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Abstract

This paper aims to show the relationships between hydrothermal alteration,
deformation and gold mineralization in the main area of the Kiaka deposit.
The Kiaka gold deposit is located in the South-central of Burkina Faso in the
Tenkodogo volcano-sedimentary belt. Mineralization is primarily hosted by
amphibolite, mylonitized quartz microdiorite and meta-sediment. The com-
bination of petrographic, metallographic and geochemical analysis along with
structural deformation of the ore body allowed us to distinguish the three main
stages of hydrothermal alteration in the Kiaka gold deposit. (i) The first stage
is characterized by ductile deformation which induces potassic- and LILE-rich
alteration with crystallization of disseminated pyrrhotite. (ii) The second stage
corresponds to chloritization and is associated with a brittle-ductile deforma-
tion and retrograde metamorphism. A second generation of disseminated
pyrrhotite and a few pyrite and chalcopyrite crystallized during this event.
Pyrrhotite also fills veins. (iii) The third alteration stage is characterized by
a significant carbonation and concurrent with a brittle deformation. It is
accompanied locally by a high-grade gold mineralization (up to 29 g/t).
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Burkina Faso

1. Introduction

Gold indices or deposits in Burkina Faso, similarly to those in many West African
countries, are located in volcano-sedimentary birimian belts [1] that underwent
alow-grade regional metamorphism [2] [3]. It haslong been considered that gold
mineralization occurs in Burkina Faso as dissemination in hydrothermally al-
tered volcano-sedimentary units, albitite and listvenite, and also as quartz veins
associated to sulfides and tourmaline [2] [4] [5]. The genesis of these deposits
might be synchronous with regional tectono-metamorphic-thermal events ac-
companied by the circulation of hydrothermal fluids [2] [5] [6]. Hydrothermal
fluids play a leading role in the genesis of primary gold mineralization. Indeed,
the metallic deposits that occur in the upper part of the lithosphere are genetically
linked with hydrothermalism, except those who derive from magmatic processes
[7]. Those deposits are created by the percolation of hydrothermal brines that
extracted metals from a source rock, transported them as ionic complexes and
precipitate them in a favorable set-up [7] [8]. The fluids are channeled by the
permeability of country rocks, which is enhanced by tectonic deformational
structures [9]-[11]. The interaction of the migrating fluid with country rock in-
duces reactions resulting in a metasomatism or a chemical disequilibrium of the
country rock. The chemical exchanges between hydrothermal fluids and wall
rocks are characterized by a modification of the chemistry and the mineralogy
termed as a hydrothermal alteration [8]. In the case of the Kiaka, a world-class de-
posit located in the center-south of Burkina Faso (Figure 1), successive hydrother-
mal alterations are related with the long-lasting gold mineralization (2140 - 2100
Ma) and the structural evolution of the district, from early birimian age [12]. The
deposit exhibits a potassic alteration style, such as biotitization that is observed
in some west-African gold deposits [13], and is barely described in birimian fields
in Burkina Faso [12]. The highlight of hydrothermal alterations of the Kiaka de-
posit could bring a fundamental understanding of the onset of hydrothermal al-
teration over the eburnean orogeny, and understand the processes involved in
gold mineralization in volcanosedimentary belts.

In this paper, we describe and identify mineralogic evolution of hydrothermal
alteration in Kiaka gold deposit with a systematic sequence of alterations, adding
a perspective from whole rock geochemistry.

2. Study Area and Geological Context

2.1. Regional Geological Setting

The geological foundation of Burkina Faso is largely dominated by a Paleoproterozoic
granite-greenstone terrain also known as Birimian crust (2.27 - 1.96 Ga) [14] [15]. It

is exposed to the NE of the Baoulé-Mossi domain which is the eastern part of the
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sWAC (Figure 1). The Birimian crust of the Baoulé-Mossi has a geochemical
juvenile signature [15]-[22] and shows an organization of lithological sequences.
Thus, the greenstones are composed of metamorphosed bimodal tholeiitic to calc-
alkaline volcanic, volcano-sedimentary and sedimentary rocks [23]-[26]. Bulk
birimian greenstone belts lithologies are dominated by basalt/andesite, gabbro/
dolerite with intercalations of metasediments and/or carbonaceous beds, volca-
noclastites, turbidites, graphitic sediments interlaid with calc-alkaline volcanic
rocks [24] [27]. They are intruded or bordered firstly by several calc-alkaline to
alkaline generations of TTG-type granitoids and secondly by granitic to leu-
cogranitic plutons [18] [19] [25] [28]-[32]. Most of the granitoids are composed
of gneiss, amphibole bearing intermediary to felsic granitoids, biotite granitoids
and late K-rich granite units [23] [33]-[35]. They occupy the larger surface of the
Baoulé-Mossi domain (Figure 1). Many studies highlighted the relationship
between these granitoids as successive generations of syn to late tectonic intrusions
[18] [19] [23] [25] [29] [36]-[39] or products of partial melting of birimian first
or older units [18] [40]. Late coarse-grained sedimentary rocks form the so called
Tarkwaian units [41]-[43] deposited on top of the former rocks. Their late age of

formation is important in exploration.

Burkina

Post-paleoproterozoic
terrains

Birimian
granitoids
I:I Birimian

= 5°N greenstone belt

Archean granite-
greenstone terrains

L15°W L10°W L5°W L0

Figure 1. Location of the Kiaka gold deposit in the southern west African craton (modified
after [45]).

The Birimian crust has been accreted and deformed during the eburnean tec-
tono-thermal orogenesis which ended towards 2 Ga [14] [23] [44] and resulted in
the formation of many regional to local shear zones [44] [45]. Deformation de-
rives from the collision between the Baoulé-Mossi domain in accretion with the
more rigid Archean Kenema-Man domain exposed to the western part of the
Baoulé-Mossi domain [44] [46]. It has driven to a wide range of recorded metamor-
phic conditions in the Birimian crust of the Baoulé-Mossi domain as highlighted in
many studies. So, regional greenschist facies are the most pervasive metamorphic
condition interpreted coeval with the main eburnean deformation [18] [22] [27]

[47]-[51]. The amphibolite facies are detected surrounding the contact zones
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between volcanosedimentary rocks and some granitoids domains, suggesting a con-
tact metamorphism for their genesis [19] [29] [52] [53]. A high pressure—low to
middle temperature metamorphic rocks are identified and mapped in juxtaposi-
tion with low grade metamorphic rocks in Ghana [54]-[56] and in eastern Burkina
Faso [57]. They are interpreted as lower Birimian crust kinematically exhumed
during transpressionnal partitioned regional eburnean deformation [44] [54]
[55].

The long-lived evolution of the eburnean accretion/collision orogen of the
Baoulé-Mossi, the juvenile character of the crust, his lithological diversity and his
high shear zones density [44] [45] are critical features to explain hydrothermal
fluids path, channeling, interaction with rocks, alteration, ore deposits and miner-
alization genesis [1] [3] [28] [58]-[60]. These thus explain why hydrothermal activ-
ity and alteration are associated to all deposits in the sWAC (cf synthesis of [60]
and constitute key features to focus on when prospecting). But it exists a wide
range of hydrothermal alteration facies, depending specifically on host rocks
types. In the following, we are showing the features of hydrothermal alteration
related to Kiaka Gold deposit.

2.2. Local Geological and Structural Setting

The Kiaka gold deposit is located 140 km southeast of Ouagadougou, in the Ten-
kodogo district (Center-South, Figure 1). The deposit is hosted by a greenstone belt
composed of quartz-biotite metagreywacke, aluminosilicate-bearing metapelite,
garnet-orthopyroxene-bearing schist and volcanic units [12]. This belt is associ-
ated with a foliated biotite-amphibole diorite dated at 2140 + 8 Ma by U-Pb on
zircon [12]. This diorite is among the regional tonalite-trondhjemite-granodiorite
(TTG)-like granitoids [29] [33] which are among the oldest plutonic rocks of the
Baoulé-Mossi domain [14] [30] [31]. That means that the country rocks of the
Kiaka gold deposit lasted long evolution and preservation, classifying the miner-
alization among the first gold deposits of the craton [60].

Regional eburnean deformation is expressed locally by NE-SW ductile and brit-
tle structures due to an initial rheological contrast of the rocks, crosscut by the
late-orogenic Tiebele-Dori-Markoye corridor (Figure 2). In volcano-sedimentary
units, the present structures are a Sy stratification accompanied by a slaty cleavage
developed conformably with the regional NE-SW trend [28]. In granitoids, defor-
mation is expressed by banding, magmatic foliation and mineral lineation. In the
study area, the ductile deformation occurs associated with NE-SW-trending my-
lonitic shear zones [33]. The brittle deformation is characterized by fracture open-
ing, veins and frequent quartz, pegmatite and aplite dykes also oriented in the NE-
SW regional trend [33]. All the former structures show a crosscutting relationship
pattern with dolerite dykes oriented along a NW-SE direction. These dykes may
be interpreted as late to post-eburnean brittle events [33] [61] [62].

The NE-SW structural grain of the study area is typical of all the southern and
the eastern part of Burkina Faso [29] [33] [63]-[69]. This structural pattern

DOI: 10.4236/0jg.2024.1412044

992 Open Journal of Geology


https://doi.org/10.4236/ojg.2024.1412044

B. Sawadogo et al.

adopted by tectonic fabrics which are steeply dipping and by transcurrent shear
zones associated with reverse movements is coupled with local folds and lineations
with variable dip but dominated by high values [12]. This suggests intense defor-
mation and transpression as the main deformation mode [44] [45]. However, the
overall NE-SW orientation argues for a general NW-SE shortening.

The Kiaka Gold deposit appears as NE-SW subparallel elongated ore bodies,
mainly hosted within shear zones and in apparent axial plane of folds [12]. This
indicates an orogenic gold type mineralization. Two styles of mineralization have
been identified with different hydrothermal alteration, widely explained in this
paper. The disseminated gold style with mineralization scattered parallel to re-
gional orientation, occurred during the first mineralization event, constrained by
2157 + 24 Ma Re-Os age on pyrrhotite [12] [60]. This event is contemporaneous
with local shear zones activity constrained by the 2140 + 7 Ma U-Pb on zircon age
of the sheared dioritic intrusion [12]. This is in agreement with structural control
of the deposit and also gives evidence that this first event lasted until after 2140 +
7 Ma. The veining/veinlet gold style mineralization event comes after, suggesting
the change in local rocks behavior (from ductile to ductile-brittle or simply brittle)
during the ongoing regional progressive deformation. Therefore, the Kiaka Gold
deposit forms a vast low-grade system with measured and indicated resources of
124 Mt at 1.09 g/t Au (3.9 Moz) and inferred resources of 27 Mt at 0.83 g/t Au (0.8
Moz) [12]. The formation of that system occurred following a retrograde meta-
morphic evolution from lower amphibolite facies during the first mineralization

event to upper greenschist facies conditions during the second one.

ﬂ Volcano-sedimentary belts
++4| Unfoliated granitoids
Foliated granitoids

Foliation orientations

A
/ Dj-related shearzone

Kiaka gold deposit

Ouagadoug?ﬂ

® Tz
+5

Figure 2. Local geology of the study area (After [12]; Tiebele-Dori-Markoye
corridor represented by the thick black line).
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3. Methodology
3.1. Sampling

The work was carried out in two phases: fieldwork in the Kiaka deposit and
petrographic, metallographic characterization in the Laboratory Géosciences et
Environnement of the Joseph Ki-Zerbo University (Ouagadougou, Burkina
Faso).

The fieldworks involved the identification of a suitable drilling which crosses the
mineralized zone with a good representativity of the roof and bottom host rocks,
and exposes the potential of the deposit. The selected drill hole was the drill KDH258
(Figure 3), that crosses the mineralized zone, and in which a relatively high gold
content was recorded (29 g/t). In addition to this drilling, six supplementary drill-
ings located along the structure, and that also crosscut the mineralized zone, were
chosen for the study. Each drilling was sampled in the mineralized zone and in the
distal barren surrounding rocks. Concerning the KDH258 survey centered on the
deposit, we sampled systematically all the holes from the upper distal zone to the
lower distal zone, the hanging walls and the mineralized body (Figure 3).

2000 mE 2200 mE 2400 mE
I I I

300m

KDH258

/*~——— KDH258-1

—
/ “KDH258-2
——KDH258-3

—KDH258-4

100 m
1

KDH258-10
KDH258-11

KDH258-1 2\..
o’
/

100 m
I
[« ]sample position

[ Ore body

KDH258-13

=100 m
T

Figure 3. Exploration section illustrating the core of the Kiaka deposit, intersected
by the KDH258 drill hole, which was systematically sampled from top to bottom
(refers to Table 1 for the ICP-MS geochemical analysis results of the samples).

3.2. Microscopic Observations

The samples collected on the 7 drillings were prepared for the conception of pol-
ished thin sections in the Laboratoire Géosciences et Environnement (LaGE). The
microscopic observations were realized with a polarizing microscope in natural
transmitted and reflected light. The microscopic studies were carried out using a
polarizing microscope in transmitted and reflected light, with the following ob-
jectives:

(i) petrographic characterization,

(ii) identification of alteration-related minerals and paragenesis,

(iii) characterization of hydrothermal alteration-related metals associations,

(iv) the characterization of metal suites related to hydrothermal alteration.
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3.3. Geochemistry

Geochemical analyses were realized to characterize the geochemical processes
linked to fluid circulation in the Kiaka deposit. The samples were taken from the
KDH?258 drill hole. The selection of the samples is divided as follows: 4 samples
from the distal zone (top and bottom on the mineralized zone), 4 samples in the
top and floor walls of the mineralization, and 4 samples in the mineralized body.

The samples were crushed and analyzed by Activation Laboratories Ltd. (Actlabs)
in Canada. The samples were prepared by fusion with lithium tetraborate and lith-
ium metaborate. Major elements, Sc, Be, V, Ba, Sr, Y and Z were analyzed by induc-
tively coupled plasma atomic emission spectrometry (FUS-ICP). The other trace el-
ements Cr, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, Nb, Mo, Ag, In, Sn, Sb, Cs, rare earth
elements, Hf, Ta, W, T1, Pb, Bi, Th and U were analyzed by mass spectrometry (FUS-
MS). The details of the analysis procedure are available on the Actlabs website
(https://actlabs.com/geochemistry/lithogeochemistry-and-whole-rock-analysis/).

The Au content in all the selected boreholes was provided by the company
(B2GOLD) operating on the Kiaka deposit. These results originate from a fire assay
of duplicate samples.

4. Results

4.1. Petrographic Observations

The geological setting of the mineralized zone is characterized by three lithologic

units that are metasediments, amphibolite, and mylonitized quartz microdiorite.

4.1.1. Metasediments

The metasedimentary formations of the study area appear with a grey to often
dark coloration, and are diversely affected by the deformation. They have a gran-
olepidoblastic texture composed of quartz (50% - 60%) with rare relicts of potassic
feldspar, and phylliteous minerals (biotite and white mica flakes, 40%) that un-

derline a slaty cleavage that we assimilate to a D1 deformation. (Figure 4).

Figure 4. Photomicrographs of sedimentary rocks (cross-polarized light). (a)
Mica-rich metasediment. (b) Mica-poor metasediment. Abbreviations: Bt =
biotite, Qz = quartz, Sr = sericite.

4.1.2. Amphibolite
They are greenish to dark-colored rocks with fine-grained sizes composed of 80%

of dark minerals and 20% of light minerals (Figure 5(a)). At a microscopic scale,
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their texture ranges from nematoblastic to fine-grained porphyroidic. The miner-
alogical composition is dominated by green hornblende (70%) that is often desta-
bilized in fibrous actinote or in carbonate (Figure 5(b)). Plagioclase (10%) is sub-
hedral to euhedral and sometimes shows an alteration to white mica or carbonate.
Quartz (5% - 10%) is seen as undulating subgrains that suggest its secondary char-
acter. Amphibolite also contains accessory garnet and relicts of pyroxenes.

Figure 5. Photomicrographs of basic and acid intrusive rocks (cross-polarized
light, corresponds to the sample KDH258-1, see position in Figure 3). (a)
Amphibolite wrapped by a soft slate cleavage. (b) Destabilization of hornblende to
fibrous actinote, and replacement of quartz to carbonate. (c) Macroscopic view of
a meta-quartz microdiorite. (d) Phenocryst of poikilitic plagioclase with quartz
inclusion, and amphibole forming an asymmetric pressure shadow. Abbreviations:
Am = Amphibole, Ac = Actinote, Ca = carbonate, P1 = plagioclase, Qz = quartz.

4.1.3. Mylonitized Quartz Microdiorite

The fine-grained recrystallized and locally porphyritic facies with plagioclase phe-
nocrysts appear with a greenish-gray color (Figure 5(c)). They contain porphy-
roclasts (about 15 - 20%) composed of plagioclase, poikilitic amphibole and rarely
quartz. The quartz porphyroclasts undergo a subgrain recrystallization that results
in a microcrystalline matrix. Except for the quartz, the microlithic matrix is com-
posed of plagioclase, amphibole and biotite flakes (Figure 5(d)). Accessory min-
erals are oxides, iron-hydroxides and opaque minerals.

4.2. Hydrothermal Alteration and Mineral Paragenesis

The mineralogical analysis of the mineralized zone exhibits three types of hydro-
thermal alteration related to the Kiaka gold deposit. In chronological order, we

have potassic alteration, chloritization and carbonation.

4.2.1. Potassic Alteration

This alteration is characterized in amphibolite by a biotitization distinguished by
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the brown coloration of dark micas in hand samples. Biotite forms clusters ar-
ranged parallel to the cleavage planes (Figure 6(a)). The microscopic observation
reveals that biotitization consists of a destabilization of hornblende in fine biotite
flakes (Figure 6(b)) or in biotite + epidote (Figure 6(c)). The potassic alteration
is also highlighted by the transformation of plagioclases into white micas and
rarely microcline. It is also associated with the crystallization of tourmaline and
the formation of iron-titanium-oxides. Tourmaline is generally disposed along the
cleavage planes created by biotitized amphibole layers. This alteration is accom-

panied by the crystallization of pyrrhotite.

Figure 6. Photographs and photomicrographs of potassic alteration (cross-polarized
light). (a) Amphibolite affected by potassic alteration (corresponded to sample
KDH258-6, see location in Figure 3.) (b) Progressive replacement of amphibole
(hornblende) by biotite. (c) Destabilization of amphibole to biotite and epidote, with
crystallization of accessory tourmaline in sample KDH258-8. (d) Meta-microdiorite
affected by biotitic potassic alteration. (e) Destabilization of feldspar phenocryst to
sericite in metasediments. Am = amphibole, Bt = biotite, Ep = epidote, Op = opaque
minerals, Pl = plagioclase, Qz = quartz, Sr = sericite, Tm = tourmaline.

In microdiorite, potassic alteration is also characterized by a biotitization high-
lighted by the crystallization of thin brownish biotite flakes, disseminated in quartz

veinlets or abundant in mylonitized zones of the rock (Figure 6(d)).
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Otherwise in metasediments, potassic alteration is characterized by an im-
portant development of very thin sheets of white mica (sericite) deriving from the
destabilization of primary sheet minerals (biotite and muscovite) and feldspar that

probably might be potassic (Figure 6(e)).

4.2.2. Chloritization

This alteration is spatially less extended than the potassic alteration. Chlorite is
developed in fine-grained flakes clustered along the cleavage planes. These clus-
ters form stretched and greenish lenticular patches that are clearly distinct from
the relatively unaltered parts (Figure 7(a)). The chloritization is superimposed to
the potassic-altered beds. In amphibolite, we observe a strong destabilization of

biotite that is altered to chlorite, but relicts of biotite remain in chlorite clusters

Figure 7. Chloritization and carbonation. (a) Macroscopic aspect of biotite chloritization
in a metadiorite (cross-polarized light, corresponded to sample KDH258-7 see location in
Figure 3). (b) Partial replacement of biotite by chlorite in amphibolite. (c) Chloritization
garnet in amphibole. (d) Pseudomorphose of amphibole and plagioclase to massive calcite
in amphibolite. (e) Carbonation of amphibole and plagioclase in meta-microdiorite. Am =
amphibole, Bt = biotite, Cl = chlorite, Ca = carbonate, Gt = garnet, Op = opaque minerals,
Pl = plagioclase, Qz = quartz.
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(Figure 7(b)). The chloritization is accompanied by a soft silicification, charac-
terized by recrystallized quartz that is interstitial between chlorite flakes. Garnet
is partially affected by chloritization, leaving opaque relicts (Figure 7(c)). Pyrrho-
tite, chalcopyrite and pyrite are the sulfides associated with this alteration.

4.2.3. Carbonation

This alteration occurs lately relative to the other alterations. It is observed in all parts
of the deposit, and independent of the nature of lithologies. It is generally observed
as a diffuse replacement of amphibole and plagioclase by calcite (Figure 7(d) and
Figure 7(e)), and also the emplacement of carbonate and quartz-carbonate veins.

The quartz-carbonate veins are concordant or discordant to the regional fabric.

4.2.4. Mineralogical Evolution and Paragenesis

The mineral paragenesis of hydrothermal alterations that escort gold mineraliza-
tion is expressed by the mineralogical evolution from the distal zone to the min-
eralization (Figure 8). This paragenesis was characterized by a detailed petro-
graphic study of hole KDH258 (see Figure 3), which intersected only amphiboles.

Barren Wall | Ore body
rock rock | Top [ Center | Bottom
Primary minerals

Hornblende

Plagioclase |- - - - - - - - ---------|----------f{--------~ -~ -~ - -

QUiantz — e e

Minerals from hydrothermal alteration

Biotite 1
Epidote 1
white micas 1

Tourmaline 1

Microcline 1

Chlorite 2

Actinote 2

Quartz 2

Carbonates 3

sulfide minerals

Pyrrhotite 1

Pyrrhotite 2

Pyrite 2

Chalcopyrite 2

: Abondant .
Med
Pervasive - 20% edium Weak

-209%
|

1: Minerals from the first stage of hydrothermal alteration
2: Minerals from the second stage of hydrothermal alteration

3: Minerals from the third stage of hydrothermal alteration

Figure 8. Mineral paragenesis associated with gold mineralization in amphibolitic rocks.
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From the hanging wall to the bottom, major hornblende and plagioclase are pro-
gressively replaced by biotite and chlorite. The chemical balance of the minerals in-

volved in this replacement matches the reactions of the Equations (1.1) and (1.2).

Ca-(Fe, Mg )-amphibole + fluid + K* — biotite + Ca —epidote(+Na+?). (1.1)
Ca-plagioclase + fluid + K — illite(sericite) + Ca-epidote (+Na* ?). (1.2)

In the upper part of the mineralized body, we notice the presence of tourmaline,
then with chloritization the occurrence of chalcopyrite and a second generation
of pyrite. A transformation of biotite to chlorite implies a release of Si (atomic
ratio Si/Al = 3 for biotite, and Si/Al = 2/3 for clinochlore-chamosite solid solution)
that explains the abundance of quartz in the top wall of the mineralization. It also
implies the mobility of K during this hydrothermal phase, as well as Fe and Mg
that could be incorporated in oxides. On another note, the transformation of gar-
net to chlorite needs an input of Fe and Mg if we suppose that the Al content does
not vary. Then, Fe and Mg are probably allocated to neoformed chlorite. Repre-

sentative reactions of this alteration are proposed as follows:

biotite + fluid — chlorite + Si** (quartz)+ (Fe, Mg)2+ +K*. (2.1)
garnet + fluid + (Fe, Mg)?* — chlorite. (2.2)

Since Fe and Mg content might not be added to the system but internally redis-
tributed between mineral phases, the presence of fluid is insignificant for the
achievement of this reaction.

The carbonates are located on the upper hanging wall, but also in the lower part
of the mineralized zone. They replace amphibole and plagioclase, suggesting the
incorporation of Ca, Mg and Fe in carbonate minerals, (Equation (3)), but partic-
ularly a release of Fe that can be integrated in oxides, or precipitating sulfides.

Ca-(Fe, Mg )-amphibole + Ca-Na-plagioclase + fluid + CO,
— (Ca, Fe, Mg )-carbonates + quartz + Al** (+ Na* ) (3)

Overall, major mineralogic changes are driven by input of K during potassic
alteration, and the input of carbonate during carbonation. The behavior of Na is
poorly constrained because of the absence of a Na-rich major minerals involved

in hydrothermal alterations.

4.3. Hydrothermal Alteration and Mineralization Link

The observed sulfide mineralization is in accordance with the three hydrothermal
stages of mineralization. The first mineralization stage is characterized by a po-
tassic alteration, which one is preceded by a ductile deformation which affected
amphibolite and metasediments. This deformation is highlighted by a slate cleav-
age S1, characterized by the orientation of amphibolite that is partially replaced
by biotite, and crystallization of disseminated pyrrhotite. Pyrrhotite crystal is par-
tially stretched and oriented along S1 cleavage (Figure 9(c)).

The second mineralization stage is synchronous with chloritization. It is
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characterized by pyrrhotite, chalcopyrite and rare pyrite crystallization. Pyrrho-
tite is observed in two habits: (i) as fine crystals disseminated in chloritized lay-
ers associated with tourmaline, as inclusion in chloritized garnet porphyroclasts
(Figure 9(g)), or also located in pressure shadows around garnet or tourmaline
(Figure 9(h)); (ii) as 0.25 mm-wide trails, more than 2 mm-long following the
slaty cleavage (Figure 9(f)). Chalcopyrite and pyrite replace partially pyrrhotite,
(Figure 9(a) and Figure 9(b)) with pyrite manifesting in the form of microveins
(Figure 9(b)). This mineralization phase is associated with ductile-fragile con-

text characterized by the formation of asymmetric pressure shadows (Figure

9(h)).

Figure 9. Sulfides and metals associated with different types of hydrothermal alteration.
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The third phase is related to the carbonation and the silicification as veins
quartz in the walls of the mineralization, that are sheltered by pyrrhotite. This
mineralization is emphasized by abundant crystallization of pyrrhotite, and very

fine micrometric gold particles (Figure 9(c)).

4.4. Geochemical Characterization of the Mineralization

We compared majors and trace elements composition between the barren samples
and the mineralized samples of the KDH258 drilling (Table 1). The ALO; and
Fe,Os content does not vary too much between the barren and the mineralized
zones (Figure 10(a)). The highest loss on ignition (LOI) values are found around
the mineralized body (from KDH258-3 to KDH258-9). The mineralized body is
also characterized by higher content in K,O, Rb and Cs (Figure 10(a) and Figure
10(b)). This is consistent with potassic alteration in the mineralized zone and the
geochemical behavior of Rb and Cs that is similar to that of K. Besides, we can
observe a depletion of P,Os and LREE toward the mineralized body. HREE is not
too different in composition between the mineralized body and the surrounding
amphibolite. Still, the top of the mineralized body possesses a higher HREE con-
tent than the bottom. The highest content of As (281 ppm) and Cu (170 ppm) are
found in the mineralized body, but essential Cu content is also found in the sur-

rounding rocks (130 ppm in the upper side, 90 ppm in the lower side).

Al;03 (Wt%)  KyO (wt%) Fe O3 (wt%) MgO (wt%) CaO (wt%) Py0s (wt%)  LOI (wt%)

150 A

3501

0 10 0 2 0 10 0 5 0 20 0.0 0.2 0.0 2.5

I Carbonation zone Potassic alteration zone]
Au (ppm) Rb (ppm) Cs (ppm) Cu (ppm) As (ppm) Ce (ppm)
1501
200
£
S
& 250
a]
3001
3501
0.0101 1 10 1 10 100 0.1 1 10 1 10 100 1 10 100 1 10
[ Carbonation zone Potassic alteration zone]

Figure 10. Major and trace compositions according to the depth. Potassic and
carbonatic alteration zones are inferred from geochemical composition. (A) Major
oxides compositions. (B) Trace elements composition.
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Table 1. Chemical compositions of the samples (major and trace elements).

KDH KDH KDH KDH KDH KDH KDH KDH KDH KDH KDH KDH

Samples
258-1 258-2 258-3 258-4 258-6 258-7 258-8 258-9 258-10 258-11 258-12 258-13

Position Top Top Top Top Ore Ore Ore Ore Bottom Bottom Bottom Bottom

Depth (m) 104.3 148.5 223.15 232.3 24845 25835 266.6 294.8 316.6 320.48 350.78 365.92

SiO2 48.64 53.89 5252 47.59 545 52,65 50.15 46.18 46.86 29.85 49.92 50

ALOs 1548 15.12 1528 13.88 159 1636 157 1249 17.72 9.99 17.02 16.49
Fe:0s 12.1 11.32 1079 1198 1121 1198 10.04 1345 12.92 7.61 10.11 11.74
MnO 0.178 0.213 0.183 0.229 0.115 0.13 0.196 0.166 0.188  0.312 0.214 0.17
MgO 531 436 475 6.3 3.91 4.57 679 3.83 6.69 3.85 5.01 5.98

CaO wt% 12.08 921 10.06 15.37 6.6 833 1337 1679 112 29.74 11.7 11.3

Na,0 264 426 394 206 249 339 17 144 31 1.6 336 3.5
K0 059 055 035 031 227 081 074 08 033 018 029  0.29
TiO, 1.055 1.09 0734 0.876 0.809 0.777 0.743 0.566 0.826 0.452 0.812  0.749
P,Os 027 029 0.2 02 014 008 009 002 0.3 006 016  0.14
LOI 083 041 047 18 218 084 136 367 089  0.63 0.7 0.12
Aw 001 002 017 122 515 171 105 293 0.2 015 065 012
Ga 19 16 17 16 17 17 16 14 18 10 16 17
Sc 30 28 47 50 45 46 40 38 53 31 42 46
v 218 173 261 288 230 205 220 223 271 161 223 240
Ba 107 192 234 66 584 208 144 117 163 70 137 154
Sr 521 552 365 384 366 452 448 272 321 31l 462 381
Y 19 21 21 29 24 23 18 16 24 21 21 21
Zr 80 72 46 49 51 46 41 42 47 29 55 53
Cr 480 370 270 230 270 260 250 190 270 150 220 230
Co 62 36 74 31 70 52 28 52 55 34 32 45
Ni 310 190 150 120 130 100 100 150 90 70 60 90
cu PP™ 130 50 70 10 30 50 10 170 50 110 10 70
Zn 120 270 130 110 100 170 100 90 90 80 90 90
As 11 5 24 23 281 113 42 27 47 22 8 10
Rb 9 9 5 3 92 27 30 37 6 3 3 4
Sb 19 1 12 19 25 2 2 1.8 21 13 1.8 1.8
Cs 05 09 05 05 63 28 17 5 0.5 0.5 0.5 0.5
Hf 21 21 13 16 16 13 12 13 14 0.7 1.6 1.4
Ta 03 02 01 02 02 01 02 01 02 0.1 0.2 0.4
w 7 6 11 57 8 14 16 13 5 8 14 31
Th 15 11 08 09 08 07 06 06 06 0.3 1 0.9
U 05 03 04 07 02 02 02 01 04 0.2 0.5 0.3
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Continued
La 18 132 7.8 12 95 104 67 7 8.2 6.5 13.1 10.9
Ce 451 346 21 309 258 266 175 154 213 159 332 286
Pr 6.05 474 303 419 363 353 249 191 295 213 457 3.9
Nd 264 209 139 192 173 162 115 81 139 95 197 172
Sm 54 45 33 44 37 34 27 17 32 2.3 3.9 3.4
Eu 153 134 098 153 095 094 1.0l 078 089  1.05 123 1.2
Gd 47 46 39 49 46 41 31 21 38 2.8 3.8 3.6
™ PP™ o7 07 07 08 07 07 05 04 06 0.5 0.6 0.6
Dy 39 41 41 55 46 45 33 25 A4l 32 3.9 3.8
Ho 08 08 09 12 1 09 07 06 09 0.7 0.8 0.8
Er 22 24 27 36 29 28 21 2 2.8 2.3 2.5 24
Tm 034 035 041 055 043 042 033 034 044 038 0.4 0.38
Yb 22 23 29 39 27 27 23 24 31 2.5 2.8 2.5
Lu 033 033 045 061 041 042 034 038 051 038 042  0.39

a. Au content provided by the company.

The geochemical characterization of the described alterations was accom-
plished by applying Principal Components Analysis (PCA). PCA extracts the un-
derlying factors that control correlations and variance among chemical elements,
facilitating the clustering of these elements into distinct groups. The analysis was
conducted considering major oxides, loss on ignition, Au, rare earth elements re-
duced to Ce (for LREE), Eu, Gd (for MREE) and Yb (HREE), and other trace ele-
ments. Each variable was scaled before component calculation using a Z-score
normalization for the calculation. For better coherence of the results, we remove
two samples from the calculation, the sample KDH258-4 and KDH258-11. The
sample KDH258-4 differs from the other samples by its high content in trace ele-
ments such as Y, W, U, HREE, which can be accounted for the presence of acces-
sory phases enriched in these elements. The sample KDH258-11 is quite different
from the other samples by its major element’s composition by its lower content in
SiO,, ALLOs, Fe;0s, MgO, K;O, and higher content in CaO, Na,O, MnO, meaning
this sample is different from the other amphibolite samples of the drill hole.

The principal component analysis provides three principal components repre-
senting, 35.21%, 19.62%, and 17.92% of the variance of chemical elements, respec-
tively.

The representation of component 1 vs component 2 (Figure 11) exposes three
groups of chemical elements. The group composed of K20, Ba, Rb, Cs, and As lies
in the upper left part of the representation, and K20, Ba, Rb, Cs, and As lies in the
upper left part of the representation and relates to the potassic alteration. A second
group in the center right part of the representation is composed of a dense cluster
of P,0s, TiO,, Na,O, Cs, and high field strength elements (HFSE) such as Eu, Zr,

DOI: 10.4236/0jg.2024.1412044

1004 Open Journal of Geology


https://doi.org/10.4236/ojg.2024.1412044

B. Sawadogo et al.

Ce, Th, Sr, Hf. This second group is opposed to LOI and Au in component 1. Then
which might be related to a highly mineralizing hydrothermal alteration stage that
should correspond with the carbonation. The third group is sparsely extended in
the lower part of the representation and is composed of CaO, MnO, Cu, and to a
lesser extent MgO, W, and Fe,O:;.

0.4

’ Potassic
v Ba a3~ alteration
0.3 - so .
I
Gd o2 K20, .
0.2 A
Al,O Co
Ga 0 ‘ SO 5P ScCs
i - .Nazo
0.1 //ﬁoz \\\
N /P05 Ce \ . .
8 0.0 l‘ 2 5Z .-S E{ ; Zn . \% ,/"\
b I'c. r o, .a o o /
v\ . T /(J<. e N /Lo
\\Eu 7 Ni Pt Fé‘03 »
—0.1- N—— /// MgO W \ 'l f
// \ | Y /
// Cu \‘ ¥
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° |
\\\\ ,
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PC1

Figure 11. Principal Component Analysis (PCA) plot of geochemical elements relative
to components 1 and 2.

5. Discussion

5.1. Metamorphism-Related Processes

The Kiaka gold deposit is hosted in a variety of surrounding rocks. The main facies
are amphibolite, metamicrodiorite and metasediments. These formations are af-
fected by a prograde metamorphism that reached the amphibolite facies, and a
retrometamorphism in greenschists facies. (i) The amphibolite facies are recorded
in amphibolite by the paragenesis amphibole-plagioclase-garnet [33] [66] [67]. It
is characterized by a contact metamorphism between granitoids and metamorphic
units of the greenstones belt [33] [38] [52] [66], consistent with an isobaric heating
at 7.5 kbar up to 550°C [12] [57]. (ii) The retro metamorphism in greenschist fa-
cies conditions is featured in amphibolite by the destabilization of hornblende into
actinote and by pseudomorphs of hornblende to carbonate. These figures of pseu-
domorphosis were previously reported in Kiaka. In such a setting, hydrothermal
and mineralization processes might occur during the metamorphism retrograde
path [5] [48].

5.2. Geochemical Processes and Structural Regime

The geochemistry of the altered surrounding rocks provides information about

the nature of the hydrothermal fluids responsible for the mineralization, and can
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be linked to the structural context of the mineralization.

(i) The first hydrothermal phase is potassic. It is associated with ductile defor-
mation highlighted by an S1 slate cleavage. The geochemical overprint of this al-
teration is highlighted by an increase of K,O, accompanied by enrichment in Cs,
Rb, As and Ba. A depletion of Na,O during this alteration phase would be con-
sistent with the chemical balance of the Equations (1.1) and (1.2), but geochemical
data suggest that its depletion is mainly related to the carbonation (discussed be-
low).

(ii) The microstructural studies put in evidence shearing structures (porphy-
roclasts and pressure shadows, Figure 9), and pyrrhotite veinlets associated with
this second phase of fluid circulation. These shear structures highlight a ductile-
brittle rheology during this hydrothermal alteration phase. This second alteration
phase is concurrent with a second phase of mineralization dominated by precipi-
tation of the second generation of pyrrhotite, as dissemination or in trails between
slate cleavage. Since no significant change in SiO,, the Si that might be released by
chloritization of biotite (Equation (2)) is not extracted from the system and prob-
ably recrystallized in quartz. Also, the MgO and Fe,O; content of the mineralized
body remains in the average range of composition, implying that Fe and Mg be-
haved as immobile elements during the alterations. We then deduce that no Mg
or Fe content was added or lost during the chloritization, and later carbonation
phase.

(iii) The third phase of fluid circulation happens lately in the brittle defor-
mation context, as suggested by the opening of carbonate- and quartz-bearing
veins, also accompanied by a diffused carbonation in the surrounding rock. We as-
sume that this alteration is depicted by the LOI composition, which certainly en-
compasses CO; content, since C was not analyzed samples. The high Au strongly
correlates with the LOI, suggesting that the most important mineralizing phase is
related to carbonation. At the same time, we observe a depletion in P,Os, TiO,,
and Na,O, and HFSE with increasing LOI. Their opposition to PCA suggests that
these elements are mostly depleted during the carbonation phase. The late char-
acter of this alteration, combined with brittle deformation, probably played an
important role in the remobilization and reconcentration of gold in favorable
traps. A structural control could explain why the mineralization is located in the
potassic-altered zone whereas carbonation covers a large zone around the miner-
alized body.

5.3. Significance of the Kiaka Gold Deposit Alterations

The potassic alteration identified in the Kiaka gold deposit is a common signature
observed in gold deposit, typified by an alkali metasomatism and large ionic lith-
ophile elements (LILE) enrichment [70]-[72]. In our case study, only K is involved
in this early alteration, like in the Sergozero gold prospect in Fennoscandian
Shield, Finland [73]. This type of alteration is consistent with the circulation of
high-temperature fluids (superior to 400°C) [8], in amphibolite to greenschist
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facies environment, which favors the stabilization of biotite over white mica [72].
Potassium-rich fluids are often suggested as deriving from felsic melt in the lower
crust, with metal input from the leached formations traversed by the fluids [74]
[75]. The apparent deficiency of Na relative to K as alkali-dominant component
allows us to rule out sodic alkaline intrusions as possible source of hydrothermal
fluids, as proposed for albitized gold deposits (e.g. [75]). Although many West
African gold deposits are associated with dioritic bodies [48] [52] [76]-[78], and
linkage of potassic fluid with dioritic bodies in Kiaka is hardly reliable, knowing
that the dioritic body in Kiaka (2140 + 8 Ma by U-Pb on zircon) postdates the
early mineralization stage (2157 + 24 Ma). This conclusion is also supported by
[79] basing also their conclusion on boron isotopes in tourmaline. Nevertheless,
they do not evoke a possible deep magmatic-anatectic source, but rather a devo-
latilization of muscovite-hosting metasediments. Considering the that the genesis
of anatectic and magmatic bodies in the lower part of the crust occurs regionally
and over a large time period [40], it can be conceived that some K-rich fluids could
derive entirely or partially from the deeper zone of magmatic intrusions or ana-
tectic zones, with a transport favored by shear zones. Besides this, mineralization
is accompanied by the potassic alteration, with precipitation of the first generation
of pyrrhotite, and low-grade gold.

The intense chloritization which characterizes the second hydrothermal phase
can be attributed to a retrograde transformation of biotite in chlorite. We de-
duced from the geochemical analysis that there is no significant change in Mg
and Fe content in the rock during the chloritization, which is consistent with a
metamorphism-induced alteration. However, the occurrence of chloritization as
lenticular patches imply a significant influence from circulating hydrothermal
fluids. Probably, hydrothermal fluids interplay with the prevailing the pressure-
temperature conditions to enhance the retrogressive transformation of biotite to
chlorite. Similar retrograde alteration is identified in gold-bearing amphibolitic
formations in the Kibi-Winneba belt, south-west of Ghana, that was explained
by a retrograde post-peak metamorphism alteration [5]. In the Tonbado gold
prospect (center of Ivory Coast), chloritization was also linked to greenschist
metamorphic facies [80]. In the Yalea deposit (Loulo gold district, Mali), chloriti-
zation is accompanied by sericitization [81], in contrast to our case study where
sericitization occurred in the first hydrothermal stage. This indicates a decrease
in the chemical activity of alkalis (principally K) transitioning from potassic al-
teration to chloritization.

The carbonation phase implies the circulation of a fluid with a high CO, activ-
ity, generally a aqueous-carbon low salinity fluid [82] that would provoke the
transformation of ferromagnesian minerals to calcite, dolomite and ankerite, and
also heighten the precipitation of sulfurs. The carbonation was related to a brittle
tectonic setting, likewise with the gold deposits of Bombore (in the north of Kiaka
district) and Nabenia (near Tiebele, in the south of south of Kiaka district) of and
Bombore, along NE-SW shear zones. [83] highlighted that in archean Yilgarn
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Craton, carbonation is more extended than potassic alteration in greenschist fa-
cies related deposit, contrary to amphibolite facies related deposit where potassic
alteration is more dispersed. Following a similar setting, carbonation occurred in
Kiaka during a retrograde greenschist metamorphism, with transition to a brittle
deformation regime.

Sulfidation occurs in all the identified hydrothermal alterations, with pyrrhotite
as the main iron-sulfide oxide. We only observed a sulfide diversification during
chloritization, resulting from replacement of pyrrhotite by chalcopyrite and py-
rite. This change is consistent with a shift of the hydrothermal fluid composition
during chloritization. In the same stability domain with chalcopyrite, a change to
a more oxidized fluid favors the replacement of pyrrhotite to pyrite [84]. Copper
analyses do not reveal a change in its concentration between the borders and the
mineralized body. If we exclude the hypothesis that an extensive metasomatism
brought Cu into the amphibolite, we can narrow it down to the hypothesis that
copper is mobilized directly from the host rocks, during retrograde metamor-
phism, to be incorporated into chalcopyrite. According to [12], a disseminated
gold mineralization occurs during this chloritization.

The carbonation can be related to the late gold-rich alteration stage of [12], that
is associated in greywacke with arsenopyrite replacing pyrrhotite, and 16llingite in
greywacke. In our case study, As is among the elements enriched with potassic
alteration. This suggests that either as is early mobilized with potassic alteration
and associated with pyrrhotite-1, or that potassic-altered bodies possess geochem-
ical features that enhance the precipitation of As from CO,-rich fluids. In both
cases, As was incorporated in pyrrhotite.

Sericitization seems to be an alteration process primarily distinctively associated
with metasedimentary host rocks, as it is described by [12], but not in our observed
amphibolite. This feature is common in many gold-rich terranes, such as in the

Egyptian eastern desert [85].

6. Conclusion

We described three alteration stages in the Kiaka gold deposit (potassic alteration,
chloritization, and carbonation) that highlighted a transition from a ductile to
fragile regime, but only two hydrothermal stages seem to account for the major
geochemical changes in the mineralized bodies and surrounding rocks. We link
the first hydrothermal alteration with K-rich hydrothermal fluids that induced a
biotitization of mafic rocks, with enrichment in LILE elements, Au and As. The
alteration occurs during a ductile deformation regime. The chloritization depicts
the onset of retrograde metamorphism, and a decrease of alkali content in hydro-
thermal fluids, without a significant change in Fe and Mg content. This stage cul-
minates with a high activity of CO,, responsible for carbonation of the surround-
ing rocks. Remobilization of Au and other trace elements (Na, P, HFSE) are re-
lated to this late carbonation stage. It occurs during a transition from ductile to a

fragile regime.
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