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Abstract

The weathering mechanism of rocks exposed to the same conditions on the Bamenda Mountain is not well understood. The aim of
this study is to characterize basalt, trachyte and rhyolite and their products on the geochemical and geotechnical aspect. Here three
wells were hand-dug on soils developed on basalt, trachyte and rhyolite and studied in details. The results showed high Ki values
(0.34-6.57) indicating that SiO2 is more leached in the soils developed on basalt than those on trachyte and rhyolite. Also, high CIA
(72.62-97.8) and CIW (72.76-98.8) values are typical of an advanced to extreme chemical weathering in this environment, with rhyo-
lite and trachyte being more weathered than basalts. Soils formed on basalt have ICV >1 characteristic of young and immature soils,
while for trachyte and rhyolite ICV =0.3-0.5 indicating intense chemical weathering. Al (EFai=1.5) and Fe (EFre=1.3) are enriched in
the soils while SiOz, Na, K, Ca and Mg are instead depleted increasingly from base to the top of the profile. Geotechnically, these
soils are predominantly silty, well graded, less plastic (LI<0), plastic (CI>1) to moderately plastic (P1=7.2-15.8). The soils developed
on rhyolite have high clay content MBV= 3.3-8, but low water content (10-42%). Texturally, these soil are silty loam, loam to sandy
loam soils. Soil strength is low: cohesion (<0.5bar), angle of internal friction (10-43°), with shallow landslides (1-2m) more likely to

occur on trachyte and on rhyolites.
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1. Introduction

The Bamenda Mountains (2621m) is a stratovolcano which is part
of the Western Cameroon Highland (WCH) along the Cameroon
Volcanic Line (CVL), a major structure in Central Africa. Volcan-
ic activity on this Mountain emplaced rocks which are predomi-
nantly; basalt, trachyte and rhyolite (Kamgang et al. 2010; 2007).
These rocks have since been exposed to climatic factors such as
rainfall and varying temperatures and tend to undergo mineralogi-
cal transformations. Situated in the tropics, this Mountain experi-
ences intense chemical weathering. During alteration processes,
some elements may be enriched or depleted in the saprolite, platy
nodules and soil matrices. The geochemical nature of a soil affects
its geotechnical properties given that it conditions the structure
and texture of the soils. The study of weathering on rocks in tropi-
cal zones has also been evaluated in some areas in Cameroon (Ve-
ronica et al. 2013; Ndjigui et al. 2013; 2008; Kouayep et al. 2012;
Tematio et al. 2012; Bayiga et al. 2011; Tsopjio et al. 2011). This
paper aims to explain the geochemical transformations during the
weathering of basalt, trachyte and rhyolite and the geotechnical
behaviour of the resultant soils. Thus, three soil profiles were stud-
ied on: basalt, trachyte and rhyolite to determine (1) the degree of
weathering using different geochemical indices, (2) the relative

mobility of the major, trace and rare earth elements (3) the ge-
otechnical properties of soils and influence on slope failure.

2. Methods

Three wells were hand dug to expose the soil profile developed on
basalt, trachyte and rhyolite denoted (PB, PT and PR profiles re-
spectively). The nature of limits, humidity, main constituents,
structure, form, size, hardness, relationship between the grains and
aggregates, porosity, pedologic features, structural stability of the
aggregates and rooting were described. Soil samples were extract-
ed from these profiles in triplets and air dried. Soil and rock pulps
were prepared in the BOCOM group laboratory in Douala Came-
roon and were submitted to the ALS Lab Johannesberg, Guateng,
South Africa. Geochemical analyses were performed on the pulps
using the following procedures; whole rock package ICP-AES,
Loss on Ignition was done at 1000C OA-GRAO5 code, Lithium
Borate Fusion ICP-MS (ME-MS81) and Total calculation for
ICP06 (TOT-ICPO06).

From major elements data, the weathering indices of the soil sam-
ples were determined such as: chemical index of weathering
(CIW) = [Al203/(Al20 + CaO* +N20)] x100 (Harnois 1988),
chemical index of alteration (CIA) = [Al20s/(Al20s + CaO*
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+Na20+ K20)] x100 where CaO* is the content of calcium oxide
in fresh rock (Nestbitt and Young 1989), the molar ratio (Ki) =
SiO2/Al203  (Ruxton 1968) and the bases/R:0s =
[(MgO+CaO+NaO)/(Al)] x100 (Birkeland 1999). Chemical mass
balance between soils phases were estimated from the calculations
of enrichment/depletion factors determined using Ti as immobile
element. This 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 where Xs
and Rs are the concentrations of the same elements in fresh rock.
Index of compositional variability (Icv) =
(Fe203+K20+NaO+CaO+MgO+MnO+TiO)/AlO3) estimates the
degree of chemical weathering (Cox et al. 1995). The REE con-
centrations were normalized relative to Cl Chondrite (Boynton
1984). The (La/Yb) 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.

Geotechnical analyses were performed at the MIPROMALO and
LABOGENIE Laboratories, Yaoundé, Cameroon. Grain size dis-
tribution analysis was done following the NF P 94-056 French
norm. Methylene blue test was performed using the NF P94-068
norm. Atterberg limits were determined by varying the water con-
tent within the soils following the NF P 94-051 norm. Liquid limit
was determined using the Casagrande’s device. The water content
was determined by comparing the weight of the wet sample to that
of the oven-dried sample. The plastic limit was determined by
rolling the soil into a 3 to 10 mm, noting where it starts breaking.
The consistency limit was the ratio of the difference between the
liquid limit and the water content on the plastic index. Bulk densi-
ty was determined using the hydrostatic scale applying the Archi-
medes principle. Particle density was determined with the help of
a pycometer following the principle of Robitaille and Tremblay

(1997). Angle of internal friction and cohesion were determined
using the consolidated undrained triaxial test.

3. Results

3.1. Soil morphology and structure

The morphologic characteristics of the studied profiles are
presented in table 1. The soil profile developed on trachyte (PT) at
an altitude of 1,965m at Santa, on a slope of 20°. The vegetation
type where the well was dug is Sudan savannah, with cattle rear-
ing as the main activity. This profile has horizons O, A, B and C.
The O (0-25cm) horizon is gray in colour (N6/6), highly rooted,
granular, moderate grade, and medium grain sizes with a loam
texture. Its contact with the underlying horizon is diffuse. A (25-
75cm Horizon) is reddish gray in colour (10R6/6/1) with white
(N8/8/1) patches, roots are absent here, the grade of the soil here is
weak, the soil is granular, the grain sizes are fine grained, the tex-
ture is loamy, its contact with the lower horizon is diffuse. The B
(75-160cm) Horizon is yellow in colour (10YR8/8), within this
horizon are very dark brown (10YR2/2) and light red (10R7/8)
particles disseminated within the horizon, the grade of the soil is
moderate with well-formed distinct aggregates. The grains size is
fine, with and blocky in shape. The texture is loam and clay. Its
transition to the next horizon is distinct. However, it has some
patches of isalterite white colour (2.5Y8/1) material. Horizon C
(160-500cm) is the isalterite layer, with a white colour (2.5Y8/1)
to very pale brown (10YR8/4) with relics of the parent rock still
observed. The grade is strong with shape of aggregates being
blocky, its grain sizes are medium to fine grain, and it has a loamy
sand texture (Fig.1A). In this profile four soil samples were col-
lected for analysis: TAL, TB1, TC, and TC2 as well as the parent
rock.

Table 1: Characteristic of Soil Samples from Developed Pedon on the Bamenda Mountain

Pedon Horizon sample Sampling depth (cm) colour Textural class structure
A RA1 20 7.5YRG6/3 (brown) Loam Strong aggregates
PR g RA2 70 7.5Y16/2 (pinkish gray) Loam Strong aggregates
S BC RBC1 150 10YR/7/8 (yellow) Silty Strong aggregates
T RBC2 200 5YR6/3 (light reddish brown) Silty sand Strong aggregates
° A TAl 50 10R6/1 (reddish gray) loam Regular, moderate grade
PT s B TB1 120 10YR/8/8 (yellow) loam Regular, weak grade
S ¢ TC1 300 7.5YR/8/6, (reddish yellow) Loamy sand Strong grade
= TC2 315 10YR2/2 (very dark brown) Loamy sand Strong grade, blocky
A BA1 60 5YR5/6 (yellowish red) Silty loam Weak aggregate
PB § B BB1 170 2.5Y8/8 (yellow) Sandy loam No agrregates
m C BC1 200 2.5Y7/3 (pale yellow) Sandy loam Strong grade

The PB profile developed on basalt at an altitude of 1,565m at
Awing, on a slope of 1°. The vegetation where the well was dug is
anthropogenized, with some fruit trees and cash crops. This profile
was 3m deep presenting a complete profile with Horizons O, A, B
and C. O (0-20cm) Horizon, is the organic layer and is character-
ized by the presence of plant remains with dark gray colour
(5YRA4/1). The grade of the soil here is weak, with poorly formed
aggregates. This layer has a high concentration of roots its limit
with the underlying horizon is distinct. A (20-140cm) Horizon has
a yellowish red colour (5YR5/6) and is rooted. Its grade is strong
with distinct cloth of aggregates observed. The shape of the ag-
gregates is granular and the grain sizes are medium to fine. The
soil has a silty loam texture; its limit with the next horizon is dis-
tinct. B (140-180cm) Horizon is yellowish in colour (2.5Y8/8),
with some dark inclusions (2.5Y/2.5/1). Roots are completely
absent within this layer. The grade of the soil here has no aggre-
gates, and is massive. The shape of the grains is massive, with
medium grain sizes. Its limit is distinct with the next horizon and
it has a sandy loam texture. The C (180-300cm) Horizon is the
isalterite layer, with relics of parent rock observed. It presents
varied colours from red (2.5YR/5/8), yellow (2.5Y8/8) to gray
(2.5Y/6/1) and the grain sizes are medium grain. The grade is

strong with aggregates of parent rock within this profile. In this
profile, three soil samples were collected for analyses which were;
BA1, BB1 and BC1 as well as the parent rock (Fig.1B).

The PR profile developed on rhyolite at an altitude of 1,665.m at
Awing on a slope of 15° the profile is complete made up of
horizons; O, A, B and C. The vegetation in the area is the savanah
savanah. The horizon O (0-10cm), light brownish gray in colour
(2.5Y6/2) and rooted. It is granular, with weak grade of
aggregates. The gain sizes are fine grained, with a heavy loam
texture, its limit with the next horizon is indistinct. Horizon A (10-
90cm) is light brwon in colour (7.5YR6/3) and is not rooted, the
grade of aggregation is weak, its limits are indsitinct. The BC
horizon (90-300cm) is a mixture of the B and C horizon with
accumulation of clayey materials and weathered products still
beraring structures of the parent rock; this horizon is light reddish
brown (5YR5/8) to whitish (2.5Y8/1) in colour with lenses (along
joints in parent material) of yellow (10YR/7/8) accumulations. It
is has a strong grade as the soils adhere weakly to one another
when disturbed, the shape of the aggregates are prismatic. The
texture is clayey, with very fine grains.The structures of the parent
materials are well preserved. It also has strong grade of aggregates
and shape of grains is primatic. In this profile, four soil samples
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were collected namely; RAL, RA2, RBC1 and RBC2 as well as
the parent rock (Fig.1C).
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Fig. 1: Soil Profiles from the Bamenda Mountain (A) PT Profile (B) PB Profile (C) PR Profile.

3.2. Soil geochemistry
3.2.1. Levels and distribution of major elements

The concentrations of the analyzed major oxides are presented in
table 2. Within all the studied profiles, the LOI of the soil samples
are significantly high (11.25-20.7%) relative to the parent rocks
(0.87-2.95) with soil samples developed on basalt presenting the
highest values. The concentration of SiO2 reduces from the parent
rock to the soils in all the soil profiles. In soils on basalt, SiO2
content increases from BC1 phase towards the surface, with values
ranging from (9.57-17.4%) relative to the other soil profiles. In
soils developed on rhyolite, SiOz is less leached; it reduces from
the rock to the RBC phases before increasing in the RA phases
with values of 52.3-55.6%. In soils developed on trachyte, SiO2
content reduces from the parent rock to the TB1 phase (38.9%),
before increasing in the TA1 phase close to the surface (49.5%).
The concentration of SiO2 remains high in soils on rhyolite and

trachyte relative to those on basalt. The concentration of Al2Ozand
Fe20s3 are the highest in all the soil profiles relative to the other
major elements and increase from the parent rock to the soil phas-
es, with Al20s more abundant than Fe2Osin the soil. The concen-
tration of these elements is highest in soils developed on basalt,
with values of Al2Os and Fe203 of 30.4% and 29.7% respectively.
In soils on rhyolites, Al203 increases from the parent rock up to
the RBC1 phase (30.3%) before reducing in the RA phases
(26.2%). In soils on trachyte, Al2Os increases from parent rock to
the TC2 phase (25.5%) before reducing in the TB1 phase (15%)
and increase again TAL phase (25.5%) close to the surface. The
concentrations of Fe20s is highest in soils on basalt (29.7%) rela-
tive to those on rhyolite and trachyte (7.7 and 9.26%) respectively.
However, in the TB1 phase the concentration of Fe2O3 increases
abruptly (23.9) and reduces again towards the TAL phase (7.18 %)
close to the surface

Table 2: Major Elements Oxides and Weathering Indices of the Bamenda Mountain

Profile PB Profile PR Profile PT
Horizon Horizon Horizon . . . Horizon Horizon
BC B A Horizon BC Horizon A Horizon C B A
RBC RBC

Elements B0l BC1 BB1 BA1l ROL A RA2 RAl1 SAK TC2 TCl1 TB1 TAL
SiO, 41.7 9.57 16.2 17.4 69.3 55.6 47.4 55.8 52.3 63.4  48.7 50.4 38.9 49.5
Al,O; 23'7 28.3 30.3 30.4 15.2 26 30.3 26.2 27.8 15.2 255 22.8 19 25
Fe,0s 14.4 29.7 27.1 23.7 4.6 5.58 7.36 6.29 1.7 5.92 7.54 9.26 23.9 7.18
CaO 10.6 0.01 0.03 0.05 0.35 0.02 0.01 0.02 0.01 1.41 0.15 0.1 0.02 0.03
MgO 7.87 0.54 0.28 0.29 0.02 0.01 0.02 0.01 0.02 0.22 0.18 0.08 0.07 0.1
Na,O 2.25 0.01 0.01 0.02 4.75 0.02 0.01 0.02 0.03 5.63 0.98 1.03 0.82 0.82
K,0 1.37 0.06 0.13 0.17 5.81 0.42 0.57 0.32 0.28 4,96 0.78 0.78 0.62 0.64
TiO, 4 9.88 5.77 6.05 0.21 0.46 0.52 0.46 0.44 0.45 1.27 1.15 1.24 1.21
MnO 0.28 0.28 0.36 0.14 0.01 0.03 0.14 0.08 0.06 0.19 0.02 0.68 0.11 0.19
P,Os 0.65 0.97 0.19 0.26 0.02 0.03 0.03 0.03 0.02 0.09 0.15 0.1 0.21 0.13
Lol 295 195 19.4 20.7 087 1125 137 él's é2'4 225 1575 136 145 14.8
Total 100. 98.92 99.84 99.26 101. 100 101.2  100. 101. 99.8 101.0 100 99.4 99.62
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1 2
SIOJALO 5343 (34 0.53 0.57 456 214
3

29203’ K 10'5 495.00 208.46 139.41 079 13.29
TRB 32'0 0.62 0.45 053 ;0'9 0.47
Ba- 68.7 54.6

RO 0.91 071 0.88 > 1.47
cIw 52 7273 74.07 7411 748 9860
CIA 72.62 73.83 73.80 31'8 97.05
Icv 297 143 111 1.00 104 025
s 148 017 0.28 0.32 350 176

8 1 13

156 213 188 417 191 221 205 1.98

1200 196 215 449 947 118 555 11.22
6 0 7

061 037 034 ;2'2 209 199 153 159

160 112 095 26'6 609 599 347 4.76
986 986 683 903

gggz 06 WO B3 g3 303 G50 ore

97.02 27'4 27'6 28'1 88.94 27'6 86.96 89.70

028 027 031 124 043 057 141 0.41

126 172 147 300 147 157 091 154

The concentrations of CaO, K20, Na.0 and MgO are lowest in all
the soil phases relative to their parent rocks. In soils on basalt,
these alkaline and alkali-earth elements concentrations drop from
the rocks to the soil phases CaO (10.6-0.1%), MgO (7.87-0.28%),
Naz20 (2.25-0.01%) and K20 (1.17-0.06%). In soils on rhyolite
and trachyte, the concentrations of CaO (0.35%) and MgO
(0.02%) are relatively low and are completely removed in the
soils, while K20 and NazO are relatively higher in these profiles
and also are depleted in the soils as we move towards the surface.
The behaviour of TiO2, MnO and P20s are similar. In soils on
basalts, the concentration of TiOz increases from the parent rock
in the BC1 phase (4-9.88%) before dropping as we move up the
profile. TiOz concentration in soils on rhyolite and trachyte remain
very low and present only a slight increase from the parent rock to
the soils with values ranging from 0.45-1.15%. The trend in

MnO and P20s are similar and remain very low in all the profiles.
Their concentrations are slightly higher in soils on basalt profile
relative to the others. The highest concentration of P20s (0.97%) is

registered in the BC1 phase while that of MnO (0.68%) in the TC1
phase.

3.2.2. Levels and distribution of trace elements

The concentrations of the analyzed trace elements are presented in
table 3. The concentration of trace elements vary from one profile
to another, in soils developed on basalt, the concentrations of trace
elements can be grouped into; (1) Elements whose concentration
increases and reduces from the rock to the soils phases, they in-
clude; V, Zr, Cr, Nb, Rb, Ga and Hf. (2) Elements whose concen-
tration remain fairly constant they include; Y, W, Cs Ta Snand Th
and (3) Element whose concentration reduces from the rock to the
soil matrix, they include; Ba and Sr. The most abundant trace
elements in soil on basalt in order of decreasing abundance are;
Zr: 773, V: 654, Cr: 470, Ba: 265, Nb: 146.

Table 3: Trace and REE Content of Soils from the Bamenda Mountain

Profile PB Profile PR Profile PT
Hori- . . . .
Hori- Hori- . . . Hori- Hori-
éog 70n B 70n A Horizon BC Horizon A Horizon C 70n B T /A
Fres Fres
Elements h BC1I BBI  BAl 'esh RBC O RBC o0 par h TC2 TCl  TBL  TAL
rock 2 1
rock rock
Ba 696 265 186 140 777 34 815 80 736 265 114 737 1195 207
cr 260 470 330 350 10 <10 10 <10 10 10 10 <10 10 10
Cs 039 065 18 172 058 051 035 06 064 017 132 028 015 029
Ga 196 451 484 471 447 71 825 747 726 279 866 783 774 856
Hf 51 145 181 17 22 482 547 484 448 118 553 522 54 542
Nb 573 146 137 135 156 314 343 314 291 é”' 498 475 458 459
Rb 261 43 128 103 1515 148 187 123 117 588 158 86 54 7
Sn 2 5 6 6 5 1 11 10 1 8 15 13 13 13
sr 325 186 30 36 10 39 29 29 41 755 12 102 23 41
Ta 33 92 83 8.1 88 185 193 182 168 69 309 29 294 286
Th 371 1215 215 214 255 491 538 472 459 926 398 401 355  40.2
£ U 091 269 55 505 377 682 899 758 707 263 118 432 712 549
g \Y 309 654 522 476 <5 <5 <5 <5 <5 21 <5 <5 <5 <5
3 W 1 2 3 3 2 5 5 6 10 1 10 9 9 8
8 v 266 338 433 348 363 385 296 158 141 402 637 474 467 523
g zr 213 585 773 721 881 1940 2220 1915 1785 566 2520 2370 2320 2400
La 388 898 799 563 1815 977 1310 794 632 757 1330 793 872 1220
Ce 801 1845 556 238 582 570 646 477 617 és“' 707 354 1955 589
Pr 103 202 1815 1415 315 1985 265 181 1505 17.9 321 183 1975 282
Nd 44 75 705 565 1045 710 954 656 551  69.7 1240 704 756 1075
Sm 895 1605 1435 125 153 137 163 929 744 125 224 1295 128 176
Eu 299 458 353 325 111 149 159 679 544 463 641 401 384 499
o Gd 782 1215 112 953 947 1385 1185 501 40 103 189 1225 1155 148
5 T 109 203 173 153 101 1855 14 622 529 15 256 1735 1625 197
& Dy 604 1125 974 858 437 892 694 346 311 825 1345 94 89.6 1045
o Ho 105 199 183 159 624 1445 119 666 607 152 235 173 1675 19.2
E Er 269 53 517 423 1315 33 289 182 1625 396 567 433 431 467
o Tm 032 075 074 062 156 403 39 254 229 059 684 557 561 6
g b 180 471 49 43 934 226 24 1585 143 36 37 321 326 342
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Lu 028 0.64 0.69 0.61 1.37 3.48 3.63 2.45 2.15 0.52 5.17 4.59 4.72 4.93
206. 4101. 2931. 3628. 2344, 2147. 365. 4364. 2540.

>REE 3 429.0 778.4 411.7 3 5 1 3 8 5 4 3 25115 3775.1
185. 3921. 2607. 3353. 2207. 2030. 334. 3886. 2203.

>LREE 1 390.1 742.4 380.7 1 4 9 7 3 9 1 6 2187.4 3391.9

>HREE 21.2 388 36.0 31.0 180.2 3238 2742 1366 1175 30.2 4783 336.7 3241 383.2

E]E“REE/ZHR 8.7 10.0 20.6 12.3 21.8 8.1 12.2 16.2 17.3 111 81 6.5 6.7 8.9

Eu/Eu* 11 1.0 0.9 0.9 0.3 0.3 04 0.3 0.3 1.3 1.0 1.0 1.0 1.0

LaN/YbN 140 13.0 11.1 8.9 132.3 294 37.2 34.1 30.1 143 245 16.8 18.2 24.3

In soil developed on rhyolite, the behaviour and concentration of
the elements are groups into; (1) Elements whose concentration
increases and reduces from the rock to the soil phases, they in-
clude: Ga, Hf, Nb, Ta, Sn, Th, U, Zr. (2) Elements whose concen-
tration reduce and increase from the rock to the soil, they include;
Ba, Rb, Srand Y. (3) Elements whose concentration remain fairly
constant from the rock to the soils, they include; Cr, Cs and V.
The most abundant trace elements in this profile in decreasing
abundance are; Zr: 2220, Y: 385, Rb: 343, Ga: 82.5, Ba: 81.5, Hf:
54.7, Th: 53.8.

In soils developed on trachyte, elements are also grouped as fol-
lows: (1) Elements whose concentration increases and decreases
from the rock to the soils they include: Ta, Ga, Nb, Zr, Hf, Sn, Th,
U, and Y; (2) Elements whose concentration reduces and increases
from the rock to the soil; they include; Ba, Rb, Sr and Va; (3)
Elements whose concentration remain fairly constant from rock to
soil, they include; Cr, Cs and W. The most abundant trace ele-
ments in this profile in order of decreasing abundance are: Zr:
2520, Ba: 737, Y; 637, Nb: 498, Ga: 86.5, Th: 40.1, Ta: 30.9.

3.2.3. Behaviour of REE

The concentrations of the analysed REEs are presented in table 3,
the spider diagram of the analysed trace elements are presented in
Fig.2. The behaviour of REE in the soils also varies from one
profile to another. In soils developed on basalt, the concentration
of Y REE is the lowest relative to the others. In this soil profile, the
soil phases are more enriched in REE from the parent rock to the
BB1 phase (778.4) before decreasing at BA1 phase (411.7) at the

surface. Y HREE remain very low in the soil phases with highest
values of 38.8. The most abundant LREE in this profile is Ce
(556) in the BB1 phase, followed by La (89.8ppm) in the BC1
phase and Nd (75) in the BC1 phase. In soils developed on rhyo-
lite, the concentration of Y REE and Y LREE alternately decrease
and increase from the parent rock to the surface. The LREE vary
from 3,353.9 in the RBC2 phase to 2,030.3 in the RA1 phase.
YHREE remain very low in this profile and slightly increase from
the soil up to RBC1 phase before reducing to the surface. The
most abundant LREE is La (1310), Nd (954) and Ce (646) all in
the BC1 phase. In soils developed on trachyte, the concentration
of REE and Y LREE have a similar trend and all increase in the
soil TC2 before decreasing to TB1 phase and finally increase
again in the TAl phase. LREE here vary from 3,886 to 2,187.
HREE are also low in this profile and has a similar trend as the
LREE. The most abundant LREE here are La (1,330), Nd (1,240)
and Ce (707) all in the TC2 phase. The REE fractionation index
ranges from 6.1 in soils on trachyte to 20.6 in soils on basalt. The
Eu/Eu* values also range from 0.9 to 1.0. (La/'Yb)N values range
from 11.1 in BB1 phase to 37.2 in the RBC1 phase in soils on
rhyolite. The normalized pattern for the REE normalized on CI
chondrite indicates a decrease in concentration from LREE to
HREE. The patterns of samples developed on basalt are collinear
but, BB1 and BAL1 phases show a positive Ce anomaly. PR and PT
soils also present a collinear pattern, both present a negative
anomaly in Ce in all the soil phases, but only soils developed on
rhyolite show a negative Eu anomaly.

10000 -
—o—TA1
1000 A ——B01
——BC1
—>—BB1
100 ~
== BA1l
—&—PRO
10 - L
=t RBC
2
1 T T T T T T T T T T T T T 1
la C¢e Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 2: Spider Diagram Diagram for REE Element Composition of Soils Samples (Boynton 1984).

3.2.4. Weathering indices

The molar ratio Ki = SiO2/Al203 of the soils decrease abruptly
from the fresh rock to the soil phases in all the 3 profiles. The
lowest Ki values (0.34-0.57%) are registered in soils developed on

basalt. From the weathering indices of the soils, Ki=SiO2/Al.03
which indicates the silica leaching intensity indicates silica is
highly leached in soils on basalt (0.34-3.57), while in soils on
rhyolite and trachyte Ki=1.56-2.21, this indicates low leaching of
silica in this environment and thus reinforcement of the presence
of 2:1 clays (Tematio et al. 2012). The molar ratio of Fe203/K20,
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presents a very clear contrast in soils on basalt with very high
values, the highest (495) registered in the BC1 phase and this val-
ue decreases as we move towards the surface 139.41%. Converse-
ly this ratio remains very low in the soils on rhyolite and trachyte
with values ranging from 11.9-38.5%. These high values can be
attributed to the presence of primary minerals such as olivine and
pyroxenes in the basalt. Increase in Fe2O3 results from chemical
weathering in an oxidizing environment (Birkeland 1984). The
weathering indices increase in the soil, thus indicating intense
chemical weathering in this environment.

The ratio of Bases/R203 drops significantly from parent rocks to
soils in all the soil profiles, with only soil samples on trachyte
presenting values >3. The relatively low values of Bases/R20s3
(0.71-6.09) in all the soil phases in the profiles highlights intense
leaching of alkaline and alkali-earth elements in this environment
(Schroeder et al. 2000). This value increases with depth due to the
mobility of these elements. This can also be attributed to intense
chemical weathering in tropical environments. CIA and CIW pre-
sent similar trends in all the profiles, with CIA values higher than
CIW. Their values increase from the parent rock to the soils and as
one move towards the surface. Soils developed on basalt has the
lowest CIW (72.73-74.11) and CIA (72.62-73.84) values. The
highest values in CIW (98.61-98.8) and CIA (97.1-97.68) are
registered in soils on rhyolite. The very high values in CIW and
CIA indicates an advance to extreme chemical weathering in this
environment, with soil on rhyolite being the most highly weath-
ered followed by those on trachyte and finally those on basalts.
TRB is significantly low in all the soil profiles pointing to the fact
that the basic cation are easily dissolved and leached in this envi-
ronment (Herbillon 1988), corroborating intense chemical weath-
ering. The ICV in all the soil profiles is lower than that of the
parent rock. The ICV in soils developed on basalts (1.0-1.4) is
higher indicating these soils are young and immature than those
produced on trachytes (0.25-0.31) and rhyolites (0.41-0.5) relating
to greater chemical weathering and the presence of higher clay
content in the soils (Cox et al. 1995). The Silica/sesquioxide ratio
(S) is low in the soils developed on basalts thus indicating a leach-
ing of SiO2 in soils developed on basalt, while soils developed on
trachyte (PT) and on rhyolite (PR), have higher values thus indi-
cating lesser leaching of SiOz. This is evidence of warm and wet
soil-forming processes of ferrallitization at moderate pH, in tropi-
cal environments (Retallack 2001).

3.2.5. Chemical mass balance

Enrichment-depletion of the elements in the soil profile was done
using the enrichment factors (EF) (table 4). Elements with EF>1.0
are referred to as enriched while EF<1.0 are referred to as deplet-
ed. Major and trace elements in various soil phases are grouped

into enriched (EF=1.0), depleted (EF < 1.0) or alternately en-
riched-depleted (EF+1.0) elements (Table 4). In the PB profile,
SiOz is highly depleted in the soil phases with maximum EFsi =
0.3. Al and Fe are slightly depleted before being enriched upward
the profile, with EFa=1.5 and EFre=1.3. In the PR and PT pro-
files, Al and Fe are depleted in all the soil phases except for TB1
phase with EFa=1.5. Ca, Mg, Na and K are almost completely
depleted as weathering takes place, with EF values ranging from
0-0.1. Mn, Cr and P are also depleted in the soil phases from the
rock to the soil phases for all the soils profiles. In soil on basalt,
trace elements are highly depleted in all the soil phases, with
EF=<0.5. Ba, Rb, Sr and Cr are slightly depleted, while elements
like Cs, Ga, Nd and V are slightly depleted in the BC1 soil phase
before being enriched in the other phases. Nd is alternatively de-
pleted and enriched in the soil. The most enriched elements are in
the BB1 soil phases which are: EFu=4.2, EFth= 4, EFcs=3.3 and
EFni=2.5, EFsn=2.01, EF1.=1.74, EFw=2.07, EFvy=1.13,
EFz=2.52. Depleted elements are: Ba=0.2, Cr0.7, and Rb=0.4.

In soil on rhyolite, Si is depleted in the various soils phases from
the rock to the soil phases, with maximum values of EFsi=0.4. Al
and Fe are slightly depleted in this profile, however, they remain
the most abundant, with values EFa=0.9 and EFre=0.8. These
elements are enriched up the profile. Ca, Mg, Na and K are highly
depleted in this profile; however, the rate of depletion in Mg is
less than that of the other elements. Cr and P are depleted in this
profile and Mn is enriched with EFmn= 5.7 registered in the RBC1
phase.

Regarding trace elements, Enriched elements are EFn=2.1, EF-
Ba=1, EFcr=1.05, EFca=1.7, EFnp=2.0, EFw=1.4, EFz=1, EFsn=2.4,
EFta=1.9, EFm=1.9, EFcs=1.2, EFnv=2.0, EFsn=1, EFvy=1.4,
EFz=1. Depleted elements are EFcr=0.4, EFa=0.2, EFcs=0.7 and
EFrp=0.04, EFs=0.2, EFu=0.8, EFv=0.5.

In soil on trachyte, Si is highly depleted from the rock to the soil
with EFsi=0.3. Al are also depleted in these soils from the rock to
the soil phases EFai=0.6, though Fe is depleted in this profile, it is
enriched in the TB1 phase EFre=1.5. Ca, Mg, Na and K are highly
depleted with maximum values of EFmg=0.3. Cr and P are also
depleted in all the soil phases. Mn is also enriched in the TC1
phase EFmn=1.4.

Enriched trace elements are: EFcs=2.8, EFca=1.1, EFn=1.7,
EFnb=1.7, EFsn=1.8, EFta=1.6, EFu=1.6, EFv=5.6, EFw=3.5,
EFz=1.6, EFtn=1.7. Depleted elements are; EFga=0.02, EFc=0.4,
EFrb=0.1and EFv=0.01.

Generally, incompatible trace elements are more enriched in the
soil phases than compatible and major elements, with Mn (5.7)
being the most enriched element in the soil.

Table 4: Major and Trace Element Balance

Profile PB developed on basalt

Profile PR developed on rhyolite

Profile PT developed on trachyte

ggrlzon ISOFIZOH Eorlzon Horizon BC Horizon A Horizon C gorlzon :orlzon
Parent gy BB1 BAL Parent  ppco RBCI RA2 RAL FAM oo Te1 TBL TAL
rock rock rock
sio, 1.0 01 03 03 10 04 03 04 04 10 03 03 02 0.3
ALO; 1.0 0.8 15 15 10 08 08 08 09 10 06 06 05 0.6
Fe,0; 1.0 0.8 13 11 1.0 06 06 06 08 10 05 06 15 05
Ca0 10 0.0 0.0 0.0 10 00 00 00 00 10 00 00 00 0.0
s MgO 10 0.0 0.0 0.0 10 02 04 02 05 10 03 01 01 0.2
S NaO 10 0.0 0.0 0.0 1.0 00 00 00 00 10 01 01 01 0.1
E KO 10 0.0 01 0.1 10 00 00 00 00 10 01 01 00 0.0
T Cro; 10 0.7 0.9 0.8 1.0 05 04 05 05 10 04 04 04 0.4
& Mo 10 0.4 0.9 0.3 1.0 14 57 37 29 10 00 14 02 0.4
€ pos 10 0.6 0.2 03 10 07 06 07 05 10 06 04 08 05
Ba 10 0.2 0.2 01 1.0 02 04 05 10 10 00 02 00 0.0
cr 10 0.7 0.9 0.9 10 05 04 05 10 10 04 04 04 0.4
2 cs 10 0.7 33 29 1.0 04 02 05 12 10 28 06 03 0.6
€ Ga 10 0.9 17 16 10 07 07 08 17 10 11 11 10 11
S KW 10 12 25 22 1.0 10 10 10 21 10 17 17 17 17
8 Nb 10 1.0 17 16 10 09 09 09 20 10 15 16 14 15
E Nd 10 0.7 11 0.8 1.0 03 04 03 06 10 63 40 39 5.7
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Rb 1.0 0.1 0.3 0.3 1.0 0.0
Sn 1.0 1.0 2.1 2.0 1.0 1.0
Sr 1.0 0.0 0.0 0.0 1.0 0.2
Ta 1.0 11 1.7 1.6 1.0 1.0
Th 1.0 13 4.0 3.8 1.0 0.9
U 1.0 1.2 4.2 3.7 1.0 0.8
\Y% 1.0 0.9 12 1.0 1.0 0.5
W 1.0 0.8 2.1 2.0 1.0 1.1

0.0 0.0 0.1 1.0 0.1 0.1 0.0 0.0
0.9 0.9 2.3 1.0 1.8 1.7 1.6 1.6
0.1 0.1 0.4 1.0 0.0 0.0 0.0 0.0
0.9 0.9 2.0 1.0 1.6 1.6 15 15
0.9 0.8 1.9 1.0 15 1.7 14 1.6
1.0 0.9 2.0 1.0 1.6 0.6 1.0 0.8
0.4 0.5 1.0 1.0 0.1 0.1 0.1 0.1
1.0 1.4 5.2 1.0 3.5 3.5 3.3 3.0

3.3. Geotechnical characterization of soils

Within each well, disturbed and undisturbed soil samples were
collected at 1m interval. Within soils developed on basalt, samples
collected were denoted: {(PB01, PB02, PB03 and PB04); for soils
on trachyte: {(PTO1, PT02, PT03 and PT04) and those on rhyolite:
{PR01, PRO2, PR0O3 and PR04}. The results of particle size analy-
sis obtained from wet/dry sieving and sedimentation tests are
summarized in Table 5. Globally the percentage of gravel is very
low for all the samples averaging 0.6%, followed by clays with
approximately 16%. Most of the soil particles fall within the sand
and silt domain, accounting for 39 and 43% percent of the particle
sizes respectively. Relatively, silts are most abundant in samples
on basalt and rhyolite, while sand is most abundant in soil devel-
oped on trachyte.

Table 5: Percentage Distribution of Grain Sizes in the Three Profiles

Sample  DEPth gra"e' Sand2>®  Silt0.02>® Clay &
(m) I — >0.02mm >0.002mm <0.002mm

PROL 1 03 20.6 58.6 205
PRO2 2 0.2 17.7 60.4 21.7
PRO3 3 02 19.7 59.9 20.2
PRO4 4 03 21 59.2 195
PTOl 1 2.4 53.1 316 12.9
PTO2 2 07 55.8 321 11.4
PTO3 3 03 483 37.7 13.7
PTO4 4 0.9 73 18.6 75
PBOL 1 0.9 432 35.7 20.2
PBO2 2 04 33.9 46.2 195
PBO3 3 04 321 51.6 15.9
PBO4 4 07 35.4 405 23.4

The particle size distribution curve does not show any significant
difference in grading with increasing depth from 1 to 4m in all the
profiles. These soil samples present a wide range of particle sizes
and are thus well graded. Samples PTO1 to PTO3 show a similar
pattern and are well graded, while sample PT04 presents a gap
grading.

The methylene absorption test values for soils developed on rhyo-
lite indicates clay content increases with increasing depth from 1
to 4m, ranging from silty - clayey - very clayey soils (Table 6).
Soils on trachyte have MBV values between 2 and 3.87 and fall
within the silty — silty clay soils domain. The clay content also
increases with depth. For soil on basalt, clay content does not
increase with depth but remain fairly constant and fall within the
very clayey soil domain. The amount of clay is lowest for soils on
trachyte, its amount increases with depth. This is followed by soil
on basalt whose value remains fairly constant with increasing
depth from at 1 to 4m. Soil on rhyolite, has the highest amount of
clay and it increases with increasing depth from at 1 to 4m.

The physical parameters of the studied samples are presented in
table 7. Liquid limit (LL) shows a progressive increase in soil
samples from PRO1 to PRO3 with increasing depth from 1 to 3
meters, however, at 4m the water content drops. The LL for soil
on trachyte shows a slight increase with depth and reduces slightly
from 3 to 4m. Soil on basalt increases from 1 to 2m and remains
fairly constant with increasing depth. The plastic limit (PL) for all
the soil samples shows a similar trend with increasing depth. The
PL increases with increasing depth up to 3m and then at 4m depth.
Soil on trachyte presents the highest PL relative to the others.
Plastic limit is highest for soil on trachyte and does not show any
significant difference in values with increasing depth. This is fol-

lowed by soils on rhyolite, with no significant difference with
increasing depth. Soil on basalt has an irregular trend but lower
than the other soil samples. Its values increases at depth of 1-2m,
then reduces at 3m and significantly increase 4m.

Plasticity index (PI) it is an indicator of how much water the soil
particles in the specimen can absorb. In soil samples PR increases
slightly at m up to 3m and drops slightly at 4m. Soils on trachyte,
Pl decrease at 1 to 3m and increase slightly at 4m. A soil on basalt
present the lowest PI values and increases slightly at 1 to 2m and
drops at 3m and finally increase at 4m. All the soil samples fall
within the less plastic domain, and moderately plastic following
the degree of plasticity.

The consistency index values is highest at 1m for soil on basalt,
and reduces at 2m, then increase and finally at 4m Ic is at its low-
est. Soil on rhyolite has the highest values relative to all the other
soils samples and decreases from 1 to 2m and increases at 3m
before slightly dropping at 4m. The Ic is lowest for soil on tra-
chyte and decreases with increasing depth from 1 to 4m.

The water content is highest for soil on trachyte followed by those
on basalt and rhyolite. The water content in soil on trachyte in-
creases with increasing depth up to 3m and then slightly reduces at
4 m. For soil on basalt, the water content at 1m is lowest and al-
ternately increases and reduces at 2m, 3m and 4m respectively. In
soil on rhyolite, water content is fairly constant doesn’t change
much with variation in depth.

The bulk and dry density shows a similar trend for all the soil
samples with increasing depth. The density of the soils is highest
for soils on basalt, followed by those on trachyte and rhyolite. For
soils on basalt, the density decreases with increasing depth up to
3m and increases at 4m. Soil on trachyte also follows the same
trend as those on basalt. Soil on rhyolite reduces at 1m to 2m and
then steadily increases with increasing depth.

The specific gravity is highest for soil on basalt and lowest for
soils on rhyolite. For soils on basalt, the sg is fairly constant from
1 to 3m and increases at 4m. In soil developed on trachyte, the sg
decreases from 1 to 2m and then remains fairly constant up to 4m.
Soils on rhyolite have fairly constant sg with increasing depth.

The porosity and void index shows a similar evolution for the soil
samples. For soil on rhyolite, both parameters increase from 1 to
2m and then decreases with increasing depth. For soils developed
on trachyte, these parameters decreases progressively with in-
creasing depth from 1 to 4m. While soil on basalt has the lowest
and highest values increasing with increasing depth.

Compacity is highest for soil on basalt at 1m and decreasing with
increasing depth at 4m where it is lowest. Soils on trachyte and
rhyolite show a gradual increase in compacity with increasing
depth from 1 to 4m. Soil on rhyolite show a fairly constant satura-
tion with increasing depth, while those on trachyte increases with
depth up to 3m and reduces at 4m. Soil on basalt increases from 1
to 2m and alternately reduces and increases at 3m 4m depth.

3.3.1. Cohesion and internal friction angle

The mechanical parameters determined for the soil on various
rock types are presented in table 8. These values indicate the soil
strength is low and can easily slide when subjected to shear stress.
Shear strength which is the maximum stress a material can with-
stand before it ruptures and deforms is determined by cohesion of
grains and friction between grains. The higher these values the
higher the shear strength of the soil. If slope angle is less than
friction angle, slope is stable and vice versa. The lower the value
of c the higher the @' value and the more unstable a slope is.
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4. Discussions

4.1. Weathering trends

From the weathering indices of the soils, (Ki=SiO2/Al203) silica is
highly leached in soils on basalt (0.34-3.57), while in soils on
rhyolite and trachyte (Ki=1.56-2.21). This indicates low leaching
of silica in this environment and thus reinforcement of the pres-
ence of 2:1 clays (Tematio et al. 2012). The relatively low value of
Bases/R203 (0.71-6.09) in all the phases in the profiles highlights
intense leaching of alkaline and alkali- earth elements in this envi-
ronment (Schroeder et al. 2000; Nesbitt et al. 1980). This value
increases with depth due to the mobility of these elements. The
low TRB in the soils point to the fact that the basic cation are easi-
ly dissolved and leached in this environment (Herbillon 1988),
corroborating intense chemical weathering.

The CIA (72.62- 97.8) and CIW (72.76-98.8) which are related to
the degree of weathering and is very high indicates advance to
extreme chemical weathering in this environment (Nesbitt and
Wilson 1992), with soils on rhyolite being the most highly weath-
ered followed by those on trachyte and finally those on basalts.
This lower CIA and CIW values indicates soils formed on basalt
have the predominance of primary minerals with ICV values >1
indicating these soils are young and immature (Di Figlia et al.
2007; Tijani et al. 2006; Caspari et al. 2006; Price and Velbel
2003). Soil formed on rhyolites have ICV values of 0.3 and those
on trachytes have ICV values of 0.4-0.5 thus indicating greater
chemical weathering and the presence of higher clay content in the
soils (Cox et al. 1995). From the ICV values, soils on basalt have
high clay content; while soils on rhyolite are predominantly made
up to kaolinite clays and soils on trachyte are made up of illites
(Nesbitt and Young 1982). The Silica/sesquioxide ratio (S) is low
in the soils developed on basalts thus indicating a leaching of SiO2
in these basic soils, while soils developed on trachyte and on rhyo-
lite, have higher values thus synonymous to lesser leaching of
SiOz. This is evidence of warm and wet soil-forming processes of
ferrallitization at moderate pH, in tropical environments (Retallack
2001). The SiO2/Al20s ratio has a value of 1-3 for soils developed
on trachyte and rhyolite which points to the predominance of 1:1
clays minerals in all the soil, thus suggesting bisiallitisation took
place in this environment (Wouatong et al. 2013; Birkeland 1999).
The lowest values of the TRB in the soils may be indicative of this
approximately complete weathering of primary minerals (Her-
billon 1989).

The Fe203/K20 is high in the soil relative to the rocks. This can be
attributed to the presence of primary minerals such as olivine and
pyroxenes in the basalt. Increase in Fe203 results from chemical
weathering in an oxidizing environment (Birkeland 1984). The
weathering indices increase in the soil, thus indicating intense
chemical weathering in this environment. SiO: is depleted in the
soils, this is due to the fact that it is normally present in excess in
the parent rock more than it is necessary to form the clay mineral
and therefore it always decrease with progressive weathering
(Birkeland 1984).

The increase in the Fe and Al content in the soils can be attributed
to the weathering of kaolinite and from primary minerals from the
rock (Lambiv Dzemua et al. 2011; Ndjigui et al. 2008; Dequencey
et al. 2002). The high concentration of REE in the soils can be
attributed to the influence of secondary mineral development on
the REE distribution during the weathering process. Strong posi-
tive Ce anomaly may be linked to oxidation of Ce3* to Ce** or
primary Ce** in residual zircon minerals because of its oxidation
ability, insolubility and stability in lateritic environments (Ndjigui
et al. 2008). The positive anomaly in Ce could be from the oxida-
tion of Ce® into Ce in the soil solution, which would be further
co-precipitated with Fe/Mn (hydroxides) and form CeO: or Ce
(OH) (Marker and De Oliveira 1990). These Ce species were in-
soluble and would be enriched in the soils' secondary minerals,
which consequently resulted in a positive Ce anomaly (Feng 2010;
Ohnuki et al. 2008). The negative Ce anomalies in soils on tra-

chyte and rhyolite show that Ce exists in trivalent form as other
REE®* (Kamgang et al. 2009; Ndjigui et al. 2009; Leybourne et al.
2000; Marsh 1991).

The enrichment of some elements in the soil phases could origi-
nate from the alteration of the basic, intermediary and acidic rocks
in the area. It may also be from relative enrichment during hydrol-
ysis in association with Fe-oxides (Singh et al. 2002) during which
poor rare metals accumulate due to poor leaching (Fouateu et al.
2006). It may also result from the slow and partial distribution of
the neosynthesis of secondary minerals through weathering (Singh
et al. 2002). It could also result from the intense biological activity
due to recycling process of metals by plants at the surface
(Kabata-Pendias 2001).

The strong Eu anomaly in the soils generated from trachyte and
rhyolite could be as a result of high temperatures and rainfall in
the environment which strengthened the mineral weathering and
element leaching which resulted in the formation and fractionation
of more active REEs (Chunying et al. 2016; Huang et al. 2008).
Positive Eu anomalies may have resulted from the substitution of
Eu with Sr. REE could have resulted from the accumulated of Fe-,
Al- and Mn-oxides with the accumulation of secondary minerals
of Fe-, Al- and Mn- oxides. In contrast to Eu, Ce shows a positive
anomaly in soils on basalt and a negative anomaly in those on
rhyolite and trachyte.

4.2. Geochemical transformations

The main process of soil formation on soils developed on basalt is
ferralitisaton; it involves intense weathering of primary and sec-
ondary minerals, followed by the leaching of alkaline and alkali-
earth elements and to a greater part of quartz with a mobilization
rate of (77%), with the accumulation of allumino-silicates like
kaolinite, aluminium hydroxides and Fe-oxides and hydroxides.
This process is also corroborated by the high weathering indices in
the soils and total leaching of alkaline and alkali-earth elements.
The composition of soils is modified during bedrock chemical
weathering (Di Figlia et al. 2007). It is usually characterized by
the progressive loss of the bases (CaO, MgO, Na20 and, K20),
enrichment of sesquioxides (Al20s, Fe:03 and TiO), and an in-
crease in water as indicated by the loss on ignition (LOI) (Tijani et
al. 2006). Chemical index of alteration (CIA) has been proposed
as a good indicator for the degree of weathering (Di Figlia et al.
2007; Caspari et al. 2006; Tijani et al. 2006; Price and Velbel
2003).

REE usually result from the parent rock and soil of which have
high REE (Berger et al. 2014) minerals with a high REE content
are more likely to control the REE signature of the parent rock as
well as the subsequent secondary minerals (Laveuf and Cornu
2009) including Fe- and Mn-oxides, are recognized as important
REE scavengers (Yusoff et al. 2013; Galan et al. 2007; Ohlander
et al. 1996) and can fractionate REEs through a variety of geo-
chemical processes, particularly surficial sorption (Sanematsu et
al. 2013; Lopez et al. 2007). REE behavior in surface soils is
closely related to interactions with secondary minerals, especially
geochemically active secondary minerals such as Fe-, Al-, and
Mn-oxides (Babechuk et al. 2014; Ndjigui et al. 2008). Further-
more, the distribution and fractionation of REEs are highly varia-
ble in different soils due to variations in secondary minerals
(Yusoff et al. 2013; Galan et al. 2007).

Negative Ce values are uncommon in soils and are encountered in
trachyte and rhyolites-here. This negative Ce anomaly has also
been recorded in weathered amphibolite products in the SW of
Eseka, with high Ce values (Bayiga et al. 2011). Leaching of alka-
lis elements is common in tropical humid environments with the
accumulation of Fe, and Al oxides. This tendency has also been
reported in other areas along the CVL (Tematio et al. 2012; 2009).
LREE are enriched in the soil phase here and is probably due to
enrichment from the parent rock (Braun et al. 1993).

4.3. Geotechnics
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Grain size distribution classes the grains into sand, silt and clays,
with most of the particle sizes predominantly silts. The nature of
the curve for all the samples covers a wide range of particle sizes,
indicating the soil is well graded (Terence 2011). However sample
PTO04 has a gap grading. The high amount of coarse particles in
the soil developed on trachyte can be as a result of the presence of
primary minerals in the rock such as; high silica content (63.4%)
in the weathered saprolite and unweathered particles of alkaline
feldspar. Conversely to Wouatong et al (2014) who suggest the
predominance of coarse particles in soils developed on trachyte
studied in Fongo-Tongo is due to a pronounced induration at this
profile level. The high clay content in rhyolite is as a result of
accumulation of clays minerals following high degree of weather-
ing in these rocks, with the presence of kaolinite due to their ICV
values of 0.3. Soil mineralogy influences the behaviour of soils as
it affects ion exchange, hydration and swelling, flocculation and
dispersion, preferential flow, barrier flows and chemical adsorp-
tion of contaminants and nutrients (Fell 2000). Most weathering
indices are indicative of high leaching intensity in the rocks. The
well graded nature of the samples in indicative of the fact that
weathering in the area in high and the profiles are shallow.

Soil samples developed on rhyolite has the highest clay content
which increases with depth. This indicates the nature of the soil
changes from silty clay soils to clayey soils according to the
methylene blue values chart. Soil samples developed on trachyte
have lower clay content and fall within the silty soil to the silty
clay soil domain. For soil developed on basalts clay content does
not increase with depth but remain fairly constant and fall within
the silty clay soil domain. The presence of clays in soils tent to
affects its structure, as aggregation creates intra-aggregate and
inter-aggregate pore space, thereby changing flow paths for water,
gases, solutes and pollutants (Fell 2000).

According to the Atterberg limits soils with a high value PI tend to
be clay, those with a lower Pl tend to be silt, and those with a PI
of 0 tend to have little or no silt or clay. According to the soil plas-
ticity soils developed on rhyolite, trachyte and basalt are moder-
ately plastic. This moderate plasticity can be attributed to the pres-
ence of clay and silt proportions in the soils.

From the activity one can predict the dominant clay type present
in a soil sample. High activity signifies large volume change when
wetted and high shrinkage when dried. Soils with high activity are
very reactive chemically. Normally the activity of clay is between
0.75 and 1.25, and in this range clay is called normal clay. It is
assumed that the plasticity index is approximately equal to the
clay fraction (A=1). When A is < 0.75, it is considered inactive,
when it is > 1.25, it is considered active. Consequently, soils de-
veloped on rhyolite and basalt has clays which are inactive, while
clays from soils developed on trachyte are active clays. The con-
sistency index permits us to situate the soil within the plastic limit
gauge and is a function of the ratio of the difference between the
liquid limit and the water content on the Plasticity index. The CI
of all the soil samples developed on rhyolite, trachyte and basalt
have values > 1 indicating they are plastic in nature. The presence
of plastic soils is evident of high clay content in these soils.
According to the liquidity index table, all the soil samples are < 0
and therefore have a solid or semi-solid state. Following the plas-
ticity index table, all soil samples fall in the less plastic domain.
The high water content in trachyte can be attributed to their high
activity. This therefore signifies large volume change when wetted
and large shrinkage when dried. These soils are therefore very
reactive chemically. The high density of the grains in on soils
developed on basalt can be attributed to the presence of ferromag-
nesian minerals in the rock like olivine and pyroxene which re-
leases Fe which react to form Fe-complexes in the soil. According
to Mc Roberts and Nixon (1976), the typical void ratios might be
0.3 for a dense, well graded granular soil and 1.5 for soft clay.
Therefore the soils identified in the study area are indicative of a
well graded granular soil. Due to the high void ratio, the soils tend
to be porous and retain water, thus increasing the weight of the
soil after heavy rains rendering it unstable.

4.4, Textural soil classification

Soil classification separates soils into classes or groups each hav-
ing similar characteristics and potentially similar behaviour. The
United State Department of Agriculture (USDA) textural classifi-
cation triangular chart (Fig.3) places the soils into the silty loam
soil for sample on rhyolite, while samples on trachyte and on bas-
alt are sandy loam soils. Further textural classification according
to the Agricultural classification system, with the gradation limits
of textural soil groups, classifies the soils as belonging to Group
1D (loams and silt loam) with a silt loam texture for soils on rhyo-
lite Group 1C (sandy loams), with a fine sandy loam texture for
samples on trachyte and Group 1D (loam and silt loams) with a
loam texture for samples on basalt.
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Fig. 3: United States Department of Agriculture Textural Classification
Triangular Chart.

The textural classification of the soils characterizes them as silty
loam, loam and sandy loam (Fig.4). This soil is mostly composed
of sand, silt and clay at a ratio of 40-40-20% by weight respective-
ly. These soils tend to hold water enough water and drain well and
are very good for agricultural purposes (Brown 2007).

According to the cassagrand’s plasticity chart of the USCS, these
soils are medium to high plasticity silts (Fig.4). This property
confers the soils the property to retain water and increase the bulk
density of the soil. The silty nature of the soils is due to minerals
in the rocks such as quartz and alkalis feldspars.
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Fig. 4: Casagrand’s Plasticity Chart for Soil Samples on the Bamenda
Mountain (Holtz And Kovacs 1981).
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5. Conclusion

Weathering indices indicate intense leaching in silica and alkaline
and alkaline earth elements, with an advance to extreme chemical
weathering in this environment. The main soil formation process
here is ferralitisation. The concentration of Al.Os and Fe2O3 are
the highest in all the soil profiles. Generally, incompatible trace
elements are more enriched in the soil phases than compatible and
major elements, with Mn (5.7) being the most enriched element in
the soil.

Grain size distribution show the abundance of silt (43%) and sand
(39%) particle and are well graded. Soils developed on rhyolite
have a very high methylene blue value compared to soil developed
on basalt and trachyte. Consistency and plasticity values indicate
these soils developed on the rock types are plastic to moderately
plastic. Texturally, these soils are silty loam, loam and sandy loam
soils. Porosity, void index and water content are high for the soil
samples. The cohesion for the soil samples is low <0.5bar and
angle of internal friction is high for some samples than the natural
slope.
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