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Abstract

This study investigates the toposequential development of duricrusts formed
on granite and gneiss in Meiganga, in the Adamawa Region of Central Came-
roon. The area lies within a tropical upland characterized by duricrust out-
crops. The methodology includes field investigations for duricrusts descrip-
tion and sampling for mineralogically and geochemically characterizations.
Eleven samples were collected including six on granite and five on gneiss. Four
main facies were identified: nodular and massive at both sites, vacuolar exclu-
sively on granite, and brecciated only on gneiss. The study reveals a toposequen-
tial differentiation of the duricrusts with high-altitude positions (1150 m) dis-
playing thick and mature duricrusts enriched in goethite and gibbsite, while
mid and lower slope sites (1000 - 1050) show less indurated and kaolinite-rich
materials. Geochemically, Fe,Os, the most important oxide, varied from
28.62% to 78.79%. It is followed by ALO; (3.06% - 32.6%). The SiO, contents
ranged from 0.95% to 22.48%. The alkali and alkaline earth elements are
mostly low (0.1%). Most important trace elements identified are Ba (5 - 1191
ppm), V (108 - 1118 ppm) and Zr (9.6 - 529.4 ppm). LREE are more concen-
trated than HREE: 459.57 ppm and 39.44 ppm for granitic duricrusts; 722.45
ppm and 54.86 ppm for gneissic materials. The high CIA and MIA values
(>99) confirm an intense duricrust weathering, leading to clay minerals devel-
opment through ferruginization, monosialitization, and allitization. These re-
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sults support a model of lateritic landscape evolution based on topography,
lithology, and climatic conditions, which favored the understanding of duri-
crust processes in general and those of Adamawa region in particular.

Keywords

Adamawa Highlands, Meiganga Locality, Duricrust Development,
Mineralogical and Geochemical Investigations, Crystallochemical
Phenomena

1. Introduction

Lateritic duricrusts play an important role in the landscapes of tropical Africa [1]-
[3]. They result from the physical and chemical rocks alteration, with the release
of less mobile chemical elements that need to recrystallize into indurated materials
rich in oxides and hydroxides of iron, aluminum, and sometimes manganese and
titanium [4]. These formations frequently display high concentrations of metals
and therefore can constitute economic resources for the development of countries
(5] [6].

Cameroon, located in an intertropical zone, has a diversity of climates ranging
from equatorial in the south to Sudano-Sahelian in the north and far north regions
[7]. This climatic variability, associated with rock properties, has an influence on
alteration processes. These lead to the mobilization and the concentration of
chemical elements on the Earth’s surface [8] [9], promoting the development of
duricrust materials. Several researchers have carried out detailed studies on mor-
phological, mineralogical, and geochemical features of duricrusts throughout
Cameroon, but most of them have been conducted in the western part of the coun-
try [8] [10] [11] and in the Adamawa region [12] [13]. Some of these studies have
provided important insights into the processes governing duricrust development
in tropical environments, highlighting the importance of topographical factors
[14].

These materials are therefore becoming potential resources that require further
investigations in order to deepen knowledge of them across the Adamawa region.
The southern part of Meiganga, located in the Adamawa region, rests on a crys-
talline basement mainly composed of granitic and gneiss rocks. The region dis-
plays a landscape of uplands with high plateaus, mid-slopes, and lower pediments,
offering a natural gradient for the spatial evolution of weathering products.

This study focuses on investigating the toposequential evolution of duricrusts
along this geomorphic gradient, aiming to identify the morphological, mineralog-
ical, and geochemical changes linked to their position on the landscape and un-
derlying lithology. The results should support regional models of landscape evo-
lution and provide insights into the climatic and geomorphological conditions

that shaped the current duricrust landforms in the Adamawa region.
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2. Materials and Methods
2.1. Study Area and Geological Settings

The study is carried out in Meiganga, located at latitudes 06°45' and 06°30' north
and longitudes 14°00' and 14°45' east (Figure 1). It is characterized by a Sudano-
Guinean climate, which is intermediate between the wetter south of Cameroon
and the relatively dry north, with two distinct seasons: a dry season from Novem-
ber to April and a rainy season from May to September. It has a Sudano-Guinean
climate, intermediate between the more humid south of Cameroon and the rela-
tively dry north, with two distinct seasons: a dry season from November to March
and a rainy season from April to October. Annual rainfall ranges from 1500 to
1700 mm. Depending on the climate, parent materials and topography, several
types of soils are found. They include ferruginous, ferralitic and hydromorph soils
[15] [16]. These soils support Sudano-Guinean savanna vegetation significantly
affected by human activities [17]. Three of the four major river basins in Came-
roon have their origin in Adamawa: The Atlantic basin, the Lake Chad basin, and
the Niger basin. The study area is traversed by some dendritic watercourses, in-
cluding permanent ones that often mark the limits of the lowlands. The region’s
orography is divided into two main units: one with altitudes between 1000 and
1100 m and the other with altitudes between 1100 and 1150 m.
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Figure 1. Location map of the study area. (a) Map of Cameroon in Africa; (b) Administra-
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tive map of Cameroon showing the study area in the Adamawa region; (c) Study area; (1)
Main Road; (2) Locality; (3) Level curve.

The geology (Figure 2) is based on a bedrock of metamorphic rocks and gran-
itoids of Pan-African orogenesis [18] [19], crossed by a series of major faults [20].

The volcanic activity in the region is probably associated with the Pan-African
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fractures affecting the northern, eastern, and southern areas of the Adamawa Plat-
eau [21]. The morphology of the highlands resulted from the complex tectonic
processes, combining uplifts and subsidence with intense magmatic activity. These
events, which occurred during the Mesozoic and Cenozoic eras, caused major
fractures in the Precambrian basement [21].
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Figure 2. Geological map. (1) Locality; (2) Gneissic formations; (3) Granitic formations.

2.2. Sampling and Methods

Both sites investigated are shown in Figure 3 which clearly indicates the two units
of altitude involved, consisting of eleven samples, six from granite (E06, E07, E08,
E09, E10 and E11) with altitude 1000 to 1100 m and five from gneiss (E01, E02,
E03, E04 and E05) with altitude 1100 to 1150 m. Sampling was carried out on the
basis of duricrust facies constituted of nodular, massive, vacuolar and brecciated,
coupled with their outcrops at hilltop (E04, E05, E06 and E07), at mid-slope (E03,
E08, E09 and E10), and at the bottom of the hill (E01, E02 and E11) depending on
whether the sample was taken from granite or gneiss. All the samples were ana-
lyzed mineralogically to identify the duricrust mineral phases and geochemically

to determine different minerals constituted (major, trace and rare earth elements).

2.3. Analytical Techniques

The sample preparation was carried out at the Mechanical Ore Preparation La-
boratory of the School of Geology and Mining of Meiganga. The mineralogical
analyses were conducted at the Soil Chemistry Laboratory of the University of
Johannesburg in South Africa. It was supplemented by geochemical analyses at
the Bureau Veritas Mineral Laboratory in Canada. During the sample processing,

the procedure uses a jaw crusher with steel plates. Subsequently, a ball mill was
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used to pulverize the samples. The fraction less than 100 pm was used for analysis.
The chondrite-normalized samples were implemented according to [22].
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Figure 3. Sampling map indicating the two sites of duricrust outcropping: (1) Locality; (2)

Level curve; (3) Sampling point; (4) Gneissic zone with 1000 to 1050 m of altitude; (5)
Granitic zone with 1100 to1150 m of altitude.

X-ray diffraction (XRD-100) was performed for mineralogical analysis. The
sample powders were ground with an agate mortar and pestle, and smear mounts
were prepared on low-background silicon discs for analysis. The samples were
analyzed with Co radiation at 40 kV and 45 mA. The following parameters were
used in the X’Pert HighScore Plus software for peak identification: minimum sig-
nificance: 1.00; minimum peak width (°20): 0.01; maximum peak width (°20):
1.00; peak base width (°20): 2.00; Method: Smoothed peak top. A refinement pro-
cess was also applied to semi-quantify the proportion (%) of each mineral. Each
mineral proportion is obtained by the ratio between the surface area of the XRD
peaks specific to each mineral and the total surface area of the XRD pattern of the
sample. The method is accurate over a wide range of concentrations (up to 100%
oxide) for many elements and provides results that fall within the limits of the
accepted published uncertainties for a wide range of CRM.

Wavelength Dispersive X-ray Fluorescence Spectrometry (WD-XRF) was used
for the determination of major elements. This analytical procedure was comple-
mented by the use of the ICP-AES methodology (Model IAT-100). In order to
maintain the high quality of routine analyses, calibration maintenance, examina-
tion of calibration robustness, and verification of lower detection limits (LDL)
must be performed regularly. Determination of trace elements using the Perkin

Elmer Elan. The ICP-MS 9000 method was performed with increased precision
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and an accuracy exceeding 10% for most elements.

2.4. Data Analysis

Geochemical data are used to determine chemical indices in order to better un-
derstand and quantify weathering processes. Two chemical indices were calcu-
lated; the Chemical Index of Alteration (CIA) and the Mineralogical Index of Al-
teration (MIA) according to [23]. These indices are expressed as molecular ratios
between mobile and immobile elements and are therefore suitable for defining the
intensity of alteration. The CIA evaluates the mobility of cations (Ca?*, Na*, and
K*) relative to AI**, which is considered an immobile element. The MIA deter-
mines the degree of transformation of primary minerals into secondary minerals
[24]. According to this approach,
Al O,

AlLO, +Ca0O" +Na,0+K,0
derived from the CIA formula as follows: MIA =2(CIA —50) . The obtained data

were processed using the Excel program to generate graphs. The various diagrams

CIA =

x100, (in molar proportion). The MIA is

were created using Excel and Origin 2018, while the different maps were generated
using GOOGLE MAPS, Argis 10.3.1 and QGIS version 2.18.15.

3. Results
3.1. Morphology of the Studied Formations

Morphological characterization distinguished duricrusts that developed on gran-
ite from those developed on gneiss, based on altitude, facies and parent rocks (Fig-
ure 4). These formations outcropped along toposequence with altitudes ranging
from 1000 to 1100 m on granite (Figure 4(a)) and from 1100 to 1150 m on gneiss
(Figure 4(b)).
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Figure 4. Distribution of different facies of duricrusts along toposequence (1) Massive fa-
cies; (2) Nodular facies; (3) Brecciated facies; (4) Vacuolar facies; (5) Gneissic parent rock;
(6) Granitic parent rock; (a) duricrusts developed on granite landscape; (b) duricrusts de-
veloped on gneiss landscape.
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3.1.1. Morphological Characterization of Duricrusts Developed on
Granite

The duricrusts found in this area mostly appeared as balls and slabs. Six samples
were collected and grouped into three facies: nodular, massive, and vacuolar (Fig-
ure 5). Nodular facies were more exposed at the top of the hill, less frequently at
mid slope, and completely disappeared at the bottom of the slope. Two samples
characterized them: the E07 sample collected at the top of the hill (Figure (5b))
and the E09 sampled at the mid slope (Figure 5(d)). They were both characterized
by a yellowish background (5YR5/6) with the cortex slightly altered and contain-
ing centimeter-sized nodules heterogeneously distributed. The E07 sample re-
vealed small fragments that scintillate when exposed to sunlight on the matrix
background when broken. In contrast to the upper facies (E07), whom matrix
showed some traces of biological activity, the harder and more compact mid-slope
duricrust (E09), does not contain any traces of biological activity. As for massive
duricrust, it was more frequent at the top of the hill (Figure 5(a), Figure 5(c)),
but also at mid-slope (Figure 5(e)). Three samples distinguished them, one at the
top (E06) and two at mid-slope (E08 and E10). These materials were all charac-
terized by the tubules that appear as galleries within their matrices. The sample
from the top (E06) was very compact and hard, and showed no signs of biological
activity (Figure 5(a)). In contrast, sample E08 from the mid-slope was less com-
pact and contained an abundance of yellowish spots within the matrix, as well as
cavities backfilled with light-dark fine soil, indicating the presence of biological
activity. The second mid-slope sample (E10) is distinguished by small spherical
concretions relatively uniform in size, ranging from 1 to 5 mm in diameter (Fig-
ure 5(e)). The vacuolar facies identified by sample E11 (Figure 5(f)) was mainly
found at the bottom of the slope. They displayed a purplish cortex, a red back-
ground (2.5YR4/6) and a large number of intersecting millimeters to centimeters
long tubular vacuoles, most of which are filled with reddish fine soil. Biological
activity was well developed within them. The matrix also revealed purple bands,
whitish and yellowish spots, and lots of small millimeter-sized fragments of quartz

and feldspar.

3.1.2. Morphological Characterization of Duricrusts Developed on
Gneiss

The duricrusts developed on gneiss outcroped in decimetric and metric blocks.
Five samples were collected, two at the top (E04 and E05), one at mid-slope (E03),
and two at the bottom (E01 and E02). Their morphological description classified
them into three facies: massive, nodular, and brecciated (Figure 6). The massive
duricrusts were distinguished by three samples (E03, E04, and E05), two collected
at the top of the hill (E04, E05) and one at mid-slope (E03). These massive duri-
crusts were more distributed at the top than mid-slope and completely disap-
peared at the bottom of the hill. Sample E05, which was very compact and hard,
had a dark red background (10R5/3) with reddish, yellowish, and whitish spots.

The cortex was purplish and crossed by rare small flutes, indicating biological
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Figure 5. Different facies of duricrust developed on granitic rocks: (a), (c), (¢) Massive; (b),
(d) Nodular; (f) Vacuolar.

activity. This sample can be qualified as a dark massive duricrust with a purplish
area (Figure 6(a)). The second sample taken at the top (E04) had a very dark red
background (2.5YR2.5/2) and was very compact and hard. It had a dense massive
structure. We note the presence of elements that scintillate under sunlight within
a microporous matrix with a few rare reddish spots. This sample can be qualified
as a dark microporous massive duricrust (Figure 6(b)). The third sample (E03),
picked up at mid-slope, shows a dark reddish-brown matrix (2.5YR3/4), with a
massive and less compact structure. The description revealed the presence of rare
flutes, a few whitish and yellowish spots associated with small fragments of quartz
(Figure 6(c)). Nodular and brecciated duricrusts were mainly found at the bottom
of slopes. They were each represented by one sample: E01 for nodular and E02 for
brecciated. Nodular duricrusts (Figure 6(d)) were characterized by a dark red
background (7.5R3/2), containing millimeter to centimeter sized nodules en-
closed in very hard and compact cement. The matrix showed yellowish spots and
tubules filled with blackish earth. Brecciated formations (Figure 6(e)), on the
other hand, were characterized by compact blocks whose matrix contained centi-
meter-sized fragments encased in compact cement. These materials had a dark
brown matrix (7.5YR5/8) with centimeter-sized nodules heterogeneously distrib-

uted and a few tubules showing signs of biological activity.

3.2. Mineralogical Characterization

In terms of mineralogy, the studied formations were mainly constituted of goe-

thite, hematite gibbsite, kaolinite, and quartz in variable proportions (Table 1).

3.2.1. Mineralogy of Duricrusts Developed on Granite
The mineralogical changes observed throughout the three facies (massive, nodu-
lar and vacuolar) that characterize this area revealed that mineral proportions

varied from one facies to another. Hematite was the most important mineral
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Figure 6. Different facies of duricrust developed on gneissic rocks (a), (b), (c) Massive; (d)
Nodular; (e) brecciated.

Table 1. Mineralogical composition of the studied formations (%).

Sectors Granitic formations (1000 - 1100 m of altitude) Gneissic formations (1100 - 1150 m of altitude)

Facies Massive Nodular Vacuolar Massive Nodular  Brecciated
Samples E06 E08 E10 E07 E09 E1l1 E05 E04 E03 E01 E02
Kaolinite 13.84 9.27 7.31 8.06 13.04 4.12 21.78 9.43 8.21 13.89 22.22

Quartz 6.1 29.11 8.13 27.5 8.5 18.55 - 30.19 184 9.71 22.23
Goethite 6.15 11.93 29.27 11.24 21.73 16.5 63.37 30.19 13.7 22.22 11.12
Hematite 46.16 33.77 34.98 269 39.13 46.4 11.88 9.43 17.8 38.89 20.51
Gibbsite 27.7 15.9 20.32 26.5 17.4 14.12 2.98 18.85 41.79 15.28 23.93

Total 99.95 99.98 100.01 100.2  99.8 99.69 100.01  98.09 99.9 99.99 100.01

observed in the massive duricrusts. It showed a higher content in the summit for-
mations (E06: 46.16%), followed by those at mid-slope (E08: 33.77%). The most
significant quartz, goethite, and gibbsite contents were respectively recorded in
E08 (29.13%), E10 (29.27%), and E06 (27.7%) samples. Kaolinite, in contrast, was
low in all samples. It ranged from 7.31% in the massive mid-slope duricrusts (E10)
to 13.84% for those found at the summit (E06). Concerning nodular duricrusts,
the two facies that characterize them (E07 and E09) were mainly composed of
hematite, gibbsite, and quartz. Hematite reached a maximum of 39.13% in sample
E09 and a minimum of 26.90% in sample E07. Gibbsite and quartz showed high
concentrations in the summit formations (E07), with 27.30% for gibbsite and
26.50% for quartz respectively. Kaolinite was poorly distributed within these for-
mations. The vacuolar duricrusts of only one sample (E11) presented the highest
hematite content (49.40%) among all the samples from the study area. As showing
in Table 1, other minerals such as kaolinite (4.12%), quartz (18.55%), goethite
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(16.50%), and gibbsite (14.12%), appeared at relatively lower levels. Figure 7 de-

picted diffractograms of the identified minerals within granitic formations.
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Figure 7. XRD patterns of duricrusts developed on granite.

3.2.2. Mineralogy of Duricrusts Developed on Gneiss

In this area, three facies of duricrusts were found: massive, nodular, and brecci-
ated. The mineralogical assays (Table 1) showed that they were made of goethite,
gibbsite, hematite, and kaolinite in variable proportions. The massive duricrusts
were distinguished on three samples: E05, E04 and E03. They mainly consisted of
goethite, quartz, and gibbsite. Kaolinite and hematite were present in low propor-
tions (Table 1). Goethite had the highest concentration in E05 sample (63.37%)
and the lowest in E03 (13.70%). However, gibbsite progressed inversely to goe-
thite, with the highest concentration observed at mid-slope (E03: 41.79%) and the
lowest at the top (E05: 2.97%). Quartz reached 30.19% in facies E04 and was not
found in facies E05. Nodular duricrust was characterized by E01 sample found at
the bottom of the hill. It mainly consisted of hematite (38.89%), followed by goe-
thite (15.28%) and kaolinite (13.89%). Quartz was present at lower proportions
(9.72%). The brecciated duricrusts (E02) found at the bottom of the slope dis-
played moderate contents of kaolinite (22.22%), quartz (22.22%), hematite
(20.51%) and gibbsite (23.93%). Goethite was less prevalent (11.12%). Figure 8

depicted diffractograms of the identified minerals within gneissic duricrusts.

3.3. Geochemical Investigations

The geochemistry of investigated formations highlighted major, trace and rare
earth elements. Overall, the findings (Table 2) revealed two main groups of major
elements based on their concentration throughout the formations. The first

group, qualified as the most abundant elements, consisting of Fe,O;, AL,Os, SiO,,
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and TiO,, with relatively high concentrations, and a second group composed of

alkali metals, alkaline earth metals, and phosphorus, manganese, and chromium
oxides (MgO, CaO, Na,0, K,O, P,0s, MnO, Cr,03), which were found in low pro-

portions. Trace elements (Table 3) were characterized by their low concentrations

within the formations, except for V, Zr, and Zn, which occur in more significant

proportions. Table 4 and Table 5 respectively showed rare earth elements and

chondrite-normalized rare earth elements of the studied materials. According to

these results, light rare earth elements (LREE) are more concentrated than heavy
rare earth elements (HREE).

Table 2. Major elements analysis of the studied formations (wt.%), detection limit (DL) = 0.01.

Sectors Granitic formations (1000 - 1100 m of altitude) Gneissic formations (1100 - 1150 m of altitude)
Facies Massive Nodular Vacuolar Massive Nodular Brecciated
Samples E06 E08 E10 E07 E09 El1l E05 E04 E03 E01 E02
SiO2 9.78 20.38 9.32 22.48 15.44 9.31 0.95 11.88 13.96 13.46 27.21
ALO:; 25.02 26.08 23.31 25.67 20.71 20.57 3.06 10.83 32.36 22.15 26.46
Fe:0s 47.88 34.64 49.11 34 49.2 52.93 78.79 63.38 31.85 46.96 28.62
MgO 0.03 0.03 0.04 0.03 0.03 0.02 0.02 0.01 0.04 0.03 0.04
CaO 0.01 0.01 0.04 0.01 0.02 0.01 0.04 0.01 0.04 0.02 0.03
Na,O 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
K.O 0.01 0.04 0.01 0.03 0.01 0.01 0.01 0.01 0.05 0.04 0.08
TiO2 1.23 1.47 1.35 1.12 0.94 1.15 0.52 0.47 1.16 0.92 0.78
P20Os 0.3 0.07 0.21 0.21 0.18 0.17 2.97 0.9 0.38 0.47 0.28
MnO 0.03 0.03 0.04 0.02 0.03 0.02 0.26 0.25 0.03 0.03 0.03
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Continued
Cr203 0.103 0.05 0.07 0.069 0.155 0.071 0.031 0.007 0.089 0.172 0.09
LOI 15.3 17 16.2 16.2 13 154 13 12.1 19.8 15.4 16.1

Total 99.69 99.76 99.71 99.79 99.7 99.68 99.79 99.87 99.72 99.68 99.75
CIA 99.88 99.73 99.57 99.77 99.71 99.81 96.84 99.63 99.57 99.60 99.44
MIA 99.68 99.46 99.15 99.53 99.42 99.61 93.67 99.26 99.14 99.19 98.87

Table 3. Trace elements content (ppm).

Sectors Traces elements of duricrusts developed on granite Traces elements of duricrusts developed on gneiss
Facies Massive Nodular Vacuolar Massive Nodular Brecciated
Samples E06 E08 E10 E07 E09 E11 E04 E05 E03 E01 E02
Ba 22 17 18 21 15 14 1191 476 61 135 5
Co 4.2 52 4 3.8 54 4.5 91.6 28.4 6.6 4.7 5.6
Cs 0.2 0.5 0.1 0.2 0.1 0.2 0.1 0.1 0.3 0.3 0.4
Cu 34.6 48.8 31.9 26.7 62.5 41.6 1439 111.6 16.6 38.4 59.9
Ga 41.2 45 42.8 31.6 38.6 43.3 3.6 13.8 41.1 42.4 37.1
Hf 8.1 12.2 11.2 10.5 10.4 9.8 0.2 3.7 12.5 9.9 10.2
Mo 8.8 52 8.6 5.2 6.9 8.7 8.4 0.5 7.3 4.8 7.9
Nb 20.3 25.7 22.9 19.1 15.4 21.1 2.5 8.8 23.4 14.7 17.7
Ni 13.2 11.1 11.4 12.5 15.5 14.6 294.8 165 13.4 16 18.2
Pb 33.7 40.1 38 29 38.7 41.4 1.4 60.6 22.3 13.8 23.3
Rb 1.8 3.8 14 3.5 2.2 1.8 0.2 0.8 4.2 7.7 3.9
Sb 0.6 0.4 0.7 0.4 0.4 0.6 0.1 0.1 0.8 0.1 0.4
Sc 34 38 34 24 34 35 13 22 21 36 34
Sn 8 6 2 4 3 7 1 1 6 3 3
Sr 12.2 7 10 10.5 7.3 5.5 140.9 1.1 27.5 44.6 58.5
Th 23.3 30.5 18.9 27.8 25.5 16.8 0.9 3.6 14.4 10.8 17.9
U 8.4 12.8 8.5 12.5 4.8 8 0.6 3 6.1 7 5.1
\4 1079 614 978 540 1005 1118 255 108 851 690 1016
W 2.8 1.7 1.7 1.2 1.4 2.4 0.5 0.5 2.5 3.1 1.8
Y 8.1 9.6 7.9 7.6 5.5 8.8 13.1 15 10.7 9.7 11.8
Zn 9 3 6 7 19 6 552 259 5 31 26
Zr 323.6  493.8 4674 4067  432.1 401 9.6 145.4 520.4 409.7 425.4

Table 4. Rare earth elements content (ppm).

Sectors Granitic formations (1000 - 1100 m of altitude) Gneissic formations (1100 - 1150 m of altitude)
Facies Massive Nodular Vacuolar Massive Nodular  Brecciated
Samples E06 E08 E10 E07 E09 Ell E04 E05 E03 EO01 E02
Altitude (m) 1090 1070 1020 1050 1040 1000 1140 1130 1120 1110 1100
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La 20.7 13.4 15.8 17.3 12 12 6.3 34.6 27.3 42.2 39.8
Ce 47.4 54 57.6 37.1 29.3 42.3 115.3 79.9 48 74.9 76.9
Pr 4.01 2.85 3.28 3.13 2.31 3.07 1.62 8.87 5.19 8.14 8.68
Nd 14 10.1 11.7 10.5 8.2 11.5 6 33.7 18.1 28.4 31.7
Sm 2.68 1.98 2.25 2.14 1.64 2.53 1.56 6.49 3.18 4.83 5.65
Eu 0.6 0.41 0.5 0.41 0.37 0.51 0.44 1.61 0.71 1.08 1.3
Gd 2.03 1.75 1.79 1.73 1.25 1.94 2.06 4.85 2.57 3.52 4.13
Tb 0.3 0.29 0.3 0.29 0.21 0.33 0.4 0.58 0.38 0.47 0.53
Dy 1.77 1.8 1.76 1.73 1.25 1.93 33 2.83 2.22 2.56 2.82
Ho 0.34 0.37 0.35 0.33 0.25 0.37 0.74 0.49 0.42 0.45 0.52
Er 1 1.17 1.02 1.05 0.75 1.14 2.82 1.29 1.22 1.26 1.43

Tm 0.15 0.18 0.16 0.17 0.11 0.19 0.47 0.16 0.19 0.17 0.21
Yb 1.05 1.3 1.17 1.18 0.84 1.35 3.64 0.95 1.38 1.17 1.39
Lu 0.16 0.2 0.17 0.17 0.12 0.18 0.56 0.14 0.2 0.18 0.19

REE 96.19 89.8 97.85 77.23 58.6 79.34 145.21 176.46 111.06 169.33 175.25

LREE 89.39 82.74 91.13 70.58 53.82 71.91 131.22 165.17 102.48 159.55 164.03

HREE 6.8 7.06 6.72 6.65 4.78 7.43 13.99 11.29 8.58 9.78 11.22

Table 5. Chondrite-normalized rare earth elements content (ppm).

Sectors Gneissic formations (1000 - 1100 m of altitude) Granitic formations (1100 - 1150 m of altitude)

Samples E01 E02 E03 E04 E05 E06 E07 E08 E09 E10 E1l1
La 42.20 39.80 27.30 34.60 6.30 20.70 17.30 13.40 12.00 15.80 12.00
Ce 25.19 25.87 16.15 26.88 38.78 15.94 12.48 18.16 9.86 19.37 14.23
Pr 19.91 21.23 12.70 21.70 3.96 9.81 7.66 6.97 5.65 8.02 7.51
Nd 14.73 16.44 9.39 17.48 3.11 7.26 5.45 5.24 4.25 6.07 5.96
Sm 7.20 8.43 4.74 9.68 2.33 4.00 3.19 2.95 2.45 3.36 3.77
Eu 4.42 5.32 2.91 6.59 1.80 2.46 1.68 1.68 1.52 2.05 2.09
Gd 3.51 4.12 2.56 4.84 2.05 2.02 1.72 1.74 1.25 1.78 1.93
Tb 2.95 3.32 2.38 3.64 2.51 1.88 1.82 1.82 1.32 1.88 2.07
Dy 2.53 2.78 2.19 2.79 3.26 1.75 1.71 1.78 1.23 1.74 1.91
Ho 1.86 2.15 1.74 2.03 3.07 1.41 1.37 1.53 1.04 1.45 1.53
Er 1.77 2.01 1.72 1.82 3.97 1.41 1.48 1.65 1.06 1.44 1.61
Tm 1.56 1.93 1.74 1.47 4.31 1.38 1.56 1.65 1.01 1.47 1.74
Yb 1.92 2.29 2.27 1.56 5.99 1.73 1.94 2.14 1.38 1.92 2.22
Lu 1.68 1.78 1.87 1.31 5.23 1.50 1.59 1.87 1.12 1.59 1.68
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The chondrite-normalized rare earth elements patterns generally reveal slight
positive Ce and Yb anomalies. Ce anomaly is more significant in Sample E05, the

massive duricrust developed on gneiss (Figure 9(a)).
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Figure 9. Chondrite-normalized rare earth elements patterns within studied formations:
(a) gneissic formations, (b) granitic formations.

3.3.1. Geochemistry of Duricrusts Developed on Granite

In duricrusts formed on granite, the two main oxides (Fe,O; and AL,Os) were dis-
tinguished by opposite trends in the various facies, with Fe,O; concentrations de-
creasing and ALO; increasing when altitude increases. Thus, massive duricrust
was marked by an Fe,O; content of 47.88% at the summit (E06) and 49.2% at mid-
slope (E10). Similarly, nodular duricrust revealed Fe,O; proportions of 34% at the
summit (E07) compared to 49.2% at mid-slope (E09). The highest Fe,Os content
(52.93%) was found in vacuolar facies (E11), outcropping at the bottom of slopes
(1100 m). ALOs was distinguished by its opposite pattern, increasing with altitude.
Thus, in massive duricrusts, we observed values of 20.71% in sample E10 from the

mid-slope, which are much lower than those found in sample E06 (25.02%) from
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the summit. Similarly, nodular duricrusts from the mid-slope were characterized
by a lower ALO; content (20.71%) than those from the summit (25.67%). The
lowest Al,O; content (20.57%) was observed in vacuolar facies (E11) found at the
bottom of hill. SiO, contents varied from 9.32% in massive mid-slope facies to
22.48% in those found at the top. It ranged from 15.44% for mid-slope formations
to 22.48% for those at the top in nodular formations. It was 9.31% in the vacuolar
duricrusts at the bottom of slopes. TiO, was lower. Its content varied from 0.94%
to 1.35%.

Alkaline and alkaline earth metals, as well as phosphorus, manganese, and chro-
mium oxides, appeared in very low proportions (average sum < 1%). Trace ele-
ments were mainly constituted by V and Zr, whose proportions differ from one
facies to another. In massive crusts, V ranged from 978 to 1079 ppm and Zr from
323.6 to 467.4 ppm. In nodular crusts, V was between 540 and 614 ppm and Zr
between 406.7 and 493.8 ppm. Vacuolar duricrusts had a V content of 1118 ppm
and a Zr content of 401 ppm. Light rare earth elements were distinguished by
higher contents than heavy rare earth elements (Table 4). The sum of light rare
earth elements within duricrusts developed on granite was 459.57 ppm, while that

of heavy rare earth elements was 39.44 ppm.

3.3.2. Geochemistry of Duricrusts Developed on Gneiss

The duricrusts developed on gneiss displayed an opposite behavior in terms of the
evolution of the two major oxides (Fe,O; and ALOs). While Fe,O; increased with
altitude, ALLO; tends to decrease. This trend was observed in massive duricrusts,
which had a higher Fe,O; content (78.79%) in sample E05 from the summit (1150
m) and a lower content (31.85%) in sample E03 from mid-slope (1120 m). At the
intermediate level (1130 m), this content was 63.38%. The nodular duricrusts
found at the bottom of slope (1110 m) revealed a relatively high Fe,O; content
(46.96%), while the brecciated duricrusts also found at the bottom of slope (1100
m) contained the lowest Fe,O; concentrations (28.62%). SiO, followed the same
trend as ALO;. It appeared at low concentration in the massive duricrust at the
summit (E05: 0.95%) and relatively high in samples E04 (13.96%) and EO03
(11.88%) from the mid-slope. This content was 13.46% in nodular duricrust and
27.21% in brecciated, both outcropping at the bottom of slopes. Overall, TiO, con-
tent was less than 1% in all samples except for E03 (1.16%).

Alkaline and alkaline earth metals, phosphorus, manganese, and chromium ox-
ides, were found in very low proportions (sum of averages < 1%). In massive ar-
mor, trace elements were mainly represented by Ba (61-1191 ppm), V (108 - 851
ppm), Zn (5 - 259 ppm), Ni (13.4 - 294.8 ppm), Cu (16.6 - 143.9 ppm) and Sr (1.1
- 140.9 ppm). In nodular formations, we noted V (690 ppm), Zr (409.7 ppm) and
Ba (135 ppm) as the most abundant trace elements, while in brecciated duricrusts,
they were V (1016 ppm) and Zr (425.4 ppm).

Light rare earth elements were more concentrated than heavy rare earth ele-
ments in all samples from this study area (Table 4). The sum of light rare earth
elements was 722.45 ppm, while that of heavy rare earth elements was 54.86 ppm.
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3.3.3. Evolution of Two Main Oxides within the Studied Formations

Geochemical concentrations of the two main oxides (Al,O; and Fe,03) within du-
ricrust formations on the two parent rocks indicate opposite trends. While ALOs
increases with altitude on granite formations and Fe,O; decreases, it decreases on

gneiss formations and Fe,Os increases (Figure 10).
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Figure 10. Opposite evolution of iron and aluminum oxides within studied
duricrusts: (a) granitic sector, (b) gneissic sector.

4. Discussion

4.1. Morphological, Mineralogical and Toposequential
Transformations of the Studied Duricrusts

Intertropical areas characterized by contrasted climate, promote the develop-
ment of duricrusts and several facies are most frequently identified [1]. These
involve specific processes and environmental conditions that prevailed during
their genesis, relating to various phases of weathering [2] [25]. Their evolution
supports the fact that they derive from the erosion and sedimentation of older
formations, and possibly from eroded forms that developed over the exposed

platforms [26].
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Four facies are found in the studied area: massive, nodular, vacuolar and brec-
ciated. They have been developed with the influence of biological activities, in-
cluding roots, microorganisms, and soil fauna which play an important role in
shaping the microstructure and facies of duricrusts [27]. Indeed, these activities
often create features such as tubules and vacuoles that influence porosity, mineral
precipitation, and element mobility [26]. In addition, depending on the intensity
and type of bioturbation, soil fauna (termites) mixes materials vertically and lat-
erally, disrupting stratification and creating diverse facies (nodular, pisolitic, or
massive). This has been demonstrated by [28] who noted in their work that the
intensity and nature of biological activities directly influence the morphology of
duricrusts developed. Massive facies represent a mature duricrust and suggest low
permeability, stable conditions, and minimal reworking [29]. Nodular facies com-
posed of discrete iron-rich nodules, reflect partial degradation of massive duri-
crust [30] [31] whereas vacuolar facies for its part, contain voids or cavities, often
irregular and interconnected suggesting dissolution of soluble components during
hardening [29] [32]. The brecciated facies reflect a late transformation, probably
linked to landscape instability or [30].

The toposequential trends indicate hilltops with more evolved duricrusts, thick
and more altered than on lower slopes as highlighted by [14], in their work on the
influence of topography in duricrust development in the Ngaoundal-Dir section
of central Cameroon. Similar works have been conducted on the lateritic land-
forms of the Bamileke plateau, where two distinct landforms were identified, with
one more mature than the other [8]. Thus, altitude plays an important role in the
processes shaping the development of duricrusts [33].

Table 1 shows relatively high iron oxides, notably hematite in massive, nodular,
and vacuolar crusts on granite (26.9% to 46.4%) and goethite in nodular crusts on
gneiss (30.19 to 63.37). These findings are probably due to ferruginization, a pe-
dogenic and geochemical process through which iron oxides (mainly Fe** in the
form of goethite and hematite) accumulate in soils or weathering profiles to form
ferruginous duricrusts [34] [35]. The low kaolinite values recorded in the granitic
formations (4.12 to 14.84%) and the relatively higher values in the gneissic (8.21
to 22.22%) attest to a moderate process of monosillitization. This refers to the
transformation of primary minerals (such as feldspars) into base-poor clays, par-
ticularly kaolinite, under the action of water and environmental acidity [1] [34].
The varying proportions of gibbsite in certain facies within the studied for-
mations, reaching up to 41.79% in massive duricrusts developed on gneiss, com-
bined with hematite and goethite content (Table 1), would reflect the process of
allitization under conditions of intense weathering in a hot, humid climate with
high rainfall [1] [34].

The high CIA and MIA values (>99), combined with low alkali and alkaline
earth metal values, clearly confirm intense weathering processes along topo-
graphic sequences during the pedogenic processes that prevailed during the de-
velopment of the studied duricrusts [23] [36] [37].
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4.2. Evolution of Major Oxides within Duricrusts Developed on
Granitic and Gneissic Rocks

Duricrusts developed on granite indicate higher concentration of aluminum at
high altitudes, compared to iron, which is more concentrated at lower altitudes.
This would indicate acidic and well-drained conditions that favored the mobility
of iron as Fe?*. Indeed, high altitudes provide better drainage, promoting iron
leaching and residual aluminum concentration. At low altitudes, iron precipitates
as hematite or goethite under more humid and reducing conditions [14] [32] [38].
In addition, the alteration of feldspars from granitic rocks leads to the release of
aluminum, which can concentrate as gibbsite within the intermediate zones, and
thus displace iron, which is most susceptible to mobility towards the lower areas
[39]. Thus, the results display vertical organization of the studied materials with
iron-rich duricrusts at the top, bauxitic crusts at mid-slope, and kaolinitic levels
at the bottom of the slope, corresponding to the toposequential models described
by [2] in Haut-Katanga, where topography controls the processes of weathering,
drainage, and elements concentration. Similar studies have been conducted in
Cameroon in Mandjou, Eastern Cameroon, by [40], where differentiation of lat-
eritic crusts on granite substrates was observed according to landscape position.

The duricrusts developed on gneiss displays the opposite pattern. These contain
more iron at high altitudes and aluminum at low altitudes. This contrasting evo-
lution of aluminum and iron within these formations, is probably due to differ-
ences in mineralogy, weathering conditions, and the hydrological dynamics of the
parent rocks. In general, granite is rich in feldspars, particularly plagioclases and
K-feldspars. Their alteration leads to the formation of aluminous minerals such
as kaolinite and gibbsite. Gneiss, though also feldspathic, often contains more bi-
otite and other ferromagnesian minerals, which are richer in iron. This trend re-
duces the initial source of aluminum at high altitudes within gneissic formations
as in the specific case of the E05 sample (3.06%) [41]. On granite, weathering at
high altitudes presents better drainage and leaching conditions, favoring the re-
moval of mobile elements (Na, K, Ca), leaving behind residual Al in the form of
gibbsite [42]. On gneiss, the breakdown of Fe-rich minerals at high altitudes may
lead to iron accumulation due to less intense leaching or different redox condi-
tions [31].

Furthermore, at high altitudes, conditions are often colder, more acidic, and
less humid than in lower areas, promoting the release of aluminum as soluble
complexes and the residual accumulation of iron, notably as hematite or goethite
[43]. Elevated areas are often well drained, favoring iron oxidation and precipita-
tion as Fe,Os. Aluminum, which is more mobile under these conditions, is leached
to lower levels or exported from the system [44]. It has been demonstrated that
the presence of gibbsite in the intermediate levels suggests a high mobilization of
aluminum, while the dominance of hematite at the top reflects a residual concen-
tration of iron [32] [38]. All of these studies clearly highlight various dynamics of

duricrust landscapes overall, but particularly within the inter-tropical zone.
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4.3. Trace Element Enrichment and Anomaly Analysis

The relative high concentrations of certain trace elements including V, Zr, Cr and
Ba in the studied formations can be explained through a combination of geochem-
ical and environmental processes. Indeed, tropical weathering removes mobile el-
ements (Mg, Ca, Na), contributing to the accumulation of less mobile elements
like Cr, Zr and V and enrichment of secondary mineral like hematite, goethite and
kaolinite [31]. Environmental and geological controls also play an important role
in these processes. Whereas alternating wet and dry seasons promote dissolution
and precipitation of elements, weathering of rich underlying rocks can concen-
trate elements as so as gently sloping areas to favor duricrust formations and ele-
ment accumulation [14] [45].

It is demonstrated that positive Ce anomalies in lateritic formations are miner-
alogically related to the precipitation of cerianite (CeO,) due to the Ce** to Ce**
redox change [46] [47]. Positive Yb anomalies may result from differential mobil-
ity of rare earth elements during intense weathering inducing relative enrichment
of Yb, particularly where light rare earth elements are leached more easily [48]

[49]. YD forms stable complexes in acidic condition favoring its retention [50].

5. Conclusions

The study permitted to characterize duricrusts from Meiganga, grouped into four
main facies: massive and nodular facies found at both sites, vacuolar exclusively
on granitic rocks between 1000 and 1100 m of altitude and brecciated facies on
gneissic rocks with altitude 1100 to 1150 m. The study results revealed that the
toposequential evolution of these formations, displays an interaction between var-
ious parameters such as lithology, geomorphology and pedogenic processes that
favored their establishment. The vertical differentiation in mineral compositions,
characterized by aluminum-rich zones, dominated by gibbsite and iron-rich do-
mains, characterized by hematite and goethite, reflects the influence of altitude,
drainage, and bedrock composition on the development of these lateritic for-
mations. Granitic environments tend to favor aluminum enrichment at high alti-
tudes and iron concentration at low altitudes, due to feldspar weathering and well-
drained conditions, while gneissic areas favor iron accumulation through the
weathering of ferromagnesian minerals.

This study significantly contributes to the understanding of the mechanisms
involved in the lateritic formations within tropical environments by highlighting
the influence of topographic gradients and lithological contrasts that govern the
geochemical distribution of chemical elements. This insight is essential for inter-
preting the evolution of intertropical duricrust landscapes in general and those of

Adamawa in particular.
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