumental precision of almost all elements was around 5% (2σ) 
for all the compiled solutions where the elements were above 
the limit of quantification. Where the concentrations approached 
this limit, the error increased between 5 and 8.5%. The solutions 
obtained were then analyzed using a Perkin Elmer 5000 ICP-MS 
spectrometer.

Mass balance calculation

Mass-balance evaluation is a set of methods that can explain 
the mobility of the elements during weathering processes. The 
most used and reliable method takes into consideration the 
element concentrations in different weathering samples and 
expresses in percentage (%) the losses or gains. Four elements are 
usually used as immobile elements to evaluate gains and losses 
within weathered materials: Ti [27], Th [28,29], Zr [30,31] and 
Co [32]. Many authors agreed that stable element must be slightly 
accumulated in weathered material [32-34]. Titanium is the most 
coherent element in Vertisols of Kaele and it will be used as the 
immobile element. The following equation from Nesbitt and Wilson 
[35] and improved by Moroni et al. [36] will be applied:

%change= ((Xws/Tiws)/(Xpr/Tipr)-1)*100

Xws and Xpr are the element concentrations in the weathered 
sample and in the parent rock, respectively. Tiws and Tipr are the 
concentrations of the immobile element, which is Ti for this study, 
in the weathered sample and the parent rock, respectively.

Results

Granites

Petrography: The granite samples are dense and massive 
rocks with certain samples slightly weathered. The petrography 
of these granites has been previously presented by Nguetnkam et 
al. [19]. They are mainly made up of quartz, plagioclase, biotite, 
orthoclase, microcline and show poikilitic texture under polarized 
light microscope. Some accessory minerals (pyroxene, apatite, and 
opaque minerals) are sometimes observed. Alkali feldspar crystals 
are pinkish and plagioclase minerals are moulded by biotite flakes. 
Feldspar and especially plagioclase destabilization confirm the 
early stage of granite weathering.

Geochemistry: The major, trace and rare earth element 
contents of granite samples are presented in Table 1. SiO2 (62-75 
wt.%) and Al2O3 (12-14.73 wt.%) are the most abundant oxides in 
granites of Kaele area (Table 1). They show alkali (Na2O and K2O) 
enrichment and depletion of ferromagnesian elements (Fe2O3, MgO, 
MnO and TiO2). CaO has a concentration higher than 3 wt.% in some 
samples (Table 1). Apart from sample TYR (P2O5 = 4.8 wt.%), P2O5 
contents are very low in the granites of Kaele (Table 1). Loss on 
ignition (LOI) (1.3 – 4.6 wt.%) values confirm that some samples 
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are slightly weathered. The Al2O3/CaO+Na2O+K2O (A/CNK = 1.31-
2.14) ratio values [37] reveal that these granites have peraluminous 
composition and belong to the S-type granites (A/CNK> 1.1; Table 
1).

Amongst trace elements, Sr (62 – 585 ppm), Ba (30 – 417 ppm) 
and Zn (11 – 81 ppm) have the highest contents in granites (Table 
1). Zirconium, Cr and W show contrasting behavior (Table 1); 
samples SGR, GAR and KAR have high Zr (59 to 247 ppm), Cr (463-
667 ppm) and W (21-31 ppm) concentrations while sample TYR, 
DTR and DRR possess low contents in Zr (≤ 3ppm), Cr (3-8 ppm) 
and W (< 1ppm).

REE concentrations in the granites are variable ranging from 
24 to 191 ppm (Table 1) with relative LREE enrichment compared 
to HREE (5 < LREE/HREE < 16). The normalized spectra relative 
to chondrite [38] indicate very slight lanthanide enrichments from 
lanthanum to samarium (Figure 2). The lanthanide normalized 
spectra also indicate (Figure 2 & Table 1): (i) the presence of 
negative Eu anomalies, with Eu/Eu* ranging from 0.28 to 0.87; (ii) 
positive (Ce/Ce* = 1.19 – 1.24) and negative (Ce/Ce*= 0.66; sample 
TYR) Ce anomalies; (iii) and variable values of the (La/Yb)N ratios 
ranging from 4 to 20 (Table 1).

Table 1: Distribution of major, trace and rare-earth elements in granites.

  d.l. Parent Rock (Granites)

Symbol   SGR GAR KAR TYR DTR

Depth (cm)   >350 >300 >250 >160 >185

SiO2 (wt.%) 0.01 73.78 64.57 71.28 62.28 65.32

Al2O3 0.01 14.73 15.58 13.95 16.76 15.97

Fe2O3 0.01 1.53 4.49 3.14 4.02 2.86

MnO 0.01 <dl 0.04 0.05 0.01 0.03

MgO 0.01 0.3 1.67 0.44 0.32 0.79

CaO 0.01 3.57 3.81 1.76 0.17 3.2

Na2O 0.01 4.09 3.26 4.12 6.84 4.61

K2O 0.01 0.48 1.17 3.7 0.83 1.75

TiO2 0.01 0.08 0.54 0.29 0.56 0.36

P2O5 0.01 < dl 0.2 0.09 4.8 0.14

LOI 0.01 1.3 4.6 1.63 2.94 4.58

Total - 99.86 99.93 100.45 99.52 99.6

A/CNK - 1.81 1.89 1.46 2.14 1.67

Ba (ppm) 0.03 176 405.8 416.9 33.57 78.51

Co 0.004 3.41 12.67 4.12 2.13 5.04

Cr 0.03 666.7 632.6 463 4.78 7.82

Cs 0.001 0.22 0.56 0.58 0.11 0.18

Cu 0.3 11.46 19.81 11.7 4.2 3.3

Ga 0.0006 13.34 16.93 24.6 2.79 2.3

Hf 0.0002 1.94 4 7.76 0.07 0.05

Mo 0.01 7.24 6.27 6.27 0.13 0.28

Nb 0.0008 0.86 4.89 22.42 0.24 0.24

Ni 0.07 13.42 30.99 10.06 4.3 6.4

Pb 0.02 4.86 4.97 13.82 2.45 5.75

Rb 0.005 10.06 29.69 74.95 1.83 2.16

Sr 0.02 584.6 561.5 110.4 187.55 109.8

Th 0.0008 2.33 0.8 1.55 1.17 0.95

U 0.0004 0.28 0.63 1.16 0.32 0.25

V 0.01 16.81 77.9 22.47 12.71 17.17

Y 0.0008 2.11 11.42 47.99 12.71 5.35

W 0.002 30.66 27.23 21 0.03 0.06
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Zn 0.9 11.29 55.36 80.98 22.5 64.4

Zr 0.002 59.83 157.9 246.3 2.84 3

Sn 0.03 1.95 2.37 3.4 0.24 0.25

La (ppm) 0.1 4.41 11.31 32.33 15.48 11.15

Ce 0.12 11.64 23.42 75.75 21.22 29.13

Pr 0.014 1.19 3.14 9.07 3.93 3.19

Nd 0.06 4.53 12.64 35.34 14.83 12.62

Sm 0.026 0.85 2.67 8.03 2.47 2.09

Eu 0.0031 0.1 0.23 0.89 0.51 0.5

Gd 0.009 0.61 2.26 7.31 1.73 1.42

Tb 0.023 0.07 0.32 1.28 0.23 0.18

Ho 0.009 0.07 0.37 1.54 0.25 0.19

Dy 0.0025 0.37 1.97 7.87 1.32 0.99

Er 0.007 0.21 1.07 4.78 0.65 0.51

Tm 0.019 0.03 0.15 0.73 0.09 0.07

Yb 0.009 0.22 1.1 4.93 0.53 0.42

Lu 0.02 0.04 0.17 0.74 0.07 0.06

REE - 24.35 60.82 190.59 63.31 62.52

LREE - 22.72 53.41 161.42 58.44 58.68

HREE - 1.63 7.41 29.17 4.87 3.84

LREE/HREE - 13.92 7.21 5.53 12 15.28

Ce/Ce* - 1.24 0.96 1.08 0.66 1.19

Eu/Eu* - 0.42 0.28 0.35 0.74 0.87

(La/Yb)N - 13.83 7.04 4.5 20.04 18.21

d.l.: Detection limit. 

LOI: Loss on ignition.

A/CNK =Al2O3/CaO +Na2O+K2O.

Ce/Ce*: (Cegranite/Cechondrite)/(Lagranite/Lachondrite)1/2(Prgranite/Prchondrite)1/2. 

Eu/Eu*: (Eugranite/Euchondrite)/(Smgranite/Smchondrite)1/2(Gdgranite/Gdchondrite)1/2.

(La/Yb)N: (Lagranite/Lachondrite)/(Ybgranite/Ybchondrite).

Figure 2: Geological map the study area showing sampling site locations.
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Vertisols

Soil profile descriptions

Profile SG: Profile SG is described in Garey 1 located between 10 

°01’52’’N and 14°19’36’’E. The profile is located at 378 m altitude. 
On the surface, a gilgai “microrelief” with unevenness of the order 
of 50 cm develops there. The 4m thick soil rests on granite whose 
alteration is significant. From top to bottom, we observe (Figure 3). 

Horizon Depth (cm)

A1 0 – 30

black (10 YR 2/1); dry; silty clay; organic matter not directly detectable; fine, very distinct subangular polyhedral structure; 
fairly large void volume between the aggregates, aggregates with few pores, very fine, not very porous horizon; material 
with semi-rigid consistency, not very fragile, plastic, not very sticky in the wet state; many fine roots between the aggre-

gates; regular transition.

A2 30 - 100

black (10 YR 2/0.5); dry; clay; organic matter not directly detectable; medium to coarse subangular polyhedral structure 
with very clear prismatic structure; low void volumes between aggregates, consistent, 1 to 2 cm wide and 20 cm distance 

recesses, few pore aggregates, thin, tubular; not very porous; rigid, non-brittle, plastic, sticky material; many fine roots 
between the aggregates; gradual and regular transition.

Bss 100 - 200

Dark gray to black (5 YR 2.5/1); fresh; clay; few sparse spots, dark brown (7.5 YR 3/2), irregular, with sharp boundaries, 
very contrasting, sizes of 1 mm; organic matter not directly detectable; prismatic structure, with very distinct oblique plate-

let structure; low void volumes between aggregates, consistent, no shrinkage slots, aggregates without visible pores, very 
little porous; presence of slikensides; material with malleable consistency, very plastic, very sticky, non-friable; some fine 

roots between the aggregates; gradual and regular transition.

Bck 200 - 300

Dark gray (5 YR 2.5/1); fresh; without stains; organic matter not directly detectable; clay; prismatic structure, with very 
distinct oblique platelet structure; generalized effervescence, 2 to 5% of carbonate elements in nodule (1 to 2 mm in diame-
ter); very low void volume between aggregates, consistent, with no visible pores; very little porous; presence of slikensides; 

material with malleable consistency, plastic, very sticky, non-friable; no root; gradual and regular transition.

C 300 - 350
Gray (2.5 YR 3.5/3); clay-sandy; coarse, clean polyhedral structure; very low void volume between aggregates, aggregates 

without visible pores, consistent; very little porous; material with a semi-rigid consistency, non-friable and not very sticky; 
no roots; gradual transition with the source rock (granite).

R 350 - 400 Parent granite comprising Na-rich plagioclase, K-feldspar, quartz, biotite and amphibole.

Figure 3: Representative weathering profile description of Vertisols developed on granite of Kaele area (GA profile).
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Profile GA: Profile GA was implanted at Garey 2 on latitude 
10°02´02’’N, longitude 14°20´27’’E and an altitude of 373 m, on a 
sub-horizontal to flat plain whose gradient was about 0.3 %. The 
land use was for sorghum cultivation without irrigation. This pro-
file was limited at 3m depth. It showed three horizons above the 
roch table which included the Bck (210-110 cm) horizon, the Bss 
(40-110cm) horizon and the Ap (0-40 cm) horizon (Figure 3). 

Those horizons were morphologically identical to those of SG.

Profile KA: Profile KA was dug at the East of Kaele on latitude 
10°06´39’’N, longitude 14°25´41’’E and an elevation of 381 m. Slope 
gradient was 0.6%, current land use was for sorghum cultivation. 
This pit was limited at 2.5 m depth above the granite and presented 
four main horizons, which include from bottom to top (Figure 3). 

Horizon Depth (cm)  

Ap 0 – 90

black (10 YR 2/1); dry; organic matter not directly detectable; silty-clay; fine, very distinct subangular polyhedral structure; 
fairly large void volume between the aggregates, aggregates with few pores, very fine, not very porous horizon; material 

with semi-rigid consistency, not very fragile, not very plastic, not very sticky in the wet state; many fine roots between the 
aggregates; regular transition.

Bss 90 - 120

Dark gray to black (5 YR 2.5/1); fresh; few sparse spots, dark brown (7.5 YR 3/2), irregular, with sharp boundaries, very 
contrasting, sizes of 1 mm; organic matter not directly detectable; clay; prismatic structure, with very distinct oblique 

platelet structure; low void volumes between aggregates, consistent, no shrinkage slots, aggregates without visible pores, 
very little porous; presence of slikensides; material with malleable consistency, very plastic, very sticky, non-friable; some 

fine roots between the aggregates; gradual and regular transition.

Bck 120 - 200

Dark gray (5 YR 2.5/1); fresh; without stains; organic matter not directly detectable; clay; prismatic structure, with very 
distinct oblique platelet structure; generalized effervescence, 2 to 5% of carbonate elements in nodule (1 to 2 mm in diame-
ter); very low void volume between aggregates, consistent, with no visible pores; very little porous; presence of slikensides; 

material with malleable consistency, plastic, very sticky, non-friable; no root; gradual and regular transition.

C 200 - 250
Gray (2.5 YR 3.5/3); clay-sandy; coarse, clean polyhedral structure; very low void volume between aggregates, aggregates 

without visible pores, consistent; very little porous; material with a semi-rigid consistency, non-friable and not very sticky; 
no roots; gradual transition with the source rock (granite).

R > 250 Parent granite comprising Na-rich plagioclase, K-feldspar, quartz, biotite and amphibole.

Profile TY: The profile of TY has the geographic coordinates of 
latitude 10°05’25’’N, longitude 14°25’42’’E and an elevation of 392 
m. He has one thickness of 160 cm. On the surface, we can notice the 

shrinkage or desiccation slits (5 to 15 cm deep and 1 to 2 cm wide). 
From top to bottom, we observe (Figure 3): 

Horizon Depth (cm)  

Ap 0-80 
Light gray, 10YR-8/2 with a blocky and silty-clayey-sandy structure, presence of rust spots and coarse elements of 
angular shape, not very porous, compact and friable in the dry state. The transition is gradual with the underlying 

horizon;

Bss 80-130 Dark gray, 7.5YR-6/2, sandy clay, prismatic structure, abundance of grains of quartz, micas and weathered feldspar; 
presence of rust spots, not very porous, not very friable. The transition is gradual with the underlying horizon;

Bck 130-160 Dark gray, 10YR-4/1 blocky, silty-sandy, traces of roots, presence of unaltered minerals and crumbly calcareous nod-
ules.

Profile DT: Profile DT was implanted on a Vertisols field at 
Djidoma Dardo (latitude 10°05’34”N, longitude 13°20’59”E and 
altitude 382 m) at about 25 km SE of Kaele which serves for rice 
cultivation. The opened 2m deep profile, limited by a marshy layer, 
was morphologically very similar to the other previously described 
profiles (Figure 3). In this site, Vertisols shows different surface 
features depending on whether it occurs in areas with opened 
depressions or not. In the opened depressions where some surface 
drainage is possible, the surface horizon is mainly covered by 
earthworm casts.

Morphology and mineralogy

Vertisols profiles described were characterized by a dark 
color, a heavy clayey texture, massive structure, low porosity, high 
compacity and deep open surficial desiccation cracks, but also by 
the development of frictional surfaces (slickensides) in the middle 
part of the profile. The weathering sequence of Vertisols can be 
classified into granite (R and C); Bck horizon; (iii) Bss horizon; and 

Ap horizon (Figure 3).

The granite arena is clear, slightly moist, fine to medium 
grained, speckled with brown streaks. The structure of the granite 
is preserved and composed mainly of secondary minerals like 
beidellite, montmorillonite and kaolinite. Primary minerals like 
biotite, amphibole, calcite and dolomite are rare. The granite 
architecture is not preserved in the Bck horizon which is mainly 
composed of beidellite. Bss horizon is composed of a melt of dark 
grey clay materials, and relics of saprolitic domains as well as 
calcareous nodules. This horizon possesses the highest clay content 
and slickenside in which beidellite is associated with few amounts 
of montmorillonite and kaolinite. Ap horizon is dark grey, clay-
rich, and exhibits a strong coarse angular blocky structure with 
calcareous nodules. Desiccation cracks are present at the surface. 
The horizon is made up of beidellite, montmorillonite, kaolinite 
with small amount of quartz. A statistical summary of physic-
chemical properties of the soils is given in Table 2.
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Table 2: Statistical summary of some physico-chemical properties of Vertisols.

Soil Property (n = 35) Mean Max Min SD

Physical Properties

Clay (< 2µm), (%) 27.26 48 7.62 12.02

Silt (2 – 50 µm), (%) 22.74 36.24 6.35 6.84

Sand (50 – 200 µm), (%) 48.46 86.02 18 16.18

Bulk density, (mg m-3) 1.95  2.1 1.7 0.25

Chemical Properties

pH (1: 1 H2O) 8.09 9.7 6.75 1.2

pH (KCl) 6.63 7.6 5.57 0.73

Carbon organic, (g kg-1) 1.92 3.52 0.77 0.76

Organic matter, (g kg-1) 3.6 7.08 1.33 1.65

Total Nitrogen, (g kg-1) 0.38 0.59 0.13 0.12

Available P, (g kg-1) - - - -

Exchangeable Ca2+, (cmol kg-1) 4.29 15.08 0.2 5.6

Exchangeable Mg2+, (cmol kg-1) 15.23 54.45 1.12 14.52

Exchangeable Na+, (cmol kg-1) 0.11 0.61 0.04 0.17

Exchangeable K+, (cmol kg-1) 0.07 0.84 0.15 0.24

Base saturation (%) 19.84 57.77 7.65 12.05

 CEC, (cmol kg-1) 23.84 39.84 12.8 7.68

C/N 5.43 8.8 0.48 2.67

S/CEC 80.65 267.4 0.36 66.92

Mineralogical Properties

Smectites (Sm) 53.99 100 24.6 23.99

Kaolinite (Kao) 10.35 30.44 2.18 6.38

Kao-Sm 24.3 45.87 0 16.06

Quartz (Q) 11.94 28.86 4 6.92

Feldspar (Fe) 3.12 7.15 1.06 2.75

Geochemistry

As for parent rocks, SiO2 and Al2O3 are the dominant major 
elements in the weathered samples (Table 3). The alkali (Na2O 
and K2O) as well as the ferromagnesian elements such as Fe2O3 
and MgO have significant concentrations in the Vertisols of Kaele 
(Table 3). The other ferromagnesian elements (MnO and TiO2) 
have low contents but higher than the detection limit. Losses on 
ignition (LOI) and CaO have significant values in Vertisols of Kaele. 
P2O5 has low contents especially in KA profile. TY Profile has the 

highest P2O5 contents up to 4 wt.% (Table 3). The Harker diagrams 
indicate slight negative correlations between Si and Al, Fe, Mg and 
Ca (Figures 4a-d). The alkali (Na2O and K2O) show no correlation 
with silica (Figures 4e & f).

Trace elements that have high contents in Vertisols of Kaele 
are Sr, Ba, Cr, Zr and Zn (Table 4). These elements have the highest 
contents in SG, GA and KA profiles while the lowest values are 
registered in TY and DT profiles. On contrary to the parent rocks, 
trace elements such as Co, Cu, Rb and V have significant contents in 
weathered product (Table 4).
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Rare earth elements concentrations in the profile samples are 
presented in Table 5. The REE has low to moderate concentrations 
in the Vertisols developed on S-type granite of Kaele (Table 5). 
There is a relative LREE enrichment compared to HREE which is 
more expressed in TY and DT profiles. Correlations between rare 
earth elements and major elements in Vertisols of Kaele are scarce 

(Figure 5). REE present no significant correlations with SiO2, Al2O3, 
K2O, MgO and CaO (Figures 5a-e). Meanwhile, REE and Na2O are 
negatively correlated (Figure 5f) and slight positive correlation 
is observed between REE and Fe2O3 (Figure 5g). There is a strong 
positive correlation between REE and loss on ignition which 
represents the degree of weathering (Figure 5h).

Figure 3: Representative weathering profile description of Vertisols developed on granite of Kaele area (GA profile).

The normalized spectra relative to the parent rocks indicate 
lanthanide enrichments in SG, GA, TY and DT profiles (Figure 6). 
The lanthanide contents in the TY profile are ten times higher than 
values reported for the parent rock (Figure 6f) and the enrichment 
is very slight for GA and DT profiles (Figures 6b and e). Apart from 

Eu, all the lanthanides show depletion in the KA profile compared to 
its parent rock (Figure 6c).The parent rock-REE normalized spectra 
also reveal (Figure 5 and Table 6): (i) the presence of positive Eu 
anomalies in SG, GA and KA profiles (Figure 6a-c); (ii) the presence 
of negative Eu anomalies in DT profiles (Eu/Eu*= 0.83-0.86; Figure 
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6e); (iii) negative Ce anomalies in SG profile (Ce/Ce*= 0.58-0.90; 
Figure 6a) and at the bottom of KA profile (Ce/Ce*= 0.58; Figure 
6c); (iv) positive Ce anomalies in GA (Ce/Ce* = 1.19-1.27; Figure 
6b), TY (Ce/Ce* = 1.78-2.01; Figure 6d) and DT (Ce/Ce* = 1.18-1.21; 
Figure 6e) profiles; (v) very low values of the (La/Yb)N ratios (frac-
tionation degree), lower than 2 (Table 5).

Mass balance evaluation

The mass balance calculations show variable behavior of major, 
trace and rare earth elements in the different weathering profiles as 
presented in Figures 7, 8 and 9.

In SG profile, major elements are leached from the whole 
profile with SiO2, Al2O3 and Na2O as the most leached oxides (Figure 

7a). MgO and LOI have variable behavior along the variable (Figure 
7a). Amongst major elements, SiO2, Al2O3, MgO, CaO and Na2O 
are leached while MnO and LOI accumulated in whole GA profile 
(Figure 7b). The accumulation of MnO and LOI increases from 
the top to the bottom of the profile. K2O and P2O5 are remobilized 
towards the bottom of the profile (Figure 7b). Apart from CaO and 
LOI, major elements are mobilized in the entire KA profile (Figure 
7c). CaO is accumulated at the bottom of the profile while LOI is 
remobilized in the whole profile (Figure 7c). The spectra are similar 
for TY profile, MgO, K2O, LOI are enriched while Fe2O, CaO and Na2O 
are leached in the whole profile (Figure 7d). Conversely, MnO is 
highly accumulated in DT profile and the other major elements are 
remobilized (Figure 7e).

Figure 4: Bivariant plots of Vertisols showing REE contents against major elements contents: (a) REE vs. SiO2;(b) REE vs. Al2O3; (c) REE vs. 
K2O; (d) REE vs. MgO; (e) REE vs. CaO; (f) REE vs. Na2O; (g) REE vs. Fe2O3 and (h) REE vs. LOI.
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Figure 6: Chondrite-normalized (Pourmand et al., 2012) REE patterns of Vertisols of Kaele area.SG (a), GA (b), KA (c), TY (d), DT (e) and DR 
(f) profiles.

Amongst trace elements, Nb and Y are accumulated in the 
SG profile and in the GA profile, most of the trace elements are 
accumulated, especially towards the surface of the profiles (Figures 
8a and b). Only Sr and V are accumulated in the entire KA profile 
and Co, Cs and Ni are remobilized towards the top of the profile 
(Figure 8c). The different samples in TY and DT profiles show 
similar spectra (Fig. 8d and e). Several elements such as Ba, Co, 
Cr, Cs, Ga, Ni, Rb, V, Y and Sn are accumulated in the whole TY and 
DT profiles. In addition, Cu and in a lesser extent U are so much 
accumulated in the DT profile (Figure 8e).

The spectra showing relative chemical gains and losses of rare-
earth elements display similar trend in each profile (Figure 9). In 

general, the accumulation degree increases from the bottom to the 
top of the profiles. Specifically, Eu is so much accumulated in GA 
profile and to a lesser extent in SG profile (Figure 9a and b). LREE 
are leached in the whole SG profile while HREE are remobilized 
towards the top of the profile (Figure 9a). All the REE are 
accumulated in the GA profile with HREE the less accumulated REE 
at the bottom of the profile (Figure 9b). Conversely, all the REE are 
mobilized from KA profile with Eu the less leached REE (Figure 9c).  
The REE accumulation degree, contrary to SG profile, increase from 
the top to the bottom of the TY profile with Ce highly accumulated 
in the whole profile (Figure 10d). In the DT profile, only HREE are 
accumulated at the top of the profile (Figure 9e). 
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Figure 8: Spectra showing relative chemical gains and losses of trace elements in Vertisols of Kaele area.SG (a), GA (b), KA (c), TY (d), DT (e) 
and DR (f) profiles.

Figure 7: Spectra showing relative chemical gains and losses of major elements in Vertisols of Kaele area.SG (a), GA (b), KA (c), TY (d), DT (e) 
and DR (f) profiles.
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Figure 9: Spectra showing relative chemical gains and losses of rare earth elements in Vertisols of Kaele area.SG (a), GA (b), KA (c), TY (d), 
DT (e) and DR (f) profiles.

Discussion

Geochemistry of granites

Silicon and aluminum contents followed by those of sodium and 
potassium are significant in the granites of Kaele. The high Al2O3 and 
very low TiO2 concentrations in granites are characteristic of felsic 
igneous rocks [39,40]. They are S-type granites with peraluminous 
composition which may derive from biotite in congruent melting of 
a metasedimentary source close to the base of the crust [41]. High 
contents in Ba, Cr, Sr and Zr might result from the greisenization 
and albitization processes [42,43] and/or the high proportion 
of feldspars and biotite [39,44]. Trace element concentrations 
in S-type granites generally increase with maficity [41]. So, SGR, 
GAR and KAR show mafic tendency as confirmed by their high Cr 
contents. The low concentrations of several trace elements indicate 
that they might be essentially held by accessory phases [45]. And, 
accessory minerals are generally dissolved by melts of fluids [45].

The total REE contents in granites of Kaele are lower than those 
reported in other areas of Cameroon [44,46]. Despite the low REE 
content, the granite of Kaele shows relative enrichment in light 

REE over heavy REE. Several authors [44,46,47] have explained 
that the high LREE concentrations in granite suggest that the 
liquid mantle might have been enriched in light REE. In general, 
accessory minerals such as monazite, apatite and zircon control 
the REE contents in granitoids [48]. Monazite is responsible for 
most of LREE abundance while zircon controls most of HREE [39]. 
The negative europium anomalies may result from high degree of 
plagioclase fractionation at the early stage of weathering, notably in 
reducing conditions [48]. The positive or absence of Eu anomalies 
could be linked to the stability of Eu rich minerals. Definitely and 
despite the variable values, the low REE contents in general may 
result from depletion of REE rich-minerals [39,48] as confirmed by 
petrographycal observation.

Geochemistry of Vertisols
The mineralogical and geochemical features of weathering 

products mostly depend on the nature of parent rock and the 
intensity of the weathering processes [49]. The weathering 
processes lead to the formation of clay materials which are 
new minerals stable in the supergene environment. The high 
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SiO2 contents might be related to the low degree of quartz 
dissolution. From the parent rocks to the weathered materials, 
the remobilization of Fe is observed contrary to Si, Al and Na. That 
could be originated from precipitation of Fe-oxides and dissolution 
of quartz as confirmed by the negative correlation between SiO2 
and Fe2O3 [29]. The presence of calcareous nodules is responsible 
for high CaO contents and dolomite lead to the increase of MgO 
contents. The negative correlation between SiO2 and Al2O3 may be 
linked to the formation of kaolinite minerals. The low contents of 
most of major elements and the lack of correlation with SiO2 reflect 
the high content of SiO2, which causes a dilution effect.

Vertisols of Kaele have high contents in Sr, Ba, Cr, Zr and Zn as 
their parent rocks. In addition, and contrary to the parent rocks, 
they have significant contents in Co, Cu, Rb and V. In general, high 
concentrations of Cr, V and Co generally originate from weathering 
of ultramafic rocks [32] and Sr, Ba, Zr, Cu, Rb and Zn are controlled 
by felsic parent rocks [43]. These high contents in Cr, V and Co 
can only be justified by the fact that they are remobilized during 
weathering process while other elements are leached.

REE contents in soil particularly depend on the type of the 
parent rock as well as the weathering process [50]. However, it is 
not easy to define which factor between them is the dominant [11]. 
According to Šmuc et al. [51], the soils derived from granite tend to 
have higher REE concentrations. The REE contents increase with 
depth as the clay quantity. In fact, during weathering of granite, the 
accumulation of clay increases from the upper to the lower horizons 
[51,52]. Generally, soils derived from granites are enriched in LREE, 
particularly in Ce, Nd and La [7,53]. LREE is less mobile than HREE 
during weathering and HREE are depleted in high weathered 
material [54]. LREE-enrichment is inherited from the parent 
material or due to the formation of secondary LREE-bearers as 
rhabdophane (LREEPO4.nH2O) [55]. The concentrations of REE in 
the Vertisols from Kaele area are higher than those of Ferralsols [56] 
and Lixisols [57] in Cameroon. Similar results have been observed 
in Brazilian soils [7], where REE in Vertisols have a higher content 
than in other soils. Moreover, the REE concentrations in Vertisols 
of Kaele area are lower than the values reported for soils in China 
[58] and Malaysia [59]. The low REE contents result from depletion 
of REE rich minerals inherited from the parent rocks. The strong 
positive correlation between REE and loss on ignition highlight the 
important role of weathering process in REE remobilization. The 
high positive Eu anomalies in SG, GA, KA and TY profiles could be 
explained by the stability of Eu rich minerals in these profiles. On 
the other hand, Eu bearing minerals have been destabilized in DT 
and DR profile. There are negative Ce anomalies in SG profile, at 
the bottom of KA profile and positive Ce anomalies in GA, TY and 
DT profiles. The variation in Ce anomalies in the Vertisols of Kaele 
can be explained by the variability of the oxidation conditions [29]. 
The positive Ce anomalies are linked to the oxidation of Ce3+ toCe4+ 
which is stable in weathering profile [60]. The low fractionation 
degree of REE may be due to the environment which is not well 

drained and the homogenization of the profiles by seasonal deep 
surficial desiccation cracks.

Mass balance assessment

The depletion in SiO2, Al2O3, Na2O, K2O and P2O5 is characteristic of 
the lateritization [29,30]. Weathering processes are responsible for 
the increase of LOI values. The accumulation of many trace elements 
might result from the stability of secondary bearing minerals and 
the persistence of relic minerals. The similarity of several spectra of 
mass balance evaluation highlights the undifferentiated nature of 
the profiles. The REE-accumulation especially towards the surface 
of the profile might be due to the element redistribution during the 
weathering or to the element substitution in secondary minerals 
[61]. The increasing accumulation degrees of REE from the bottom 
to the top of profiles are better expressed in the thick and well 
differentiate profiles like SG, GA and KA profiles. In TY profile, the 
remobilization degree of REE decreases from the bottom to the 
top of the profile. This is due to the element redistribution and 
the profiles are so much homogenized by desiccation cracks and 
other phenomena in soils. The similar spectra of REE mass balance 
evaluation confirm their coherent geochemical behavior, low 
solubility and low impact of weathering processes [62,63].

Conclusion
This study assessed REE concentrations in Vertisols developed 

on granite setting under seasonally contrasted climate of North 
Cameroon. The main conclusions are as follows:

•	 Kaele granites consist of feldspars, quartz, amphiboles, 
biotites and opaque mineral. They are S-type granites with 
peraluminous composition, low REE contents and variable Eu 
anomalies.

•	 Vertisols were characterized by a dark colour, a heavy clayey 
texture, massive structure, low porosity, high compacity 
and deep open surficial desiccation cracks, but also by the 
development of frictional surfaces (slickensides) in the middle 
part of the profile and made up of beidellite, montmorillonite, 
and kaolinite with small amount of quartz.

•	 The geochemical composition of Vertisols is in general 
similar to that of the parent rocks apart from some element 
remobilizations. REE contents are strongly correlated with the 
degree of weathering.

•	 Despite the REE remobilization during weathering, Vertisols 
of Kaele have low REE contents which are inherited from the 
parent rocks. The very low values of the (La/Yb)N ratios are 
due to the undifferentiated weathering profiles. 
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