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ABSTRACT

The comparative study of the heavy minerals of the Cover Formation and its bedrock by statistical
methods was carried out in Pointe-Noire and Brazzaville in order to understand its nature, origin, and
relationship with its bedrock. The study shows that the Cover Formation contains a constant and
homogeneous paragenesis of heavy minerals, which distinguishes it qualitatively and quantitatively
from its bedrock. These heavy minerals come from the same distant source, containing mainly
metamorphic rocks of green shale and amphibolite grades, secondarily magmatic and sedimentary or
metasedimentary rocks. These heavy minerals have been transported by the wind after
sometimesseveral sedimentary recycles. The Cover Formation hasan aeolian, it is not the product of
in-situweathering of its bedrock. So that, it must be stratigraphically separated from its bedrock as
proposed by Thiéblemont et al. (2009) in Gabon.
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I. Introduction

The Cover Formation is the yellow ochre sand that overlies all ancient formations in Congo, of
Archean, Proterozoic, Neoproterozoic, Paleozoic, Mesozoic and Cenozoic age through a gully
unconformity materialized by a polygenic or monogenic, simple or complex, autochthonous or
allochthonous stone line, either by a palaeosolof Lousséké or ferralsol type [1]; [2];[3]. It stretches
from Cameroon to Namibia through Gabon, the Republic of Congo, the Democratic Republic of
Congo and Angola [2]; [3]; [4]; [5]; [6]; [7]; [8];[9]; [10]; [11]; [12]; [13]; [14], [15]. This yellow ochre
sand is subject to several controversies. It is considered to be either the product of in-situweathering
of its bedrock, homogenized by termites [8];[9]; [13] or an allochthonous deposit of aeolian origin [1];
[2]; [3]; [14]; [15]. In the Congolese Atlantic coastal basin, for example, this yellow sand of the Cover
Formation was associated withthe upper unit of the “Série des Cirques [4]; [6]; [8];[9] of Lower
Miocene age [16]. On other and, in the Series of “Plateaux Tékeé” it forms the upper unit (Ba2)[17].
Since the work carried out by Thiéblemont [14];[15] in Gabon, this yellow ochre sand is considered as
a stratigraphicalFormation, called “Cover Formation” or “Cover Horizon”, belonging to the Stone line
Complex [1]. The age of the Cover Formation obtained by radiometric dating (**C) ranges from 3000
years B.P. to 2000 years B.P. [1]; [14]; [15]. These ages are however rejected by Schwartz [18].In
Republic of Congo, the Cover Formation is less studied.Most of the studies are old, although recent
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geological map work has studied a few sites containing this Formation [1]. This work studies and
compares the heavy minerals contained in the Cover Formation and its bedrock, in order to determine
the origin of its sediments and to conclude on its allochthony or autochthony. The samples used come
from three fairly distant profiles in which the Cover Formation and his bedrock are well individualized.
These are the Diosso profile located in the Kouilou department, the profiles of the “Pont du Djoué” cliff
and "Main Bleue" both located in southern Brazzaville. The Figure 1 situates and locates them on the
geological map of Dadet[6]. Due to field difficulties, the Cover Formation was not sampled in the
Diosso profile, but it was sampled at Malélé where it is more accessible and thicker.
II. Material and Methodology

2.1. Situation and geological context of the studied profiles
The profile of Diosso is located in the Congolese Atlantic coastal basin of Mezo-Cenozoic age [16];
[19]. The cliff of the "Pont du Djoué" is located in the Palaeozoic Inkisi basin [20]; [21] and the profile
of "Main bleue" is located in the Meso-Cenozoic basin of Congo[1]; [22] (Figure 1).

The Congolese Atlantic coastal basin located in the western Mayombemountain, originated in the
Jurassic (Neocomian) period following the break-up of Gondwana and its separation into South
America and the West Africa-Arabia to the east.

The evolution of the Congolese coastal sedimentary basin comprises three phases of sedimentary
construction which correspond to three phases of tectono-dynamic evolution[23] described as follows:
the ante-salt phase (which begins at the end of the Jurassic, but developed mainly from the
Barremian to the Lower Aptian); the salt phase (which reflects the beginning of the marine
transgression and ends the rifting stage); and the post-salt phase (which is the terminal sedimentary
unit of the coastal basin). At the Lower Miocene, the fluvio-deltaic “Series des Cirques” covers the
marine formations. The “Série des Cirques” is mainly composed of silico-clastic sediments [24],
structured in finning-up elementary sequences. The yellow ochre sands of the "Cover Formation
essentially are essentially composed of thin quartz. They are underlain by a laterite and a stone line in
the “Série des Cirques” of Diosso.
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Figure 1. Situation and location of the different studied profiles on the geological map of the
Republic of Congo [6]
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The Profile of "Pont du Djoué" cliff is essentially made of red ochre sandstones of Inkisi Group which
is part of the Lindian Supergroup of Combro-Ordovician age [1]. The age of the Inkisi Formation,
obtained from the youngest detrital zircons, varies between 518+18 Ma and 558+56 Ma [20]; [21]. It
is an arkosic sandstone of fluvial origin of 600m to 700m thick [25]. Bouity[26] distinguishes three
lithofacies: the conglomeratic sandstone facies, the coarse and medium quartzo-feldspathic massive
sandstone facies and the fine micaceous sandstone facies. The mineralogical composition of these
lithofacies is summarized in Table 1. According to Chevalier et al. [27], the heavy minerals in Inkisi
sandstone are represented by zircon, tourmaline, apatite, rutile, green beryl and exceptionally
corundum. In this profile, the Cover Formation overlies the Inkisi sandstones through an alluvial stone
line which itself overlies an Ordovician unconformitypaleosurface[3].

Table 1. Mineralogical composition of Inkisi sandstone facies (from Bouity,[26], improved by Miyouna
(this work)).

Facies Quartz | Microcline | Orthose | Plagioclase | Biotite | Muscovite | Debris of Tourmaline /
(%) (%) (%) (%) (%) (%) Rock (%) zircon (%)
Micaceous | 63.86 6.71 0.08 44 18,52 6.25 0 0.18
Massif 60,15 21.12 0.98 7.83 3 5.2 1.63 0.09

Conglome-

. 62.17 31.36 1.82 0.56 0 0,04 4,02 0,03
ratic

The Profile of "Main bleue" is located in the Stanley-Pool basin. The Stanley-Pool Series currently
known as the Stanleyville Group is part of the Congo Supergroup[1]. It occurs in D.R. Congo, Angola
and Congo (Brazzaville). It is a continental sedimentary Formation, which outcrops around Brazzaville
where it is well known, widely visible and discordant on the Inkisi sandstones [28]; [29]. Itis a fluvio-
lacustrine series [30] of Jurassic age in its lower part and Cretaceous in its upper part [24]. The
Stanley-Pool Series is subdivided into three levels [30]. The lower level (SP1), known by sampling at
the port of Kinshasa and in the Makélékélé ravine, has red argillites with abundant sandstone flowing
upwards, superimposed on more or less sandy marls of similar hue. These argillites are silty and
stratified. This level is dated to the Upper Jurassic [31], thanks to fossils of ostracods, phyllopods and
fish fragments. The middle level (SP2), at least 20 m thick [30], consists of locally indurated white
compact sandstones with large cross stratifications. This level is rich in feldspar and is silicified in its
upper part, forming the silicified slabs [17]; [30]. Finally, the upper level (SP3), about 90 m thick[32],
is formed by very soft, kaolinite-rich, silty white sandstone with cross stratifications. The Stanley-Pool
Series is surmounted locally by the silicified aeolian sands of the Tékés Plateau Series or by the
Cover Formation.

In the profile of the "Main Bleue", the upper part of the Stanley-Pool (SP3) and the Tékés Series are
completely gullied. The Cover Formation is underlain by the sands of SP2 through a palaeosurface
marked by a complex stone line [3].

2.2 Methodology used

The methodology consisted of the field and laboratory study. The field study consisted in identifying
and describing the Cover Formation and its bedrock and sampling. 22 samples were collected for
laboratory studies. In the laboratory, the study consisted of extraction, description, identification and
heavy mineral counting, analysis and interpretation of results. As heavy minerals are generally
concentrated in the 160 um to 350 um fraction [33], we chose to extract them in the 125 um to 250
pm fraction by density using bromoform and the protocol of Parffenoffand al.[34]. The grains of heavy
minerals were treated with 50% diluted HCI and 2N oxalic acid to remove carbonate and ferruginous
coatings on the grainsfor their better description under polarizing microscope and binocular loupe.
Extraction processes and thin-sheet fixation were carried out at the sedimentology laboratory of the
"Centre de RecherchesGéologiques et Minieres (CRGM)"of Kinshasa, D.R. Congo. The description,
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determination and counting of heavy minerals were done under the polarizing microscope and
binocular magnifying glass at the Geosciences laboratory of the Faculty of Sciences and Techniques
of Marien NGOUABI University of Brazzaville, based on the Atlas of Brocheet al.[35] and
Devismes[36]. The quantification of heavy minerals was done by counting all the identified minerals
crossing the reticule wires on a line crossing the thin blade, by sweeping it completely. The
percentage of each mineral was calculated as follows:

n
X = m (Egquation 1)

wheren = the number of counted points of a heavy mineral;

N = the total number of counted points of all heavy minerals in the entire thin blade.

The results of the counting allowed the statistical treatment by Principal Component Analysis (PCA) in
order to understand the relationships existing between the different heavy mineral species, to identify
the mineral parageneses characteristic of the Cover Formation and its bedrock as well as the
potential sources of these heavy minerals.

II1. Results

3.1 Field Study

The profile of Diosso (Figure 2a) shows from bottom to top three lithological sets: the lower set
representing the "Série des Cirques”, the middle set representing the Stone line and the upper set
representing the Cover Formation. The “Série des Cirques” of Diosso consists of five (5) lithological
units. Unit | consists of a stack of onlap elemental sequences composed of fine and medium sand
topped by very fine sand clay or silty clay. The unit ends in a palaeosol. Units Il to V are each made
up of a stack of onlap elementary sequences generally starting by a gravelly or conglomerate sand,
containing large cross stratifications. Each unit begins with a gullying surface bearing a conglomerate
or conglomerate sand with cross and parallel plane stratifications and ends with a palaeosol
developed on a fine clayey sand or silty clay.

The middle set is a laterite of 0.40 m to 0.90 m of thickness, heavily armoured in its upper part. It is
composed of ferruginous pisolites, round and shiny quartz grains, quartzite pebbles, magmatic and
metamorphic rocks. The upper set of 12 m thickness constitutes the Cover Formation. It is a yellow
ochre,thin sands with a homogeneous appearance.

The profile of the "Pont du Djoué"cliff (Figure 2b) shows three sets. The lower set, of about 3.47 m
thick is the Inkisisandstone. It is a succession of lenticular elementary sequences of at least 1 m thick.
Each lens begins with an erosive surface bearing flattened pebbles of quartzite, magmatic and
metamorphic rocks, silexite, carbonate, oolite and red argillite. Above, from bottom to top, appear
coarse wine-redconglomeratic sandstones with large cross stratifications, medium wine-red
sandstones with small oblique and herringbone stratifications, and fine micaceous and clayey, wine-
red sandstones in 5-10 cm platelets and with current ripples marks.

The middle set, from 3.47 m to 5.02 m, represents the alluvial stone line with a thickness varying from
0.60 m to 1.5 m. It is a polygenic, coarsening conglomerate composed of angular and sub-rounded
blocks of multi-centimetric size of the silicified slab and laterite, rounded pebbles of Inkisi sandstone,
chert, whitish and flattened pebbles of quartzites, magmatic and metamorphic rocks, granules of
indurated laterite with ferruginous cement. That stone line contains worn archaeological tools in its
middle part and unworn archaeological tools in its upper part. The upper set (5.02 m to 11 m)
represents the Cover Formation. It is an ochre-yellow, fine, silty, clayey sand with no sedimentary
structures and a homogeneous appearance.

The profile of the "Main Bleue" is located in Bacongodistrict, on the right bank of the Congo River, not
far from the De Gaule hut. The outcrop is a cliff more than 40 m high (Figure 2c) which shows three
sets representing from bottom to top: the Stanley-Pool Series, the Stone line and the Cover
Formation. The lower set of 25.30m thick, shows three units: Unit | (O m - 17 m) is composed of 14 m
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of medium to fine clayey, whitish-grey sands with cross stratificationsand parallel planes
stratificationsshowing alternating beds of fine and medium sand. There are erosion gutters of 10 cm
to 15 cm deep and about 1.20 m wide, filled with fine and medium sand showing plane parallel
stratifications; 0.5 m of greyish sandy claywith small shrinkage crack at the top, and debris of organic
matter. Finally, 3.5 m of silicified slab, consisting of a very fine, much silicified, whitish-grey sandstone
with lenticular bedding, locally brecciated beds, containing discontinuous laminae of chalcedony. This
slab is strongly silicified, giving in some places a millstone appearance. Unit Il (from 17 m to 24.5 m)
consists of greyish silty clay with lenticular beddingdrawing festoon cross bedding structures. It
contains shrinkage crack in its upper part. It is lightly silicified and also contains discontinuous,
whitish, interlayered laminates of chalcedony. This clay is surmounted by 5.50 m of fine to medium,
whitish sands with large curved stratifications tangential to the plane parallel stratifications. The plane-
parallel stratifications are made up of alternating beds of fine clayey sands with beds of medium to
coarse sands. This level contains several erosion gutters, micro faults, slumps and small hydraulic
ripples marks. The unit ends with 1 m of very fine, highly silicified clayey sandstone constituting the
second slab. Unit Il is strongly gullied and is in shreds of about 0.80 m. These are fine to medium,
whitish and kaolinic sandstones containing cross stratifications.

= = T
§ = v 5 S= . v
5|s 8| s . & HHE 2 ¥ 515 8| 5 ¢ 8

HEE ol B 5§ 5 § izl S| £
HHHHEHIEEE HHEHERHERRE HHHHE RS

MEHEE E R RSN =l E|§|2].%] S T e s|EIS1 S]] S |.=E38eg 8

5132|513 = 53838338 5| 5| 2| 5|35 |s5833888 SIEISIEZEIR | S |ESSRCEER

il 3 N S S S S it it o S S S B S a2 sl 2] il 51 K5 IS Ml il

KLP™

s |3 g 467 W
] B v

MHER <+MAL2-16 - 5 ~|3 4 aEl

HYHERE HHE

A B = S|z 3

S| SV o |[+-MAL2-10 NEE <~ DJO-04 HEHR A

<= HEHE 2[=|5]8 0

SHE 45 2 <+MAL2-07 == F;S é o I S A <—MB-06

=SS Y <) N E RS 2

<o <+ MAL2-05 =513 =|=|=z
X 38 N <—DJO-05 NEE
PE =. <«MAL-03 3[S 3

51 B 36+ =

EEE il S s O O DAY p-- RS

= “ }J 344 A -] 5 ﬁs
TTI 3 M SHBS

32 o B = i IS /
= °=" E‘S s ﬁ = ~

SEEE :
= 8
: s
gls ]
g1 HHHE §
S B Bl R I =~

= sl=! = () =

sI=] M NMEEIN ~ P

S =1 B 3|S ~ Y 1 B

HERE <= i |E|5[€

§ E n| 2 3 1

S [5]8]3 b) 5 N B

SR (NN S
Thsehide's — Erosional gutter i |d ;; RS
R 2 ]s
alsl=
. . . <} o=
m&(me line N Cross stratifications N f “
R S
o DIO-30 Sand == Plane and paralléle ':
e .ge .
stratifications ®
3|5 II Cla ey sand S
Y . . o
E Els «DI0-23 J.y \Curved stratificationf ~ |=
2l § %Arglle
=]~ BEFIR
TloalNP— 84 DIO-20 .
<€ » =7 < DIO-19 - Silicified slab @ Shrinkage crack
S — | . .
“ = -~ Current ripple Archeologic tools
Ll 4 5m s =
! 1 £ 3
— v A~ Gullying surface gty = Stone line c)
2 0 Sade
% ) A Un conformity <«— Sampling points

Figure 2. Lithostratigraphic log: a) Profile of Diosso; b) Profile of the "Pont du Djoué"cliff; c) Profile
of "Main bleue"

The middle set (from 25.30 m to 26.10 m) represents the stone line. It is a polygenic conglomerate
with a sandy-clay matrix, its thickness varying between 0.20 m and 1.20 m. This conglomerate is
composed of two levels: the lower level of about 0.20 m thick is composed of rounded and flattened
pebbles of quartzite, magmatic and metamorphic rocks, Inkisi sandstone, angular and sub-rounded
blocks of the silicified slab, all wrapped in a greyish sandy-clay matrix. The upper level, about 0.50 m
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thick, is mainly composed of angular gravels and granules of pisolitic laterite. The sorting is poor and
the elements are packed in a red ochre sandy-clay matrix. The upper set (26.10 m - 38.4 m) consists
mainly of fine and very fine sand, clay-ochre yellowish-silty, homogeneous in appearance. It ends with
about 0.20 m of humus soil.

3.2 Laboratory study
3.2.1 Description and identification of heavy minerals
Fifteen minerals species have been identified in the Cover Formation and his bedrock (Figure 3).

=)

Figure 3 : Heavy minerals identified in the profiles of Diosso-Malele, "pont du Djoué cliff and "Main
bleue": A) sphene ; B) rutile ; C) Kyanite ; D) tourmaline ; E) limonite ; F) sillimanite ; G) magnetite ;
H) amphibole ; I) garnet, J) ilmenite ; K) zircon ; L) staurotide ; M) spinelle ; N) andalousite, O) mineral
not identified (NI).

3.2.2. Quantification of heavy minerals

Tables 2, 3 and 4 give the results of the heavy mineral count contained in the selective samples from
the profiles of Diosso and Malele, "Pont du Djoué cliff and the Blue Main.
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Table 2. Mineralogical composition of the Cover Formation and its bedrock represented by
the Série des Cirques of Diosso
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Table 3. Mineralogical composition of the Cover Formation and its bedrock
represented by the Inkisi sandstones in the profile of the "Pont du Djoué" cliff
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Table 4. Mineralogical composition of the Cover Formation and its bedrock represented
by the Stanley-Pool in the "Main Bleue" profile
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These tables show that heavy minerals are less abundant in the Cover Formation (0.01 to 0.2% of the
initial sample mass) than in its bedrock (0.2 to 0.8%). These heavy minerals are dominated by
ubiquitous minerals, mainly ilmenite, tourmaline, zircon, rutile, followed by metamorphism minerals
such as sillimanite, kyanite, andalusite, garnet and staurotide; magmatism minerals such as spinel,
sphene and other common minerals such as magnetite, green amphibole, limonite.

In the Diosso profile (Figure 4a)the ilmenite is the most abundant heavy mineral, followed by
sillimanite and sphene. This is followed by tourmaline, zircon, green amphibole, limonite, rutile, and
garnet. These heavy minerals are rounded except for spinel, sillimanite, staurotide and kyanite, which
are sub angular and even prismatic. In the Cover Formation, ilmenite, sillimanite, sphene, and
tourmaline are the most abundant heavy minerals. Next come amphiboles, kyanite, zircon, and
limonite. Garnet and rutile are scarce. The kyanite, sillimanite, staurotide are sub rounded.
Tourmaline and zircon are much worn, while others are still prismatic. Several grains of the heavy
minerals of the Cover Formation bear impact marks unlike those of the “Série des Cirques” of Diosso.
Red hematite, although very abundant compared to all other minerals, was not considered in the
statistical study. Its angular shape and leaf habit show that it results from current pedogenetic
processes. The "Série des Cirques" of Diosso is characterized by the following heavy mineral
paragenesis: ilmenite, sillimanite, sphene, tourmaline, amphibole and zircon, while the Cover
Formation is characterized by the ilmenite, sillimanite, sphene and tourmaline paragenesis (Figure

4a).
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Figure 4. Relative frequencies of heavy minerals in the Malele Cover Formation and its bedrock:
(a)Diosso and Malele profile, (b)"Pont du Djoué cliff profile, (c)Main bleue profile

In the profile of the “Pont du Djoué” cliff (Figure 4b), the heavy minerals identified in the Inkisi
sandstones are, in order of decreasing abundance: tourmaline, ilmenite, limonite, anatase, rutile,
zircon, kyanite, garnet. These minerals are sub angular. Those identified in the Cover Formation are,
in decreasing order of abundance: tourmaline, ilmenite, sphene, sillimanite, limonite, rutile, kyanite,
zircon, green amphibole, staurotide. Contrary to those described in the Inkisi sandstones, those of the
Cover Formation bear shot marks similar to those observed on the heavy minerals of the Malele
Cover Formation. Sillimanite and kyanite are either prismatic or sub-rounded. Tourmaline and zircon
are much worn out, while others are prismatic or even automorphic. The dominant heavy mineral
paragenesis in the Cover Formation is composed of tourmaline, ilmenite, sphene and sillimanite,
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while that of the Inkisi sandstones is composed of tourmaline, ilmenite, limonite and anatase. Anatase
is absent in the Cover Formation, whereas sphene, staurotide, sillimanite and green amphibole are
absent in the Inkisi sandstones (Figure 4b).

In the profile of "Main bleue" (Figure 4c), the heavy minerals identified in the Staley-Pool are, in
decreasing order of abundance: ilmenite, tourmaline, rutile, zircon, staurotide, kyanite, kyanite, garnet,
spinel. These minerals are much worn out, some grains are rounded.

In the Cover Formation, the heavy minerals identified are the following, in decreasing order of
abundance: ilmenite, tourmaline, sphene, sillimanite, limonite, rutile, staurotite, zircon, kyanite,
amphibole, garnet. These heavy minerals are angular, broken and bear fresh choc marks. Some
zircons and tourmalines are prismatic. The dominant heavy mineral paragenesis in the Stanley-Pool
is in decreasing order of abundance: ilmenite, tourmaline, limonite and rutile. The dominant heavy
mineral paragenesis in the Cover Formation consists of ilmenite, tourmaline, sphene, sillimanite and
limonite. Sillimanite, sphene and amphiboles, present in the Cover Formation, are absent in the
Stanley-Pool Series, while spinel and anatase are absent in the Cover Formation. The Cover
Formation differs qualitatively and quantitatively from its bedrock represented by the Stanley-Pool.

3.3. Principal Component Analysis (PCA)

3.3.1. Profile of Diosso-Malélé

Principal component analysis shows that the factorial planes (F1, F2) and (F1, F3) account for
78.15% and 73.36% of the total variability of the observation points or variables, respectively. The first
two planes represent the variability contained in the data set. The study of the cloud of variables in the
(F1, F2) plane (Figureba) reveals mineral parageneses grouped into two clouds: the first cloud
relating to the F1 axis is made up of sillimanite, iimenite, magnetite, zircon, sphene, garnet, rutile,
staurotide and the second relating to the F2 axis is made up of tourmaline, amphibole and limonite.
Spinel and rutile seem to deviate from these two clouds.
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Figure 5.Cloud of mineral and samples in the (F1, F2) and (F1, F3) planes of the Diosso series of
Cirques (DIO-19, DIO-20, DIO-23, DIO-30) and the Malélé Cover Formation (MAL2-03, MAL2-05,
MAL2-07, MAL2-10, MAL2-16)

The plane (F1 and F3) (Figure 5b) shows mineral parageneses grouped into three clouds: the first
and second clouds refer to the F1 axis and the third to the F3 axis. The first cloud is composed of
kyanite, zircon, staurotide, magnetite, garnet, ilmenite; the second cloud by amphibole, limonite and
spinel, and the third by tourmaline and rutile.

The study of the observation point cloud (the samples) shows two opposing sample clouds in the
plane (F1, F2) (Figure5c). The first cloud that is negatively correlated with respect to F1 is composed
of samples MAL2-05, MAL2-10, MAL2-07, DIO-20 and DIO-19. This first cloud is strongly opposed to
sample DIO-30. The second cloud which is positively correlated with respect to F2 is composed of
MAL2-16, MAL2-03 and DIO-23. It negatively opposes the first cloud with respect to F2. The (F1, F3)
plane (Figure5d) shows two sample clouds that stand out clearly and discriminate well between the
“Series des Cirques” and the Cover Formation samples. The first cloud relating to the F1 axis consists
of samples MAL2-10, MAL2-05, MAL2-16. The second cloud relating to F3 consists of the samples
DIO-19, DIO-20 and DIO-23. In this plane, samples MAL2-07 and MAL2-03 strongly oppose the
second cloud.

3.3.2. Profile of "Pont du Djoué"Cliff

Principal component analysis shows that the factorial planes (F1, F2) and (F1, F3) account for
95.71% of the total variability of the cloud of observation points or variables. The first two planes
represent very well the variability contained in the data set. In the (F1, F2) plane (Figure6a), the
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heavy mineral clouds show four clouds: the first relating to the F1 axis is composed of zircon, sphene,
rutile and sillimanite. The second referring to axes F1 and F2 is composed of tourmaline, ilmenite and
limonite. The third, relating to axes F1 and F2, is composed of staurotide, kyanite and amphibole, and
the fourth, which opposes the third, is composed of garnet and anatase.
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Figure 6. Clouds of heavy minerals and samples in planes (F1, F2) and (F1, F3) in the Inkisi
sandstones (DJO-01, DJO-07, DJO-08) and the Cover Formation (DJO-03, DJO-04, DJO-
05) outcropping in the cliff of the "Pont du Djoué".

The plane (F1, F3) shows three heavy mineral clouds (Figure 6b): The first is composed of
sillimanite, kyanite, ilmenite, sphene, zircon, limonite and amphibole. The second is composed of
tourmaline and rutile and the third is formed by anatase and garnet.
With respect to the samples, the (F1, F2) plane (Figure 6c) shows a cloud composed of samples
DJO-01, DJO-07, DJO-08 of the Inkisi sandstones, negatively correlated with the F1 axis and
opposing samples DJO-03, DJO-04, DJO-05 of the Cover Formation. The plane (F1, F3) presents an
organization identical to that described above and marked by a cloud containing samples DJO-01,
DJO-07, DJO-08 of the Inkisi sandstones, negatively correlated with the F1 axis and which opposes
samples DJO-03, DJO-04, DJO-05 of the Cover Formation (Figure 6d). Principal component analysis
shows a clear mineralogical distinction between the Inkisi sandstone and the Cover Formation.

3.3.3. Profile of the "Main bleue”
The (F1, F2) plane (Figure 7a) shows two clouds of points. The first one relating to F1 axis is
composed of sillimanite, ilmenite, zircon, sphene, staurotide, kyanite, amphibole and tourmaline.
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The second cloud, which refers to F2, is composed of garnet and rutile. The spinel deviates
negatively from the first cloud. The (F1, F3) plane (Figure7b) also shows two clouds of points related
to F1 axis. The first cloud consists of tourmaline, sillimanite, staurotide, rutile, sphene, amphibole,
ilmenite and limonite. The second consists of garnet, zircon and kyanite. According to this plan, the
spinel spreads out and also opposes the two mineral clouds.

With respect to the samples, the (F1, F2) plane (Figure 7c) shows a cloud which relates to the F1
axis, consisting of samples GB-01, GB-02, E-06 and E-10 all belonging to the Stanley-Pool, and
which opposes samples MB-01, MB-06 and MB-11 of the Cover Formation. The (F1, F3) plane
(Figure 7d) also shows along the F1 axis, a cloud of the samples (E-06, E-10, GB-03) belonging to
the Stanley-Pool which opposes samples MB-06 and MB-11 of the Cover Formation. Principal
component analysis shows a clear mineralogical distinction between the Stanley-Pool and Cover
Formation samples.
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Figure 7. Clouds of heavy minerals and samples in planes (F1, F2) and (F1, F3), contained in the
Stanley-Pool (GB-01, E-06, E-10) and Cover Formation (MB-01, MB-06, MB-11) outcropping in the
"Main bleue" profile.
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IV. Interpretation and discussion of results
The field study shows that in all three studied profiles, the Cover Formation overlies its bedrock via a
polymictic or polygenic coarsening up orthoconglomerate or via a palaeosol. This coarsening up
sorting is indicative of sedimentary dynamics and the increasing of the transport currents
competence. These observations confirm those of Thiéblemont [15] in Gabon andMiyounaet al.
(2016, 2019) in Congo, who show that the stone line marks a paléosurface and a gully unconformity.
This means that a long time separate the setting up of the Cover Formation of his bedrock.
The study of the heavy minerals of the three studied profiles, shows that heavy minerals are less
abundant in the Cover Formation (about 0.01% to 0.3% of the initial sample weight) than in the
bedrock (about 0.8% of the initial sample weight). These percentages are identical to those obtained
by Le Maréchal [17] in the Nganga-Lingoloand Inoni, respectively in Brazzaville and Pool
Departments. The heavy minerals identified in the Cover Formation are, in decreasing order of
abundance: ilmenite, sillimanite, sphene, tourmaline, amphibole, kyanite, limonite, zircon, rutile and
garnet. This list is similar to that obtained by Le Maréchal [17] in Congo and by Thiéblemont [15] in
Gabon, except for the apatite that we did not observe in our samples of the Cover Formation. Figure 4
shows that regardless of the lithological nature of the bedrock, the Cover Formation contains the
same paragenesis of heavy minerals, dominated by ilmenite, sillimanite, sphene, tourmaline and
zircon. This paragenesis distinguishes it from the bedrock, which contains more diverse and abundant
heavy minerals. Regardless of the bedrock, the homogeneity in heavy mineralsof the Cover
Formation over long distances from Pointe Noire to Brazzaville, and from Congo Brazzaville to
Gabon, regardless of the bedrock, suggests that it does not come from in-situweathering of its
basement, contrary to Le Marechal [17] and Schwartz [9],[18] who believe that the Cover Formation
is the product of in-situweathering of its basement. The shot marks on the heavy minerals of the
Cover Formation are evidence of their aeolian origin. According to Pojaret al.[37], it is possible to
determine the source or the originof the sediment from the association of heavy minerals containedin
a sediment. The angular, sub-rounded sometimes sub-automorphic kyanite, sillimanite, staurotide and
green amphibole, associated with garnet, indicate a metamorphic provenance of the green shale and
amphibolite facies. Well-rounded tourmaline and zircon show evidence of reworking or recycling of
ancient sedimentary or meta-sedimentary rocks. On the other hand, the sub-automorphic zircons and
tourmalines associated with rutile undoubtedly suggest magmatic felsicrock origin such as granites,
diorites, syenites, granodiorites and associated lavas. Well-worn ilmenite and limonite reveal a long
history and several sedimentary cycles. They have been reworked from sediments derived from the
alteration of magmatic or metamorphic rocks, rich in ferromagnesian minerals such as diorites,
granodiorites, tonalites and their volcanic equivalents. All these characteristics show that the heavy
minerals contained in the Cover Formation come from feeding areas that contained mainly
metamorphic rocks and secondarily magmatic and sedimentary or meta-sedimentary rocks. Such
rocks exist in the Mayombemountain and the Chaillu massif [23]; [38]. However, the fact that the
Cover Formation retains the same paragenesis of heavy minerals regardless of the geological nature
of the bedrock and the fact that these heavy minerals bear shot marks, rule out the hypothesis of in-
situ alteration of its bedrock and therefore his autochthony. The homogeneity of the paragenesis of
the heavy minerals supposes that the sediments of the Cover Formation come from the same distant
source.
In the profile of Diosso - Malélé, in the (F1, F2) plane (Figure5a), the two clouds formed respectively
by the samples (DIO-23 of the “Série des Cirques” and MAL2-16, MAL2-03 of the Cover Formation)
(DIO-19, DIO-20 of the “Série des Cirques” and MAL2-05, MAL2-07, MAL2-10 of the Cover
Formation) assume that these samples have similar heavy mineral compositions. On the other hand,
the (F1, F3) plane (Figure5b) shows two distinct clouds that discriminate samples DIO-19, DIO-20,
DIO-23 of the “Série des Cirques” from samples MAL2-05, MAL2-10, MAL2-16, MAL2-03 and MAL2-
07 of the Cover Formation. This shows that from the point of view of heavy mineral content, the
sediments of the “Série des Cirques of Diosso and the Malele Cover Formation have similarities and
dissimilarities that allow them to be qualitatively and quantitatively distinguished.
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In the profile of the "Pont du Djoué" cliff of the heavy minerals identified in the Inkisi sandstones are:
tourmaline, rutile, anatase, zircon, ilmenite, limonite, associated with some kyanite, garnet, magnetite
and brown hematite. These minerals generally angular, sub-angular and don’t bear shot marks,
indicating proximity of the area that supply the sediments and a transport agent other than wind.
According to Boudzoumou[25], [1],[26] the Inkisi sandstones are of fluvial origin. On the other hand,
heavy minerals of the Cover Formation, represented by ilmenite, tourmaline, rutile, zircon, associated
with sphene, kyanite, sillimanite, staurotide, garnet, limonite, magnetite and brown hematite, which
are strongly worn and still bear visible shot marks, show that they were recycled and transported by
wind for a long time before being immobilized in a continental environment. In this profile, the Inkisi
sandstones and the Cover Formation are easily distinguished qualitatively and quantitatively by their
heavy mineral content. Principal component analysis shows that in the (F1, F2), (F1, F3) planes
(Figure6a, 6b),thedifferent mineral clouds form parageneses point firstly towards metamorphic rocks
of green shale grade and amphibolite grade, and secondly towards magmatic rocks. In planes (F1,
F2) and (F1, F3) (Figure6c, 6d), the two clouds of samples respectively composed of samples (DJO-
01, DJO-07, DJO-08) of the Inkisi sandstones and (DJO-03, DJO-04, DJO-05) of the Cover Formation
and which negatively oppose each other with respect to the F1 axis show that the Inkisi sandstones
and the Cover Formation have diametrically opposed heavy mineral compositions. This shows that
the yellow ochre sands of the Cover Formation overlying the Inkisi sandstones are not the product of
in-situ weathering of the Inkisi sandstones.

In the "Main bleue" profile, the heavy minerals identified in the Stanley-Pool are ilmenite, tourmaline,
rutile, zircon, staurotide, kyanite, garnet, and spinel. The fact that these heavy minerals are well-worn
and sometimes bear polished shot marks suggests an aquatic recovery after an aeolian phase. On
the other hand, in the Cover Formation the heavy minerals identified are ilmenite, tourmaline, sphene,
sillimanite, limonite, rutile, staurotide, zircon, kyanite, amphibole and garnet. These heavy minerals
are worn, commonly broken, and bear fresh shot marks indicating that they have been subjected to a
final aeolian process before being immobilized. Qualitatively and quantitatively, the Cover Formation
differs clearly from the Stanley-Pool by its heavy mineral content.

The two clouds of heavy minerals in the plane (F1, F2) (Figure7a) formed respectively by sillimanite,
ilmenite, zircon, sphene, staurotide, kyanite, amphibole, limonite and tourmaline for the first and
garnet and rutile for the second, point towards metamorphic rocks of the green shale and amphibolite
grades. The spinel that deviates negatively from the first cloud indicates an origin from mafic or
ultramafic rocks deficient in quartz. In the (F1, F3) plane (Figure7b), the two clouds formed
respectively of tourmaline, sillimanite, staurotide, rutile, sphene, amphibole, ilmenite and limonite for
the first one and zircon, kyanite and garnet for the second one, confirm that the provenance area
contains mainly metamorphic and secondarily magmatic rocks.

The distinct clouds (Figure7c) formed by the samples (GB-01, GB-03, E-06 and E-10) from the
Stanley-Pool and the samples MB-01, MB-06 and MB-11 from the Cover Formation which oppose
each other in the (F1, F2), (F1, F3) planes, show that these two formations have mineralogical
compositions which clearly distinguish them. In the "Main bleue" profile, the Cover Formation has a
much more different mineralogical composition than the Stanley-Pool. It is therefore not the result of
theweathering of its bedrock formations represented by the Stanley-Pool.

To sum up, in the three studied profiles, the Cover Formation has the same and homogeneous heavy
minerals composition. It is easily distinguished from its bedrock. These heavy minerals, dominated by
the ubiquitous, mainly come from the metamorphic rocks of green shale and amphibolite grades, and
secondarily, from magmatic and sedimentary rocks. Some of these minerals have undergone several
sedimentary recycling processes.

V. Conclusion
The Cover Formation overlies its bedrock of varied lithological nature through a
palaeosurfacematerialized by an alluvial or colluvial stone line, polymicte or oligomicte conglomerate.
The Cover Formation contains a same and homogeneous paragenesis of heavy minerals dominated
by ilmenite, sillimanite, sphene, tourmaline, amphibole, kyanite, limonite, zircon, rutile and garnet,
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whatever the geological nature of the bedrock. This paragenesis distinguishes qualitatively and
guantitatively the Cover Formation from its bedrock. These heavy minerals found in the Cover
Formation originate mainly from the weathering profiles of ancient metamorphic rocks of green shale
amphibolites grades, and secondarily, from magmatic rocks with felsic tendency rich in
ferromagnesium, and finally from the weathering profiles of ancient sedimentary or metasedimentary
rocks. These heavy minerals have undergone several sedimentary recyclings and have been
transported by the wind. Itappears clearly, according to the heavy minerals, the Cover Formation does
not result from in-situweathering of its bedrock. It comes from a distant source and must therefore be
stratigraphically separated from its bedrock as proposed by Thiéblemont et al. (2009) in Gabon.
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