Journal of Geosciences and Geomatics, 2020, Vol. 8, No. 1, 1-8
Available online at http://pubs.sciepub.com/jgg/8/1/1

Published by Science and Education Publishing
DOI:10.12691/jgg-8-1-1

g g,

il i

Secondary Enrichment of Ferriferous Pre-Cambrian
Quartzites by Meteorical Weathering
In South Cameroon

Bidjo Emvoutou Gery Christian*®, Ndzie Mvondo Justin®®", Ngo Bidjeck Louise Marie®,
Ipan Antoinnette™*, Ntomb Yvan Demonstel™®, Ndong Bidzang Francois®

YCentre for Geological and Mining Research, P.O. Box: 333, Garoua, Cameroon
%Ore Processing Laboratory, Institute for Geological and Mining Research, P.O. Box: 4110Yaounde, Cameroon
3Department of Earth Sciences, University of Yaoundél, P.O. Box: 812, Yaound€ Cameroon
*Corresponding author: ndziemvondojustin@yahoo.fr

Received November 18, 2019; Revised December 22, 2019; Accepted January 19, 2020

Abstract The meteoric weathering of Precambrian ferriferous quartzites from Meyomessi in southern Cameroon
has led, in a humid tropical climate, to the formation of secondary oxidized ores. The weathering profile of the
ferriferous quartzites shows from the base to the summit: the bedrock, the saprolites, the gravel horizon and a surface
sandy clayey aggregate, ferriferous quartzite is a finely banded rock showing alternating quartz beds and iron oxide
beds. The main features of the Meyomessi quartzite geochemistry show that the ferruginous facies are remarkably
poor in any element other than Fe and Si. The alteration of the materials shows high Fe, Si, Al, Cr, Zr, Ba, Ga, Nb
and Th. Rare earth elements levels are generally low compared to Ce, La and Nd, which are concentrated in upper
gravel and sandy-clay levels. The rare earth elements spectrum indicates a positive anomaly in Ce and a negative
anomaly in Eu. The results obtained from the calculated balances show a very high enrichment in Al, Ti and K in all
the altered materials, low in Si and P in the higher levels and weak in iron in the weathered fragments and in the
sandy clay loam level. The losses are total and moderate for all the trace elements, while the rare earths elements are
enriched in the soft materials of the whole profile. The iron content in the bedrock (64.9%) versus 68% in the
weathered rock fragments (ore), shows that the climatic alteration improves the quality of the ore in the ferruginous
fragments by dissolution of the silica and relative concentration iron.
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1. Introduction

The ferriferous quartzites of the locality of Meyomessi
belong to the tectonic unit of the Ntem complex, which
corresponds to the northern margin of the Congo craton.
In Cameroon, this Archean domain contains almost all the
iron formations identified today [1-5]. There are many
iron deposits in the world and pre-Cambrian BIFs are the
largest [6]. Archean and Paleoproterozoic rocks are major
reservoirs of mineral deposits in the world. In the Ntem
complex, the mineral resources associated with Archean
and Paleoproterozoic sites are represented by iron whose
large reservoirs are banded hematite quartzites or
ferruginous quartzites or itabirites [7]. However, despite
their abundance, BIFs are a poor iron ore. After their
alteration, we can observe their enrichment leading to a
rich iron ore, interesting for the industry. This paper aims
to understand how the weathering of ferriferous quartzites

under humid tropical conditions leads to the formation of
secondary oxidized ores.

2. Geological Setting

The study area (Figure 1) belongs to a large litho-
structural ensemble of Archean to Paleoproterozoic age
[8,9,10]. known as the Ntem complex [11]. This complex
corresponds to the northern margin of the Congo craton
and is composed of three tectono-metamorphic units: the
Ntem unit (3.1-2.1 Ga) [8,12], the Nyong unit and the
Ayina unit (2.4-1.8 Ga) [13]. The Ntem unit is dominated
by three major groups: a series of basic and ultrabasic
rocks and the banded series (granulitic gneiss, leptynites,
charnockites and enderbites); a complex of intrusive
rocks (syenites, granites, granodiorites, tonalites and
trondhjemites) and iron formations (basic rocks and
quartzites more or less rich in magnetite) which are
organized into different bundles or furrows larding the
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basement [4,14-17]. The iron ore deposits currently
known in the Ntem complex are in the form of bundles
or furrows. The main beams are those of Mezesse,
Mbalam, Nkout, Ngoa, Ayina, Ma'an, Abam, Oveng,
Mewongo, Nkolbissok, Ngovayang, Eseka [1-5]. Despite
the abundance of work on these iron formations in
Cameroon, controversies exist as to their origin; Lake
Superior for some and Algoma for others.
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Figure 1. Geological map of South Cameroon (Vicat, 1998)

3. Methodology

In order to study iron ore enrichment processes, a series
of wells averaging 85 cm were completed followed by a
description of their alteration profile, from the bedrock to
the surface. The samples taken were sent to Ireland for
geochemical analyzes at the ALS laboratory in Lougrhea.
For each sample, a 0.25 g powder is added to a solution of
perchloric, nitric and hydrofluoric acid (HCIO4, HNOS3,
and HF). The residue thus obtained is subsequently mixed
with one volume of dilute hydrochloric acid (HCI) and the
solution obtained is analyzed by ICP-AES (Inductively
Coupled Plasma-Atomic Emission Spectroscopy) for the
major elements and by ICP-MS (Inductively Couple
Plasma-Mass Spectroscopy) for trace elements and rare
earth elements. The limit of detection is 0.01% for major
elements, between 0.05 and 10 ppm for traces and
between 0.01 and 0.5 ppm for rare earth elements.

4. Result

4.1. Weathering Profile

The weathering profile of the ferriferous quartzites can
be divided into four, from the base to the top: the bedrock,
the saprolite, the gravel horizon, and a sandy clayey
aggregate (Figure 2). The bedrock is a ferriferous quartzite
whose structures are bedded and folded (Figure 3). It
presents an alternation of clear quartz beds and dark beds
made up of ferromagnesian minerals. The thicknesses of

these beds are very fine more or less differentiated. The
rock has a whitish to yellowish gray color and is
magnetized. Their mineralogy shows a richness in
magnetite and quartz, a smaller amount of martite /
hematite secondary minerals, goethite and traces of
smectite and gibbsite [2]. The saprolite shows a set of
coarse, whitish gray materials with structures similar to
those of the parent rock; a non-magnetized weathered
material inside which are small bright grains, yellowish
and brown spots; a ferruginous material of red color with
yellowish spots, small glittery flakes and quartz crystals
with friable texture and angular structure; a nodular
material of rounded shape, with smooth contours and
reddish yellowish color; quartz grouped in clusters,
colorless and limpid with angular contours. The transition
between these materials is diffuse because the elements
are mixed. Also, all of these different materials are bathed
in a matrix with a silty texture. The thickness of this
horizon is 12 cm. The gravel horizon consists of small
gravel, the size of which is less than one centimeter. Dark
red in color, the matrix set illustrates a sandy-loamy
texture as well as small, shiny white quartz grains. The
thickness is 32 cm for this horizon. Dark sandy clay-sandy
horizon due to the presence of organic matter. It has
neither stain nor concretion and has a sandy-clay texture.
The matrix consists of grass roots of varying diameter and
size. It is fragile, loose and porous with a thickness of
20 cm (Figure 2).
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Figure 2. Weathering profile sketch of study area

Figure 3. Photograph of ferriferous quartzites of Nkolmvom showing
macroscopics characters
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Table 1. Major Element Contents (wt.%) in Weathering Profile. d. I.: detection limit

Saprolite
. . Bedrock - P Gravels Horizon Sandy Clayey Horizon
Weathering Profil & Samples Matrix Altered Rock Fragments
RMME EM3 EM3N EM2 EM1
Depth (m) 0.85 0.65 0.65 0.52 0.2
Oxydes d. |l Contents in %
SiO; 0.01 343 341 14.6 395 40
Al,O3 0.01 04 14.5 8.61 20.2 18.85
Fe,O3 0.01 64.9 417 68 26 26.3
CaO 0.01 - 0.01 - 0.01 0.11
MgO 0.01 0.2 0.1 0.03 0.15 0.15
Na,O 0.01 0.01 0.01 - 0.01 0.01
K,O 0.01 0.01 0.09 0.01 0.16 0.17
TiO, 0.01 0.01 0.48 0.17 0.75 0.72
MnO 0.01 011 0.04 0.05 0.03 0.04
P,Os 0.01 0.16 0.14 0.19 0.14 0.13
LOI 0.01 0.33 9.55 9.19 12.65 13.9
Total 0.13 100.47 100.76 100.88 99.64 100.41
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Figure 4. Behaviour and geochemical trends of major elements along the loose materials of the profile
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Figure 5. Major elements correlations
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4.2. Geochemistry of the Ferriferous
Quartzite and Its Weathering Mantle

4.2.1. Major Elements

The results of the geochemical analyzes contained in
Table 1 make it possible to follow the evolution of the
major elements along the alteration profile (Figure 4 a
and b). The silica shows a content of 34.3% in the source
rock. This content decreases considerably in the altered
rock fragments, then increases and varies little along the
profile. Alumina as it is in trace (0.4%) in the bedrock, it
sees its content oscillate along the profile, is 14.5% in the
matrix, 8.61% in the altered fragments and 18.85%
in the sandy-clay horizon. Iron, on the other hand,
has a content of 64.9% in the source rock and 68% in the
rock fragments altered. Calcium, magnesium, sodium,
potassium, manganese and phosphorus are in trace along
the alteration profile and vary gradually but very little. On
the other hand, titanium although being in trace shows
contents a little higher than the other elements in this
category. Its content is 0.01% in the source rock; it
increases by 0.48% in the matrix, then decreases by 0.17%
in the altered rock fragments and increases again by
0.72% on the horizon sandy clay. The correlation
diagrams of the major elements of the alteration materials
(Figure 5 a, b and c) show that the iron content increases
when those of alumina, titanium and silica decrease. As a
result, we can conclude that the correlations between iron
and alumina, titanium and silica are essentially negative.

4.2.2. Trace Elements and Rare Earth Elements

The geochemical data contained in Table 2 made it
possible to follow the evolution of the trace elements
along the alteration profile Figure 6 (a, b and ¢). Chromium
has a content of 240 ppm in ferriferous quartzite. This
content is almost constant from the bedrock to the gravel
horizon, then decreases by 10 ppm in the sandy-clay
horizon. Zirconium, meanwhile, has a content of 287 ppm
in the bedrock; which content decreases considerably
along the profile until reaching 2 ppm at the sandy-clay
horizon. Gallium, niobium and rubidium have respective
contents of 27.8 ppm; 26.9 ppm and 26.2 ppm in the
bedrock, which gradually decrease along the profile.
Barium and thorium have respective contents of 46.5 ppm
and 46.9 ppm in the bedrock. These levels decrease in the
altered rock fragments and increase respectively by
30.7 ppm and 40.2 ppm in the gravel horizon. On the
sandy-clay horizon, while the barium has a high content
(58.7 ppm) the thorium is in trace (0.64 ppm). Vanadium
reveals a content of 80 ppm in ferriferous quartzite. This
content gradually decreases along the profile to reach a
value of 6 ppm in the sandy-clay horizon. Cs, Hf, Sn, Sr
and Ta have the same evolution. Their respective contents
of 2.18 ppm, 7.4 ppm, 9 ppm, 19.6 ppm and 1.1 ppm in
the ferriferous quartzite decreases progressively from the
base to the saprolite, then increases on the gravel horizon
to reduce again to the sandy-clay horizon until reaching a
value lower than that of the limit of detection. Despite its
low grade, uranium gradually increases from ferriferous
quartzite to saprolite, and decreases by 0.47 ppm in the
sandy-clay horizon. Rare earth elements (Table 3)
generally follow the same behavior. Their high levels in

ferriferous quartzite decrease in the altered rock fragments,
and progressively increase to the sandy-clay horizon
(Figure 7 a and Figure 7b). We also note that the highest
values are on the gravel horizon and the sandy-clay
horizon. The rare earth elements normalization of the
alteration materials is carried out with respect to the
ferriferous quartzites (parent rock: RMME): Their spectra
(Figure 8) show a profile that gradually increases from
lanthanum to lutetium with a positive Ce anomaly and a
negative Eu anomaly. Many studies show that in a
supergene environment under an equatorial climate,
several elements are considered immobile and therefore
more resistant to redistribution of elements due to
weathering phenomena [18,19]. This work proposes
several methods for the evaluation of element
redistributions such as: Al, Ti, Zr, Nb, Hf, Ta, Th and Y
which have often been used for the calculation of the
balances. For the evaluation of the gains and losses in
each element during the weathering of the Meyomessi
ferriferous quartzite, the results obtained from the
calculated balances show a very high enrichment in Al, Ti
and K in all materials weathered, low in Si and P in the
upper and lower levels of iron in the weathered fragments
and in the loose sandy-clay level (Table 4); (Figure 9).
Losses are moderate to total for all trace elements except
uranium (U), which is weakly accumulated in weathered
fragments (Table 5); (Figure 10); while rare earth
elements are enriched in the loose materials of the whole
profile (Table 6); (Figure 11). The weathered fragments
are depleted in light rare earth elements except Samarium
(Sm) but enriched in heavy rare earth elements except
Gadnium (Gd).

Table 2. Content in ppm of Trace Elements in Weathering Materials

Saprolite Sandy
Weathering | Bedrock Altered | Gravels Clayey
profil Matrix | Rock | Horizon | o oh
& Samples Fragments
RMME | EM3 EM3N EM2 EM1
Depth (m) 0.85 0.65 0.65 0.52 0.2
Eﬂéltr?gsts d. |l Content in ppm
Ba 0.5 465 | 421 | 29.1 30.7 58.7
Cr 10 240 240 | 240 240 230
Cs 0.01 2.18 | 1.87 | 0.08 1.21 0.07
Ga 0.1 278 | 248 | 13.2 20.5 3.7
Hf 0.2 7.4 6.8 2 4.3 <0.2
Nb 0.2 269 | 262 79 19 0.4
Rb 0.2 262 [ 222 1.2 12.6 0.9
Sn 1 9 3 1 8 5
Sr 0.1 19.6 14 31 9.3 5.8
Ta 0.1 11 09 | 04 11 0.1
Th 0.05 46.9 | 455 | 34 40.2 0.64
u 0.05 599 | 59 |[724| 523 0.47
\Y 5 80 7 45 65 6
W 1 2 2 2 1
Y 0.5 10.8 | 10.8 7 8 6.2
Zr 2 287 265 | 72 176 2
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Table 3. Content in ppm of REE in Weathering Materials Table 5. Gains and looses percentage of trace ééments
Weathering > I’C,illttZred Gravels Sandy Saprolltle d
Profil & Bedrock | \ratrix|  Rock | Horizon | S Weathering Aliers Gravels | Sandy Clayey

Horizon ; i Rock Horizon Horizon
Samples Fragments Profil & Matrix Fragments
RMME | EM3 | EMS3N EM2 | EM1 Samples (nodules)

Depth (m) 0.85 0.65 0.65 0.52 0.2 EM, EM:N EM, EM,
REE Content (ppm) Thickness (m) | 065 0.65 0.52 0.2
La 14.5 16.6 7.5 228 22.2 Trace elements Gains and Looses %
Ce 18.9 42.9 14.1 61.3 53.4
Pr 261 | 344 101 462 445 Ba -9.46 -37.41 -33.91 3172
Nd 8.1 11.9 6.1 15.9 15.6 Cs -14.22 -96.33 -44.49 -96.64
Sm 1.29 2.31 1.71 2.93 241 Hf -8.10 -72.97 -41.89 -100
Eu 0.57 0.37 0.22 0.56 034 Ga -10.79 -52.51 -26.25 -86.11
T sir oo [ os om | oo No | 260 | 7083 | 293 | 96
Dy 105 147 134 209 204 Rb -15.26 -95.41 -51.90 -96.41
Ho 0.16 0.28 0.27 0.37 0.35 Sn -66.67 -88.89 -11.11 -42.02
Er 0.63 1.06 1.03 1.36 1.16 Sr -28.57 -84.18 -52.55 -69.12
Tm 0.07 0.1 0.16 0.17 0.19 Ta -18.18 -63.63 0 -90.51
Yb 0.46 1.26 125 112 125 Th -2.98 -27.50 -14.28 -98.57
Lu 0.07 0.14 0.14 0.22 0.2 Ti - _ _ -
TREE 49.87 | 83.91 37.12 116 106.19 U 150 2086 1268 L8l
ZLREE 45.97 77.52 31.54 108.11 98.4
IHREE 3.88 6.39 5.58 7.89 7.79 v 375 43.75 18.75 92.17
SLREE/SHREE | 11.84 | 12.13 5.65 13.70 12.63 w 0 0 -50 _
(La/Yb)y 20.97 | 8.94 407 1382 | 12.06 Y 0 -35.18 -25.92 499.03
CelCe* 0.75 1.37 0.9 1.44 13 Zr -7.66 -74.91 -38.67 -92.72
Eu/Eu* 1.34 0.55 0.48 0.67 0.44

(La/Yb) N= (I—arock/Lachondrite)/(Ybrock/chhondrite)

Table 6. Gains and looses percentage of REE

Celce*: (cerocklcechondrile)/(Larock/Lachondrite)llz(Prrock/Prchondrite) SaprOIite Sand
Eu/Eu*= (Eurock/Euchondrite)/(Smrocklsmchondrite)l/z(Gdrock/Gdchandrite)Uz- Weathering Soil Weathering Gravels Claye{/
Profil & Materials | Materials Horizon |\ oh
Table 4. Gains and Looses Percentage of Major Elements Samples (nodules)
Saprolite Sand : EM;, EM;N EM, EM,
Weathering Altered Gravels Claye{/ Thickness (m) 0.65 0.65 0.52 0.2
Profil & Matrix rock Horizon Horizon
Samples fragments REE Gains and Looses %
EM; EM;3N EM, EM; La 16.90 -47.18 60.56 63.13
Depth (m) 0.65 0.65 0.52 0.2 Ce 126.98 -25.39 224.33 194.82
N:ajor . Gains and Looses % Pr 31.80 -26.81 77.01 77.91
Elements (%) Nd 91.46 -24.69 96.29 100.96
SO, -0.58 -57.43 15.16 2168 sm 79.06 3255 127.13 94.94
AL;0; 3525 2052.5 4950 4817.39 = “35.08 5140 175 e T
Fe0, 357 A 9.93 SIRE Gd 36.15 -12.30 67.69 80.60
:\:/IZ% = = > 5173 Tb 121.42 78.57 17142 |  160.86
Na,0 0 100 0 434 Dy ‘710 27'31 1991'024 1(2)2'73
K.0 800 0 1500 1673.91 Ho 5 68.75 3125 8.06
TiO; 4700 1600 7400 7413.04 Er 68.25 63.49 11587 | 9213
MnO, 6363 | 5454 72,72 -62.05 Tm 42.85 120.57 14285 | 18322
P,Os 125 18.75 12.5 62.05 Yb 173.91 171.73 143.47 183.55
Lu 100 100 214.20 198.13
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Figure 10. Gains and looses diagram of trace elements along weathering
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Figure 11. Gains and looses diagram of REE along weathering profile
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5. Discussion

The geochemical study of Meyomessi ferriferous
quartzites shows a high concentration of Si and Fe,
respectively 40% and 68%. As for the rare earth elements,
the contents are weak with the exception of Cerium,
lanthanum and neodymium which present significant
contents. The rare earth element spectrum of chondrite
normalized ferriferous quartzite has rare earth elements
fractionated and enriched in LREE with respect to HREE.
These results are consistent with those obtained for the
iron-bearing quartzites of the rest of the Ntem complex
[1,2,3,4]. The rare earth elements spectra show a positive
anomaly in Ce and a negative anomaly in Eu; the opposite
is true in the ferriferous quartzites of Njweng [20]. Thus,
the negative Eu anomaly in the Meyomessi samples is due
as Reference [21] demonstrates to Abi&eéYendjock, to the
absence of plagioclase in the genesis of these rocks. The
weathering material developed at the expense of
Meyomessi ferriferous quartzites is ferralitic, yellowish
brown to reddish in color and not very thick. Reference
[21] shows that the weathering profiles developed on basic
and ultrabasic rocks at Abié&éYendjock are of low
thickness. They have a reduced number of weathering
levels and in particular the absence of a ferruginous
cuirass level. At Abi&éYendjock, the weathering is a ball,
it is cortical, centripetal and early whereas that which
affects the basic rocks of the Ntem group, to which the
study area belongs, is slab or fragments which gradually
and slowly reduce to the upper horizons. These fragments
are no longer magnetized like the original rock, which
reveals that the magnetite contained in the ferriferous
quartzite would have been oxidized into hematite known
as non-magnetized iron ore. According to Reference [22],
kaolinite is formed directly and immediately on very rich
quartz materials such as sandstones and alkaline granites
[23]. The neoformation of kaolinite is inhibited by a low
availability of Si which is either evacuated by excellent
lateral and vertical drainage, or precipitates as free silica.
The excess of alumina present in the soil then crystallizes
in the form of gibbsite. This low availability of Si, which
slows the neoformation of kaolinite, also favors the
presence of iron oxyhydroxides which have a high nickel
retention capacity in the soil [24,25]. The high levels of
Si02, Al203 and Fe203 testify to the neoformation of
clay minerals by recombination of silica and alumina by
the monosilitization process; and the neoformation of
iron oxyhydroxides by the ferrallitization process. Several
authors have shown that rare earth elements are
fractionated during the weathering process, residual
products are enriched in LREE and poor in HREE [26,27].
Cerium is the most abundant of REEs in weathering
materials, followed by lanthanum and neodymium. They
are concentrated in all levels of the weathering profile.
The positive anomalies observed in cerium are systematic
and often located at the top of the saprolite, below the iron
oxide accumulation zone [28]. The cerium appears in the
solutions in the form of Ce3 + and then of Ce4 + under the
oxidation conditions in which it precipitates in the form of
insoluble CeO2 [29,30]. It is either absorbed in iron
oxides in association with phosphates [31], either
incorporated in ferro-manganese chippings [32], or

absorbed at the clay exchange sites [33,34]. The negative
Eu anomaly may be due to oxidation conditions in an
environment and / or in the absence of sulphides and
plagioclases [35]. Levels of Fe (68%), P (0.19%) and U
(7.24 ppm) are higher in weathered fragments that have
low concentrations of Al, Si and other elements at the
same time. The precipitation of secondary phosphate
minerals is known to play an important role in the
immobilization of trace elements within developed and
water-saturated alteration profiles [36]. Phosphates are
also known as absorption immobilizers of uranium [37] or
as precipitators of phosphate minerals carrying uranium
[38].

6. Conclusion

This article has shown how tropical climate
meteorological action enhances iron richness in oxidized
rock fragments from the weathering of ferriferous
quartzites. The results obtained in the Meyomessi
Precambrian ferriferous Quartzite Well Disturbance
profiles in southern Cameroon clearly show that during
weathering, the weathering materials are enriched in Fe, Si,
Al, Cr, Zr. , Ba, Ga, Nb and Th. The Fe, P and U contents
are higher in the weathered fragments which have low
concentrations of Al, Si and other elements at the same
time and which constitute the main iron ore.
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