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Abstract

The Alahina sector is located in the North-East of Guinea, precisely in the
Siguiri volcano-sedimentary basin. It consists mainly of meta-sediments tra-
versed by Paleoproterozoic pyroclastite, granite, monzogranite and granodi-
orite veins as well as Mesozoic dolerite and gabbros veins. This article
presents new data, on the one hand, on the geochemical petrographic features
and the origin of the metasediments of this zone, and on the other hand, on
the genetic model of the gold mineralization that they contain. Field observa-
tions, as well as petrographic and geochemical studies reveal that the me-
ta-sediments consist of sericite and chlorite schists. They belong to the groups
of shales and grauwackes. Their protholites are moderately altered (60 < CIA
< 80) andesitic, basaltic and granodioritic rocks emplaced in a geotectonic
oceanic island arc and/or active continental margin. Their chondrite norma-
lized REE patterns show a moderate LREE enrichment (Lay/Yby = 6.31 -
13.24) and a flat heavy rare earth patterns (HREE). This spectrum is almost
identical to those of the “Post-Archean average Australian Shale” and Early
Proterozoic Greywackes. Two types of polyphase gold mineralization occur in
the Alahina sector: disseminated and veined. They consist of particular of
grains and nanoparticles pyrite associated with gold, magnetite, hematite, il-
menite. The hydrothermal alteration accompanying this mineralization con-
sists of silica, microcline, chlorite-epidote-sericite-carbonates.
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Metasediment, Schist, Sericite, Chlorite, Vein, Quartz, Gold, Alahina,
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1. Introduction

The Alahina sector is located in northeastern Guinea, in the Siguiri volca-
no-sedimentary basin, also belonging to the Paleoproterozoic domain of the
Man Ridge (Figure 1(a)). Sediments in the Siguiri Basin (Figure 1(b)) rest on
an Archean metamorphic basement and include pelititic formations to which
the schistose, argilitic to sandstone-feldspathic rocks of the Alahina sector are
attached (Figure 2). The maximum age of these rocks, calculated on zircons
(U-Pb), is 2124 + 7 Ma [1] [2]. These meta-sediments coexist in the Alahina
sector with felsic, plutonic and volcanic magmatic units consisting of granodi-
orites, monzogranites and pyroclastites whose age dates back to 2092 + 5 Ma
(U-Pb on zircons, [2]-[6]). The similar geological contexts, marked by magmat-
ic, tectonic and metamorphic activity at the green shale gradient, have re-
sulted in West Africa, the establishment of a large gold stock in the me-
ta-sediments [1] [7]-[14]. For this reason, we have carried out the present
study which aims to characterize the meta-sediments and mineralization of

the Alahina sector from petrographic and geochemical data based on major and
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Figure 1. Geological map of the Siguiri volcano-sedimentary basin with location of the study area: (a) simplified geological map of
the Man’s Ridge and (b) geological map of the Siguiri volcano-sedimentary basin ([15] [16] and modified).
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trace elements. The characteristics highlighted are the nature, provenance and
geotectonic environment of meta-sediments and hydrothermal quartz veins they

contain.

2. Geological Setting

Our study area is located on the Man Ridge (Figure 1(a)). This ridge is com-
posed of two distinct domains: the Archean domain, or Kenema-Man, gneissic,
between 2750 and 3540 Ma [9] [17] and the Paleoproterozoic domain, or
Baoule-Mossi area, province of volcano-sediments and felsic intrusive rocks of
age between 2040 and 2250 Ma [4] [5] [6]. In the Siguiri basin (Figure 1(b)) and
north of our study area (Figure 2), the Baoule-Mossi domain is covered with
Neoproterozoic sediments belonging to the Taoudeni basin [18] [19].

The collision between the Archean and Paleoproterozoic lands of the Man
Ridge during eburnean orogeny (between 1980 and 2210 Ma) resulted in green-
schist-facies metamorphism, magmatic events, and episodes of gold-bearing mi-
neralization [1] [4] [6] [7] [9]-[14]. The gold deposits within the meta-sediments
display a wide range of mineralization styles ranging from: intrusion-related gold
(e.g. Morila deposit, Mali) [20], orogenic gold (e.g. Obuasi deposit, Ghana, Sadiola
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Figure 2. Geological map of the Alahina sector ([21], modified).
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and Loulo, Mali) [1], atypical orogenic gold (e.g. Massawa deposit in Senegal)
[22], residuum gold (Yatela deposit in Mali) [23], placer type deposits (e.g.
Tarkwa deposit in Ghana, Pigois et al, 2003), 4D orogenic gold (e.g. Siguiri gold
deposit, Guinea) [3].

From a stratigraphic view point, the Paleoproterozoic lands of the Man’s Ridge
is composed of two lithological assemblages [16] [24], that are also outcropping
near our study area (Figure 3): the lower Bririmian (B1), tholeiitic (2166 + 66
Ma) [25], consisting mainly of detrital sediments and carbonate rocks, and the
upper Birimian (B2), more heterogeneous, composed of sedimentary rocks
(volcanoclastites, turbidites, shales and carbonates) and calc-alkaline magmatic
rocks dated between 2100 and 2150 Ma [26]. It should be noted that the upper

Birimian is in some places covered with Tarkwaian fluvio-deltaic sediments [10].

3. Material and Methods

We followed two methodological steps:
1) field work:

e geological mapping of the Alahina sector with selection of sample collection
sites (artisanal gold mining sites, former mechanized gold mining quarries);

e structural measurements and sampling. Samples collected: meta-sediment

and hydrothermal quartz vein;

' B2. Volcanites + fluvio-deltaic formations, affected
by the deformation phases D2 and D3
2070Ma ) __ 11. Fluvio-deltaic formations (sandstones, conglomerates, argillites)
10. Set of plutonic rocks
9. Volcano-sediments and undifferentiated volcanites
Treom 8. Komatiitic to tholeiitic basalts
7. Rhyodacite and Rhyolite with horizons of chert and graphite
6. Andesites with horizons of chert and graphite
5. Basic Vocanites with Chert and Manganese Levels
AT BL.  Flyschoid formations including basic volcanic rocks,
affected by the deformation phases D1 to D3
I — 4. Carbonated rocks + felsic volcanics ...
~600 m 2 3. Felsic volcanic clastites with levels of chert and manganese

2 . Flysches (argillites and fine sandstone with graphite) + conglomerates

2210 Ma 3 1. Basic, volcano-plutonic, ferriferous rocks
.............. (Presumed base of B1)

Horizon markers: red (chert and quartzite levels), black (inclusions
of tourmaline in sandstones and conglomerates), green (levels rich in Mn)

Figure 3. Simplified stratiqgrphic collar of paleoproterozoic lands in the siguiri volcano-sedimentary basin
([16], modified).
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e megascopic analysis of the samples (with the naked eye and with a magnify-
ing glass).
2) laboratory work

making thin sections and polished sections;

petrographic study of the samples under a microscope;
e geochemical analysis of the samples;
e treatment, analysis and interpretation of the results.

Sixteen (16) rock samples including twelve (12) meta-sediments and four (04)
hydrothermal quartz veins were collected over the study area. Thin sections and
polished sections are made and the petrographic determinations were made in
Moscow (University of the People’s Friendship, Russia) and Abomey-Calavi
(Laboratory of Geology, Mines and Environment, University of Abomey-Calavi,
Benin). The petrographic study is made macroscopically and thanks to the me-
tallographic microscope equipped with an image capture device connected to a
computer. Total rock geochemical analyses are carried out at the SGS MINERAL
Ltd. mineral analysis laboratory in Randfontein, South Africa (SANAS accre-
dited laboratory and ISO/IEC 17025 certified), X-ray fluorescence (XRF) for
major elements and the Inductively Coupled Plasma Mass Spectrometer (ICP
MS) for trace elements, except gold, platinum and palladium, which are analyzed
by optical emission spectrometry (ICP OES), after a fusion lead and digestion
with aqua regia.

Our samples are treated according to the same analytical protocol. A repre-
sentative sample of about ten centimeters in diameter is selected. Half of this
sample is archived, the other half is divided into two quarters. The first quarter
was used for the chemical analysis of major and trace elements by X-ray fluores-
cence and ICP-MS/OES on powders, the second quarter is used for the manu-
facture of polished sections and thin sections.

The metallographic microscope used, type Olympus BX60, is equipped with 4
magnification objectives, x5, x20, x50, x100. It is possible to add objectives. This
microscope makes observations in natural light and in polarized light from
lighting positioned above the sample, through the lens. The main characteristics
of minerals determined in natural light are mineral color, pleochroism, mineral
form, zonation, reflectivity, hardness and cleavage. In polarized light, the deter-
mining characteristics were polarization color, intensity of anisotropy, twins,
scattered light, and corrosion to light.

The analysis of the major elements is made from powders with a particle size
less than 40 pum, obtained after grinding and sieving in an agate mortar in order
to avoid any contamination. These powders are then subjected to a lithium bo-
rate (LiBO,) fusion and then to aqua regia digestion prior to X-ray fluorescence
spectrometry. The solution obtained, subjected to highly energetic X-ray radia-
tion, reacts by emitting radiation characteristic of the elements that make up the
sample. These emitted radiations are separated on a diffraction analyzer crystal

according to the Bragg law ( 2dsiné = nA ), then counted by means of a scintilla-
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tion or gas flow detector. We used a wavelength dispersive spectrometer operat-
ing with a rhodium anticathode X-ray tube equipped with a 28 mm sample
holder with a diameter of 28 mm. The samples were analyzed in rotation to
overcome any defects in the homogeneity of the analysis surface and under va-
cuum to limit the absorption of low energy radiation by the air. The instrument
is equipped with 3 collimators, 5 crystal analyzers and two detectors specific to a
field of energy. Characteristic line calibration of the elements was performed by
correlating the certified reference concentrations with the measured and cor-
rected intensities of the matrix effects. The relative accuracy is less than 2% for
the overall analysis of a sample.

The analysis of the trace elements (except gold, platinum and palladium) was
performed by ICP-MS spectrometry on solutions obtained after a sodium pe-
roxide (Na,O,) fusion and a regia water digestion of sample powders. ICP-MS
spectrometry is a fast multi-elemental analysis technique that allows the Argon
to ionize the constituent elements of the analyzed solution. Depending on their
mass, the electrons accelerated by a quadrupole shock one after the other, the
detector. It is then sufficient to count the number of shots corresponding to a
given time. This number of moves corresponds to the quantity of the element.
To do this, we used internal standards, Indium and Rhenium, previously incor-
porated in each sample, a machine blank, the international geostandard, and a
2% HNO, solution that passes under the argon flux every half -hours to decrease
the memory effect on each sample. A standard Barium solution is also applied to
the rate of bi-charged ions.

Optical emission spectrometry consisted of applying electrical energy in the
form of an arc or spark (under argon) between the sample and an electrode to
vaporize the atoms. These atoms or ions excited in the plasma create an emis-
sion spectrum specific to each element of the sample.

The major and trace element concentrations of our samples were treated with
different diagrams to determine the nature, provenance and geotectonic envi-
ronment of meta-sediments and hydrothermal quartz veins they contain. These
are the diagrams TiO, versus SiO, [27], Log (Na,0/K,0) versus Log (SiO,/Al,0;)
[28], A-CN-K and CIA [29], Eu/Eu* versus (Gd/Yb)y [30] modified by [31],
K,0/Na,0O versus SiO, [32], and DF1 versus DF2 [33].

4. Results
4.1. Petrographic Characteristics of Metasediments

From a macroscopic view point, the Alahina metasediments have a schistose fa-
cies, ranging from greenish-gray to yellowish-gray or brown (Figure 4(a)),
sometimes blackish with more remarkable schistosity (Figure 4(b)). The schis-
tosity is marked by an alternation of greenish-gray beds, sometimes dark, 8 - 10
cm thick, affected by mineral stretch lineations, with thin dark-brown beds (1 - 3
mm thick). The greenish-gray bands consist mainly of quartz, feldspars, sericite

and chlorite while the dark beds are mainly composed of quartz, feldspars, limo-
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nite, hematite and sericite.

Multiple fractures and intense hydrothermal alteration affected the me-
ta-sediments. The corridors created by these fractures are materialized by quartz
veins, of thickness varying between 2 mm and 30 cm. Hydrothermal alteration is
characterized by carbonation (ankerite and calcite), chloritization, seritization,
and pyritization of the hanging wall of the veins (Figure 4(a)). Gold is often not
visible to the naked eye because it is extremely thin and associated with sulphides. In
the areas of intense weathering, there is a discoloration of the rocks that changes
from a greenish color due to the abundance of chlorite to a beige or gray color
due on the one hand, to carbonates, and secondly the leaching of pervasive chlo-
rite (Figure 4(a)).

From a microscopic point of view, the analyzed meta-sediment samples gen-
erally have a lepidoblastic texture with the following mineralogical association:

e quartz: not very abundant (20%) with remarkable rolling extinction. It is an
aggregate of almost isometric crystals, dispersed and stretched parallel to the
direction of the major schistosity, about 0.005 mm in size (Figure 5(a));

e sericite: abundant (50%), in small flakes, evenly distributed. Its size varies
between 0.005 and 0.01 mm (Figure 5(a));

e chlorite: less abundant than sericite (20%), in subautomorphous and evenly
distributed small lamellae varying in size from 0.005 to 0.01 mm with a mean
positive relief in polarized light;

e epidote: less common (6%), crystallized in the form of small interlocking
grains (0.01-0.005 mm), very strong relief and oblique extinction 30°;

e magnetite: fairly rare (3%), opaque, isometric or slightly elongated, with a
size of about 0.01 to 0.02 mm (Figure 5(a));

e apatite: accessory mineral (1%), hexagonal, gray with a strong relief in pola-
rized light, it is in the form of crystals of small dimensions, of the order of
0.005 to 0.0025 mm.

In the vicinity of the hydrothermal quartz veins, the meta-sediments have partic-
ular textures: porphyroblastic (Figures 5(b)-(d)), granoblastic, lepidogranoblastic
(Figure 5(e)). The porphyroblastic texture appears with a remarkable proportion

of rectangular or square phenocrysts (15%) (Figure 5(b)). Porpyroblasts are tremo

Figure 4. Photographs of the metasediments studied: (a) altered schist with two deformed
hydrothermal quartz veins. (b) black schist, irregularly foliation.
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Figure 5. Photomicrographs of meta-sediments (a)-(e) and hydrothermal quartz veins (f)-(h) studied.
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lite and actinolite lenses, 11° - 17° oblique extinction, with fine crystals (0.005
mm) of neoformed quartz. The size of the phenocrysts varies from 0.5 to 1 mm.
Coarse, almost round isometric and round grains (0.15 mm) with wavy extinc-
tion and a gray tint are also observed (Figure 5(b) and Figure 5(c)). The epidote
is observed on the photomicrograph (Figure 5(b)) in the vicinity of a hydro-
thermal quartz vein. The same is true for opaque minerals (4%, Figure 5(c)).
These opaque minerals are in almost isometric clusters, ranging in size from
0.005 to 0.0025 mm (Figure 5(c)). Rounded or rectangular cavities, filled with
carbonates, are also observed on the framework formed by quartz, sericite and
chlorite (Figure 5(c)), with a combination of sulphide minerals (1%), especially
cubic pyrite (0.75 mm of side (Figure 5(d)). The granoblastic texture, the
pidogranoblastic, locally serrated (suture) (Figure 5(e)) emanates from the de-
velopment of microscopically coarse quartz veins (0.5 mm) and wavy extinction,
on the finer grain sericite frame of quartz (0.005 mm). The quartz veins thick-
ness is about 2 mm. The lepidogranoblastic texture band does not exceed 0.3
mm. It contains neoformed metallic crystals, magnetite, and probably hematite
and leucoxene (Figure 5(e)).

The hydrothermal quartz veins contained in the meta-sediments, generally of
a multi-centimeter thickness, have a porphyritic texture. They consist of oxides,
hematite and iron hydroxides (limonite), deposited within the quartz fragments
(Figure 5(f)). These quartz fragments are uniaxial positive and show a gray hue,
sometimes with a dull yellowish hue in polarized light. They are characterized by
wavy extinction and their size often exceeds 0.5 mm (Figure 5(f)). Some hydro-
thermal quartz veins display a cataclastic, porphyritic, sometimes collomorphic
texture (Figure 5(g) and Figure 5(h)). The fragments are angular, disaggregated
(breched) and consist of quartz and potassium feldspars. These fragments rang-
ing in size from 2 mm to 1 cm are clogged with collomorphic hematite deposits
(Figure 5(g) and Figure 5(h)).

4.2. Nature and Provenance of Metasediments

The study of major and trace elements provides information about rocks and
minerals formation conditions. Authors [17] [34] [35] [36] have studied rocks
similar to those of this study and none of them reveal anomalies likely to modify
the geochemical characters. Thus, we use the major and trace elements to highlight
the petro-geochemical characteristics of the Alahina meta-sediments. Table 1 and
Table 2 below mention respectively the composition in major and trace ele-
ments of the studied meta-sediments. Table 2 also presents PAAS compositions:
Post-Archean Average Australian Shale and EP GRAY: Average Chemical Compo-
sition of Early Proterozoic Grauwackes.

For the major elements, the meta-sediment samples studied have a SiO, com-
position range of between 48.7% and 71.25% and Al,O, between 13% and
28.30%. The other major elements are in the following proportions: Fe,O; (3.05%
- 61%), CaO (0.20% - 2.97%); MgO (1.24% - 4.71%); Na,O (1.37% - 6.06%); K,O
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Table 1. Major element composition (in %) of metasediments in the Alahina sector.

Echantillon T22 REP-T22 T23 T24 T25 KG1 KG2 KG3 KG4 KG5 KGé6 KG7
SiO, 69.80 69.80 67.70 48.70 69.80 71.25 65.10 64.03 61.36 64.20 65.15 62.01
AlLO, 14.40 14.60 16.00 28.30 14.40 13.00 17.90 15.01 18.70 17.30 17.11 18.32
Fe,0; 6.10 6.11 4.19 6.13 6.26 3.05 3.55 4.63 3.60 3.98 3.15 3.98
CaO 0.20 0.21 0.22 0.03 0.22 2.97 1.18 1.43 1.64 2.12 1.65 1.07
MgO 1.84 1.84 1.24 1.25 1.91 3.76 3.04 4.71 3.48 3.41 2.94 2.89
Na,O 4.01 4.06 3.09 1.37 4.13 2.66 4.52 6.06 5.78 4.72 4.52 3.72
K,O0 1.09 1.09 3.43 6.81 1.06 2.17 2.48 1.10 2.80 2.45 2.44 4.07
Cr,0; 0.01 0.01 0.03 0.03 0.00 0.01 0.00 0.02 0.01 0.02 0.02 0.00
TiO, 0.65 0.65 0.62 1.14 0.65 0.34 0.57 0.61 0.46 0.51 0.44 0.63
MnO 0.03 0.03 0.01 0.00 0.03 0.08 0.06 0.06 0.06 0.08 0.07 0.05
P,0; 0.11 0.11 0.14 0.03 0.12 0.16 0.14 0.23 0.12 0.16 0.12 0.14
V,05 0.02 0.02 0.02 0.09 0.02 0.02 0.02 0.04 0.02 0.03 0.04 0.50
LOI 2.55 2.60 3.43 6.36 2.73 2.00 2.01 2.03 3.01 2.05 2.04 3.01
Total 100.81 101.13 100.12  100.24  101.33 101.47  100.57 99.96 101.04  101.03 99.69 100.39

CaO + Na,0O 4.21 4.27 3.31 1.40 4.35 5.63 5.70 7.49 7.42 6.84 6.17 4.79

Log (Fe,0,/K,0) 0.75 0.75 0.09 -0.05 0.77 0.15 0.16 0.62 0.11 0.21 0.11 -0.01
Log (S8i0,/AlL,03) 0.69 0.68 0.63 0.24 0.69 0.74 0.56 0.63 0.52 0.57 0.58 0.53
CIA 73.10 73.15 70.36 77.51 72.69 62.50 68.63 63.60 64.66 65.06 66.52 67.40

FeO 5.49 5.50 3.77 5.52 5.63 2.74 3.19 4.17 3.24 3.58 2.83 3.58

DF1 —4.69 —4.86 —5.42 -13.25 —4.86 -1.14 -1.78 2.27 -1.93 -2.37 -1.40 —4.28

DF2 6.29 6.30 5.85 2.30 6.45 6.92 7.21 9.13 8.05 7.66 7.26 6.35
K,0/Na,O 0.27 0.27 1.11 4.97 0.26 0.82 0.55 0.18 0.48 0.52 0.54 1.09

Table 2. Trace element composition (in ppm) of Alahina metasediments.

Echantillons T22 T23 T24 T25 KGl1 KG2 KG3 KG4 KG5 KG6 KG7 PAAS EP GREY

Au <0.02 0.14 0.48 0.02 0.02 <0.02 0.25 <0.02 0.45 <0.02 0.15 - -
Pt <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 - -
Pd <0.02 <0.02 0.04 <0.02 0.02 <0.02 <0.02 <0.02 0.03 <0.02 <0.02 - -
Ba 244 376 1450 233 452 278 352 375 401 297 398 - -
Be 3.2 0.8 1 6.2 3 5.1 5.1 0.6 53 6 6.1 - -
Co 13.7 5.7 1.8 12.1 53 14 11.7 6.4 12.3 15 6.2 - -
Cs 2.1 3.7 7.9 1.8 4.7 7.8 1.9 5 5.1 7.8 2.9 - -
Ga 15 18 35 15 28 19 22 38 17 28 19 - -
Sr 221 120 107 229 205.3 241.3 118.8 217.6 118 199.9 177.4 - -
As 16 788 250 50 698 48 177 102 508 210 499 - -
Ag 2 2 2 4 2 2 3 2 2 4 3 - -

DOI: 10.4236/0jg.2019.912097 906 Open Journal of Geology


https://doi.org/10.4236/ojg.2019.912097

K. G. Tchokpon et al.

Continued
Zn 64 23 30 58 135 28.8 91.3 29.6 35.1 325 36.8 - -
Cu 13 30 16 14 13.6 12.7 35.7 4.5 11.7 10.8 18.6 - -
Pb 20 12 17 15 8.8 12.6 23.1 4.6 7.8 3.3 5.4 - -
In <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 - -
Ge 2 2 3 1 2 2 1 2 3 1 3 - -
Nb 9 9 15 8 8 11 16 8 13 9 13 - -
Rb 46.1 106 267 44.4 89.6 147.3 57.8 66.8 99.2 78 114;9 - -
Sn 6 5 6 4 3 5 7 5 4 3 4 - -
Mo <2 <2 4 <2 <2 <2 5 <2 <2 <2 <2 - -
Sr 221 120 107 229 220 144 102 171 229 99 117 - -
Th 6.4 5.9 9.3 6.8 7.2 9.6 8.1 4.9 7.2 11 6.2 14.6 8
2.21 2.04 4.37 2.38 6.41 1.9 1.88 3.8 3.55 4.9 8.1 - -
\' 103 97 454 103 124 77 97.5 103.2 98 184 106 - -
4 18 15 4 7 4 11 8 9 12 8 - -
Sb 1.3 1.6 1.3 0.8 1.6 0.8 0.8 0.9 1.2 0.8 1.2 - -
Zr ND ND ND ND ND ND ND ND ND ND ND 210 156
T1 0.9 0.8 1.6 0.5 0.7 0.8 1.2 1.1 0.6 0.6 0.9 - -
Ni 21 10 <5 14 7.9 24.4 24.7 139 17.1 16.1 23.5 - -
La 412 324 40.2 37.2 249 27.8 49.7 457 38.8 437 40.8 38.2 32
Ce 85.4 58.4 71.8 88.5 69 73 83 85.4 79 83.2 72 79.6 68
Pr 104 7.38 10.1 10.5 8 6.49 11 7.6 9.3 10.6 7.9 8.83 -
Nd 349 27.8 32.5 34.2 28 28.3 31 25.1 31.1 24.5 352 339 29
Sm 6.5 5.3 7.8 6.4 6.1 49 6.2 4.47 4.36 6 3.8 5.55 5.6
Eu 1.62 1.16 1.84 1.31 1.3 1.27 1.71 1.45 1.39 1.23 1.57 1.08 1.2
Gd 4.34 3.8 522 4.02 4.1 4.6 5.1 5.1 5.1 4.4 4.8 4.66 4.54
Tb 0.83 0.73 1.13 0.69 0.8 0.81 0.85 0.78 0.91 0.8 0.9 0.77 0.66
Dy 3.78 3.51 7.07 3.88 4 4.81 6.2 5.2 6.3 5.3 5.78 4.68 -
Ho 0.74 0.64 1.38 0.82 0.71 1.2 1.28 0.67 0.8 0.99 1.2 0.99 -
Er 1.85 1.4 3.35 1.44 1.74 1.8 2.7 1.95 2.4 1.6 3.3 2.85 -
Tm 0.31 0.29 0.69 0.35 0.3 0.59 0.57 0.6 0.48 0.29 0.41 0.405 -
Yb 2.1 1.7 4.3 2.3 2.2 2.27 3.9 2.5 2 2.8 2.15 2.82 1.8
Lu 0.44 0.35 0.79 0.39 0.3 0.6 0.8 0.62 0.5 0.5 0.41 0.43 0.29
Eu/Eu* 0.88 0.75 0.83 0.74 0.75 0.81 0.90 0.93 0.90 0.70 1.13 0.63 0.71
Ce/Ce* 0.98 0.88 0.84 1.07 1.18 1.27 0.83 1.01 0.98 0.91 0.91 1.01 1.64
La/Yb 13.24 12.87 6.31 10.92 7.64 8.27 10.49 12.34 13.10 10.54 12.81 9.15 12.00
La/Sm 3.96 3.82 3.22 3.63 2.55 3.54 5.01 6.38 5.56 4.55 6.70 4.30 3.57
Gd/Yb 1.66 1.80 0.98 1.41 1.50 1.63 1.28 1.64 2.05 1.26 1.80 1.33 2.03
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(1.09% - 6.81%); TiO, (0.35% - 1.14%); P,0; (0.03% - 0.33%) and V,0O; (0.02% -
0.5%). These rocks have been subjected to a metamorphism causing a redistribu-
tion of some elements such as K,O and Na,O while others are immobile (SiO, and
TiO,). These immobile chemical elements (SiO, and TiO,) can provide informa-
tion on the nature of the protholite of our samples as well as their provenance.
Thus, in the TiO, versus SiO, classification scheme [27], all the meta-sediments
analyzed are rich in SiO, with varying concentrations of TiO, and are positioned
in the field of sedimentary rocks (Figure 6(a)). Identical results are obtained us-
ing classification scheme based on Log (Fe,0,/K,0) versus Log SiO,/Al,O;) [28].
The meta-sediments analyzed showed low SiO,/Al,O, and Fe,0,/K,0O ratios and
would come from shales (sometimes rich in iron) and grauwakes (Figure 6(b)).
The alteration degree of meta-sediment precursor is evaluated from the chemi-
cal alteration index (CIA) [37]: CIA =100 * [AL,O4/(ALO; + CaO* + Na,O + K,0)]
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Figure 6. Metasediments location in diagrams: (a) TiO, versus SiO, [27]; (b) Log (Na,0/K,0) versus Log (SiO,/Al,O;)
[28]; () A-CN-K and CIA [29]. [Triangles in blue represent metasediment data from the work of [38]].
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(CaO * corresponds to the concentration of CaO incorporated in the silicate frac-
tion of the rock). For example, rocks with CIA > 92 values are strongly altered due
to the transformation of feldspars into clay minerals [39]. Rocks with CIA values
between 60 and 80 with atmospheric alteration and CIA < 60 show no or little al-
teration [29]. The meta-sediments analyzed have CIA values between 62.5 and
77.51 and indicate an atmospheric alteration of the protholite of these rocks.

The intensity of the alteration as well as the nature of the original sediments
was indicated by the ternary diagram A-CN-K and CIA [29] (Figure 6(c)).
Thus, our samples plotted in this diagram (Figure 6(c)) are positioned in the
field of an intermediate alteration and prove that sediments in the Alahina sector
derive from andesite, basalt and granodiorite. It should be noted that some of
the meta-sediments analyzed are smectite rich and others in illite and muscovite,
indicating the diversity of sources of provenance.

Rare earth elements (REE) patterns of Alahina meta-sediments (Figure 7)
were compared to PAA: Post-Archean Average Australian Shale [40], as well as
to EP GRAY: Early Proterozoic Chemical Composition. Greywackes [41]. These
samples show a moderate LREE/HREE fractionation of (La/Yb)y = 6.31 - 13.24,
a flat pattern for heavy rare earth elements (HREE), (Gd/Yb)y = 0.98 - 2.05 and
negative anomalies in europium at low amplitude. The characteristics of these
meta-sediments are similar to those of PAAS and EP GRAY, providing addi-
tional evidence concerning the pelitic and semi-pelitic composition of Alahina
metasediments. In addition, the values of Eu/Eu* and Gd,/Yby ratios are in the
range of values (Euw/Eu* > 0.7; Gd/Yby > 1.0) found in Archean meta-sediments
by [30] and [31] (Figure 8).

4.3. Geotectonic Environment of Metasediments

The geodynamic deposition environment of the detrital sediments that led to the

formation of the metasediments object of the present study is appreciated from the

1000 ¢

100

Roche/Chondrite

10 ¢

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Figure 7. Chondrite-normalized rare earth element patterns [42] applied to Alahina Me-

ta-sediments, PAAS, and GRAY EPs. [Green line with rhombus represents the Alahina
meta-sediments. Black line represents PAAS and red line, the EP GRAY].
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discriminating diagrams of [32] and [33]. Thus, in the Roser and Korsch diagram,

the analyzed meta-sediments are positioned in two domains: the oceanic island

arcs margins domain and the active continental margins domain (Figure 9(a)).

However, the discriminant diagram from Bhatia shows a membership of meta-

sediments in oceanic island arcs domain (Figure 9(b)).

4.4. Mineralizations Associated with Alahina Metasediments

The petrographic study showed mineralization within the meta-sediments already

affected by tectonic deformations.
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Figure 9. Metasediments location in diagrams: (a) K,0/Na,O versus SiO, from [32], (b) DF1 versus DF2 from [33].
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e Veins and mineralization

Fluid associated with metamorphic and tectono-sedimentary event affecting
meta-sediments in the Alahina sector has spread as veins of three types V|, V,
and V,.

Veins V,, of a millimeter thickness, are placed in the schistosity planes S, - S,
(Figure 10(a)). They are affected by a ductile-brittle strain D1 (Figure 10(a) &

[Act—actinote, Ap—apatite, Apy—arsenopyrite, Au—or, Bt—biotite, Chl—chlorite, Cpy—chalcopyrite, Ep—epidote,
Hem—hematite, Leu—Leucoxene, Lm—limonite, Mag—magnetite, Mc—microcline, Py—pyrite, Ser—sericite,

Tr—tremolite, Qz—quartz].

Figure 10. Macroscopic and microscopic appearance of Alahina metasediments showing hydrothermal
quartz veins and diffuse mineralization: (a) photomicrograph of a shale intersected by three types of
V,, V, and V, veins affected by folds in an area of NE directional dextral shear; (b) photomicrograph of
a chloritized shale traversed by a vein of hematite (V,) pleated and fractured; (c)-(d) microphotography
of different zones of diffuse mineralization; (e)-(g) photomicrograph of different zones of veins show-
ing oxidized, sulphidized minerals or gold.
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Figure 10(b)) generating open folds whose axes have a direction varying be-
tween N80° and N100° (measured in situ). Veins V, are parallel to S, schistosity
or NE shear zones and intersect veins V, (Figure 10(a)). They are arranged “in
step” and affected by ductile-brittle D2 deformation characterized by driving
folds and fractures of direction NE. Their thickness often varies from 2 cm to 30
cm. Veins V, intersect V, veins associated with S, schistosity following NE dex-
tral shear (Figure 10(a)).

These different veins are generally recrystallized in silica, carbonates, micas,
sulphides, oxides and precious metals thanks to the circulation of hydrothermal
fluids responsible for neoformations.
¢ Phases of mineralization and their location

Three hydrothermal phases have been distinguished: 1) a phase with sili-
co-sericite-chloritized and sulphurized parageneses, often diffuse or stratiform,
consisting of Qz;-Ser-Chl + Ep + Tr £ Act £ Cb = Ap-Py; £ Apy, + Mg, + Leu,
Hem, for veins V| which is localized in meta-sediments (Figure 10(b) & Figure
10(c)); 2) two phases with sulphurised, locally serititized and/or chloritized sul-
phide feldspathic parageneses, consisting of Qz;-Cb;-Mcj; * Ser + Chl + Ep;-Py;
*+ Mg, £ Leuy + Hem-Cpy;-Auy et Qzy;-Cby-Mcy; + Ser + Chl + Epy-Pyy,;
Mgy = Leuy; £ Hemy-Cpy-Auy,; forming respectively the stock of veins V, and
V, (Figures 10(d)-(f)).

5. Discussion

5.1. Petrographic Features, Origin and Geotectonic Environment
of Metasediments

The metasediments studied are sericite and chlorite schists traversed by quartz
veins containing auriferous sulphides and oxides. The minerals that characterize
these schists are: quartz, potassic feldspars (rather rare), sericite, chlorite, epi-
dote, apatite, actinolite, tremolite, carbonate, biotite, sulphides, magnetite, he-
matite and ilmenite. The presence of certain metamorphic minerals such as
chlorite, epidote and actinol testifies the sedimentary origin of our samples and
prove that they were subjected to low grade metamorphism (Temperature =
250°C - 500°C, Pressure = 2 - 10 kilobars, depth = 5 - 30 km), with shale facies
[36] [43] [44]. These shales consist of shales and greywackes, set up in an ocea-
nic island arc and active continental margin environment, as well as the metase-
diments located in Yanfolila belt, in western Mali [38], in Agbahou Fettékro
furrow in Ivory Coast [45] and the paragneisses of Granja in northeastern Brazil
[44]. The basaltic, andesitic and granodioritic source of our samples is consistent
with the juvenile character of the Birimian formations.

This study has shown the archaic character that the Birimian schist could
have. The rare earth elements pattern of the meta-sediments are similar to the
Early Gray Protein Gray Chemicals of [39], and have in addition values of the
Eu/Eu* and Gd,/Yby ratios in the range of values (Eu/Eu* > 0.7; [Gd/Yb]y > 1.0)

found in Archean meta-sediments by [30] and [31]. The existence of Archean
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relics (3200 Ma) in the paragneissic area of Tabou and Grand-Bereby in south-
western Cote d’Ivoire [17] [35] [36] is in agreement with this result. It is there-
fore obvious that Alahina’s green shale originates from the disintegration of Pa-
leoarchean migmatitic gneisses and metagabbros (~3500 Ma [9]. These Archean
metamorphic rocks are adjacent to the Siguiri volcano-sedimentary basin and
outcrop in southeastern Guinean territory at the base of the Nimba Mountains
[2] [3] Meta-sediments with iron-rich shales as protoliths are probably Archean.

Although present in meta-sediments, trace elements such as Au, Pt, Pd, Ba,
Be, Co, Cs, Ga, Sr, As, Ag, Zn, Cu, Pb, In, Ge, Nb, Rb, Sn, Mo, Sr, Th, U, V, W,
Sb, Zr, Tl and Ni have not been specifically analyzed. However, their presence
should be indicated because of the mineralogical associations that accompany

gold areas, including arsenic, zinc, lead, copper, and silver in gold sulphides.

5.2. Genetic Model of Mineralization Associated
with Alahina Metasediments

The Alahina metasediments are affected by deformations and traversed by hy-
drothermal fluids with deposition of silica and sulphide [46] and/or oxidized
minerals such as pyrite, chalcopyrite, gold, magnetite, hematite, ilmenite and to
a lesser extent, arsenopyrite. Gold mineralization occurs in a context of poly-
phase (ductile-brittle and brittle) tectonic deformation marked by NE shear. The
work from [3] on the Siguiri gold mine in Guinea (eastern zone of this study
area) indicates four tectonic deformation phases: NS compression (D1S), EW
compression (D2S) progressively evolving into a transpression then in a
transtension (D3S) and finally compression NW-SE (D4S). [47] and [48] re-
ported that the Ashanti gold deposits (Ashanti, Konongo, Bogosu, Prestea and
Abawso mines) are found in NE-SW shear-zones at NNE-SSW and intersecting
Birimian sediments near the contact with the volcanites. Like these deposits,
gold mineralization in Alahina sector is associated with shear zone-type defor-
mations. The genetic mineralization model commonly accepted in such a geo-
logical context is that of a continuum of fluid flows from ductile stages to brittle
stages in relation to the triggering of earthquakes, according to the “fault-valve”
model proposed by [49]. Indeed, each time the fluids pressure exceeds the li-
thostatic pressure, it causes rocks fracturing in localized zones which will thus
constitute drains facilitating hydrothermal fluids circulation, creating the mine-
ralized zones [50]. With the decrease of pressure, these fluids precipitate their
mineral charge which will be found thus in filling of veins. Two types of minera-
lization can be mentioned in the Alahina sector: disseminated and veined. The
existence of disseminated mineralization that would be syngeneic is based on the
presence of nanoparticles of pyrite, magnetite, hematite, ilmenite within the me-

tasediments independently of the veins or veins.

6. Conclusions

Alahina metasediments in the northeastern Guinea area consist of sericite and
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chlorite schists. Geochemical data suggest that schists are composed of shales
and greywackes and derive from andesites, basalts and granodiorites erosion.
These rocks would be emplaced in a tectonic environment of active continental
margin and/or oceanic island arcs. These shales and greywackes may also have
resulted from the erosion of migmatitic gneisses and Archean metagabbros at
the base of the mountain range bordering the Siguiri Basin. The rare earth ele-
ment patterns of the metasediments show a rare REE enrichment (Lay/Yby =
6.31 - 13.24) and a flat HREE pattern. This pattern is almost identical to those of
the “Post-Archean average Australian Shale” and the lower Proterozoic Grau-
wackes. The Alahina shale is for some Archean metasediments, thus indicating
the possible incorporation of Archean crust in the magmas of the gneisses proto-
liths located at the base of Nimba Mountains, at the edge of Siguiri volca-
no-sedimentary basin and dated about 3500 Ma.

Two types of gold mineralization occur in the Alahina area: disseminated and
veined. They consist of particular of grains and nanoparticles pyrite associated
with gold, magnetite, hematite, ilmenite. The hydrothermal alteration accompany-
ing this gold mineralization consists of silica, microcline, chlorite-epidote-sericite-

carbonates.
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