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Abstract

The Firgoun area sedimentary deposits are located on the eastern edge of the
West African Craton, precisely in the western part of Niger. They are related
to the basal deposits of the Ydouban Group (Gourma basin) considered as Ne-
oproterozoic in age. In the Firgoun area, the uppermost deposits include suc-
cessively interbedded diamictites, carbonates and cherts (silexites), which are
assimilated to the triad, a potential stratigraphic marker that characterized the
Neoproterozoic glacial event in West Africa. So, the carbonate sediments asso-
ciated with the Neoproterozoic glacial deposits are regarded as a useful tool to
understand the stratigraphy of Neoproterozoic basins. Previous investigations
on the deposits of the Firgoun region regarding the stratigraphy are fragmen-
tary. The age of these deposits is still debated. In this paper sedimentological
and preliminary geochemistry analyses were carried out in order: to character-
ize the uppermost deposits of the Firgoun area, identify the carbonate rocks
and correlate them to the cap carbonates neoproterozoic deposits of the West
Africa Craton. Two kinds of carbonate rocks lithofacies were identified in the
Firgoun area: 1) unmetamorphosed brown dolomitic limestones exhibiting a
cavernous appearance and 2) massive marbles with milky white to pinkish col-
ors. These carbonate rocks are mainly composed of calcite, dolomite and ac-
cessory minerals such as quartz, oxides and clays. Geochemical analyses of ma-
jor elements highlight the mixed (humid and arid climates) paleoclimatic char-
acteristics for the Firgoun upper deposits. Isotopic data (negative values §°C
(=7.1%o) and 8"0 (—15.6%o)) enable the correlation of the Firgoun carbonate
rocks to the West African Craton Cap carbonates.
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Sedimentology and Geochemistry

1. Introduction

Neoproterozoic glacial deposits are systematically followed by enigmatic car-
bonate deposits well identified on several continents including Africa (Affaton,
1990; Porter et al., 2004; Font, 2005; Deynoux et al., 2006; Shields et al., 2007a;
Alvaro et al., 2023). During this period, glacial sediments (tillites, diamictites),
were widely distributed at the scale of the Earth’s surface. According to Kirschvink
(1992), the extent of these glaciations was such that ice covered the entire planet
at that time. This hypothesis, better known as “Snowball Earth” (Harland, 1964;
Kirschvink, 1992), evokes the most extreme climate changes known on planet
Earth. The carbonatedeposits that capped glacial sediments are regarded as im-
portant keys for understanding the glacial events. At least three glacial episodes
are known during the Neoproterozoic era: the Sturtian (750 - 700 Ma), the Mari-
noan (635 Ma, Kennedy, 1996) and the Gaskiers (580 Ma, Bowring et al., 2003)
glaciations. The Sturtian and the Marinoan glaciations occurred respectively dur-
ing the Early and Late Cryogenian whereas the Gaskiers one corresponds to the
Ediacarian. The West Africa basins (Taoudenni, Volta and Gourma) contain Late
Cryogenian glacial deposits (635 Ma, Kennedy, 1996) overlied by carbonate se-
quences that have been assimilated to the post-glacial cap carbonates.

According to the interpretation of Harland (1964), Kirschvink (1992), and
Hoffman et al. (1998), this succession of glacial deposits (Tillites/Diamictites) and
cap carbonates, suggesting a transition from glacial conditions (/ce-house = gla-
cial deposits) to deglacial conditions (Green-house = cap carbonate deposits),
would be at the origin of the most severe global climate changes that affected the
Earth during the Neoproterozoic.

Neoproterozoic cap carbonates are very often defined by a succession of two
sequences (Font, 2005; Le Hir, 2007; Fabre, 2010b; Young, 2013): a basal unit, es-
sentially dolomitic (CaMg(COs);) and a thicker upper unit composed essentially
of limestone (CaCOs) with occasional clays. The dolomitic basal levels are thin,
rarely reaching 20m in thickness (Font, 2005; Fabre, 2010b), while the upper levels
are relatively thicker.

According to Kennedy (1996), Hoffman et al. (1998), Corkeron & George
(2001), James et al. (2001), Hoffman & Schrag (2002), Eyles & Januszczak (2004),
NeoproterozoicCap carbonates are characterized by the presence of flat or undu-
lating biolaminations, sometimes with hummocky cross stratification (HCS) (Hoft-
man & Schrag, 2002; Halverson et al., 2004).

Vertical tubules, attributed to microbial constructions (stromatolites), have also
been observed (Cloud et al., 1974; Hoffman et al., 1998; Kennedy et al., 2001; Hoff-
man & Schrag, 2002). The top of the Cap carbonate sequence is characterized by

the presence of “tepees”, which structures correspond to megarids created by a
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regime dominated by waves induced by strong winds (up to 20 m/s) (Allen &
Hoffman, 2005).

In West Africa, Neoproterozoic carbonates have been related to the “tillites-car-
bonates-silexites” triad, characteristic of the Neoproterozoic Taoudenni (Trompette,
1973; Deynoux et al., 2006; Villeneuve, 2008), Gourma (Miningou et al., 2010) and
Volta (Porter et al., 2004; Couéffé & Vecoli, 2011) basins. This famous triad, con-
sidered a major stratigraphic marker, has also been described in the Firgoun re-
gion (Western Niger, Konaté et al., 2018; Alzouma Amadou et al., 2020) where the
carbonate sequences are the subject of the present study.

However, previous studies of these presumed Neoproterozoic deposits in the
Firgoun region have been limited to sporadic sedimentological and stratigraphic
descriptions. The age of these deposits remains controversial. Unlike their equiv-
alents in the Béli sub-basin (SE of the Gourma basin, Burkina Faso, Miningou et
al., 2010), which show stromatolithic structures, no trace of fossils has yet been
found in the carbonates of the Firgoun region. This makes stratigraphic correla-
tions difficult.

The aim of this study is firstly to investigate the geochemical characteristics of
the Firgoun uppermost deposits (Béli-Garous Formation) that include carbonate
sediments, secondly to identify carbonate sediments and to correlate them to
those found in the Taoudenni and Volta basins. In objective of refining the strat-
igraphic position of these deposits, a multidisciplinary approach integrating sedi-
mentology, geochemistry and stable isotopes analysis was implemented. The sed-
imentological characteristics combined with geochemistry (major and trace ele-
ments analysis) have made it possible to characterize the paleoclimatic environ-
ments of the Firgoun upper sediments. Isotopic data of carbonates allow correla-
tions between the carbonates of Firgoun and those found in the Taoudenni and

Volta basins.

2. Geological Setting

The study area includes two major units (Figure 1): 1) the Paleoproterozoic (Bi-
rimian, Soumaila et al., 2008; Garba Saley et al., 2024) basement of the Liptako and
2) the sedimentary cover (Neoproterozoic, Machens, 1973; Reichelt, 1972; Konaté
et al.,, 2018; Alzouma Amadou et al., 2020) that contains the Firgoun carbonates,

subject of this study.

2.1. Paleoproterozoic Basement

The basement of West African Craton is made up of Archean and Paleoprotero-
zoic formations mainly observed in two separated domains: the Réguibat Shield
in the North and the Man Shield in the South (Figure 1). In Western Niger the
basement essentially Paleoproterozic, is represented by the Birimian formations
of Niger Liptako province. These latter outcropping along the eastern edge of the
Man Shield, are affected by the Eburnean orogeny (2.4 to 1.8 Ga according to
Plumb, 1991). They are consisted ofalternating greenstone belts (Gorouol, Dar-
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gorou-Darbani, Sirba and Makalondi sectors) and granitoid massifs oriented gen-
erally NE-SW (Figure 1). These granitoid plutons expose in the following sectors:
Dargol-Gothéye, Torodi and Téra-Ayorou.
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Figure 1. (a) Simplified geological map of West Africa (modified from Deynoux et al., 2006). (b) Geological map of the northeastern
border of the Man Shield (modified from Affaton et al., 2000). G.G.B: Gorouol Greenstone Belt; T.A.G: Téra Ayorou Granitoid;
D.D.G.B: Diagourou Darbani Greenstone Belt; D.G.G: Dargol Gotheye Granitoid; S.G.B: Sirba Greenstone Belt; T.G: Torodi Gran-
itoid; M.G.B: Makalondi Greenstone Belt; M.G: Mossipaga Granitoid.

The greenstone belts are mainly composed of metavolcano-sediments, phyl-
ladesof sedimentary origin, metagrauwackes, metabasites and meta-ultrabasites
(Soumaila et al., 2008; Garba Saley et al., 2024). Whereas, the granitoid plutons
are made of tonalites, trondhjemites and granodiorites (IT'TG), diorites, quartz di-
orites, monzonites and locally syenites. In the study area the Paleoproterozoic
basement is characterized Birimian granitoids of Téra-Ayorou which are affected
by dykes doleritic (Soumaila et al., 2008; Garba Saley et al., 2024).

2.2. Neoproterozoic Sedimentary Cover

The Neoproterozoic sedimentary cover of West African Craton is mainly repre-
sented by the huge intracratonic Basin of Taoudenni (Figure 1). The sedimentary

infilling of this basin began with the Supergroup 1 (coarse sandstones, limestones,
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stromatolite dolostones, clays and silts) at approximatively 1000 Ma (Deynoux et
al., 2006). The Supergroup 1 is successively overlain by the Supergroup 2 and the
Supergroup 3. The Supergroup 2 is characterized at its base by the triad “Tillites-
carbonates-silexites”, related to glacial deposits occurred during the Late Cryoge-
nian (Shields et al., 2007a; Miningou et al., 2010). While the base of Supergroup 3
corresponds to the Late Ordovician glacial deposits which marked the upper
bounded of the Neoproterozoic (Miningou et al., 2010, 2017).

The Neoproterozoic cover outcrops in the peripheral basins of Gourma and
Volta which correspond to the southeastern part of the Taoudenni Basin (Figure
1).

The subsiding basin of Gourma with 8000 m thickness is affected to the East by
Pan African Orogeny, characterized by the thrusting of the nappes of the Gourma
folded belt (Deynoux et al., 2006; Reichelt, 1972; Affaton et al., 2000). This basin,
in continuity with the Taoudenni basin, is mainly characterized in his southeast-
ern border by the sedimentary deposits of Ydouban group which poorly outcrop
in Béli (Burkina Faso) and Firgoun (Niger) areas (Figure 1) (Miningou et al.,
2010; Konaté et al., 2018). According to Machens (1973), Reichelt (1972) and Ber-
trand-Sarfati et al. (1987), this Ydouban group composed of variable rocks in-
cludes from bottom to top: conglomerates and quartzite sandstones (basal For-
mation of “ Figroun sandstones”), coarse sandstones with conglomerates and shale
intercalations ( Formation I), shales (Formation II), carbonates with intercala-
tions of shales and sandstones (Formation III), quartzite with intercalations of
shales (Formation IV) a siliceous formation (cherts and jasper) and carbonates

with shales and siltsones (Formation V).

2.3. Stratigraphic Framework of the Study Area

The Neoproterozoic sedimentary deposits of Firgoun outcropping sporadically on
both sides of the Niger River are located to the North of Niger Liptako province
(eastern border of the West African Craton) approximatively 200 km to North-
west of Niamey (Figure 1, Figure 2). These rocks related to the basal Neoprote-
rozoic deposits of Ydouban group (Gourma Basin) rest unconformably on the
Northeastern border of the Paleoproterozoic basement of Man Shield (granitoids
Birimian of Téra-Ayorou) in the Liptako (Figure 1, Figure 2). They are consid-
ered equivalent to the lower deposits of the Taoudenni Basin (Supergroup 1 and
Supergroup 2) in the North and Volta Basin (Bombouaka and Oti supergroups)
in the South (Porter et al., 2004; Trompette, 1973; Alzouma Amadou et al., 2020;
Konaté et al., 2018).

According to these authors (Reichelt, 1972; Machens, 1973) the study area litho-
stratigraphic succession presents two units or formations: 1) the basal “Firgoun
Sandstone” Formation, overlain by 2) the “Béli- Garous” Formation (more de-
tailed in Reichelt, 1972).

The “Firgoun Sandstone” Formation, which is essentially detrital, is made of

conglomeratic to microconglomeratic sandstones, quartzite sandstones and silt-
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clay sandstones (Alzouma Amadou et al., 2020; Konaté et al., 2018). According to
the recent study of Konaté et al. (2018) based on U-Pb zircon detrital measure-
ments, the sediments of “Firgoun Sandstone” Formation yield about 1800 Ma age.

The “Béli- Garous” Formation, also known as “Faciés de bordure” (Reichelt,
1972), is composed of variable rocks (Figure 2): quartzite sandstones, silt-clay
sandstones, conglomerates, alternating clayey shales and carbonates, mudstones,
cherts or silexites. In this formation, the shale horizons have provided a Pan-Af-
rican age of 600 Ma, obtained by the Rb-Sr method (Reichelt, 1972). These latter
in alternating with carbonates deposits overlie the silicoclastic sediments (quartz-

ite sandstones, silt-clay sandstones, conglomerates).
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Figure 2. Location of the study area on a simplified geological map of Liptako (extract from Machens, 1973).

3. Sampling and Analytical Methods

A multidisciplinary approach integrating a sedimentological study and geochem-
ical analyses was implemented during this study. During the fieldwork, four (4)
lithostratigraphic sections were surveys and thirty (34) samples were collected.
Twenty-four (28) among of these samples were selected for sedimentological study
and six (6) others for geochemical analyses. The sedimentological study consisted
of macroscopic descriptions of the outcrops in the field and microscopic observa-
tions of the carbonate samples at the laboratory. The field investigations are based
on several criteria, such as bed thickness, lithology, color, and sedimentary struc-
tures.

Thin sections of the 24 samples collected were prepared at the Laboratory of the
Ecole des Mines de I'Industrie et de la Géologie (Niamey, Niger). Polished sections
of 4 samples are prepared at the laboratory of the “Centre de Recherche Géologique
et Miniére” (CRGM) in Niamey. In order to determine the petrographic and min-
erals characteristics of the carbonate facies, the thin and polished sections were
described using an optical microscope (OPTICA and LEICA) at the laboratory of
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the Department of Geology (Abdou Moumouni University of Niamey, Niger).

Two types of geochemical investigations (geochemical analyses on whole rock
and stable isotope analyses) were carried out as part of this study. The samples
collected for the geochemical analyses of major and trace elements are made up
of variable rocks: cataclased quartzitic sandstones, filled with oxides (FI11), shales
(FI3), silexites (FI7), variegated carbonates (FI7) and dolomitic marbles (FI12).
All these samples, previously crushed and pulverized, and analyzed using the ICP-
MS (Inductively Coupled Plasma Mass Spectrometry) method at the Actlabs On-
tario laboratory (Canada).

C and O isotopic analyses specific to carbonate deposits (sample FIR3) were
also carried out at the Actlabs Ontario laboratory (Canada). The sample, previ-
ously crushed and pulverized, was analyzed using the IRMS (Isotope Ratio Mass
Spectrometer) method.

The results of geochemical analyses for major and trace elements were pro-
cessed using software such as GCDKit and IBM SPSS Statistics 20. To assess the
paleoclimatic conditions of the sediments, the major element results were plotted
into the Suttner & Dutta (1986) diagram using the above-mentioned software.

The isotopic compositions of carbon and oxygen of a sample were respectively
denoted §13C and 6180. The method involves reacting carbonate powder with
phosphoric acid (H3PO4) at 70°C to extract carbon dioxide (CO,). The CO, gas
extracted was analyzed at Actlabs Ontario laboratory (Canada) using an isotope
ratio mass spectrometer (IRMS). Results for both carbon and oxygen were re-
ported in conventional notation in per mil (%o) relative to the V-PDB (Pee Dee
Belemnites, Tahata et al., 2015) international standard. The precisions of isotope

measurements were 0.2%o for both carbon and oxygen.

4. Results

4.1. Sedimentological Study
4.1.1. Lithostratigraphic Sections Description

On the basis of the sedimentological analysis four lithostratigraphic sections (Cl1,

C2, C3a and C3b) have been realized in the Firgoun region.

Lithostratigraphic section C1, with approximately 15 m thickness (Figure
3), was taken from outcrops along the main Ayorou-Gao road
(N14°49'55"-E0°53'7.6").

With an extension of around 3 km, this section, slightly oriented SE-NW, ap-
pears to be the most representative. During our field observations, 7 lithofacies
were identified (Figure 3). These are from bottom to top:

- coarse quartzite sandstones, conglomeratic to microconglomeratic (lithofacies
Frl), resting unconformably on the more or less metamorphosed granites of
the Birimian basement;

- quartzite sandstones with intercalations of silt-clay sandstone beds (lithofacies
Fr2);

- more or less fine silt-clay sandstones (lithofacies Fr3);
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- dark quartzite sandstones, with fine to medium grains (lithofacies Fr4);

- fine to medium sandstones with silt-clay interlayers (lithofacies Fr5);

- manganese-rich quartzite sandstones (lithofacies Fr6), associated with inter-
mediate conglomeratic levels;

- and slates (lithofacies Fr7) with dolomitic marble interlayers.

Lithostratigraphic section C2 (Figure 3), about 3 m thickness, was made at
outcrops along the Niger River border (N14°49'4"-E0°51'59" (North Bramé)).
This SW-NE trending section is over 2 km long. Two types of lithofacies have been
identified (Figure 3): at the bottom, quartzite sandstones identical to those de-
scribed in section C1 (lithofacies Fr6) and, at the top, greenish-grey shales topped
by sporadic deposits of carbonates (lithofacies Fr7).

Lithostratigraphic section C3a (Figure 3) realized south of Donkolo
(N14°50'48"-E0°52'55.8"), is surveyed over a distance of more than 3 km, in a SE-
NW direction. Four types of lithofacies are distinguished (Figure 3):

- more or less fine quartzite sandstones, dark gray in color (upper term of litho-
facies Fr6);

- shales overlain by milky-white marbles (lithofacies Fr7);

- shales (pelitic shales, slates, clay shales) gradually evolving into silexites;

- (lithofacies Fr8);

- and shales of varying color (lithofacies Fr9).

Lithostratigraphic section C3b, about 4 m thick (Figure 3), was surveyed
south-east of Donkolo (N14°50'57.5"-E0°53'34.9"). This section was surveyed over
a distance of more than 4 km, in a SE-NW direction. Three types of lithofacies
were identified (Figure 3):

- fine quartzite sandstones (upper term of lithofacies Fr6);
- shales evolving vertically to milky-white marbles (lithofacies Fr7);

- and banded cherts or silexites (lithofacies Fr8).

Legend
=_—_| Lithofacies Fr9
2" Lithofacies Fr8
="=- Lithofacies Fr7
=2 Lithofacies Fré
[ Lithofacies Fr5 Neoproterozoic
E5 Lithofacies Fra
- Lithofacies Fr3
B Lithofacies Fr2
. Lithofacies Fr1

Paleoproterozoic .
basement Paleoproterozoic basement

Figure 3. Lithostratigraphic sections C1, C2, C3a and C3b of the studied area.
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4.1.2. Lithostratigraphic Correlation

Correlation between different lithostratigraphic sections (C1, C2, C3a and C3b)
of Firgoun area (Figure 3) has enabled to establish a synthetic lithostratigraphic
column (Figure 4), including from bottom to top, 9 lithofacies, named Fr1 to Fr9.
The lower siliciclastic unit (lithofacies Frl to Fr3) is assigned to the “Firgoun Sand-
stone” basal Formation. While the upper deposits (Fr4 to Fr9) have been linked to
the “Béli- Garous” Formation.

Lower unit “Firgoun Sandstone” Formation

The “Firgoun Sandstone” Formation essentially detrital begins with conglom-
eratic to microconglomeratic basal sandstones (lithofaciés Fr1, about 1 m thick-
ness) which rest uncomformably on the Paleoproterozoic basement of Liptako
(Figure 4). The presence in this lithofacies of poorly sorted “matrix-supported”
conglomerates, consisting of subrounded, blunty quartz granules and pebbles
(size varying from 2 to 4 cm) indicates a fluvial influence of sedimentation. This
lithofacies evolves towards the top to relatively finer deposits presenting in places
ripple marks and oblique bedding (Figure 4).

The lithofacies Fr2, with a total thickness of 3.5 m, is represented by alternating
quartzite sandstone beds and silt-clay sandstone levels, attributed to a turbiditic
sequence (Figure 4). The finely bedded silt-clay sandstone levels become increas-
ingly coarse and thick towards the top. Quartzite sandstone horizons become in-
creasingly finer towards the top. It is characterized by the presence of oblique bed-
ding, sometimes associated with asymmetrical and symmetrical ripples with ero-
sive surfaces. Oblique beddings occur both in quartzite sandstone beds and in silt-
clay sandstone interlayers (Figure 4).

The lithofacies Fr3, made up of relatively fine deposits, outcrops over a maxi-
mum thickness of around 1.5 m. These clayey-silty sandstone beds mark the end
of the “Firgoun Sandstone” Formation. The main sedimentary structures ob-
served in this lithofacies are hummocky cross stratifications (HCS), oblique bed-
ding associated with asymmetrical and symmetrical ripples (Figure 4).

Upper unit “ Béli- Garous” Formation

Unlike the previous deposits, which are essentially detrital, those of the “Béli-
Garous” formation are made up of a diversity of rocks: conglomerates, quartzite
sandstones, silt-clay sandstones, shales, silexites and more or less metamorphosed
carbonates (limestones and dolomites) (Figure 4).

The “Béli-Garous” Formation begins with shallow sedimentation (lithofacies
Fr4), about 4 m thick. The lithofacies Fr4 is made of blackish-brown quartzitic
sandstones (Figure 4). Asymmetric to symmetric ripples sometimes associated
with oblique bedding were observed at the top of the beds.

The lithofacies Fr5 corresponds to fine to medium sandstone beds with brown-
ish silt-clay intercalations which overlined the precedent lithofacies. Asymmetric
to symmetric ripples sometimes associated with oblique bedding were observed at
the top of the beds (Figure 4).

Lithofacies Fr6 outcrops over a thickness of approximately 5 m. it is represented

by quartzitic sandstone beds, more or less manganese-bearing (Figure 4 and Fig-
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ure 5). This type of lithofacies is characterized in the intermediate levels by the
presence of faceted pebble conglomerates (Figure 5) attributed to occurrences of
diamictites. These are poorly sorted deposits (unclassified), composed of more or
less floating pebbles in a sandstone matrix. Furthermore, it is also worth mention-
ing the notable presence in this lithofacies of sedimentary features such as oscilla-
tion ripples, interference ripples, herringbone bedding, and hummocky cross
stratifications (HCS) (Figure 5).

Sedimentary

NSNS

Lithofacies Lithological description Reichelt (1972)
Fr9 Slates with variable color : white, yellow, light gray, brown and red.
Fr8 Banded cherts “silexites”.
- Carbonate overlaying slates and sometimes sandstones;
Fr7 - Slates with variable color (greenish gray often silvery brown) largely associated
to cryoturbation structures.
Quartzitic sandstones more or less rich in manganese with yellow
Fré patina at the top. g_
Conglomeratic sandstones with faceted pebbles, classify as diamictite o) c
facies. [
(O] ©
Fr5 Brownish silty-clayey sandstones. The grains are fine to medium. g L
S5 »
o >
o
Ke) =
> 3
Dark quartzitic sandstones, with hardground at the top of the bank Y= el
Fr4 b : : - o =
which is associated to ripple marks and cross bedding. £ g
©
Q.
-
2
Fr3 Reddish silty-clayey sandstones more or less fine. g S
| @
Quartzitic sandstones beds with silty-clayey sandstones interbedded 2 -
Fr2 conglomeratic to microconglomeratic. % o
=
-
Frl Massive microconglomeratic to conglomeratic sandstones (matrix o 5
supported) with sub-arounded blunty quartz pebbles. i W

Granitic basement of Liptako

1 [« [<\]3 [ s N\ |5 (=6

Figure 4. Synthetic lithostragraphic column of the Firgoun area. 1, Hummocky cross-stratifications (HSC); 2, herring bones; 3,
current ripples; 4, wave ripples; 5, planar cross-bedding; 6, planar cross tangential at the bottom (modified from Konaté et al., 2018;

Alzouma Amadou et al., 2020).

The lithofacies Fr7, locally overlying the preceding deposits, is composed of
slates, with intercalations of carbonate horizons. Particular sedimentary struc-
tures, notably “cryoturbation figures”, are frequently associated with slates (Fig-
ure 5).

Carbonate deposits are poorly exposed (approx. 0.5 m). These carbonate de-
posits sandwiched between the diamictites of lithofacies Fr6 and the silexites of

lithofacies Fr8, represent the upper part of the “Béli- Garous” Formation.
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.

Figure 5. Deposits of glacial lithofacies Fr6 and slates of lithofacies Fr7 presenting cryotur-
bation features. Herringbones (Fr6-a), current ripples (Fr6-b) structures observed in the
lithofacies Fr6. Occurrence of diamictite marked by facetted pebbles (fp) in the lithofacies
Fré6.

Two types of carbonate have been founded in the Firgoun region (Figure 6): 1)
dolomitic limestones (variegated carbonates), unmetamorphosed, and 2) massive
marbles, milky white to purplish pink in color. The variegated carbonates (dolo-
mitic limestones) are soft rocks of varied color (whitish, yellow, purple, brownish)
presenting centimetric cavities (Figure 6(a)).

The discontinuous marble layer is around 0.5 m thick. It is affected by a dense
network of fractures (Figure 6(b)). Laminar structures identical to diagenetic sty-
lolithes (Figure 6(c)) have been observed in pink, slightly metamorphosed dolo-
mitic marbles. They have blackish brown fillings, attributed to barite concretions

DOI: 10.4236/gep.2026.147001

11 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2026.147001

D. A. Amadou et al.

(Figure 6(d)). According to Chamley & Deconinck (2011), diagenetic stylolithes
commonly develop in limestone horizons, along stratification planes or at the
boundary between limestones and clays (in the case of nodular limestones).
Microscopic observation of dolomitic marbles indicates the presence of rhom-
bohedral crystals of dolomite in a calcitic matrix (Figure 7(a), Figure 7(b)). Alt-
hough dolomite can also exist in the form of cement. In this case it could be a

secondary replacement mineral.

q /
PO\ PR B

7

i Vi3 TN VB A S

Figure 6. Carbonate deposits: (a) Variegated carbonates with a cavernous appearance (dis-
solution figures), (b) White marbles showing a dense network of microfractures with sec-
ondary siliceous or calcitic filling. The pen point indicates a North orientation, (c) and (d)
Purplish pink marbles showing diagenetic stylolithes (sty) and barite in concretions (Ba).

Microscopic observation in dolomitic limestones (variegated carbonates)
shows microsparite cement with a reddish pigment. This latter is due to the pres-
ence of oxides (Figure 7(c)). Small fragments of dolomite recrystallize within the
microsparitic cement.

Indice of copper minerals have been observed in the dolomitic marbles in places
(Figure 7(d)). Microscopic observation of these marbles indicates minerals such
as chalcopyrite and azurite (Figure 7(e), Figure 7(f)).

Lithofacies Fr8 corresponds to massive or banded, greenish-black silexites (Fig-
ure 5). These are silexites with a conchoidal fracture. The gradual transition from
the shales of the preceding lithofacies Fr7 to the silexites of lithofacies Fr8 is re-

markable in some places.
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Figure 7. Photomicrograph in the carbonate deposits of lithofacies Fr7. (a) and (b): Thin
section in of dolomite marbles observed in reflected light; (c): thin section in variegated
carbonates observed in reflected light. Cal: calcite, Dol: dolomite, Si: silica; msp: micro-
sparite, cla: clay, Ox: oxides. (d): indice of copper minerals in dolomitic marbles, (e), (f):
polished sections showing the presence of azurite (az) and chalcopyrite (cp).

The Fr9 lithofacies, corresponding to marine deposits of the top of “Béli- Ga-
rous” Formation, is made up of shales, clays and silexites of varying color. Theses

rocks show locally lenses of quartz sandstone (Figure 5).

4.2. Geochemical Characteristics of Uppermost “Béli-Garous”
Formation

These geochemical analyses are focus on the uppermost “Bé/i- Garous” Formation,
which include variable rocks such as cataclased quartzitic sandstones, filled with ox-
ides (FI11), shales (FI3), silexites (FI7), variegated carbonates (FI7) and dolomitic
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marbles (FI12).

Major elements

The results of the geochemical analysis of major elements in the sediments sam-
pled as part of this study show high levels of SiO, (55.20%), ALLOs (5.50%), Fe,Os
(13.94%), CaO (6.15%), MgO (3.69%) and relatively low levels of KO (1.59%),
Na,O (0.50%) and MnO (0.82%) (Table 1).

Table 1. Geochemical analyses in major elements.

Samples FI3 FI4 FI7 FI11 FI12

Majors elements (wt%)

SiO2 68.42 69.5 87.84 43.58 6.56
TiO: 0.646 0.1 0.131 0.267 0.044
ALO; 12.2 2.28 5.36 6.38 1.32
Fe:0; 6.23 25.35 1.26 35.83 1.04
MnO 0.032 0.222 0.522 2.774 0.54
MgO 1.72 0.2 0.15 0.2 16.18
CaO 0.06 0.1 0.08 0.17 30.34
Na.O 0.04 0.04 1.7 0.04 0.72
K0 9 0.52 0.3 1.16 0.01
P.0s 0.04 <0.01 0.02 0.58 0.03
LOI 3.45 1 1.25 8.53 41.64
Total 98.85 99.32 98.6 99.52 98.75

The high SiO, content (55.20%) reflects quartz enrichment, while the high
ALOs content (5.50%) is due to the clay mineral content of some of the samples
taken at Firgoun, particularly the shales. The AL,Os/SiO, ratio values are less than
1, confirming the quartz enrichment according to Crook’s (1974) classification.

These high SiO; and ALO; values suggest a felsic source for the sediments. The
high iron content, 13.94% in average, can be linked to hematite enrichment in the
samples studied. The high CaO and MgO values, ranging respectively from 6.15%,
and from 3.69%, attest to the carbonate nature of some of the samples studied,
particularly the limestone and dolomitic marble samples.

The diagram (ALOs + K;O + Na,Os versusSiO,), commonly used by Suttner &
Dutta (1986) to discriminate the climatic conditions of the depositional paleoen-
vironment, was adopted for the study of the Firgoun sediments.

The different samples, plotted in the Al,O; + K,O + Na,O; versus SiO, diagram,
define a field corresponding to either humid or arid conditions (Figure 8).

Trace elements

Trace elements analysis shows very high values for Ba (8789 ppm) and Sr (1703
ppm) in the dolomitic marbles (FI12), while for all the samples studied, concen-

trations are moderate for Rb (1 to 150 ppm) and low for Cs (0.1 to 6.3 ppm).
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Figure 8. Characterization of the climate of the depositional environment of the Firgoun
sediments, deduced from the samples projected in the diagram of Suttner & Dutta (1986).

The trace element profile of the Firgoun samples, normalised to the UCC (Up-
per Crust Continental, Taylor & McLennan, 1985), show positive Ba peaks, which
are more pronounced in the dolomitic marbles (Figure 9), suggesting that they

are enriched in Ba.
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Figure 9. Spectrum of trace elements normalized to UCC values (Taylor & McLennan,
1985).

The negative peaks in Rb, K and Sr recorded in the trace element spectra of the
majority of samples reflect their depletion in the samples investigated. Whereas,

the exceptional recording of positive peaks in K and Sr, respectively at the level of
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the spectra of schists and dolomitic marbles, suggests their enrichment.

Ba, Rb, K and Cs belong to the LILE (Large Ion Lithophile Elements) group.
Due to their highly mobile nature, enrichment in LILE could be the consequence
of alteration phenomena (Pelleter, 2007). The variations in LILE elements in the
samples taken at Firgoun could be due to weathering. The high Sr content (1703
ppm) recorded in the dolomitic marbles (FI12) and the low Fe/Sr, Mn/Sr and
Ca/Sr ratios (<0.01) indicate, according to Frimmel (2009), very limited post-sed-
imentary alteration.

Geochemical data also indicate low contents of Hf (0.4 to 4.3 ppm), Nb (1.3 to
6.4 ppm), but a high concentration of Zr (205 ppm). These elements belonging to
the HFSE group (High Field Strength Elements) have an immobile character.

C and O Isotope Analysis of Carbonates

C and O isotope analyses of the carbonate deposits (sample FIR3) were used to
clarify the stratigraphic position of the Firgoun carbonates during the Neoprote-
rozoic glaciations. Given the apparent absence of biostratigraphic markers and the
lack of radiometric dating for Neoproterozoic carbonate deposits, the use of C and
O isotopes represents an important tool for making stratigraphic correlations for
this period.

Indeed, periods of glaciation are generally associated with a strong reduction in
organic activity, which drives the fractionation of carbon isotopes (Pelleter, 2007).
As a result, C and O isotope compositions can be used to estimate the extent of
physico-chemical alterations (diagenesis) that the sediment undergone after its
formation.

The results of isotopic analysis on carbonates (sample FIR3 of dolomitic lime-
stone taken from the upper levels of the “Beli-Garous” formation) provided §"*C
(=7.1%o) and 6'30 (—15.6%o) values. According to Font (2005), the §'*0O of mete-
oric waters is essentially controlled by evaporation/condensation processes (Ray-
leigh distillation), which depend on geographical latitude and altitude (or depth)
and have values ranging from —40%o to +5.7%o (mantle: 5.7%o + 0.3%o). There-
fore, the 6'%0 (—15.6%o) value obtained suggests a probable influence of meteoritic
waters on the carbonates. On the other hand, the negative §"C values of the Fir-
goun carbonates (8"°C = —7.1%o) indicate a drastic decrease in organic activity
(Hoftman et al., 1998) and testify to a significant period of glaciation in the Fir-
goun area during the Neoproterozoic.

5. Discussion
5.1. Depositional Environment of “Firgoun Sandstone” Formation

This formation is characterized by marine sedimentation with brief fluvial epi-
sodes (Alzouma Amadou et al., 2020). The model of depositional environment
could be illustrated in Figure 10.

In fact, the lithofacies Frl is characterized by poorly sorted matrix-supported

conglomeratic to microconglomeratic horizons at the bottom. The presence of
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blunt and subrounded pebbles in the lithofacies Frl of Firgoun area points to a

fluvial influence (Alzouma Amadou et al., 2020).

Figure 10. Model of the depositional environment proposed for the Firgoun sediments.

Whereas marine sedimentation is manifested by the presence of a flyschoid-like
succession attributed to the Bouma turbiditic sequence in the intermediate depos-
its (lithofacies Fr2) and the presence of tidal dynamics sedimentary structures
characteristic (HCS, oblique bedding associated with symmetrical and asymmet-
rical ripples) observed in the upper deposits (lithofacies Fr3) of the “Firgoun
Sandstone” Formation. Symmetrical or oscillation ripples generally result from
bidirectional wave movements (Reineck & Singh, 1973; Alzouma Amadou et al.,
2020).

5.2. Depositional Environment of “Béli-Garous” Formation

The “Béli- Garous” formation is characterized by marine sedimentation under gla-
cial influence (Alzouma Amadou et al., 2020) (Figure 10).

The presence of sedimentary structures characteristic of tidal dynamics, notably
asymmetrical ripples with rounded or flattened crests, linguoid undulating rip-
ples, sometimes associated with hardgrounds at the tops of benches, herringbone
structure (lithofacies Fr4), bundles of intersecting oblique bedding (lithofacies
Fr5) and hummocky cross stratifications (lithofacies Fr6) indicate a shallow ma-
rine sedimentation. However, the intermediate levels of lithofacies Fr6 are marked
by the presence of matrix-supported faceted pebble conglomerates, attributed to
glaciogenic deposits (diamictites) (Reineck & Singh, 1973; Campbell, 1967; Col-
linson & Thompson, 1989). The glacial origin of the diamictites is attested by the
presence of faceted pebbles (Le Hir, 2007). The lithofacies Fr6, characterized by
occurrences of diamictites associated with marine-type deposits, would have been
set up in a mixed glacio-marine environment. In such an environment, the arrival
of large boulders seems to be accidental. Only ice rafts, which drop sedimentary
material as they melt, can give rise to sedimentation of this type (Konaté et al.,
2018).

Marine sedimentation continues in the upper lithofacies, notably in lithofacies
Fr7 (slates with intercalated carbonates), lithofacies Fr8 (silexites) and lithofacies
Fr9 (shales). The carbonate deposits in the Firgoun region, notably the variegated
carbonates and the purplish-pink dolomitic marbles of lithofacies Fr7, often show

centimetric cavities interpreted as dissolution figures comparable to the “bird-
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eyes limestone” of Nichols (2009). These types of structures generally appear in
intertidal environments 5 (Chamley & Deconinck, 2011; Nichols, 2009). Accord-
ing to Chamley & Deconinck (2011), these structures result from trapped air bub-
bles. Indeed, the abundance of solution cavities and fractures associated to car-
bonates capping glacial sediments have been described in the Taoudenni basin
(Alvaro et al., 2023).

The slates of the lithofacies Fr7 locally display upturned beds or cryoturbation
structures (Konaté et al., 2018; Alzouma Amadou et al., 2020). These peculiar struc-
tures, attributed to freeze-thaw phenomena, represent an important indicator of
periglacial environments (Arbey, 1987; Nichols, 2009). Both, the intebedded dia-
mictites of lithofacies Fr6, the carbonates of lithofacies Fr7 and the silexites of litho-
facies Fr8 form the terms of the “Tillites-Carbonates-Silexites” triad, a stratigraphic
marker characteristic of the Taoudenni, Gourma and Volta basins. As a result, the
interbedded diamictites (lithofacies Fr6) of the Firgoun region have been assimi-
lated to the Neoproterozoic glaciation (probably the Late Cryogenian glaciation,
Konaté et al., 2018).

In the Taoudenni basin, the carbonate deposits covering the neoproterozoic
glaciogenic sediments have been interpreted as one of the characteristics of the

beginning of the postglacial eustatic transgression (Rossi et al., 1984).

5.3. Paleoclimatic Conditions

The result from the projection of the samples in the ALO; + K,O + Na,Os versus
SiO; diagram (Suttner & Dutta, 1986) reveals mixed paleoclimatic conditions (hu-
mid and arid) for the sediments of uppermost “Beli-Garous” Formation. Accord-
ing to Nesbitt & Young (1996), intense chemical weathering is strongly associated
with a warm, humid climate. The diagram Suttner & Dutta (1986) has been used
in order to establish the paleoclimatic conditions on the basis of lithogeochemic
characteristics of variable rocks from the “Beli-Garous” sequence. The interpreta-
tion of the diagram reveals:

- On the one hand, a humid climate characterized by high chemical maturity,
likely due to the high SiO, contents (over 65%) in the lower siliciclastic depos-
its of the Béli-Garous Formation. Furthermore, the low AL O;, K;O, and P,Os
contents imply a considerable terrigenous input.

- On the other hand, an arid climate characterized by low chemical maturity,
which is reflected in high AL,Os, K;O, and P,Os contents. This characterizes
the upper deposits of the Béli-Garous Formation, implying a low terrigenous
input, particularly in the carbonates (lithofacies Fr7) deposited in a marine
paleoenvironment under arid conditions.

These observations are in agreement with hypothetic boundary or transition
between glacial deposits and cap carbonates (Harland, 1964; Kirschvink, 1992; Hoff-
man et al., 1998). The result is supported by the identification of the carbonate
deposits, in particular the marbles and dolomitic limestones (post-glacial car-

bonate) of lithofacies Fr7under arid climat condition, which systematically follow
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glacial deposits (interbedded diamictites of lithofacies Fr6) under humid climat.
The carbonate rocks of the lithofacies Fr7 overlie in places the interbedded di-
amictite (lithofacies Fr6) and locally onto slates exhibiting cryoturbation struc-
tures. The transition from these slates presenting cryoturbation features to car-
bonate deposits in the Firgoun region is very similar to the horizon of green pelites
intercalated within carbonate beds attributed to the last glacial phase of the Infra-
cambrian in the Majabat region (Taoudenni basin, Fabre, 2010a). This abrupt tran-
sition between glacial sediments and carbonates is at the origin of the Neoprote-
rozoic climatic paradox, suggesting a rapid transition from glacial (“ice-house’) to
tropical (“green-house”’) conditions (Harland, 1964; Kirschvink, 1992; Hoffman
et al., 1998). Therefore, these authors attributed the overlying carbonates to ma-

rine warm-water facies (Porter et al., 2004).

5.4. Correlations of Firgoun Carbonate Deposits with West Africa
Cap Carbonates

The Firgoun carbonates have been classified as cap carbonates based on field ob-
servations, particularly lithological criteria, due to their belonging to the “Neo-
proterozoic Triad”. They are part of a typical sequence associating tillites/diamictites
(glacial formations), carbonates (limestones and dolomites), and silexites/cherts
(Konaté et al., 2018).

The carbonate deposits of the Firgoun region, similar to their equivalents de-
posits in the Neoproterozoic basins of Taoudenni (Shields et al., 2007a), Volta
(Affaton, 1990; Porter et al., 2004) and Gourma (Fullgraf et al., 2007; Miningou et
al., 2010), are closely associated with “triad” glacial deposits that is considered as
an evidence of major stratigraghic marker for Neoproterozoic glaciations in West
Africa. The triad has been founded at the base of the Supergroup 2 (Taoudenni
basin) and the base of the Oti Supergroup (Volta basin). Indeed, these transgres-
sive carbonate deposits observed in Firgoun region locally overlie shales exhibit-
ing cryoturbation features characteristics of periglacial environment.

Due to the scarcity of radiometric, paleomagnetic and paleontological (traces
of stromatholite fossils) data, the stratigraphic position of the cap carbonates is
difficult to constrain. In West Africa, the glacial and postglacial succession mark-
ing the transition from tillite deposits to cap carbonates was related to the Cryo-
genian-Ediacaran boundary (Shields et al., 2007a).

A Marionan or late Cryogenian age (ca.635 Ma, Deynoux et al.,2006; Shields et
al., 2007a) has been assigned to the Neoproterozoic glacial deposits at the base of
the carbonates on the basis of stratigraphic correlations supported by some radi-
ometric, isotopic and paleontological data. Lahondére et al. (2005) reported two
U-Pb radiometric ages (609.7 £ 5.5 Ma, U/Pb on zircon and 604 + 6 Ma, U/Pb
SHRIMP) in the volcanic tuffs of the Téniagourou formation, which overlies the
glacial deposits of the Jbéliat formation in Mauritania (Taoudenni basin). In the
Volta basin, a Lu-Hf age of 576 + 13 Ma was also obtained in the phosphorites
overlain by cap carbonates and glacial deposits (Barfod et al., 2004). As a result,
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the Neoproterozoic glacial deposits overlain by cap carbonates in the Taoudenni
and Volta basins were finally correlated with other glacial formations observed
elsewhere in the world, in particular the famous Elatina-Ghaub-Nantuo glacial
formation (ca. 635 Ma, Shields et al., 2007a, 2007b).

Compared with their equivalents in the Béli region (Gourma Basin SE border,
Fullgraf et al., 2007; Miningou et al., 2010), which present stromatolitic structures
characteristic of tidal environments (Miningou et al., 2010, 2017), the carbonate
deposits in the Firgoun region do not show stromatolites traces. This makes cor-
relations difficult between the carbonates of the Firgoun region and the Cap car-
bonates of the Taoudenni basin (Shields et al., 2007a), and Béli region in Gourma
(Miningou et al., 2010, 2017; Fullgraf et al., 2007) considered age late-Cryogenian
(ca. 635 Ma, Shields et al., 2007a).

However, preliminary stable isotope results (§"°C and §'30) reveal a probable
correlation between carbonates from the Firgoun region and those obtained in
Cap carbonates from the Taoudenni (Shields et al., 2007a), Volta (Porter et al.,
2004) basins and Béli area in the Gourma basin (Fullgraf et al., 2007). The §“C
isotopic signature of the carbonates from the Firgoun region indicates a negative
value of —7.1%o, different with those provided by the post-Marinoan Cap dolo-
mites in the Taoudenni and Volta basins global average around —4%o (Porter et
al., 2004; Shields et al., 2007a). However, exceptional isotopic value of —8.5%o is
obtained from the Volta basin carbonate sediments (Porter et al., 2004). In the
Taoudenni basin, the rare isotopic values reported from the post-Marinoan car-
bonates, notably —6.8%o from the Cliffs (Mauritania) (Shields et al., 2007b) and
Kayes (Mali) (Alvaro et al., 2023) localities and —6.4%o in Walidiala valley (Sene-
gal-Guinea, Shields et al., 2007a) are near to that obtained in the Firgoun car-
bonates. The Cap dolomites of Jbéliat in the Mauritanian Adrar provided distinct
values (6"*C values between —3.7%o and +1.3%o, Taoudenni basin, Shields et al.,
2007b) to those obtained in the Firgoun carbonates.

While the §'%0 value (—15.6%o) is close to the lowest value provided by the
Taoudenni Cap dolomites §"*0 (—13.4%o, in the Mauritanian Adrar, Shields et al.,
2007b), but slightly different from those of the Volta Basin Marinoan Cap dolo-
mites (80 between —9.20%0 and —2.41%o, Porter et al., 2004). Isotopic values
similar to those of the Firgoun carbonates have also been reported in the Kayes
area cap carbonates, Taoudenni basin (—11.8%o and —5.0%o, Alvaro et al., 2023).
These observations support probably the Rb-Sr age (600 Ma, Reichelt, 1972) ob-
tained in shales interbedded with carbonates from the lower part of the Ydouban

Group.

6. Conclusion

The carbonate sequences of the Firgoun region show sedimentological similarities
with those including in the Late Cryogenian “Tillites-carbonates-silexites” triad
(Shields et al., 2007a), characteristic of the Taoudenni, Gourma (Béli area) and
Volta basins (Affaton, 1990; Porter et al., 2004; Shields et al., 2007a; Miningou et
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al., 2010, 2017; Fullgraf et al., 2007).

In the Firgoun region, the carbonate horizons, capped by the silexites deposits
of lithofacies Fr8, are underlied by the intermediate diamictites of lithofacies Fr6
at their bottom. These carbonate deposits were deposited in a shallow marine en-
vironment.

Despite the lack of fossil evidence, in particular the stromatolites described in
the neighbouring Taoudenni and Gourma (Béli area) basins (Shields et al., 2007a;
Miningou et al., 2010, 2017; Fullgraf et al., 2007), the variegated carbonates (dol-
omitic limestones) of Firgoun show centimetric cavities interpreted as dissolution
figures similar to the birds eyes limestones (Nichols, 2009) characteristic of tidal
environments (Chamley & Deconinck, 2011; Nichols, 2009).

Projection of the major elements from the Firgoun sediment samples in the ge-
ochemical diagram (ALO; + K;O + Na,Os versus SiO,, Suttner & Dutta, 1986)
reveals mixed paleoclimatic characteristics (arid and humid). This observation is
compatible with the transition which marks the passage between the intermediate
diamictite glacial sediments and the cap carbonates considered to be marine
warm-water facies (Porter et al., 2004).

According to several authors, this succession, widely described in Africa and
elsewhere in the world, suggests a rapid transition from glacial (“ice-house”) to
tropical (“green-house”) conditions (Harland, 1964; Kirschvink, 1992; Hoffman
et al., 1998).

The results of the isotopic signatures (6"°C and §'%0) also show negative values
(8C (=7.1%0) and 680 (—15.6%0)) close to those of the cap dolomites of the
Taoudenni and Volta basins. This suggests a possible correlation between the car-
bonates of the Firgoun region and those of the Taoudenni and Volta basins that

cap tillites of the Late-Cryogenian glaciation (ca. 635 Ma, Shields et al., 2007a).
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